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Interplay: a game for the participatory design of locally adapted cereal-legume intercrops

CONTEXT

Although cereal-legume intercropping is a recognized approach to improve crop production sustainability, its uptake on European commercial farms remains slow, due to numerous questions raised by the introduction of intercrops in a cropping system. Co-design workshops allow multiple scenarios to be explored without risks. They favor identification of consistent answers to complex problems, considering local conditions and constraints.

OBJECTIVE

We present Interplay, the serious game we created to support players' exploration of intercrops by designing a wide-range of cereal-legume intercropping scenarios in given cropping system contexts and assessing eight ecosystem services provided by intercrops, i.e., intercropped cereal and legume yields, cereal protein content, nitrogen supply to the following crop, impact on soil structure and weed, insect and disease control.

SIGNIFICANCE

Interplay is the first serious game suited to develop the practice of intercropping. It is currently available for cereal-grain legume intercrops sown simultaneously in a random pattern under French soil-climate conditions, but could be adapted to other countries and intercrops.

Graphical abstract

Highlights

• Participatory approaches are needed to support the design and implementation of intercrops.

• A serious game was developed to support players' exploration of cereal-grain legume intercrops.

• The game supports the design of intercropping scenarios according to cropping system contexts. • The game assesses ecosystem services provided by intercrop scenarios, and stimulates the design of locally adapted intercrops.

• The game provides an interactive support to promote creativity, experience sharing and knowledge exchange.

METHODS

Interplay aims at being used with groups of farmers and their advisor or students and their agronomy teacher. The game includes a game board and cards to design intercropping scenarios defined by: (i) the cropping system and field context; (ii) the farmers' objectives when introducing an intercrop; (iii) the species to associate and (iv) the crop management. A computer model assesses the ecosystem services provided by the intercropping scenario designed on the game board. The players compare these results to their objectives and to sole crop performances and, if necessary, adjust the scenarios. The players are guided through the design process by a facilitator.

RESULTS AND CONCLUSIONS

In the context of the Covid-19 pandemic, we used the game with 70 French agriculture students divided into six groups to design intercropping scenarios improving nitrogen supply to the following crop in a rotation. Students designed scenarios that improved nitrogen supply compared to the initial sole crop, yet cereal yield decreased more than the farmer desired. Guided by the facilitator, students reconsidered the cropping system to improve nitrogen supply at the crop rotation level. Interplay is an interactive tool used to stimulate players' creativity by exploring intercropping scenarios and providing salient, credible and legitimate assessment of the ecosystem services provided. It also promotes knowledge sharing on intercropping and allows redesigning the cropping system completely. Students and teachers who used it declared that it helped enhance their knowledge on intercrops.

Introduction

Intercropping, the simultaneous cultivation of different species in the same field for at least part of their growing season [START_REF] Willey | Intercropping-its importance and research needs[END_REF], is a powerful lever toward the development of sustainable agricultural systems [START_REF] Jensen | Intercropping of grain legumes and cereals improves the use of soil N resources and reduces the requirement for synthetic fertilizer N: A global-scale analysis[END_REF][START_REF] Maitra | Intercropping-A Low Input Agricultural Strategy for Food and Environmental Security[END_REF][START_REF] Stomph | Designing intercrops for high yield, yield stability and efficient use of resources: Are there principles?[END_REF]. Cereal-legume intercropping is of particular interest as it provides a large range of ecosystem services [START_REF] Maitra | Intercropping-A Low Input Agricultural Strategy for Food and Environmental Security[END_REF], including weed control [START_REF] Hauggaard-Nielsen | Interspecific competition, N use and interference with weeds in pea-barley intercropping[END_REF] and soil stability and fertility improvement [START_REF] Stomph | Designing intercrops for high yield, yield stability and efficient use of resources: Are there principles?[END_REF]. It can also improve resource use efficiency [START_REF] Duchene | Intercropping with legume for agroecological cropping systems: Complementarity and facilitation processes and the importance of soil microorganisms. A review[END_REF][START_REF] Hauggaard-Nielsen | The comparison of nitrogen use and leaching in sole cropped versus intercropped pea and barley[END_REF][START_REF] Jensen | Intercropping of grain legumes and cereals improves the use of soil N resources and reduces the requirement for synthetic fertilizer N: A global-scale analysis[END_REF] and thereby increases productivity per unit area compared to a sole crop with similar inputs [START_REF] Bedoussac | Ecological principles underlying the increase of productivity achieved by cereal-grain legume intercrops in organic farming[END_REF][START_REF] Pelzer | Peawheat intercrops in low-input conditions combine high economic performances and low environmental impacts[END_REF][START_REF] Raseduzzaman | Does intercropping enhance yield stability in arable crop production? A meta-analysis[END_REF]. The higher crop diversity of intercrops also spreads risk and leads to more stable yields notably against climate hazards compared to sole legume crops [START_REF] Bedoussac | Ecological principles underlying the increase of productivity achieved by cereal-grain legume intercrops in organic farming[END_REF][START_REF] Raseduzzaman | Does intercropping enhance yield stability in arable crop production? A meta-analysis[END_REF]. Despite these well-established and acknowledged benefits, adoption and dissemination of cereallegume intercropping has been slow on European commercial farms [START_REF] Machado | Does intercropping have a role in modern agriculture?[END_REF] and intercropping is mainly implemented in low-input (e.g. organic) systems. This can be explained by a set of lock-ins [START_REF] Magrini | Why are grain-legumes rarely present in cropping systems despite their environmental and nutritional benefits? Analyzing lock-in in the French agrifood system[END_REF][START_REF] Mamine | Barriers and levers to developing wheat-pea intercropping in Europe: A review[END_REF]: (i) technical such as unfavorable plant breeding strategies, knowledge gaps on relevant crop management sequences, lack of equipment adapted for efficient collecting, sorting and storage of intercrop products; (ii) economic such as cost of adapted equipment, price of intercrop products; lack of market opportunities, difficulties in establishing contracts; and (iii) related to public policy, notably no specific subsidies for ecosystem services provided by intercrops. Overall, there is a lack of knowledge on best intercrop management practices at all levels of the value chain (i.e. farmers, advisors, processors, researchers, etc. [START_REF] Casagrande | Enhancing planned and associated biodiversity in French farming systems[END_REF]).

Among these multiple lock-ins affecting the spread of intercropping use in agricultural systems, knowledge gaps surrounding the technical implementation of intercropping on farms are critical for farmers. They are facing a range of complex and emergent questions when integrating an intercrop in their cropping system: when to integrate the intercrop in the crop sequence? Does it require redesigning the crop rotation? What species and cultivars should be associated? At which density should each component be sown and with which spatial pattern? How can you best control insects, weeds and diseases in the mixture? How to plan nitrogen fertilization when nitrogen has an ambivalent action on the cereal and on the legume growth? Etc. Field trials and technical references on intercrop management are scarce and often focus on the implementation of one specific practice (e.g. one species mixture or one management practice, such as nitrogen fertilization). Thus, field trials alone do not allow farmers to fully explore the many decisions they have to make when introducing an intercrop into a cropping system, and provide fragmented information that does not offer the necessary global vision that farmers need.

To address complex problems raised by the development of innovations such as intercropping, an increasing body of the literature [START_REF] Pigford | Beyond agricultural innovation systems? Exploring an agricultural innovation ecosystems approach for niche design and development in sustainability transitions[END_REF] suggests implementing participatory approaches in the framework of innovation ecosystems, defined by [START_REF] Granstrand | Innovation ecosystems: A conceptual review and a new definition[END_REF] as "the evolving set[s] of actors, activities, and artefacts, and the institutions and relations, including complementary and substitute relations, that are important for the innovative performance of an actor or a population of actors". These frameworks allow the bringing together of different knowledge sources from scientists to pioneering farmers. By allowing the exploration of multiple solutions without risks and at limited costs, co-design workshops favor identification of consistent answers to complex problems and knowledge exchange between different actors [START_REF] Berthet | How to foster agroecological innovations? A comparison of participatory design methods[END_REF][START_REF] Reau | Les ateliers de conception de systèmes de culture pour construire, évaluer et identifier des prototypes prometteurs[END_REF][START_REF] Voinov | Modelling with stakeholders -Next generation[END_REF]. Giving farmers a key role in the design process favors innovations in practice ensuring that their local conditions and real constraints are adequately considered and leading to the design of cropping systems specifically adapted to each situation [START_REF] Mcgranahan | Ecologies of scale: Multifunctionality connects conservation and agriculture across fields, farms, and landscapes[END_REF].

Co-design workshops can rely on a variety of approaches: prototyping using drawings [START_REF] Elzen | The RIO approach: Design and anchoring of sustainable animal husbandry systems[END_REF] and sketches, scenario simulation [START_REF] Bergez | Designing crop management systems by simulation[END_REF], serious gaming [START_REF] Speelman | Gaming for smallholder participation in the design of more sustainable agricultural landscapes[END_REF], etc. In recent years, serious gaming has gained increasing interest in the agricultural sector. Serious games are defined as tools that "aim to combine aspects of both serious as, but not limited to, teaching, learning, communication, or further information with playful springs of the game" [START_REF] Alvarez | An introduction to serious games 1[END_REF]. They are useful to support the collegiate design and evaluation of agricultural systems with farmers (e.g. Forage rummy [START_REF] Martin | Forage rummy: A game to support the participatory design of adapted livestock systems[END_REF], Mission Ecophyt'Eau®, SEGAE [START_REF] Jouan | SEGAE: An online serious game to learn agroecology[END_REF], Dynamix [START_REF] Ryschawy | Dynamix, un « jeu sérieux » pour concevoir des scénarios d'achat-vente entre céréaliers et éleveurs : une application en Ariège[END_REF]). Serious games mobilize boundary objects [START_REF] Cash | Knowledge systems for sustainable development[END_REF], which create a shared vocabulary to represent current and alternative systems, to materialize changes to implement, and overall to enhance experience sharing and knowledge elicitation among players.

At present, none of the available serious games focuses on the issues raised by the introduction of an intercrop in a cropping system. To support the collective design and evaluation of locally adapted intercrops in given cropping system contexts, we developed a serious game called Interplay (being the contraction of "intercrop" and "play"). This game, mobilizing multidisciplinary scientific knowledge and players' empirical knowledge, aims at allowing players to explore a wide diversity of intercropping scenarios and the ecosystem services they provide. Interplay consists of iteratively designing cereallegume intercropping scenarios in a given cropping system context, and assessing eight ecosystem services provided by the intercrop, i.e. intercropped cereal and legume yield, cereal protein content, nitrogen supply to the following crop, impact on soil structure, and weeds, insects and diseases control. Each scenario is defined as a unique combination of cropping system characteristics, i.e. soil-climate conditions, crop rotation, landscape effects, intercropped cereal and legume species and cultivars, and intercrop management practices (sowing and input use). The designed locally adapted intercropping scenarios and the services provided must be salient, credible and legitimate to all players [START_REF] Cash | Knowledge systems for sustainable development[END_REF]. Interplay engages players as actors in the design and evaluation process. It can be mobilized with farmers or with students. Players are guided through the design stages by a facilitator, who is either an advisor when playing with farmers or a teacher when playing with students. The first complete version of Interplay, finalized in April 2021 after two years of prototyping, is adapted to a wide diversity of organic and conventional low-input farming situations, for a wide range of cerealgrain legume intercrops sown simultaneously in a random pattern (thus excluding strip intercropping).

In this article, our main objective is to present Interplay. In order to do so, we first present the game functioning, focusing on how we converted a conceptual model of a cropping system possibly including intercrops into a series of game elements acting as boundary objects. Then, to help the reader imagine him/herself participating in the game, we illustrate the description of the game (Section 2) with the example of agriculture students in Southwestern France designing intercrops for improved nitrogen supply (Section 3). We finally discuss the game itself, its usage and limitations.

Overview of the game

Conceptual model of a cropping system

The design of locally adapted intercropping scenarios requires considering the cropping system context. A cropping system is defined as "a set of management procedures applied to a given, uniformly treated area, which may be a field, part of a field or a group of fields" [START_REF] Sebillotte | Systeme de culture, un concept operatoire pour les agronomes[END_REF]. These procedures, i.e. crop rotation and management, are defined by players according to their objectives in a given context. We identified key elements to design a conceptual model of a cropping system (Fig. 1): i.

Farmer's objectives ii.

Cropping system context, made of : i. field environment (i.e., soil-climate conditions); ii.

field constraints (i.e., type of agriculture, impact of the landscape on pest pressure and irrigation availability);

iii. farm constraints (e.g. available machinery, working schedule); iv.

socio-economic environment constraints (e.g. existence of an outlet, knowledge availability). iii.

Field and crop management, including : i. field history, i.e., rotation and tillage along the rotation; ii.

choice of species to grow and their characteristics rationalizing this choice, i.e. seasonality, botanical family, root system and C:N ratio; iii.

crop management practices, including cultivar choice, sowing parameters and input use.

The field history, the choice of the species and the crop management practices are deeply interrelated, and all depend on the cropping system context and on the farmer's objectives. The interactions between the field, the crop management and the cropping system context determine the crop biomass and levels of ecosystem services provided (Fig. 1).

Figure 1: Conceptual model of a cropping system underlying the design of Interplay and related boundary objects.

Development and use of boundary objects

2.2.1. Game board The game board is a core element of Interplay. It aims at being a transparent implementation of the conceptual model of a cropping system presented above and at providing a space for shared understanding and communication among players. We materialized the many elements farmers have to consider when designing an intercrop on the Interplay game board, i.e. a whiteboard marked with information (Fig. 2). It is divided into four parts as follows:

i.

Board 1 (part A of the game board presented Fig. 2) represents the field environment (soilclimate conditions) and its constraints (type of agriculture, irrigation, impact of the landscape on pest pressure). It also materializes the field history (crop rotation and tillage strategy along the rotation). (Fig. 1, Fig. 2), as described by the scenario farmer, i.e. the farmer who wants to introduce an intercrop in his/her cropping system, on a field on his/her farm (whatever its size) ; ii.

Board 2 (part B of the game board presented Fig. 2) sets the scenario farmer's objectives (Fig. 1, Fig. 2), i.e. the level of each ecosystem service (cereal and legume grain yield, cereal protein content, nitrogen supply to the following crop, impact on soil structure and pest control) expected from the introduction of an intercrop, as establishing design goals is a key element to ensure efficient collective workshops [START_REF] Martin | Farming system design to feed the changing world[END_REF]. Three levels of service are defined (low, intermediate and high), and the scenario farmer is encouraged by the facilitator to make compromises and prioritize among services. In order to do so, he/she is asked to allocate poker chips to each ecosystem service to materialize this prioritization (from zero poker chip if the service is not deemed important at all to five poker chips if the service is very important), and he/she cannot allocate 5 poker chips to every service; iii.

Board 3 (part C of the game board presented Fig. 2) is dedicated to capturing all players' (including the scenario farmer) suggestions of species to intercrop (two harvested species or one species and one companion plant). It aims to support knowledge exchange on species mixtures among players and lead to mutual agreement of a collective choice of the most consistent ones in the context of the cropping system and objectives defined by the scenario farmer (Fig. 1; Fig. 2); iv.

Board 4 (part D of the game board presented Fig. 2) allows definition of the locally adapted crop management practices regarding cultivars (i.e. earliness, resistance to lodging, susceptibility to weeds, pests and diseases), sowing (date and density) and input use (curative actions, date and amount of nitrogen supplied) (Fig. 1; Fig. 2). As for board 3, all players decide each management option collectively. The game board, along with all other game elements, are illustrated and described in further detail in the user manual provided when downloading the game (see 4.3.).

2.2.2. Crop cards Designing intercrops in the context of a cropping system requires first to choose the species to intercrop (Fig. 1). We inventoried the species that are mainly grown on French commercial farms and created 44 crop cards accordingly. These cards are used to represent the crop rotation on board 1 (all cards) and the species to associate in an intercrop on board 3 (only cereals and grain legumes, e.g. winter wheat and protein pea; Fig. 2). They are distributed according to two determinant factors, i.e. the type of crop (annual vs. perennial) and its seasonality (winter, spring or summer) and the botanical family (e.g. poaceae for cereals, fabaceae for legumes) (Fig. 1, Fig. 2). These factors were selected as they affect both the possibility of growing two particular species together (e.g. one winter crop and one spring crop cannot be sown and harvested simultaneously) and the choice of species to insert in the crop rotation to break pest cycle (e.g. by alternating winter and spring crops or species of diverse botanical families).

Context cards

Designing intercropping scenarios that are locally adapted to each cropping system implies a precise description of the context to ensure consistent proposals during the workshop [START_REF] Lacombe | Designing agroecological farming systems with farmers: A review[END_REF][START_REF] Martin | Farming system design to feed the changing world[END_REF]. To facilitate this description and make it visual, we created context cards to be selected and placed on Board 1 (Fig. 1, Fig. 2). Three types of cards are provided reflecting the cropping system context (Fig. 1):

 Climate cards describe the main climate risks in the region and the period in the crop cycle during which they occur (e.g. drought at grain filling, frost risks at early stages);

 Soil cards represent the main soil characteristics, i.e. texture (e.g. sandy soil), depth (e.g. shallow soil), hydromorphy (e.g. draining soil), topography (e.g. steep field);

 Constraint cards inventory the main field constraints: irrigation and machinery availability (e.g. presence/absence of irrigation, harvesting and sorting equipment nearby), landscape impact on pest pressure (e.g. simplified landscape favouring pests).

Figure 2: Boundary objects included in the Interplay game 2.2.4. Computerized support system -evaluation model To support players' reflections and estimate the performances of diverse intercrops, we designed an evaluation framework based on a hybrid modelling chain that assesses the ecosystem services provided by a large diversity of intercropping scenarios [START_REF] Meunier | A modelling chain combining soft and hard models to assess a bundle of ecosystem services provided by a diversity of cereal-legume intercrops[END_REF]. The framework considers the cropping system context, intercropped species and management practices defined on the game board. In this modelling chain, we first use the crop model STICS [START_REF] Brisson | An overview of the crop model STICS[END_REF] to simulate potential biomass of the sole cereal and legume crops independently in different contexts (Fig. 3). We then correct potential biomass in sole cropping to attainable biomass in intercropping considering competition effects among species, thanks to linear interaction models built in R (R Core Team, 2018) based on a field trial database [START_REF] Gaudio | Interspecific interactions regulate plant reproductive allometry in cereal-legume intercropping systems[END_REF]. We finally turn attainable biomass into actual biomass considering pest damage thanks to a knowledge-based multi-attribute DEXi model [START_REF] Bohanec | DEXi : Program for Multi-Attribute Decision Making User ' s Manual[END_REF]. This model qualitatively assesses pest control (including insect, weed and disease control) according to pest levels of endocyclism, defined by [START_REF] Aubertot | Injury Profile SIMulator, a Qualitative Aggregative Modelling Framework to Predict Crop Injury Profile as a Function of Cropping Practices, and the Abiotic and Biotic Environment. I. Conceptual Bases[END_REF] as the level of dependence of pests on the cropping system (field endo-inoculum and history, distance of dispersion of pests from the field, pest life-cycle completed partly or fully on the field). We use another set of multi-attribute DEXi models to assess five additional ecosystem services quantitatively (i.e. cereal and legume grain yield, cereal protein content, nitrogen supply to the following crop) and qualitatively (i.e. soil structure) from the actual biomass of the intercrop at harvest and/or cropping system features (e.g. species root system architecture, C:N ratio, cultivar characteristics (Fig. 3)). We used the STICS (v. 9.1) crop model to predict the potential biomass of all the cereal and legume species included in the game as sole crops, under diverse soil-climate conditions. As STICS is not parameterized for all the cereal and legume species available in the game, we asked experts to create groups of species with similar biomass production potential, and defined a model species in each group: winter wheat, spring barley, maize, sorghum, winter and spring pea, winter and spring faba bean [START_REF] Falconnier | Calibration and evaluation of the STICS soil-crop model for faba bean to explain variability in yield and N 2 fixation[END_REF], lentil and soya bean. When experts suggested that the cultivar strongly influenced potential biomass of model species, to account for intraspecific variability, we considered various cultivars with different precocity to simulate the largest range of potential biomass. For each cultivar, we simulated three sowing dates and scenarios with or without irrigation on the basis of experts' recommendations. As STICS simulations predicted potential biomass, experts defined optimal sowing density and doses and dates of nitrogen fertiliser applications for each model species to avoid nitrogen stress under low-input farming conditions. As we simulated non-limiting nitrogen conditions, we did not distinguish organic and conventional low-input situations.

To predict attainable biomass of the intercropped cereal and legume species based on potential biomass of their corresponding sole crops, we developed a statistical model using R software v. 3.6.3 (R Core Team, 2018) (Fig. 3). We used a database of trials conducted in five European countries from 2001-2017, with several cultivars of four winter species and seven spring species [START_REF] Gaudio | Interspecific interactions regulate plant reproductive allometry in cereal-legume intercropping systems[END_REF]. The database included pairwise data on the biomass of cereals and legumes under intercropping and sole-cropping conditions. Complete data were available for 183 experimental units covering four ideomixes (i.e. expert-defined groups of cereal-legume intercrops with similar behavior: winter cereal -pea, winter cereal -faba bean, spring cereal -lentil and spring cereal -pea, all details available in [START_REF] Meunier | A modelling chain combining soft and hard models to assess a bundle of ecosystem services provided by a diversity of cereal-legume intercrops[END_REF]). Using this database, we built two linear models to predict the attainable biomass of each species of the intercrop (one for the cereal and one for the legume). The two models included the same input variables (cereal and legume characteristics, management practices and climate variables from sowing to harvest (P = precipitation, ETP = evapotranspiration, GR = global radiation, T = temperature)), which were selected based on their agronomic effects on the relationship between sole crop biomass and intercrop biomass:

𝐀𝐬𝐬𝐨𝐜𝐢𝐚𝐭𝐞𝐝 𝐜𝐞𝐫𝐞𝐚𝐥 𝐛𝐢𝐨𝐦𝐚𝐬𝐬 = f (Sole cereal biomass + Sole legume biomass + crop season + cereal potential height + legume potential height + relative nitrogen fertilization of the cereal + relative sowing density of the cereal + relative sowing density of the legume + ∑(P -ETP) + ∑GR + ∑Tmean) 𝐀𝐬𝐬𝐨𝐜𝐢𝐚𝐭𝐞𝐝 𝐥𝐞𝐠𝐮𝐦𝐞 𝐛𝐢𝐨𝐦𝐚𝐬𝐬 = f (Sole cereal biomass + Sole legume biomass + crop season + cereal potential height + legume potential height + relative nitrogen fertilization of the legume + relative sowing density of the cereal + relative sowing density of the legume + ∑(P -ETP) + ∑GR + ∑Tmean)

We assessed the statistical performances of the two models using adjusted coefficients of determination (Adj. R²) on the full dataset and RMSE on (i) the full dataset, (ii) a random split of the dataset (75% of individuals to train the model and 25% to test it) and (iii) a predetermined split of the dataset (3 of the 4 ideomixes to train the model and the 4 th to test it). Model predictions for intercropped cereal and legume biomass were reliable for all ideomixes. Adj. R² was 0.6 and 0.7 for the legume and cereal respectively, relative RMSE ranged from 27-37% for the two models, regardless of which dataset they had been trained with, which is similar to performances of other crop models (e.g. relative RMSE of 35% for attainable biomass with STICS; [START_REF] Coucheney | Accuracy, robustness and behavior of the STICS soil-crop model for plant, water and nitrogen outputs: Evaluation over a wide range of agro-environmental conditions in France[END_REF]. The predictions remained more accurate on ideomixes included in the database of trials.

We relied on experts to build a multi-attribute model in DEXi [START_REF] Bohanec | DEXi : Program for Multi-Attribute Decision Making User ' s Manual[END_REF] to assess the eight chosen ecosystem services provided by each scenario designed on the game board. The multi-attribute model was intended to be simple, i.e. to include a few readily available input variables and to be applicable to all ideomixes. We organized meetings with experts to define relevant input variables to estimate each ecosystem service and to build the related multi-attribute DEXi trees (i.e. defining by mutual agreement "if-then" decision rules and aggregation tables). Experts built a first multi-attribute model to convert attainable biomass into actual biomass considering pest damage in various conditions, considering susceptibility of the two crops preceding the intercrop to the same pests, tillage strategy, cultivar susceptibility, impact of the landscape on pests, sowing date and curative actions as input variables. Intercropped cereal and legume actual biomass was then used to assess the other ecosystem services : legume yield (assessed from actual cereal and legume biomass and cereal and legume lodging risks as input variables), cereal yield (actual cereal biomass and lodging risk), cereal protein content (actual cereal biomass, late nitrogen intake), nitrogen supply to the following crop (actual cereal and legume biomass (to consider residue left as mulch), cereal and legume C:N ratio), and soil structure (actual cereal and legume biomass, cereal and legume root system). Experts defined pest control services as inversely proportional to pest damage. A Monte-Carlo sensitivity analysis of all DEXi trees included in the modelling chain showed a slight overrepresentation of low classes of ecosystem services. This implies a conservative and relatively pessimistic assessment of the ecosystem services provided, which can be consistent with low-inputs systems having lower levels of certain services (e.g. yield and cereal protein content).

To verify the consistency of the levels of ecosystem services assessed by our modelling chain, in addition to the assessment of the performances of each model of the chain, we organized three meetings to discuss the results of the modelling chain with experts. We defined 18 scenarios for three well-known ideomixes (i.e. winter cereal-pea, spring cereal-pea and spring cereal-faba bean) to maximize the use of experts' knowledge. For each ideomix, we tested two soil-climate conditions, levels of nitrogen input, cereal cultivars, sowing densities for the cereal and legume in the intercrop and levels of pest damage. For each scenario and ecosystem service, each expert assessed the level of ecosystem service provided by allocating ten poker chips to represent the probability of attaining each level under the specific scenario. We then summed the number of chips for each level of ecosystem service and compared the level chosen most frequently to the modelling chain output. The levels of ecosystem services assessed by the modelling chain were consistent with experts' predictions for 79% of the scenarios.

The hypotheses, design and performances of the modelling chain are described further in [START_REF] Meunier | A modelling chain combining soft and hard models to assess a bundle of ecosystem services provided by a diversity of cereal-legume intercrops[END_REF]. This modelling chain is compiled on a spreadsheet as a ready-to-use tool for the workshop facilitator, who does not necessarily need to understand in detail of how the modelling chain is built. The results of the modelling chain are easily accessible to players via an interface (Fig. 4) that summarizes each intercropping scenario input variables, i.e. cropping system context and field history, species choice and management practices (Fig. 1, Fig. 4). It then assesses, for an average climate year, (i) the level of ecosystem services provided by the simulated scenario; and (ii) the level of attainable and actual biomass. Guided by their facilitator, players can analyse the level of each ecosystem service provided by examining the input variables used in its calculation and their values. These variables are presented on datasheets provided to players to support knowledge exchanges amongst them on processes involved in the establishment of each ecosystem service. Players thus benefit from an accessible tool that helps compare the designed scenario outputs to the scenario farmer objectives through easily explainable and transparent graphs summarizing the scenario assessment (Fig. 4). If deemed necessary, players can adapt their scenario through additional design-evaluation loops to try to get closer to expected levels of ecosystem services or realize they are not achievable. In addition to the average climate year, levels of ecosystem services, attainable and actual biomass are also assessed for less-favourable (e.g. frost, drought) and more favourable years for biomass production. Players can use these additional results to discuss the climate resilience of the designed scenarios. 

Complementary elements

The game board, crop cards, context cards and evaluation model are essential supports for an Interplay session. Additional elements can be added by the facilitator to support players' reflection on the choice of the most consistent species to intercrop within the frame of the cropping system context and scenario farmers' objectives (Fig. 1). We included five mission cards in the game (Fig. 2), each of them representing one of the main lock-ins (Fig. 1) that may prevent the introduction of intercropping in a cropping system at the farm level (compatibility with the working schedule, machinery availability) and at the socio-economic environment level (knowledge availability, existence of outlets, sorting ease) ( [START_REF] Mamine | Barriers and levers to developing wheat-pea intercropping in Europe: A review[END_REF][START_REF] Meynard | Socio-technical lock-in hinders crop diversification in France[END_REF][START_REF] Verret | Can legume companion plants control weeds without decreasing crop yield? A meta-analysis[END_REF]. If the facilitator notes that the players do not spontaneously mention all the lock-ins inventoried on mission cards during the discussion on the most locally adapted species combination, he/she distributes mission cards to players and gives each of them the role of ensuring that the lock-in mentioned on their card is considered in the final choice (e.g. can wheat and lentil easily be sorted with the machinery available locally?). We also created up-to-date and easily accessible technical datasheets (Fig. 2) that synthesize scientific knowledge on uncommon species (e.g. lupine, fenugreek) and understudied ecosystem services (e.g. impact of the intercrop on soil structure). These datasheets propose, for all the game species, an estimation of the yield and selling price in the region, a typology of their root system and a ranking of the potential nitrogen supply of different legume species to the following crop. Technical datasheets aim at supporting players' exploration of a wide range of intercropping scenarios and promoting hybridization of this scientific knowledge with players' empirical knowledge during the workshop.

The role of the facilitator

Interplay aims at being used with groups of players, guided through the several design stages by a facilitator. The facilitator, either an advisor (when playing with farmers) or a teacher (when playing with students), needs to know all the game elements and how to use them through the design stages to promote knowledge elicitation [START_REF] Martin | Forage rummy: A game to support the participatory design of adapted livestock systems[END_REF]. He/she asks probing questions to stimulate the discussion among players, and requests clarification and agreement to ensure that all decisions are shared, and considered salient, credible and legitimate by all players [START_REF] Cash | Knowledge systems for sustainable development[END_REF]. He/she may have to provide inputs when players lack knowledge, by either using the technical datasheets provided or his/her own expertise, especially when using the game with students that are less familiar with cropping systems than farmers. Thus, it is preferable that the facilitator has sufficient knowledge of cropping systems and intercropping to stimulate scenario exploration and analysis of levels of ecosystem services provided. The facilitator needs to be careful to provide inputs only when the players ask specific technical questions or need information to make a decision, and not to influence the design process otherwise.

Playing the game

The first stage of playing the game consists of presenting to the players the context and the initial situation of the scenario farmer's studied field so as to define the cropping system context (Fig. 1). The facilitator (when playing with students) or the scenario farmer (when playing with farmers) then presents the main problems faced in the crop rotation, the sole crop to substitute with an intercrop and the crop management of this current sole crop. These elements are progressively materialized on the game board to help other players become familiar with the game (Fig. 2). The facilitator uses the evaluation model to assess the level of services provided by the initial sole crop to define the baseline scenario and discusses the results with the players. The scenario farmer or the facilitator then defines the desired objectives, i.e. the levels of ecosystem services expected from the intercrop (Fig. 2).

Once this presentation stage is over, the game consists of iteratively designing cereal-legume intercropping scenarios, assessing the levels of ecosystem services they provide in the specific cropping system context and comparing these levels to the defined objectives and to the performances of the sole crop. For instance, if the main objective is to increase nitrogen supply to the following crop, the evaluation process aims at verifying (among other things) that the designed intercrop provides more nitrogen than the initial sole crop, and that the level provided is consistent with the scenario farmer's expectations. Otherwise, additional design and evaluation feedback loops are conducted until this objective is achieved.

To design an intercrop, the facilitator first asks players to think about which species to associate. They begin by individually proposing two species to associate, so as to avoid censorship or self-censorship, and positioning crop cards on Board 3 (Fig. 2). If necessary, they can utilize the technical datasheets during this stage. Once all proposals are made, players discuss these, challenge each others ideas and share their experiences in order to select by consensus the most appropriate intercrop. They can use the mission cards distributed by the facilitator to ensure that they overcome the main lock-ins at the farm and socio-economic environment levels. Players then design intercrop management by discussing each of the choices to be made on Board 4 (Fig. 2), and circling the option they collectively select.

The facilitator enters all the decisions made by players on the game board in the evaluation model and launches the simulation. Players discuss the simulation results, i.e. levels of ecosystem services provided by each intercropping scenario, considering: (i) the match with the defined objectives; (ii) the analysis of the reasons for a mismatch (e.g. why does the intercrop provide a low level of nitrogen supply when a high level was expected?); and (iii) the differences between the levels of services provided by the intercropping scenario and by the reference sole crop or another intercropping scenario. This analysis should lead to proposals of modifications in the intercropping scenario if the objectives are not achieved.

Application of Interplay with agriculture students

Design content

We organized six workshops in April 2021 to design intercrops to improve nitrogen supply to the following crop. These workshops involved French BSc and MSc level agriculture students as main players and were held online due to the Covid-19 pandemic. Each session lasted between two and three hours and involved six to twenty students. In total, over 70 students were involved. An agronomy teacher was also present for 3 out of 6 workshops. At each session, three researchers involved in the game development or providing punctual help were responsible for the facilitation (C. Meunier), for using the evaluation model (punctual help of M. Albert) and for observation (M. Casagrande or B. Rosiès) respectively. At the end of each session, the students and the teacher were asked to fill in a feedback sheet, on which they had to comment on i) their satisfaction regarding the session, considering both their expectations and the atmosphere of the workshop ; ii) their perception of whether the workshop has fulfilled its initial objectives, regarding what they had discovered and what knowledge they had mobilized from previous lessons ; iii) their feeling about the game, regarding its ease of use and clarity of the guidelines provided; iv) their perceived interest about using serious games on other issues. Spontaneous oral feedback was also collected once the feedback sheets were filled in, including aspects not mentioned in the sheets.

Scenario definition

Involving students as players implied defining a standard scenario, as, unlike farmers, students do not have their own farm to serve as a scenario basis. We thus designed a typical cropping system, on which students worked collectively during each session:

• Located in the students' and researchers' work region (i.e. South West of France for 5 out of 6 workshops, North West of France for the last one), yet it can easily be adapted to another region. Regarding the chosen cropping system context of this farm, the climate was temperate yet risks of drought during summer were high, soils were deep, loamy and slightly compacted, the field was irrigated, the landscape was diversified enough to not favor pests and the farmer already owned all the necessary harvesting and sorting machinery; • A standard crop rotation for an organic farm in the region (winter wheat -soya bean -triticale -sunflower -chickpea, Fig. 5), that can also be easily adapted for a different region if necessary, by replacing any crops that cannot be grown; • Typical crop management for the sole cereal crop to be substituted with an intercrop (early triticale cultivar, resistant to lodging and with a low susceptibility to pests, sown at 300 gr.m -2 around the 15 th of November, with mechanical weeding and organic nitrogen inputs to reach 100 kg available N.ha -1 including a late application to boost cereal protein content, Fig. 5); • High cereal yield but suffering from a lack of nitrogen through the crop rotation due to grain legume crops (soybean, chickpea) supplying low levels of nitrogen to the following crops (Fig. 5). The objectives of the scenario farmer were to improve nitrogen supply without overly decreasing cereal yield and improving or maintaining soil structure when substituting a sole cereal by an intercro 476 The workshop reported in this article involved 20 students from an agricultural university in their last BSc year. They already knew each other well and were accompanied by their agronomy teacher. We chose to report this workshop as it is a good example (among others) of a typical Interplay session, that exemplifies the description of the game made in Section 2. Reporting on this session may help the reader visualize how the game works in practice.

3.3. Designing intercropping scenario 3.3.1. Species choice Once the standard scenario was presented by the facilitator (C. Meunier), students' individual reflection on the choice of the species to intercrop led to fourteen proposals, including seven winter, three spring and two summer intercrops. The two remaining ideas involved a winter cereal and a spring legume and these were automatically set aside by the facilitator as they could not be simulated since these species differ in their sowing date. During the debate to select species mixtures, students and their teacher first focused on winter crops as the teacher mentioned they could break pest cycles in the crop rotation that already involved many spring and summer crops (Fig. 5). Even though pest control was not the main priority for the scenario farmer, the teacher explained that high pest damage would prevent the attainment of a high level of any other ecosystem service. Students then analyzed the scenario farmer's main objective (improve nitrogen supply), as recommended by the facilitator. Among winter legumes, they decided to eliminate lupin because of its low nitrogen supply ability, as indicated in the technical datasheets provided. Among cereals, the teacher advised his students to set aside wheat and durum wheat due to their high nitrogen demand compared to other cereals (Fig. 6). Students then discussed the ease of sorting harvested intercrops as proposed on the mission cards, and they decided that intercrops involving faba beans were the most promising. Indeed, their teacher argued that it is hard to sort cereal-pea as the grains have similar size, or cereal-fenugreek as fenugreek grains are so small they can be lost with contaminants. Finally, students highlighted that the faba bean's strong root system was consistent with the scenario farmer's second objective (improve or maintain soil structure). They decided that, given the strong legume root system, they could choose a cereal with a more superficial root system as they thought it would lower competition by exploring different soil horizons. They opted for barley, which was, according to them, a good compromise between high potential yield, low nitrogen demand and a superficial root system. After checking-up on the other issues mentioned on mission cards (machinery and knowledge availability, existence of an outlet, compatibility with the working schedule) on the facilitator's demand, students and their teacher decided that the chosen mixture, i.e. barley-faba bean was suitable (Fig. 6).

Integration in the crop rotation

Once the species of the intercrop were chosen, the facilitator asked participants to reconsider the introduction of the intercrop in the crop rotation (winter wheat -soya bean -intercrop -sunflowerchickpea). Students and their teacher assessed that there were pests, weeds and diseases in common between winter barley of the intercrop and the winter wheat grown as the pre-previous crop (Fig. 6). Conversely, they did not identify common pest risks between the previous soybean and faba bean of the intercrop, especially as their teacher highlighted that, in his knowledge, soybean was not impacted by anthracnose, the most common disease of faba bean. The group decided to use tillage to destroy the cover crop following the pre-previous winter wheat. The students agreed to suppress tillage following soybean as they thought it would lower the risk of contaminating the intercrop by bringing back to the surface wheat residues potentially infected by common pathogens, as mentioned by their teacher (Fig. 6).

Intercrop management practices selection

As proposed on the game board, students first discussed the necessity to sow barley and faba bean cultivars with compatible earliness. As the faba bean cultivars available on the market were quite similar regarding earliness and were compatible with all earliness possibilities for barley, students chose an early barley cultivar as they thought it would avoid the possibility of too high temperatures during flowering and grain filling, as frequently observed in this region (Fig. 6). As students lacked knowledge on specific management practices, their teacher helped them to make some of the following technical choices. He considered that barley was globally sensitive to lodging, whereas faba bean was not. He also estimated that barley was globally resistant to all types of pests, mostly basing his comparison on winter wheat susceptibility. On the contrary, he suggested faba bean was globally sensitive to all types of pests with, in his experience, anthracnose and bruchids as the main risks. Students proposed a late sowing date (around 15 th of December for France) to improve weed control thanks to the false-seed bed technique and insect and disease control thanks to a risk avoidance strategy. They felt it would be consistent with the scenario farmer's desire to keep highly endocyclic pest control (including weed, insect and disease control) at an intermediate level. Students voted for a balanced mixture, with both cereal and legume sown at 50% of their standard sowing density in sole crop, as they thought it was a good compromise between the need to increase legume biomass to supply nitrogen, and the scenario farmer's desire not to overly decrease the cereal yield. Regarding input use, considering the organic production, they proposed mechanical weeding, which corresponded, according to the facilitator and consistently with technical datasheets, to curative actions on slightly and mildly endocyclic pests. They decided not to apply any nitrogen fertilization as they thought it would maximize the development of rhizobia for nitrogen fixation in nodules on the legume roots (Fig. 6).

Analysis of the first intercropping scenario

The assessment of the first intercropping scenario (Scenario 1) with the evaluation model showed promising results regarding pest control, that was as effective as in the sole cropped cereal (i.e. high control for all types of pests (Fig. 7)) and regarding the crop impact on soil structure, which was intermediate as the scenario farmer desired. Legume yield and cereal protein content were both at an intermediate level (i.e., yield for faba bean from 1.9 to 2.6 t.ha -1 and barley protein content from 10 to 12%), which was consistent with the scenario farmers' objectives (Fig. 7), although it was not his/her priority. However, nitrogen supply to the following crop reached an intermediate level (40 to 80 kg N.ha -1 ; Fig. 6) while the objective was a high level (more than 80 kg N.ha -1 ). Similarly, cereal yield was low (less than 1.9 t.ha -1 ; Fig. 7) whereas the target was to maintain it at or above an intermediate level (1.9 to 2.6 t.ha -1 ). By examining the results provided by the evaluation model and the multi-attribute trees used to assess ecosystem services, the facilitator explained that the low cereal yield was due to an intermediate actual biomass (4.5 to 6 t.ha -1 ) for the cereal combined with a high lodging risk. The facilitator also mentioned that the intermediate nitrogen supply was explained by the cereal and the legume having quite similar biomass production (intermediate, i.e., 4.5 to 6 t.ha -1 for the cereal and high, i.e., 3 to 3.5 t.ha -1 for the legume). The legume was, in this case, not sufficiently developed as compared to the cereal to lower the C:N ratio of the intercrop residue and lead to a low level of nitrogen supply to the following crop.

Adjustments of the first intercropping scenario to meet objectives

Given this first analysis, students concluded that intercropped cereal yield and nitrogen supply were two opposing services, and proposed the following modifications:

• Sow earlier (around the 15 th of October) as they thought it may help avoid climatic risks and increase biomass (Scenario 2). Yet, no curative action was applied on slightly endocyclic pests despite faba bean being judged very sensitive to these pests by the teacher. Therefore, faba bean actual biomass decreased to a very low level (less than 2 t.ha -1 ) due to pest damage, as explained by the facilitator. Cereal yield, legume yield and nitrogen supply were consequently low (i.e. less than 1.9 t.ha -1 , less than 1.6 t.ha -1 and less than 40 kg N.ha -1 respectively), as well as the impact on soil structure. Consequently, students decided to not retain this option (Fig. 6); • Lower cereal density and higher legume density (respectively 30 and 70% of the sole crop density) without modifying pest management options (only actions on highly and mildly endocyclic pests through mechanical weeding) to maximize nitrogen supply, even though cereal yield would remain low (less than 1.9 t.ha -1 ) (Scenario 3). This improved legume yield to a high level (more than 2.2 t.ha -1 ), but did not improve nitrogen supply which remained at an intermediate level (40 to 80 kg N.ha -1 ). Students then favored the legume even more (respectively 120 and 30% of the sole crop sowing density) still without modifying pest management options, which allowed a high level of nitrogen supply (over 80 kg N.ha -1 ) and an intermediate level of impact on soil structure to be achieved as at least desired by the scenario farmer (Scenario 4). This scenario matched all of the targeted objectives, apart from cereal yield that was decreased to a low level (less than 1.9 t.ha -1 ) (Fig. 7).
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Figure 6: Overview of Interplay design process and results obtained during a workshop. 588 3.3.6. Examination of other options at the crop rotation level to match the scenario farmer's objectives During this workshop, students concluded that introducing the intercrop alone would make it difficult to reach all of the scenario farmer's objectives (Fig. 7), and that they had to prioritize either nitrogen supply or cereal yield. The facilitator asked the students to reflect on other options that could be mobilized to improve nitrogen supply at the crop rotation level to match the scenario farmer's objectives. They suggested introducing semi-perennial crops with a high potential nitrogen supply in the crop rotation (e.g. alfalfa), and/or substituting grain legumes species in the crop rotation by other grain legumes species with a higher nitrogen supply potential (e.g. substitute chickpea by spring pea), which would require minor adjustments of the cropping system.

Benefits of using Interplay with students

Students involved in Interplay workshops reported in their feedback sheets that the game helped increase their knowledge of ecosystem services provided by intercrops in a more playful and interactive way than regular lectures. They also declared that the game helped them mobilize theoretical knowledge and apply it in a concrete situation making it easier to memorize. Students emphasized the importance of mission cards and technical datasheets (including the one presenting the variables considered for the assessment of each ecosystem service). They also highlighted the importance of the support from the facilitator and from their teacher, to enrich the debate as they sometimes lacked specific knowledge. Information provided covered: (i) general agronomic knowledge about cropping systems (e.g. species characteristics, impact of management practices on provided ecosystem services, timing of introduction of a crop or intercrop in the crop rotation to control pests); (ii) specific information about intercropping (which species can be combined and how to manage the intercrop); and (iii) examination of the consistency of the choices made for the cropping system regarding farm characteristics (e.g. working schedule, machinery) and socio-economic environment (e.g. outlet, sorting ease). The pleasant workshop atmosphere helped students feel at ease and supported their exploration of atypical proposals (e.g. oat-lupin or barley-fenugreek). Teachers involved in the workshops appreciated the interactive nature of the game and acknowledged its educational purpose, as they felt it helped students assimilate knowledge more easily thanks to the trial-and-error approach. They mentioned that students generally enjoy this type of interactive approach, which motivated their wish to include games like Interplay in their education program.

So far, the current version of the game has not been used with farmers due to the COVID19 pandemic. As for the use with students, Interplay would allow a large range of intercropping scenarios to be explored and may lead to concrete cropping system scenarios which could be implemented on the farm of the scenario farmer. It could support knowledge exchange among farmers with various backgrounds regarding intercropping and raise their awareness about ecosystem services provided by intercrops. We may assume the advisor would have less technical inputs to provide when playing with farmers compared to a teacher playing with students, especially if farmers with experience of intercropping are present.

Discussion

4.1. Interplay: a salient, legitimate and credible serious game Interplay aims to allow players to explore a wide diversity of intercropping scenarios to increase their knowledge of intercrops, and thus relies on the three pillars suggested by [START_REF] Cash | Knowledge systems for sustainable development[END_REF] to develop effective knowledge systems for sustainability.

First, Interplay is salient (i.e. relevant for practice) as it offers players a systems approach re-positioning intercropping in a cropping systems perspective that no other tool provides so far [START_REF] Barot | Designing mixtures of varieties for multifunctional agriculture with the help of ecology[END_REF][START_REF] Bedoussac | Eco-functional Intensification by Cereal-Grain Legume Intercropping in Organic Farming[END_REF][START_REF] Duchene | Intercropping with legume for agroecological cropping systems: Complementarity and facilitation processes and the importance of soil microorganisms. A review[END_REF]. By supporting simulated experimentation on the impact of the introduction of an intercrop in a given cropping system, it allows players to develop anticipatory learning [START_REF] Tschakert | Anticipatory learning for climate change adaptation and resilience[END_REF] on the most locally adapted species and management practices. Interplay has been tested with students, but also with scientists, advisors and farmers in France and in Scotland, during its development. Following the developments of previous serious games (e.g. [START_REF] Martin | Forage rummy: A game to support the participatory design of adapted livestock systems[END_REF], players' feedback collected during each testing session and observers' comments has been integrated in the game through iterative improvements to match players' needs and expectations (e.g. introduction of information on crop selling prices in the region), and thus improve the game saliency. Interplay is calibrated for a wide diversity of intercropped species (all cereal-grain legume species sown simultaneously in a random pattern in France) and management practices, on diverse soil-climate conditions covering most arable areas in France, and thus allows each player to run simulations in a context that is close to their own. Interplay is also legitimate, first of all because it transparently builds on an explicit conceptual model materialized on the game board which demystifies the design process (Fig. 1). This model is easily accessible and understandable by players as it remains simple. All the processes involved in the assessment of ecosystem services provided by intercrops can easily be explained by the facilitator, which favors players' familiarization with the underlying concepts [START_REF] Liu | Linking science with environmental decision making: Experiences from an integrated modeling approach to supporting sustainable water resources management[END_REF][START_REF] Voinov | Modelling with stakeholders[END_REF]. The simulation model is also accessible to the facilitator and players through the interactive interface and easy-to-read graphs. It is made transparent thanks to the technical data sheets explaining the very limited number (from two to four) of input variables required to assess the level of each ecosystem service. This original and parsimonious approach, already implemented in the development of previous serious games (e.g. Forage rummy [START_REF] Martin | Forage rummy: A game to support the participatory design of adapted livestock systems[END_REF], Rangeland Rummy [START_REF] Farrié | Rangeland Rummy -A board game to support adaptive management of rangeland-based livestock systems[END_REF]) differs from most model-based farming system design approaches. Indeed, the latter are much more detailed, data and time-demanding, usually applicable in very specific contexts, and providing results that are neither intelligible, salient or legitimate to most players' [START_REF] Martin | Forage rummy: A game to support the participatory design of adapted livestock systems[END_REF][START_REF] Mccown | Re-inventing modelbased decision support with Australian dryland farmers. 1. Changing intervention concepts during 17 years of action research[END_REF]. Transparency of simulation models such as the one integrated in Interplay combined with the facilitator's explanation can stimulate players' discovery of the processes involved in the establishment of ecosystem services.

To maximize the credibility of Interplay, we synthesized up-to-date scientific knowledge on intercropping and combined it with expert knowledge. We relied on the STICS crop model, a wellestablished model for assessing sole crop biomass production [START_REF] Coucheney | Accuracy, robustness and behavior of the STICS soil-crop model for plant, water and nitrogen outputs: Evaluation over a wide range of agro-environmental conditions in France[END_REF]. We used the largest European database on intercropping [START_REF] Gaudio | Interspecific interactions regulate plant reproductive allometry in cereal-legume intercropping systems[END_REF] available to date to build statistical interaction models and reached performances that are consistent with our objectives to support codesign [START_REF] Meunier | A modelling chain combining soft and hard models to assess a bundle of ecosystem services provided by a diversity of cereal-legume intercrops[END_REF]. We mobilized some of the best experts on crop modelling, intercropping, cropping systems and ecosystem services provided by intercrops, all along the development and evaluation of our modelling chain [START_REF] Meunier | A modelling chain combining soft and hard models to assess a bundle of ecosystem services provided by a diversity of cereal-legume intercrops[END_REF]. We also followed the good practices enacted by [START_REF] Sinclair | Criteria for publishing papers on crop modeling[END_REF] for crop modelling during the development of this modelling chain by clearly defining: (i) a scientific objective, i.e. assessing a bundle of ecosystem services provided by a wide diversity of intercropping scenarios; (ii) a domain of relevance, i.e. for now, cereal-grain legumes intercrops in simultaneous sowing under French soil-climate conditions ; and (iii) a mechanistic framework, i.e. the combination of process-based, statistical and knowledge-based models, which is also an innovation in crop modelling. When shown to experts, over eighteen scenarios, 79% of the modelling chain predictions were accurate. This is also consistent with the fact that during our testing campaign, no student nor teacher declared being surprised by any of the results provided on the intercropping scenarios tested. 4.2. Interplay: a serious game to bridge the technical gaps towards practicing intercropping Interplay eases players' understanding of intercrop complexity by decomposing it into the many decisions to be made when introducing an intercrop in a cropping system. The game board offers a systemic view and a concrete representation of most of the questions raised by intercropping, considering both practical questions at the field level [START_REF] Casagrande | Enhancing planned and associated biodiversity in French farming systems[END_REF] and lock-ins at the farm and value-chain level [START_REF] Magrini | Why are grain-legumes rarely present in cropping systems despite their environmental and nutritional benefits? Analyzing lock-in in the French agrifood system[END_REF][START_REF] Mamine | Barriers and levers to developing wheat-pea intercropping in Europe: A review[END_REF]. The game also allows exploring a large diversity of intercropping scenarios, and thereby is a basis to sensitize players to intercrops. It provides scientific knowledge on the ecosystem services they provide through the evaluation model, which allows the comparison of the performance of several intercropping scenarios in the cropping system context. Players can thus identify the most appropriate and locally adapted species and management practices in regard to their objectives thanks to a trial-and-error approach [START_REF] Jouan | SEGAE: An online serious game to learn agroecology[END_REF][START_REF] Martin | Forage rummy: A game to support the participatory design of adapted livestock systems[END_REF]. For instance, in the workshop presented above, students progressively realized that to improve nitrogen supply, they should grow intercrops including a legume with high nitrogen content and sown with a favorable density compared to the cereal. During Interplay gaming sessions, players also declared that they learnt about the processes influencing each ecosystem service and the leverages to improve them, as they could easily identify the impact of each of their choices. Such information, as well as species characteristics presented on datasheets (root system, nitrogen supply, yield and selling price) could easily be reused in other situations, such as a global reflection on the crop rotation. For example, during the workshop described above, players reused information on the potential nitrogen supply of legumes to propose substituting chickpea by a spring pea in the crop rotation or introducing a semi-perennial fodder legume. Interplay also favors knowledge exchange and promotes creativity, as it creates a place and time where players, i.e. farmers or students interested in intercropping, can meet, debate and share knowledge and experience in a pleasant atmosphere, as already observed with other games [START_REF] Martin | Forage rummy: A game to support the participatory design of adapted livestock systems[END_REF][START_REF] Farrié | Rangeland Rummy -A board game to support adaptive management of rangeland-based livestock systems[END_REF]. Interplay can be seen as a collaborative game. Players collectively win when they manage to design an intercropping scenario that matches the scenario farmer objectives or have him/her realize these objectives are not achievable. The interactivity of the evaluation model that allows quick assessment of ecosystem services provided and comparison with the objectives encourages players to explore many scenarios. The physical game board used to build playful representations and the roles distributed to players with mission cards also contribute to bring some fun in Interplay sessions. Interplay promotes creativity through the exploration of uncommon intercropping scenarios. It includes technical datasheets providing the characteristics of some less well-known species (e.g. lupin, fenugreek) that may raise players' curiosity. During our testing campaign, students asked us several times to simulate the services provided by an intercropping scenario including one of these species because they wanted to discover and discuss their advantages together with the teacher and the facilitator even though they did not fit the objectives set in the workshop. Such tests can easily be performed as the evaluation model allows a quick assessment of ecosystem services provided by intercropping scenarios, and with low-risks compared to implementation in the field. The evaluation model can also simulate very novel scenarios, which are on the edge of its validity domain. In the above-described workshop, students designed a barley-faba bean intercrop with faba bean sown at 120% of the sole crop density. Such a scenario has an educational purpose and aims at extending the reflection by wondering to what extent it is necessary to increase the difference between legume biomass and cereal biomass to reach a high level of nitrogen supply.

Reflections on usage of the game

Interplay is freely available when following the link: https://forms.gle/K8SDGuaxYg2CPkcp9. The files provided include all the game elements, in French and in English, as well as a hundred-page user manual including many photos and pictures to progressively guide the future facilitator in the discovery and use of the game with a group. The manual also mentions adaptations needed for use with students, for which all the materials (extra slides, evaluation model) are provided.

The game is not aimed at being used by individuals. Indeed, it has been designed to be used in a collective workshop led by an advisor or a teacher being the facilitator, in the framework of a half-day event. The selection of players must be made carefully to ensure a good atmosphere, which is crucial in such workshops to obtain the expected results [START_REF] Reau | Atelier de conception de systèmes de culture[END_REF]. Players must be open-minded and non judgmental, and the group should not be too large. We recommend mobilizing between four and eight players per session to optimize interactions. All players must share similar constraints (region, type of farming) to increase the consistency of proposed scenarios. Exchanges are expected to be more fruitful if some of the players (e.g. farmer, advisor or teacher) already have relevant knowledge and experience of intercropping which they can relate to other players who are new to intercropping implementation. The facilitation is easier if players already know and have affinities with each other, but an ice-breaker at the beginning of the workshop (e.g. egg challenge to stimulate collaboration and collective intelligence) can easily help them relax otherwise [START_REF] Reau | Atelier de conception de systèmes de culture[END_REF]. The role of the facilitator is also determinant as it conditions the quality of the exchanges, and thereby the workshop outcomes. Specifically, his/her knowledge of cropping systems and intercrops needs to be salient, credible and legitimate as it is disseminated to players. During the above described workshop, this role was held by a researcher involved in the game development (C. Meunier), yet it rather aims at being transferred to an advisor or to a teacher, trained to use the game by reading the user manual. It is then up to the game downloader to ensure that he/she has sufficient knowledge about cropping systems and intercrops to facilitate an Interplay meeting, or to mobilize someone who has this knowledge if necessary.

Interplay allows the exploration of a wide diversity of intercropping scenarios, and focuses on the species to associate and management practices to implement. Such a focus does not necessarily encourage a whole system redesign at first glance, while it might be needed in some cases [START_REF] Hill | Redesigning the food system for sustainability[END_REF], as shown by the workshop described above. These questions can be dealt with in the facilitation process by proposing a global reflection at the cropping system level at the end of the workshop, as we did. Interplay could also be integrated as a part of a holistic redesign strategy, which would, however, be more time consuming. Interplay evaluation model assesses the ecosystem services provided by the intercrop, as our aim was to compare intercropping scenarios to one another. Due to our wish to develop a transparent model, we could not consider all the interactions occurring throughout the crop rotation, and only focused on the impact of the two crops preceding the intercrop on pest pressure. This may have led to delayed effects being neglected [START_REF] Jernigan | Legacy effects of contrasting organic grain cropping systems on soil health indicators, soil invertebrates, weeds, and crop yield[END_REF]. As we aimed at proposing a game that promotes the exploration of unusual intercropping scenarios, we included species and management practices on which little knowledge is available to date. We filled the existing gaps in literature with experts' knowledge, though uncertainties remain high on very novel intercropping scenarios (e.g. sorghum-soya bean) for which the robustness of simulations is questionable. The facilitator should keep this in mind during a workshop, and present cautiously the simulations results in these cases, as mentioned in the user manual provided with the game. Further research on modelling and intercrops may help increase the performances of our modelling chain with additional field trial data to build statistical models estimating attainable biomass and increased expert knowledge to update ecosystem service DEXi trees.

For now, Interplay is calibrated for cereal-grain legumes intercrops sown simultaneously, under French soil-climate conditions, yet adapting it to other temperate climate situations would be feasible at low cost. Adapting the game to other countries would "only" imply running ad hoc STICS simulations, which does not require advanced modelling skills. By mobilizing the necessary knowledge and experts, other services provided by the intercrop could also be assessed with new multi-attribute DEXi trees, if consistent with the objectives of the design process (e.g. straw biomass or feed value for intercrops for animal feeding). Integrating intercrops including fodder legumes and/or relay cropping is also feasible but would require a more consequent adaptation and calibration efforts, as it would imply adapting linear interaction models and most probably multi-attribute DEXi trees.

In this paper, we wanted to present the Interplay game, its elements and an example of typical use situation. As we did not aim at assessing students' learning, we did not analyze in-depth the knowledge exchanged along with the successive scenario designs during the session, and we did not question the factors favoring this learning, especially those related to the teacher (presence, knowledge, interventions), the proposed scenario (improving nitrogen supply in an organic farm in the South West of France), the facilitation (including the fact that the session was held online), nor the interactions between players. These elements are to be further considered in a proper assessment of Interplay as an educational tool.

Conclusions

When considering the practice of intercropping, farmers are facing a range of complex and practical questions. Interplay is the first serious game developed to address these questions. It allows the design of intercropping scenarios in a given cropping system context and assessment of the levels of ecosystem services they provide. Tested with student groups, it stimulated exploration of atypical proposals, knowledge exchange and, according to students and their teachers, discovering intercrops and their integration at the cropping system, farm and socio-economic environment levels. Interplay is currently available for cereals-grain legumes sown and harvested together but further developments may extend its scope to include relay cropping and fodder legumes. Also, it is currently calibrated for French conditions but can be adapted to other contexts with minimal calibration. Interplay is available for researchers, teachers and advisors interested in addressing the practice of intercropping from a systems perspective.

Figure 3 :

 3 Figure 3 : Modelling chain included in the evaluation model of the Interplay game (adapted from Meunier et al. (2021)).

Figure 4 :

 4 Figure 4: Overall structure of the inputs and outputs provided by Interplay evaluation model. 0 to 3 scales : 0 = None, 1 = Low, 2 = Intermediate, 3 = High. For 0 to 5 scales : 0 = None, 1 = Very low, 2 = Low, 3 = Intermediate, 4 = High, 5 = Very high.

Figure 5 :

 5 Figure 5: Standard scenario proposed to students to design intercropping scenarios improving nitrogen supply. 477

Figure 7 :

 7 Figure 7: Comparison of the levels of ecosystem services provided by the designed intercropping scenarios and the initial sole crop. 0 = None, 1 = Low, 2 = Intermediate, 3 = High.
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