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Abstract

Contextualization of generic scientific knowledge to context-specific farmer knowledge is a necessary step in farmers’ inno-
vation process, and it can be achieved using crop and farm models. This work explores the possibility to simulate a large
number of scenarios based on farmers’ descriptions of their environment and practices in order to contextualize the discussion
for each participating farmer. It presents a novel framework consisting of six actions divided in three phases, namely, phase
I—reaching out to the farmers’ world: (i) project initialization; (ii) determination of the agronomical question anchored in
farmers’ context; (iii) characterization of the environment, the management options, and the indicators to describe the system
under consideration; phase II—within researchers’ world: (iv) crop model parametrization; (v) translation of model outputs
into farmer-proposed indicators; and phase III—back to farmers’ world: (vi) exploration of contextualized management
options with farmers. Two communication tools are created during the process, one containing the results of simulations
to feed the discussions and a second one to create a record of it. The usefulness of the framework is exemplified with the
exploration of soil fertility management with manure and compost applications for sorghum production in the smallholder
context of Sudano-Sahelian Burkina Faso. The application of the framework with 15 farmers provided evidence of farm-
ers’ and agronomists’ understanding of options to improve cropping system performance with better organic amendment
management. This approach allowed farmers to identify and relate to the scenarios simulated, but highlighted interrogations
on how to adapt the crop model outputs to particular situations. Though applied on issues related to tactical change at field
level, the framework offers the opportunity to explore broader issues with farmers, such as farm reconfiguration.

Keywords Participatory research - Agroecology - Contextualization of knowledge - Sub-Saharan Africa - Smallholder
farming
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1 Introduction

Agricultural systems need to evolve to help achieve food
security for a growing world population in a sustainable
way (Fig. 1). By applying social and ecological concepts to
agricultural systems in an integrative approach, agroecol-
ogy is increasingly recognized and promoted as a pathway
towards sustainability. The transition towards agroecologi-
cal systems benefits from the involvement of stakeholders
and attention to their specific context (Duru et al. 2015;
Cote et al. 2022). Indeed, participation of stakeholders
aims at increasing credibility, saliency, and legitimacy
of the propositions emerging during the design process
(Cash et al. 2003) and helps to tailor innovations to farm-
ers’ objectives and constraints (Falconnier et al. 2017;
Périnelle et al. 2021). Turning generic scientific knowl-
edge into context-specific farmer knowledge is a criti-
cal challenge for agricultural knowledge and innovation
systems (Duru et al. 2015; Coquil et al. 2018). Farmers,
researchers, and advisory services are constrained by their
different understanding of the issues at stake when trying
to define shared objectives.

Farmers make decisions with knowledge of their natu-
ral, technical, and socio-economic environment. These
decisions are influenced by farmers’ values, aspirations,
and life experiences and therefore the type of knowl-
edge that they consider relevant to their situation varies
(§1‘1mane et al. 2018; Coquil et al. 2018). Farmers’ learn-
ing originates from different sources and their use of
new knowledge takes different forms, including directly
experimenting with practices in their fields or formulating
their own hypothesis before experimenting (Sumane et al.
2018; Hansson 2019). As such, contextualization is part
of farmers’ processes to link generic scientific knowledge

Fig. 1 Sorghum field in Plateau-
Central region of Burkina Faso
(Timothée Cheriere, 2022).

to their own system (Toffolini et al. 2017). Contextualiz-
ing generic scientific knowledge within farmers’ context
is expected to foster knowledge exchange and shorten the
path to cropping system innovation. To facilitate contex-
tualization of generic scientific knowledge into context-
specific farmer knowledge, studies have used models in
a participatory manner, to evaluate the performance of
prototypes co-designed with farmers (Rossing et al. 1997;
Dogliotti et al. 2014; Martin 2015; Queyrel et al. 2023;
Blanc et al. 2024), and to foster social learning (Carberry
et al. 2004; Jakku and Thorburn 2010; van Paassen et al.
2011; Thorburn et al. 2011), resulting, in some cases, in
changes in practices.

Crop models are particularly valuable for understanding
how cropping systems perform across diverse environments
and under various management practices (e.g., Queyrel et al.
2023; Blanc et al. 2024). They are built around generic sci-
entific knowledge. The user can define the environment and
the management practices under which the crop grows—
offering an opportunity to bridge the gap between generic
and context-specific farmer knowledge. Also, crop models
can help quantify processes (e.g., N losses) that are tedious
to measure (e.g., Thorburn et al. 2011; Blanc et al. 2024).
Finally, and despite the time required for parametrization,
their flexibility and relatively low cost of operation enable
the simulation of a great number of situations that would
be difficult to obtain with field experiments. Crop models
have been used in participatory research following various
protocols, simulating cropping system prototypes that were
co-designed beforehand to assess their performance (e.g.,
Queyrel et al. 2023; Blanc et al. 2024), or directly engaging
farmers with the models, simulating real farmer contexts for
experiential learning (e.g., Carberry et al. 2004; Thorburn
et al. 2011). Regardless of the approach, researchers had to
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put efforts into understanding the systems they were mod-
eling to properly parametrize the models, while the ways of
presenting the outputs to the famers were little discussed.
Finally, in both approaches, the authors have pointed out
that farmers could feel left out because the scenarios consid-
ered are not feasible in their farms or that their own context
was not simulated (e.g., Carberry et al. 2004; Queyrel et al.
2023).

Regardless of the objectives of the participatory project
in which models are employed, the contextualized practices
and indicators that may spark the interest of farmers are
highly diverse. Thus, we argue that methods offering farm-
ers a large choice of options, as per the concept of “bas-
kets of options”—sets of co-designed agricultural innova-
tions fitting the context of farmers (Falconnier et al. 2017,
Descheemaeker et al. 2019; Ronner et al. 2021)—could be
combined with modeling. As such, a carefully co-designed
basket of options gathering practices of interest to farmers,
modeled within multiple specific farmers’ contexts—con-
textualizing knowledge on the effect of practices in various
specific contexts—should offer each participant farmer the
opportunity to find contexts and options corresponding to
their individual situation.

In an attempt to facilitate the use of models in par-
ticipatory research, we propose and test a framework that
can (i) be mobilized regardless of participants’ scien-
tific background; (ii) can cover a diversity of practices
and environments to approximate farmers’ contexts; and
(iii) be used to present the effect of a change in prac-
tices through the simulation of “baskets of contextual-
ized options.” The ultimate goal is to contribute to eas-
ing the contextualization of generic scientific knowledge
into context-specific farmer knowledge for the design of
agricultural innovations. We hypothesize that (i) farm-
ers’ description of their environment and management
practices can serve as input for crop models, (ii) model
outputs relevant to farmers can be extracted to provide
quantified examples; and (iii) simulations of contrasting
management options for a diversity of environments con-
stitute a “basket of contextualized options” that fit farm-
ers’ expressed interest and context.

2 Methodology
2.1 Theoretical considerations

This framework draws inspiration from the concept of
a boundary object (Star and Griesemer 1989; Leigh Star
2010) to structure the exchange of information and knowl-
edge between two different social worlds, the one of the
researchers, and the one of the farmers, participating in the
project. Both worlds differ by the knowledge associated with

the problem to be addressed, the interest in, and expecta-
tions from the project. The “boundary object” concept has
three main properties according to Leigh Star (2010): (i) “it
resides between social worlds (or communities of practice)
where it is ill-structured”; (ii) “it can be worked on by a
group who maintains its vaguer identity as a common object,
while making it more specific, more tailored to local use
within a social world”; and (iii) “groups that are cooperating
without consensus tack back-and-forth between both forms
[the ill-structured form at the boundary of the different social
worlds and the more precise form within each social worlds]
of the object.”

Although not using a boundary object per se, this
approach operationalizes the three main properties of
a boundary object for farmers and researchers to iden-
tify, share, and work on an agronomical question which
is abstract and resides between farmers’ and researchers’
worlds. The agronomical question is embedded within a
given context and can be general (e.g., improving food pro-
duction for smallholder households in region X) or specific
(e.g., comparison of soil tillage techniques in environment
X, Y, and Z). It is ill-structured in the sense that its function-
ing is not represented in the same way nor through the same
interests and objectives for farmers and researchers. This
agronomical question and its operating context, the “system
under consideration,” do not need to be clearly and precisely
characterized. The “ill structured” or unprecise nature of
the agronomical question allows farmers and researchers to
discuss the same subject without having to agree on every
aspect of it.

2.2 Aframework for the use of crop models
with farmers

2.2.1 Reaching out to the farmers’ world

A1—project initialization To create a bridge between the
two social worlds, farmers and researchers must first under-
stand each other, share information, and establish mutual
trust (Fig. 2, Al; Carberry et al. 2004; Faure et al. 2010).
When presenting the approach to farmers, researchers pre-
sent in simple terms what a crop model is, how it works,
and what it can be used for, without detailing the mathe-
matical equations constituting a model. Solicitating farmers
to describe their system and their experience of the effect
of environment and practices on the systems outcomes—
through “what if?” questions (e.g., What happens to crop X
if it does not rain during more than 20 days?)—helps anchor-
ing the explanations on crop model functioning into their
reality (Carberry et al. 2004). Mentioning limits of the use
of crop models is advised as crop models do not represent
reality as experienced by farmers (Whitbread et al. 2010).
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Fig.2 Schematic representation of the framework to use crop mod-
els in participatory approaches with farmers. The framework is com-
posed of 6 actions (Al to A6, gray circles) divided in three phases.
Phase [—reaching out to farmers’ world: Al—project initialization,
A2—identification of the agronomical question, A3—characteriza-
tion of the environments, the management options (A3a), and the
indicators to describe the system under consideration (A3b); phase
II—within researchers’ world: A4—crop model parametrization,
AS5—translation of model outputs into farmer-proposed indicators;

A1 should result in farmers having notions of what a model
is, its functioning, and usefulness, while researchers should
have an understanding of how to refer—words, concepts,
and units—to the system under consideration.

A2—definition of the agronomical question Further dis-
cussions with farmers aim at identifying the problems they
encounter and want to explore (Fig. 2, A2). Farmers’ prob-
lems are expected to be anchored in their context (e.g., Why
crop X does not produce as well in field A as in field B?).
Oppositely, researchers may consider more global issues,
outside of farmers’ context (e.g., How to sustainably increase
crop production in Region Y?). At the intersection of farm-
ers’ and researchers’ worlds, the agronomical question is not
precisely defined (“Shared agronomical question,” Fig. 2)
but constitutes a basis to share information (e.g., What crop-
ping practices contribute to crop X performances?). Within
each world, the agronomical question takes a more precise
form. For farmers (Fig. 2, “Agronomical question as seen
by farmers”), the precise form is associated with their own
experience, their knowledge of their constraints and oppor-
tunities, and their representation of the processes at stake.
On the other hand, researchers represent the agronomical
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phase III—back to the farmers’ world: A6—exploration of contextu-
alized management options with farmers. The problem to be explored
is represented in its shared ill-structured form at the intersection of
farmers’ and researchers’ worlds, while it is more specific within each
world. T1, a first communication tool gathering contextualized man-
agement options whose effects are quantified through a crop model
and described through farmer-proposed indicators. T2, the “summary
handout” is a second communication tool that substantiates the man-
agement options considered by farmers and is offered to them.

question based on their scientific knowledge and the analyti-
cal approaches they know (Fig. 2, “Agronomical question as
seen by researchers”).

A3—characterization of the environments, the manage-
ment options (A3a) and the indicators to describe the system
under consideration (A3b) Once the agronomical question
has been identified and agreed upon, farmers and researchers
can define the contours of that object and its main charac-
teristics. The agronomical question being embedded in the
space and time of the farmers, information on the pedocli-
matic, technical, and socio-economic environment in which
farmers operate is collected. Collecting this information
aims at accounting for the specificities of the system under
consideration and facilitating crop model parametrization.
The management options that will be considered in the sys-
tem under consideration are selected (Fig. 2, A3a).

Investigating the indicators used by farmers to evaluate
the system under consideration is at the center of action 3b
(Fig. 2, A3b). This action also aims at deepening the iden-
tification of the concepts and representations by farmers of
their systems and how they refer to it (i.e., units, concepts,
and vocabulary) to facilitate later discussions.
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2.2.2 Within the researchers’ world

A4—crop model parametrization The identification of
the agronomical question (Fig. 2, A2) and the characteri-
zation of the system under consideration and the manage-
ment options to consider (Fig. 2, A3a) provide the basis for
adequate crop model selection by researchers. Crop model
selection is further informed by data availability, required
outputs to compute indicators (Fig. 2, A3b), and available
skills for model manipulation and output interpretation.
Based on the description of the management options and the
environments, the researchers parametrize the crop model
and simulate the Management X Environment combinations
required to address the agronomical question (Fig. 2, A4).

A5—translation of model outputs into farmer-proposed
indicators The model outputs that match or can be used
to calculate the indicators proposed by farmers in A3b are
identified (Fig. 2, AS). The values of the indicators of each
simulated contextualized management option are used to
construct the basket of contextualized options. The basket
of contextualized options is transcribed to a communication
tool (Fig. 2, T1) which may take various forms (tables, radar
charts, and diagrams).

2.2.3 Back to the farmers’ world

A6—exploration of contextualized management options
with farmers In action 6 (Fig. 2, A6), researchers and farm-
ers use the communication tool T1 to discuss the effect of
the contextualized management options. Starting with an
option that approximates the farmer’s own context allows
the farmer to confront the simulation results to his/her
own experience (Carberry et al. 2004; Hansson 2019). The
farmer-proposed indicators help to establish references for
further discussion. Farmers can then explore the manage-
ment options and environments of their choice. The cor-
responding indicator values are presented in relative terms
compared to the reference option. All options explored dur-
ing the discussion are reported in a communication tool, the
summary handout (Fig. 2, T2) that summarizes the content
of the exchange and the relative changes in indicators values.

Although this framework may seem linear, the actions can
be mixed for practical reasons. Depending on the nature of
the project, and the reactions of the participants, this process
can be repeated several times starting on actions 1, 2, or 3
once a first cycle has been completed.

2.3 Communication tools

Two communication tools are part of the present frame-
work: a communication tool (T1) containing the basket of

contextualized options and a summary handout (T2). T1’s
main purpose is to ease the researchers’ work when present-
ing and discussing specific situations with farmers in A6
and to avoid the distraction that can occur when having a
computer in the room (Carberry et al. 2004). It also aims
at gathering the model’s outputs translated into farmers’
indicators. The researchers can use T1 to discuss with farm-
ers and navigate between the various options and contexts
without necessarily needing to be the one that ran the models
and created the communication tool. T1 can take various
forms, such as radar charts, tables, drawings, depending on
the indicators considered and the way they are going to be
used in the communication process with farmers.

The summary handout helps to construct a coherent dis-
cussion. First, a baseline corresponding to the current farm-
ers’ situation is established. Then, one after the other, the
differences between the options considered by the farmer
are highlighted for each indicator with visual aids. It also
aims at providing farmers with a record of the discussions
that took place and that they can bring home.

2.4 Case study: implementation of the framework

2.4.1 Burkina Faso—Arbollé: site and farmer group
description

We worked with a group of 15 farmers (six women and nine
men of all ages) from Arbollé (12° 50’ 40" N, 2° 02’ 18"
W), in the region Nord of Burkina Faso. This area is char-
acterized by a Sudano-Sahelian climate with average annual
precipitation around 650 mm between June and October.
Average daily temperatures range from 20 to 35 °C. Rain-
fed cropping systems include sorghum, pearl millet, cow-
pea, and groundnut with the primary purpose of producing
staple food. The main biophysical challenges for cropping
systems in this area are nutrient management, dry spells,
and parasitic weeds (Striga sp.) (e.g., Félix 2019 and refer-
ences therein).

2.4.2 Reaching out to the farmers’world: A1 to A3

Three workshops were held on April 29®, May 5%, and
August 18" of 2022, with the entire group of farmers, and a
field visit took place on August 10 with five farmers from
the group. All these meetings aimed at addressing A1l to A3;
their content and chronology are presented in Table 1. From
the beginning of the workshops, the aim of the project was
clearly exposed to the farmers, and researchers dedicated
some time during each workshop to share knowledge on soil
and plant functioning with farmers as well as answering any
question arising from the discussion. Sorghum was chosen
as an example crop as it is the most cultivated cereal in the
area by both women and men. To anchor the presentation
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of crop model concepts and uses in farmers’ context dur-
ing A1, farmers were solicitated to describe their cropping
systems and to share their experience for comparison with
the simulated sorghum yields on two generic soils (sand and
silty-loam).

2.4.3 Within the researchers’ world: A4 and A5

Before starting discussions with farmers, researchers identi-
fied three crop models—DSSAT (Jones et al. 2003), Samara
(Kumar et al. 2016), and STICS (Brisson et al. 2003)—that
were calibrated for soils and sorghum cultivar common in
the region (Akinseye et al. 2017; Adam et al. 2018; Traoré
et al. 2022). These three crop models, complementary,
offered the possibility to explore topics from Genotype X
Environment comparisons to cropping systems scale ques-
tions. It is only once the agronomical question of interest
for farmers had been defined (Workshop 3—Table 1) that
DSSAT was selected amongst the three above-cited as it
suited the agronomical question. T1 was a set of tables con-
taining simulation outputs, gathering management options
and farmers-proposed indicators for one given field. For the
researchers, having all indicators and management options
in the same table aimed at navigating more easily among
management practices as farmers were expected to focus on
one field at the time.

2.4.4 Back to the farmers: A6

The researchers held individual discussions with farmers and
considered their reactions to the assessment of contextual-
ized management options. The latter were recorded in the
summary handout, taking the form of a table with a simpli-
fied representation of the indicators’ trends. The changes
relative to the initial situation were represented with picto-
grams of different colors. The summary handout was com-
pleted and commented during the discussion and handed
over to farmers.

3 Results and discussion

This section follows the three main phases of the framework
from the point of view of the researchers that conducted the
work. Researchers first reached out to farmers’ world. Sec-
ondly, they used farmers’ information as input in the selected
crop model and prepared communication tools. Thirdly, they
went back to farmers to present and discuss the outputs of
the contextualized model. This section ends with a reflection
on the value of the framework and the opportunities it offers.

3.1 Reaching out to the farmers’ world (actions 1, 2,
and 3)

Discussions with farmers during the collective workshops
covered the first three actions of the framework (Table 1).

3.1.1 Project initialization (action 1)

During the project initialization activities (Table 1), farmers’
description of sorghum management allowed researchers to
explain how this information served as inputs to crop models.
Similarly, farmers’ explanations of sorghum growth through-
out the season allowed to explain how crop models function.

Farmers’ sorghum crop management described in work-
shop 1 (Table 1) was used to simulate sorghum yield on
generic soils through DSSAT and yield outputs were pre-
sented to farmers in workshop 3 to exemplify what could be
done through modeling. The confrontation of sorghum yield
obtained from simulations (3 to 13 bags/ha accross soil types
and practices) to farmers’ estimates (3 to 15 bags/ha accross
soil types and practices) revealed convergent yield estimates
(Sup. Mat. 1). Though the model (dealing with potential
growth, water, and N stress) did not capture all the processes
leading to actual yields (weed competition, pests or P and K
stresses), the alignment between farmers’ estimates and the
simulations confirmed the possibility to present a reference
cropping system that matched farmers’ experience. When
dealing with the effects of increasing the amount of manure
applied before tillage (increasing quantity by 5 carts) on sor-
ghum yield on a silty loam soil, the yield increase expected by
farmers (3 bags) was more optimistic than model’s simulation
(1 bag; Sup. Mat 1). The questions about expected and simu-
lated yields generated animated discussions amongst farmers.

A learning arising from the presentation of crop model
outputs to farmers was the importance of considering
farmers’ own soils. The generic silty loam soil of the crop
model was translated to “Zii kiemde” in the local language
(Mooré). Before indicating their sorghum yield expectation
on that soil type, farmers asked themselves who had “Zii
kiemde” soils in their farm. One farmer had it, as well as
some neighbors of participating farmers and these fields
were used by participating farmers as references to provide
a yield estimate. This process echoes the fact that farmers
have their own controls when experimenting (Hansson 2019)
and that refining soil input is important when working with
crop models with farmers (Whitbread et al. 2010).

3.1.2 Definition of the agronomical question (action 2)
At the end of the workshops, farmers mentioned the
management options they wanted to explore: “stone

lines,” “Sorghum varieties comparison,” and “compari-
son between manure and compost application” were

INRAQ/ & spinse
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mentioned. Soil fertility management had been of interest
for farmers from the beginning and appeared to appeal to
all farmers present. Thus, the agronomical question was
formulated by researchers as “soil fertility management
through manure and compost applications” and the sys-
tems of interest were the “sorghum crops in the fields of
Arbollé.” In order to build a common understanding of
soil fertility, the researchers presented the role of organic
matter for nutrient supply following the “plate of food”
comparison (Marinus et al. 2021). The agronomical ques-
tion embedded within a specific context allowed both
worlds to exchange on crop management and its impact
on cropping system performances. On the one hand, it
was understood by farmers based on their local knowl-
edge and experience of sorghum response to contrasting
organic amendments as well as soil fertility change over
years, within their own and neighbors’ fields. On the other
hand, researchers did not have the local knowledge of sor-
ghum response to local soil fertility levels and manage-
ment. Within their world, they interpreted the agronomical
question through their generic knowledge of soil texture,

organic matter and nutrient cycles, and sorghum crop
growth and development.

3.1.3 Characterization of the environments,
the management options, and the indicators
to describe the system under consideration (action 3)

Soil characteristics as described by farmers are reported
in Table 2. Sorghum crop management had already been
described in Al. Farmers asked to compare manure (raw
animal faeces) and compost (decomposed mix of animal fae-
ces and other organic matter) in applications of 0 to 30 carts
(about 5 t) per hectare through 5 cart increments (except
for 25).

Throughout A1l to A3 of the framework, researchers
identified concepts, indicators, benchmarks, and units used
by farmers to describe their cropping systems. For exam-
ple, they determined the appropriate management applica-
tion dates based on indicative tree species and/or rainfall.
Farmers used carts and bags to measure yield, carts for
organic amendment application, spacing between thumb

Table 2 Description of soil properties by farmers (A) complemented with literature sources (B) and their translation into DSSAT inputs (C).

Local soil name Baongo Zegdega Zii Miuwa Zii Naaré
A—farmers’ descrip-  Texture Clayey with high Gravelly, a lot of Sandy with a bit of Clayey, not a lot of
tion of soil charac- water accumulation.  gravel on the sur- red clay. sand nor gravel.
teristics face, clayey.
Relative fertility + - -- ++
ranking

Water holding capac-  High water hold-
ity ing capacity, poor
drainage leading to
excess water.

Low water holding
capacity.

Low water holding
capacity, easily dry-
ing out.

High water holding
capacity.

B—literature sources

C—soil inputs for
DSSAT

Sorghum growth

Other comments

Schutjes and van Driel
(1994)

Félix (2019) p.84

Soil texture
DSSAT generic soil
% clay

% sand

% silt

% stones

Sorghum may suffer
from waterlogging.

In low rainfall years,
yields can be better
in Baongo than in
Zii naaré

Lowland fields.

Loam and clay loam

Clay loam

HC - *HC_GENO0014
30

45

25

0

Sorghum leaves are
yellow at harvest.

Zegdega are located
few meters above
Zii Naaré.

Gravels > 20%

Texture comparable
to Zii Naaré (silty
loam).

Silty loam

Soil - *IB0O0000005

10

30

60

40

Sorghum can be culti-
vated in those soils
but is less adapted
than pearl millet.

Sandy loam

Soil - *IB00000008
10

60

30

0

Sorghum leaves are
green at harvest, bet-
ter grain and forage
quality.

Better plant resistance
during dry spells.

Zii Naaré are located
few meters below
Zegdega.

Texture comparable to
Zegdega (silty loam).

Silty loam

Soil - *IB00000005
10

30

60

0
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and the little finger for soil depth and plant spacing. A bag
of sorghum grain weighed 100 kg while a cart of manure
was estimated at 167 kg (values provided by INERA).
Farmers considered many in-field indicators to evaluate
the performance of sorghum (Table 3, Column A).

Soil quality was important for farmers. Water hold-
ing capacity appeared to be an important factor for soil
appraisal by farmers. Two concepts were highlighted:
“soil softness” (“tenga bougsma” in mooré) and “plant
food” (“kooda riib0”). Soil softness, with “soft soils”
being more easily tilled and with better water holding
capacity than “hard soils,” seems to be related to some
extent to soil texture and structure. It was clear from farm-
ers’ explanations that organic matter played an important
role as one stated: “as long as we bring organic amend-
ment [to a field], ‘soil softness’ only increases.” It was
hypothesized that organic matter content could be used
as a proxy for “soil softness.” “Plant food” referred to
nutrients available to crops. Identifying and using, when
possible, the concepts that farmers were familiar with,
eased the dialogue with farmers. The discussion around
soils also highlighted that farmers’ knowledge of their soil

depth and “softness” can match some of researchers’ soil
fertility indicators (Berazneva et al. 2018).

3.2 Within the researchers’ world (actions 4 and 5)
3.2.1 Crop model parametrization (action 4)

Farmers wanted to deepen their knowledge on the effects of
manure and compost amendments on sorghum. The researcher
decided to use DSSAT 4.7 for its ability to simulate the impact
of contrasting fertilization strategies on nutrient supply and
crop growth (Soler et al. 2011). Using the four soils descrip-
tions made by farmers (Table 2, A) to parametrize soils was
challenging: farmers classified soils with their own method
(Schutjes and van Driel 1994) and focused on sorghum growth,
water holding capacity, and comparisons between contrast-
ing fields to describe soils (Table 2, A). Using soil vernacular
names and corresponding textures found in literature (Schutjes
and van Driel 1994; p.84, Félix 2019; Table 2, B), researchers
matched farmers’ soils to three generic soil types from the
DSSAT soils database (Table 2, C). Elements of Zii naaré and
Zegdega descriptions were provided by farmers and literature

Table 3 Indicators mentioned by farmers, potentially corresponding DSSAT outputs and chosen indicators. 'These indicators were not presented

to farmers due to difficulties encountered to (re)present them.

Indicators observed at A—indicators mentioned by

farmers

B—potential DSSAT variable C—chosen indicator

Early stages Emergence homogeneity

Plant density

Row spacing
During growth Disease presence
Leaf color
Parasitic plant presence
Plant and seed rot

Plant height
Plant volume

Plant population at emergence
(plants/mz; input variable)

Plant population at seeding
(plants/m?; input variable)

Row spacing (cm; input variable)
None
None
None

Excess water stress index Number of years with excess water

Last stages and harvest

Additional indicators to capture
the value of fertilization
practices

Stem diameter

Time before wilting during dry
periods

Biomass production

Grain production (based on num-
ber of bags collected)

Grain size

Panicle shape

Panicle size

stress
Plant height (cm) Discarded!
Vegetative biomass (t DM/ha) Discarded’
Stem diameter (cm) Discarded’

Water stress index

Biomass yield (t DM/ha)
Grain yield (t/ha)

Thousand grain weight (g/1000
seeds)

None
None

Number of years with drought stress

Discarded!
Grain yield (bags/ha)

Discarded'

Soil organic carbon (kg/ha)
N applied (kgN/ha)

N uptake (kgN/ha)

N balance (kgN/ha)
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suggesting a very similar texture, with soils differing mainly by
gravel content and depth; the same DSSAT generic soil texture
was use to parametrize them (Table 2). Because farmers knew
soil depth and “softness,” researchers further parametrized two
soil depths (60 and 120 cm; except for Zegdega which are shal-
low soils thus only parametrized with 60 cm depth) and two
levels of organic matter content (0.7% and 1.2%), resulting in
four “quality” levels for Baongo, Zii miuwa and Zii naaré and
2 for Zegdega.

Sorghum management as described by farmers was rela-
tively easy to translate into model inputs. Nonetheless, as
farmers used rainfall and indicative plant species to decide
when to perform the crop operations, finding the right input
date for the model was challenging. These dates were chosen
based on expert knowledge (values from INERA). Sorghum
management was parametrized as follows: organic amend-
ment was applied on the 15 of June, and 1 day afterwards,
the soil was plowed to 10 cm depth. Manure (DSSAT’s “Barn-
yard manure” set at 1.1%N and 0.5%P; Blanchard et al. 2014)
and two compost qualities (DSSAT’s “Compost”’; low-quality
set at 0.6%N and 0.2%P, Blanchard et al. 2014; good-quality
set at 2.5%N and 0.53%P, Ganry and Badiane 1998) were
parametrized. Due to the high nutrient content in good-quality
compost, researchers took great care in later discussions to
mention it was not easy to obtain such compost. Sowing of
sorghum, variety CSM63E, occurred in the first days of July
(once soil moisture at 20 cm depth reached 20%), and plant
density was set to 62500 plants per hectare. Sorghum was
harvested at maturity. The simulations were run for 5 years
with weather data obtained from a weather station located
in Yilou, Guibaré, Burkina Faso. Simulations were run for
each contextualized management option by re-initializing
the model every year, in order to capture climate variability.
Model outputs were averaged over the five simulated years.

Zii Naaré was judged the most fertile soil type by farmers,
followed by Baongo, Zegdega and Zii Miuwa, Zii Miuwa
being the least fertile and where growing pearl millet should
be preferred to sorghum according to farmers (Table 2, A).
Simulated sorghum yields were in line with researchers’
knowledge and farmers’ relative soil fertility ranking. For
example, simulated yield of sorghum grown without organic
matter amendment were 922, 824, 802 and 419kg/ha for Zii
Naaré, Baongo, Zii Miuwa (120cm depth), and Zegdega (60
cm depth) soils, respectively. This qualitative assessment
confirmed that DSSAT was able to simulate farmers’ context
and management practices.

3.2.2 Translation of model outputs into farmer-proposed
indicators (action 5)

The selection of model’s outputs to be transformed into

farmer-proposed indicators followed three principles: they
should easily relate to farmers’ experience and be relevant

& springer INRAQ)

to the agronomical question; their number should be as
small as possible to favor exploration of various manage-
ment options; they should be expressed at the same scale
(in space and time) to reduce possible confusion during
discussion with farmers. Thus, the selection focused on
field-level indicators expressed over several seasons to
capture climate variability (Table 3, Column C).

Matching simulation outputs with farmer-proposed indi-
cators was not straightforward. Farmers’ indicators to evalu-
ate crop performance were diverse and applied to different
growth stages (Table 3, Column A). Grain and biomass
yields were easily matched to corresponding simulation out-
puts. However, other indicators, such as plant volume and
height, stem diameter, leaf color, panicle size and shape, and
grain size, either could not be matched to existing DSSAT
outputs or were associated to outputs that were too complex
to describe to farmers (Table 3). Presenting these plant-level
indicators could be overcome through the use of visuals,
such as pictures for plant volume, height and diameter, and
sorghum grain samples of different grain sizes (p.138, Faure
et al. 2010). However, these are plant level indicators for
which DSSAT provides a unique value, considering a homo-
geneous plant development in the field. This is not what
happens in heterogeneous farmers’ fields, which challenges
the presentation of these plant-level indicators to farmers.
Some indicators—emergence homogeneity, plant density,
and row spacing—were considered in parametrizing crop
management in DSSAT or discarded because DSSAT did
not consider them (e.g., pests and weeds damage). Excess
water stress and drought stress indicators were calculated
as the number of years when such event happened over the
5 years of simulation. Because the agronomical question
focused on soil fertility, researchers added soil organic car-
bon content (at the beginning and the end of one cropping
year) as a proxy for soil organic matter and farmers’ concept
of “soil softness.” Nitrogen uptake, nitrogen application,
and nitrogen balance (N application - N uptake) were con-
sidered as additional indicators to discuss plant nutrition
with farmers through the “plant food” concept.

The selected indicators were calculated for each soil
type and gathered in a set of tables (T1) that was used for
discussions with farmers (Table 4). The set of tables was
composed of 14 pages, each one corresponding to one soil
type and “quality” level. In each page, the indicators were
presented for all the management options considered. As
such, it constituted the basket of contextualized manage-
ment options available to researchers to inform the discus-
sions with farmers.

3.3 Back to the farmers’ world (action 6)

Individual discussions allowed a personalized exploration of
the basket of options following farmers’ interests. It resulted
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Table 4 Management options and the calculated indicators proposed by farmers for the Zii Naaré soil, 120 cm depth, and low organic matter
content. One page example from the 14 pages the set of tables (communication tool; T1).

Organic ferti-  Grain Average soil N applica-  Average N N Balance (N Number of Number of years
lizer applied yield organic carbon tion (kg N/ uptake (kg N/ application —  years (over (over 5) with
(carts/ha; 1 (bags/ha;  after one crop- ha) ha) N uptake) (kg 5) with water  excess water
cart 167 kg) 1bag= ping season N/ha) stress stress
100 kg) (t/ha) (initial
content 35 t/
ha)

Baseline 0 9 34.7 0 28 -28 1 0

Manure 5 10 34.8 9 31 —-22 1 0
10 11 35 18 33 - 15 1 0
15 12 35.1 28 36 -8 2 0
20 13 353 37 39 -2 2 0
30 14 355 55 44 11 2 0

Low quality 5 9 34.8 5 28 -23 1 0

compost 10 9 35 10 27 -17 1 0

15 9 35.1 15 27 -12 1 0
20 8 353 20 26 -6 0 0
30 8 35.6 30 24 6 0 0

Good quality 5 13 34.9 21 40 - 19 2 0

compost 10 16 35 42 52 - 10 2 0

15 19 352 63 63 0 3 0
20 21 353 84 72 12 3 0
30 24 35.6 125 88 37 3 0

in the creation of a customized summary handout (Fig. 3) for
each farmer that summarizes the discussions and translated
model outputs on the impacts of management options within
farmers’ context.

Farmers were asked to select a soil type and to describe it
with approximate soil depth, and “soil softness,” as well as a
reference management that fitted their own context, namely,
the amount and nature of organic fertilizer they would usu-
ally apply before the cropping season. Once the researcher
identified the most probable baseline management, farm-
er’s estimated yield was compared to the simulated yield
of this baseline situation (e.g., Fig. 3, 1). This necessary
stage of the discussion was not straightforward as farmers
did not always know the value of the required indicators
(i.e.: soil depth, field size to compute the amount of manure
applied, yield). When a farmer’s description could not be
related to an existing contextualized management option,
the researchers chose the closest and explained the differ-
ences. An additional difficulty lied in the fact that contrary to
model assumptions, farmer crop management is not homo-
geneous within one field, while their yield estimate usually
referred to the whole field (Tittonell et al. 2015; Félix et al.
2018). After the description and discussion of the reference
situation, farmers changed one management option or soil
type at a time, and the impact of the changes was discussed
with the aid of the summary handout visual (Fig. 3, row 1

for the baseline and row 2 for the new management option
considered).

During the process, farmers asked for information about
their particular situation. When offered to choose the soil,
they mentioned their own, stating that “it is better to look
at what you have. If you look at another soil that you do
not have, you will listen but you will not know what to do
with it.” Furthermore, farmers explored the contextualized
management options based on their own implementation
capacity, saying “I want to see the good quality compost, 15
carts, it is better to choose a quantity that we can produce.”
Some asked researchers “to show [them] what will be suf-
ficient” to “avoid soil resource withdrawal” (i.e., negative
nitrogen balance). During the discussion farmers cultivat-
ing several fields with different soil types did not hesitate
to change soil type and management options. Including the
reference, between three and seven contextualized manage-
ment options were explored and discussed with each farmer
(Sup. Mat. 2).

When discussing the simulated changes and underlying
processes, farmers received the information critically. They
often commented by comparing with their knowledge. For
example, reacting to diminishing soil organic carbon and
negative nutrient balance a farmer stated “It is true, what
we noticed is that often the soil is not able to retain organic
amendment.” Another farmer was not afraid to challenge the
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Fig.3 A summary handout filled during the discussion with a farmer
(left) and the accompanying legend (here translated in English) that
was provided (right). The soil chosen by the farmer was “Zii Naaré”
with low organic matter content and 120 cm depth. Column A: Sor-
ghum grain yield in bags per hectares; column B: change in soil
organic matter content at the end of the season; column C: nitrogen

information given. When discussing the effects of 15 carts
of good quality compost on Zegdega soil, he stated: “do
you speak of my Zegdega? Zegdegas are not all the same.
There are Zegdegas where 15 carts of compost will be very
good for the soil, but in mine, it would be merely enough.”
These reactions support the idea that researchers were able
to anchor the discussion into farmers’ reality. Furthermore,
it suggests that the information will be used by some farmers
to formulate their own hypothesis regarding their particular
situation (Hansson 2019) and that the “actual relevance to
a farmer depends in part on demonstration of the model’s
credibility against his known ‘real world facts’” (McCown
2002).

During the exchanges, farmers often nuanced the outputs
saying that “it depends on the rain.” Researchers presented
outputs averaged over 5 years of simulations, while farm-
ers use specific climatic years as references to confront new
results (Hansson 2019). Because climatic and soil data are
key in successful farmers’ engagement (Whitbread et al.
2010), averaged values could be complemented with the
detailed description of some representative climatic years
to further discuss the results when necessary.

The discussions of contextualized management options
and associated processes sparked many broader questions
from farmers. Recurring ones focused on how to produce
good-quality compost and on what happened to “plant food”
when the balance was either positive or negative.
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at the end of the season (=10kgN/ha).

input to soil by organic amendment; column D: nitrogen uptake by
sorghum; column E: nitrogen balance. Row 1: “10 carts of low-qual-
ity compost” which constituted the baseline situation described and
confronted to farmers’ experience; row 2: “15 carts of good quality
compost” which was the management option selected by the farmer

3.4 General discussion on the framework
3.4.1 The crop model is not central in the framework...

Using a shared agronomical question embedded in farm-
ers’ context to structure the exchanges with farmers favored
the understanding of the system under consideration, in line
with previous studies (e.g., Cash et al. 2003; Thorburn et al.
2011). Because the researchers did not know which ques-
tions would be of interest to farmers, they had to first under-
stand the farmers’ environment and constraints. Further-
more, the perspective of presenting model outputs to farmers
with the use of farmers’ indicators forced the researchers to
deepen their understanding of the observation and interpre-
tation farmers made of their cropping systems.

On the farmers’ side, we argue that organizing the
exchanges around an agronomical question instead of a crop
model facilitated their involvement. Indeed, during the work-
shops, most of the time was dedicated to let farmers express
themselves regarding their own environment, cropping sys-
tem, and problems they wished to explore as well as asking
their opinion on the outputs presented. Thus, the exchanges
with farmers revolved around their knowledge and their
experience, improving the credibility of the approach, the
model outputs, and associated knowledge shared.

In addition, organizing the discussions between farm-
ers and researchers around an agronomic problem (i.e.,
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question-driven approach) rather than around a specific
crop model (i.e., tool-driven approach) increased the flex-
ibility of the use of the framework. It allowed researchers
to clearly understand farmers’ contexts and preoccupations
and later select the most appropriate model to address it.
In the case study, in addition to the exploration of “soil
fertility management through manure and compost applica-
tions for sorghum production in the fields of Arbollé,” open
discussions led to the alternative proposition of “sorghum
cultivar comparisons in Arbollé” as an agronomical prob-
lem to tackle. If we would have decided to work on this, the
crop models Samara, APSIM, or DSSAT could have been
chosen, depending on the farmers’ interest for indicators
and development stages (Akinseye et al. 2017). Had the
suggestion of discussing “stone lines” been more appeal-
ing to farmers, it could have led to mobilizing water ero-
sion modeling (Visser et al. 2005) to quantify some of the
impact of this improved management. Finally, the choice
for a particular crop model can also be motivated by its
ability to produce outputs matching indicators proposed
by farmers.

As presented, the framework is organized around an agro-
nomical question with two worlds sharing it and interacting
around it. Nonetheless, it could be extended by integrating
other worlds such as those of advisors, extension agents,
or policy makers. Participants of the additional worlds can
share their views, knowledge, and expectations with regard
to the agronomical question. Then, researchers can mobi-
lize modeling to substantiate the discussions with quanti-
fied outputs. In a setting involving the perspectives from
several worlds, different models can be combined to explore
the problem at multiple scales, e.g., a mechanistic model to
assess biophysical outputs at field level and a multicriteria
assessment tool to analyze socio-economic variables at the
farm level and environmental variables at the landscape level
(Queyrel et al. 2023). Lastly, the involvement of extension
agents can contribute to capacitate them to co-design and
learn about relevant innovations, before engaging in scaling-
out activities.

3.4.2 ... but communication tools are central

The communication tools that are generated during the pro-
cess are a central piece of the framework. Indeed, they aim
at (i) gathering the basket of options and the indicators that
are calculated and translated into farmers’ indicators and
(ii) keeping track of the discussions and create a personal-
ized hand-out of the discussions. One of the challenges
identified by researchers was the way to share indicators
and exemplify the effects associated with a change in prac-
tice. Even though symbols were used to represent the value
of indicators, using more concrete representations such as

samples of various grain sizes to exemplify the impact of a
practice on grain size could facilitate even more the discus-
sions. Also, the summary hand-out should be designed in
such way that it helps keeping track of the discussions but
most importantly so that farmers can understand it later
on when revising it or using it in discussion with other
farmers. With that purpose, the symbols, vocabulary, and
concept mobilized must be adapted to farmers’ knowledge
and representations.

3.4.3 Opportunities for scaling-out

This framework is time consuming: we dedicated 3 work-
shops sessions to Phase I and pursued Phase III (explora-
tion of contextualized options) individually with farmers.
This resulted from a methodological choice to facilitate
farmer’s expression in the last part by avoiding peer pres-
sure (self-censoring) or discussion revolving around only
few members of the group. It also eased the creation and
personalization of the summary handout (T2). Nonethe-
less, in an effort to scale-out the innovations arising from
the application of the framework, several options exist.
First, explorations of management practices should be
done with small groups of farmers sharing similar specific
contexts as working with groups of farmers should fos-
ter knowledge exchange between farmers (Simane et al.
2018). Second, if the group of farmers is representative of
a village, the communication tools could be easily reused
with other farmers from the same village to discuss the
management practices within their context. These sugges-
tions however raise questions on how to adapt the sum-
mary handout creation to group works as it aims at being
specific to each farmer’s questioning and context.

Furthermore, Hellin et al. (2008) argued that benefits for
farmers were more likely to arise from long-term interac-
tion with extension services and as a consequence participa-
tory research should consider the strengthening of skills and
knowledge of extension agents. Millar and Connell (2010)
also reported that one key element in scaling out was the
training of extension agents. Thus, with an objective of
large-scale impact, the present framework could be used in
an initial phase with both farmers and advisors to identify
and characterize the environments and relevant management
practices to address the considered agronomical question,
consequently developing the communication tools. The
advisors could then be trained in using these communica-
tion tools before applying them in other areas, with similar
environments. After explaining the process used to obtain
the values to the farmers, the advisors could proceed with
action 6 with farmers and accompany them in their explora-
tion of the problem considered.
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3.4.4 From changing cropping practices to system redesign
and examining broader issues

In this study, we explored options to improve crop manage-
ment that leveraged local resources. Improving manure man-
agement and application to the field is critical to improve
crop productivity. Yet, these incremental changes alone are
unlikely to bring the drastic increase in productivity required
to improve smallholder livelihoods (Rusinamhodzi 2015) and
to guarantee long-term soil fertility (Falconnier et al. 2023).
Broader changes at the farming system level and in the socio-
economic environment of farms are required to sustainably
lift smallholder farmers out of poverty (Falconnier et al. 2018;
Giller et al. 2021). These changes include for example the
growing of more legumes and improving forage and manure
management in mixed farming systems (Assogba et al. 2023),
or payments for ecosystem services (Jourdain et al. 2014).
The impact of these broader changes can be explored with
the use of farm models, for example, bio-economic models
that help design farm configurations that improve income
and food security given a set of farmers’ constraints (Ricome
et al. 2017; Lairez et al. 2023). We believe that the framework
developed in this study around crop models could be adapted
for the use with a farm model. The matrix of options would
then consist of different farm configurations. These farm
models include equations and formalisms that correspond to
researchers’ conceptualization. The framework here offers the
opportunity to build bridges between researchers’ and farm-
ers’ knowledge on optimal farm configurations for better food
security, income, and environmental performance.

4 Conclusion

We presented a novel framework for the use of crop
models in participatory research. The framework aims at
facilitating the discussion between farmers and researchers
through the simulation of multiple scenarios embedded
in farmers’ context so they can identify with and relate to
these scenarios. It involves the design and use of two com-
munication tools, one to foster discussions and the other
to create a record of it. During the testing of the frame-
work on soil fertility management for sorghum produc-
tion in Burkina Faso, both farmers and researchers shared
knowledge on the drivers of cropping system performance.
They were able to discuss locally relevant management
practices. As hypothesized, and despite some necessary
approximations, farmers’ description of their environment
and management practices, complemented by literature,
were sufficient to parametrize the model used. Secondly,
the main farmer-proposed indicators could be matched
to relevant model outputs to share quantified examples
of practice changes. Nonetheless, it raised questions of
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model outputs adaptation to smallholder farming con-
text as for example, within-field plant heterogeneity was
not simulated in our case, complicating the use of many
farmer-proposed indicators. Lastly and concordant with
our hypothesis, the basket of contextualized options
was credible enough to anchor the discussions into each
farmer’s reality and discuss alternative practices and their
impact. By putting an emphasis on understanding farm-
ers’ understanding and observation of their context, crop
and environment with the aim of properly parametrizing
models and sharing the results of simulation, the frame-
work formalized in this work revealed itself as a powerful
process for researchers to identify key concepts to better
communicate with farmers. It raised questions on how to
appropriately capture the content of discussions in a take-
away format and the ability of models to produce proxies
to farmer-proposed indicators. Although tested with soil
fertility management questions, this method could help in
addressing a wider variety of problems through several
cycles of use or in combination with other activities.
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