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Les missions spatiales habitées de longue durée nécessitent des systèmes de support-vie efficaces recyclant l'air, l'eau et la nourriture avec un apport extérieur minimum en matière et énergie. L'air et l'eau peuvent être recyclés par des méthodes purement physico-chimiques, tandis que la production de nourriture ne peut être faite sans la présence d'organismes vivants.

Le projet Micro-Ecological Life Support System Alternative (MELiSSA, alternative de système de support-vie micro-écologique) de l'Agence Spatiale Européenne inclut des plantes supérieures cultivées dans une chambre close contrôlée, associée à d'autres compartiments microbiens. Le contrôle à long terme de la chambre de culture et du système de support-vie entier requiert des modèles prédictifs efficaces. Le bouclage du bilan massique et la prédiction de la réponse de la plante dans un environnement extraterrestre inhabituel mettent en avant l'importance de modèles mécanistes basés sur le principe des bilans de matière et d'énergie.

Une étude bibliographique poussée a été réalisée afin de lister et analyser les modèles de croissance de plantes supérieures existants. De nombreux modèles existent, ils simulent la plupart des processus de la plante. Cependant aucun des modèles structurés globaux n'est suffisamment mécaniste ni équilibré en terme d'échange de masse pour une application dans un système de support-vie clos. Ainsi, une nouvelle structure est proposée afin de simuler tous les termes du bilan massique au niveau de la plante, en incluant les différentes échelles de l'étude : les processus généraux, l'échelle de l'organe et l'échelle de la molécule. Les résultats d'une première approche utilisant des lois physiques mécanistes simples pour les échanges de matière et d'énergie, une stoechiométrie unique pour la production de biomasse et quelques lois empiriques pour la prédiction des paramètres architecturaux sont illustrés et comparés avec des résultats expérimentaux obtenus dans un environnement contrôlé. Une analyse mathématique du modèle est réalisée et tous ces résultats sont discutés afin de proposer les prochaines étapes de développement. Ceci est décrit en détail pour l'inclusion de modèles de processus plus complexes dans les futures versions du modèle ; les expériences qui devraient être réalisées ainsi que les mesures nécessaires sont proposées. Ceci conduit à la description d'une nouvelle conception de chambre de culture expérimentale.
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Foreword Foreword

The project of higher plant growth modelling for life support systems has been developed jointly for two aspects: the global model design with a specific accent on mass and energy transfers, and the simulation of the biomass production at the level of the metabolism and plant growth stoichiometry. These studies are presented in the thesis manuscript of Swathy Sasidharan L. for the aspect "Higher plant growth modelling for life support systems: leaf metabolic model for lettuce involving energy conversion and central carbon metabolism" and in the present manuscript for the aspect "Higher plant growth modelling for life support systems: global model design and simulation of mass and energy transfers at the plant level".

These documents have a common foreword defining the main aspects and requirements of the project.

Life support systems requirements

Space exploration may include long-term manned missions as well as planetary explorations, which would require life support systems designed with a high degree of closure and food regeneration capability. Micro-Ecological Life Support System Alternative (MELiSSA) project of European Space Agency (ESA) is designed in the objective of providing a planetary base for continuous life support system of a small crew (from 2 to 6), recycling 100% of air,

water and producing at least 40% of food.

This system consists of six separated compartments growing micro-and macro-organisms in order to fulfil all the different recycling steps. One of these is used for growing plants: they are the last step of recycling, together with another compartment cultivating the micro-algae Arthrospira platensis (cyanobacteria); they permit oxygen, water and food regeneration from carbon dioxide, mineralised water and light. The final aim is to be able to control the whole recycling loop in order to fulfil human needs; in this objective efficient and robust models are necessary for each compartment. They should be able to control the environment (temperature, pH, light intensity…) in order to obtain the required behaviour for the organism.

Then, the compartment could provide to the rest of the loop the required amount of output in terms of gas, liquid and solid (food). The system of control is highly constrained by two specificities: multiple levels and multiple time scales. In terms of levels, four different layers can be described [START_REF] Dussap | Bioregenerative life support basic development -Appendix 1: Fundamental R&D for MELiSSA engineering development[END_REF]): level 0 is the closest to the process and contains the process measurement and basic controllers for maintaining the adequate set point for an Pauline Hézard thesis manuscript: "Higher plant growth modelling for life support systems" xviii environmental parameter. For example, temperature or pH regulations rely on heater-cooler or acid-base pumps, with a simple proportional-integral-derivative (PID) controller. Level 1 contains the system model itself, which corresponds to the present work. It states the correct value for each environmental parameter based on the system history, prediction determination and overall loop requirements. Level 2 is not specific for one compartment, but regulates all the set points in an optimisation objective in order to respond to level 3 requirements. Level 3 is the interface with the crew, who can define future events (like crew member arrival or departure) and accurate environmental tuning. This level defines the optimised response of the loop in order to fulfil these requirements. In terms of control dynamics, they are highly different depending on the different states of the matter: gas control has to be effective within few minutes, liquid control is at an hourly step, and food control is in the day scale. Also, depending on each compartment, the biological response kinetics to environmental adjustment are different and these various time scales have to be accounted in the models. For the output control, quality and security aspects have to be included: quality in terms of chemical and microbiological content to be provided to the consumers (human crew for the overall system, but also each compartment); and security for the backup systems that should be included at each key point, for each step of the closed loop process. Another important issue is that the life support system functions with uncontrolled inputs, for example CO 2 production rate from the crew cannot be predicted accurately. Additionally, these inputs may be discontinuous (crew waste production) for a system that is designed for a continuous functioning; this means that all the system is constrained by the mass balance of the overall loop, for all the chemical elements. In a mass-and volume-limited environment in space, the buffer sizes have to be small for each of the consumable (oxygen, water, food…), which means that the life support system must have a short response-time and a highly adaptable behaviour.

The current functioning life support systems recycle only air and water; the addition of food supply is possible only by higher plant cultures and cyanobacteria. The higher plant chamber cannot function without interaction with the entire loop, because plants exchange gas and produce large amounts of water vapour; then this system must be controlled in a common way for the entire life support system. This means that the higher plant growth model must be based on the same laws and structure of the models of the other compartments; these models must therefore be studied.
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Higher plant compartment requirements

Concerning the higher plant compartment, the growth environment is designed as fully controlled, the supply of CO 2 being issued from the human habitat. The input flow rate corresponds to the flow rate of minerals (CO 2 , N-NO 3 and N-NH 4 ) coming from the previous compartments in charge of waste degradation. Light intensity and photoperiod, temperature, humidity, nutrient solution pH and electroconductivity are adjusted. The higher plants growth model should be designed for organizing the cultures and if possible managing environment in order to control plants behaviour. The main requirements are of three ranges. First, for a closed loop it is necessary to follow mass balance principle at each step. Then the model for higher plant compartment should take into account mass balance: metabolism has to be considered, even if a simplified way with few, global stoichiometric equations is chosen.

Secondly, this model is only a part of MELiSSA loop control system: it has to be able to communicate information with the models of the other compartments. As it is also a longterm implementation system, it should be built in a structured form in order to be easy to modify, just changing specific functions or adding new parts. Finally, the system will be settled in extraterrestrial places: the environmental conditions may not be similar to Earth's conditions, especially in terms of gravity and radiations. That is why the model must be based upon known mechanisms and validated equations. This mechanistic approach of modelling could be based upon the understanding of rate-limiting processes for plant growth: the different mechanisms that happen in the organism have a maximum rate, which depend on a few parameters. For example, maximum light interception depends on leaf properties (surface, absorption coefficient…) and incident light intensity: these parameters must be included in the model in order to obtain an accurate value of light energy available for plant growth. If all the maximum rates are calculated, like water, CO 2 , nutrient availability, it is possible to know which rate limits plant growth. Following all these objectives, an extensive bibliographic research was made for finding existing models of plant growth. They can be separated in three categories as described below: global models, models of physical mechanisms and models of biochemical mechanisms.
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Existing plant growth models

Global models

Global models can be separated in two main types: process-based models and functionalstructural models.

Process-based models consider the environment as the main driving variable for plant growth.

The calculation of soil and atmosphere variations depending on climatic conditions and plant interactions permit the calculation of biomass growth and development, in a more or less detailed view. Process-based models take into account some of the growth mechanisms like light interception or water and nutrient absorption; however plant shape is usually simplified as root and shoot, and/or edible and inedible. These models aim at modelling plant growth in an explanatory way linking environment characteristics to plant growth and development;

however the developmental steps are included in an empirical way (Bouman et al. 1996, Boote et al. 1998, Gabrielle et al. 1998, Brisson et al. 2008, Priesack and Gayler 2009).

Functional-structural plant models are based upon plant architecture. They consider the plant shape (structure) in a detailed way; and the internal plant mechanisms are often included in a simplified, sometimes empirical way (Fournier and Andrieu 1998and 1999[START_REF] Yan | A Dynamic, Architectural Plant Model Simulating Resource-dependent Growth[END_REF], Allen et al. 2005, Evers et al. 2005, Cournède et al. 2006, Bertheloot et al. 2008).

Of the existing global models of plant growth, all include an original approach of specific mechanisms: process-based models are usually well-structured for all of the mechanisms, and limiting rate calculations are done for predicting water or nutrient stress and eventually pests.

Even if they often contain empirical simplifications for some processes, the approach and results are mainly based on extensive experimental knowledge from agriculture results. Also, soil and atmosphere dynamics can be included in an accurate mechanistic way, and the aim of guiding agricultural practices corresponds to the objective of the life support system control.

Finally functional-structural plant models include an accurate approach of morphology even if the laws of architectural growth are not really mechanistic, and an explanatory or mechanistic approach for some of the mechanisms: some of them calculate the exact repartition of light and its absorption in the leaves; others take into account a mass-balance approach for biomass repartition in the different organs, etc. That is why, even if none of them can be adapted directly to MELiSSA modelling approach, they can all give interesting ideas for building the new model. Consequently, it is necessary to take into account models of specific mechanisms in order to select suitable ones.
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Physical models

The models of plant physical mechanisms are studied separately of the global plant and the influence of specific parameters or conditions are tested in detail. The main mechanisms are light interception, gas exchange, sap conduction and root uptake. Most of them have been built on mechanistic or explanatory laws.

Light interception is generally represented using Beer-Lambert law, at the global or local scale, eventually including the reflection and refraction indices, differentiation between leaves receiving direct or diffuse light, the leaf angle, height or density (repartition in space), etc (Govaerts 1996, Asner and Wessman 1997, Chelle and Andrieu 1998, Wang and Leuning 1998).

Another mechanism is the gas exchange; it happens through the stomata, small dynamic holes in plant cuticles, and depends on stomatal aperture, wind speed in external atmosphere, leaf shape, CO 2 concentration difference between atmosphere and leaf. Stomatal aperture is an important active mechanism based upon osmotic regulations which are controlled by sensing of the influent parameters like light intensity, internal CO 2 concentration, atmosphere humidity or water availability at the root level. Gas exchange depends also on the atmosphere dynamics around the leaves, leaf shape and canopy architecture. Many different types of models exist, depending if they consider atmosphere dynamics (Boulard et al. 2002), stomatal aperture (Aalto et al. 1999, Dewar 2002, Kaiser 2009), CO 2 diffusion (Leuning 1995), water transpiration (Monteith 1981) or several of these mechanisms [START_REF] Tuzet | A coupled model of stomatal conductance, photosynthesis and transpiration[END_REF][START_REF] Xu | Seasonal trends in photosynthetic parameters and stomatal conductance of blue oak (Quercus douglasii) under prolonged summer drought and high temperature[END_REF][START_REF] Zavala | Integration of drought tolerance mechanisms in Mediterranean sclerophylls: a functional interpretation of leaf gas exchange simulators[END_REF].

The matter exchange between leaf and root happens via sap conduction vessels, which are separated into two different types depending on the sap composition, origin and role: phloem sap contains water and organic solutes produced by photosynthesis in the leaves and provide the organic substrates as building blocks for biomass production in the non-photosynthetic organs: buds, roots, fruits or grains and storage organs. For the movement of water and mineral nutrients from the roots, xylem vessels are made of dead lignified cells permitting a rapid upstream flow. Sap flow rate depends on vessel radius and length, sap viscosity and production (source) and demand (sink) powers, which are expressed as water potential. Only one mechanistic model of phloem exists, based on the pressure difference between production and consumption sites (Christy andFerrier 1973, Henton et al. 2002). Usually only the source and sink powers of the organs and a resistance-to-transfer factor are taken into account in order to model directly biomass repartition in global models (Yan et al. 2004, Allen et al. Pauline Hézard thesis manuscript: "Higher plant growth modelling for life support systems" xxii 2005). For xylem, in many cases the transport is not considered limiting compared to evaporation mechanism of transpiration, however some models consider this resistance (Tyree 1997, Cochard 2006, Da Silva et al. 2011).

Last important mechanism is the root absorption. It depends on root architecture and morphology, nutrient and water availability, active uptake mechanisms, root permeability and pumping power which is the water potential difference. Several models exist with different parameters and structures (Fiscus and Kramer 1975, Hopmans and Bristow 2002, Roose 2000).

All these mechanisms are extensively studied and most of the models have been established

for more than 30 years; however some parts remain uncertain. The mechanisms which would require some more attention for including accurate and robust mechanistic laws are the stomatal processes, the sap flow (especially for phloem sap calculation, as it is difficult to measure it experimentally and it is rarely included in the models) and the root absorption. In any case, all the existing laws should be evaluated in order to verify the applicability in the case of controlled but extraterrestrial conditions.

Biochemical models

The biochemical mechanisms exist at two levels: (i) at the cell scale, metabolism, genome transcription and translation regulations, cell multiplication and differentiation, osmotic regulations take place. (ii) At the plant or organ scale, hormonal signalling, environmental sensing and active transports are the main biochemical mechanisms. However the latter are usually poorly described in terms of mathematical formulation, except for metabolism: the role of each hormone, the existence of the sensing systems and the signalling cascade, the cell multiplication and differentiation regulations especially concerning transcription and translation regulations, are not totally understood or known. The large variety of cultivars has given the opportunity to include the genetic variability into some process-based models in order to predict the response of each cultivar to the environment; however the mechanisms of resistance to a specific pest or environmental stress are not known in detail and the inclusion of cultivar genetic specificities is purely empirical (Bertin et al. 2010). In the contrary, several modelling tools are available for metabolism; all of them follow mass-balance principle using stoichiometric equations: they are the link between matter and energy exchange laws of the physical mechanisms and biomass growth and composition. For the others biochemical Pauline Hézard thesis manuscript: "Higher plant growth modelling for life support systems" xxiii mechanisms, they could be included in an explanatory way for the known mechanisms, for example as global laws of development regulation and environmental sensing.

Important approaches: Mass balance and steady state

As MELiSSA loop is designed as a continuously running closed artificial ecosystem, the mass and energy inside the loop are essential to be balanced. For the modelling of any process inside the loop, we need to consider all mass balances, either at steady state (or pseudo steady state for the gas) in batch or fed batch for the growth of higher plants. Every biochemical system maintains mass and energy balances during its growth. The matter entering into a system must, either leave the system or accumulate in the system, with or without having reaction. Then, the simplest expression for the total mass balance for the system is [START_REF] Himmelblau | Basic Principles and Calculations in Chemical Engineering[END_REF]:

Input -Output + Reaction = Accumulation
The accumulation can either be positive or negative, depending on the fact that whether a compound is produced or consumed in a reaction. It should be zero at steady state. Pseudo steady state is relevant for systems observed during a long period of time. When biological systems achieve steady states (at some stages of growth), the accumulation term is considered as zero. This is generally a non growth situation, where the inputs are used for the energy production and used for the maintenance process, and in that case accumulation is zero.

During growth, substrates are injected to the system (inputs) and products formed outside (outputs); accumulation occurs causing the formation of new cells.

When we take stoichiometric equations for biomass transaction in plants, we account the elements C, H, O, N and S, since others (P, Ca, Mg, K, etc.) participate only in small fractions and contribute in small quantity to the biomass. Considering plants as the biosystems, the substrates consumed are carbon dioxide, water, nutrients, light energy, etc. and the main products are biomass, transpired water and oxygen gas. Therefore, according to mass balance theory, Substrates (inputs) → Biomass (accumulation) + (water + gases) (outputs)

In the plant system, the material balance involves the metabolic reactions and the flow of substrates: inputs and outputs, accounting the elemental balances with the surroundings. At steady state (or if assuming pseudo steady state), the concentrations of intermediates in a metabolic pathway (necessarily) remain constant, as the rates of formation is in exact balance with the rates of degradation; only the concentrations of inputs and outputs change with time.

Pauline Hézard thesis manuscript: "Higher plant growth modelling for life support systems" xxiv Thus, a single rate applies to all of the reactions, when the system is in steady state [START_REF] Cassimeris | Lewin's Cells[END_REF]. As long as the rate of change of concentration of all intracellular metabolites is small compared to the fluxes producing or consuming metabolite, steady state approximation gives a valid approximation for the growth of the plants in the chamber and thereby modelling.

Stoichiometric metabolic model revealing plant physiology

With respect to the characteristics of the plant, plant physiology and the various mechanisms which control the growth differ. Though almost all plants have the same central carbon metabolic pathways, the reactions occur at different rates and vary from tissues to tissues, organs to organs. This may be influenced by environmental conditions which are simulated by the physical models. Therefore, for the biochemical model validation, it is necessary to verify the experimental data (input/output flux rate and mass balances) of plants grown under a predetermined/known environmental system. Furthermore, to obtain a generic plant biochemical model, a minimum of three separate metabolic models (leaves, stems and roots) should be taken into consideration which can interconnect one another on the basis of 'carbon source' flux transport. In this aspect, plant composition at organ level is necessary for the modelling.

A stoichiometric metabolic model refers a selected list of reactions and associated properties, assumed to be present in the system under investigation, along with the description of the environment within which the system is assumed to reside. Plant metabolic model accounts for all the major pathways like photosynthesis, respiration, energy for maintenance, and growth. The stoichiometric equations representing these metabolic pathways reveal the total impact of various constraints for plant growth predicted by the physical submodel such as, light energy availability, environmental stress, temperature, humidity, nutrient/water availability, CO 2 /O 2 gas level, etc. All of these cellular metabolic pathways must join up in order to attain a metabolic model, since plants can make their own constituents from a small set of precursors (CO 2 , water, light, mineral nutrients, etc.). The initially formed metabolites transform and are moved by transport mechanisms, connecting the metabolism from one cell compartment to another (e.g., carbon transport from chloroplast to cytoplasm). This process takes place within the cell, from cell to cell and from organ to organ so that it connects all metabolisms, forming a large network which could integrate into the plant level. Then, the question may arise regarding the representation and analysis of the plant metabolic network.

This can be done by the matrix construction of mass balanced stoichiometric metabolic Pauline Hézard thesis manuscript: "Higher plant growth modelling for life support systems" xxv equations of plant metabolism, which allows performing various types of metabolic network studies like metabolic flux analysis (MFA) and elementary flux mode (EFM) analysis. Both offer great opportunities for studying meaningful functional and structural properties of metabolic networks, which couple physiological perturbations and energy exchange with respect to physical limitations (e.g. light availability), thus providing the link between matter and energy exchange laws of the physical mechanisms in addition to the biomass growth and composition exploration.

Approaches to achieve the metabolic model

Since 1986, when Holms applied the stoichiometric approach for the growth of E. coli, several metabolic modelling techniques have been developed [START_REF] Holms | The Central Metabolic Pathways of Escherichia coli: Relationship Between Flux and Control at a Branch Point, Efficiency of Conversion to Biomass, and Excretion of Acetate[END_REF]). From the current knowledge, the most suitable stoichiometric metabolic techniques which run under steady state are elementary flux mode analysis and metabolic flux analysis. EFM analysis is specifically used to find the set of thermodynamically feasible metabolic pathways that span all the space of metabolic routes from substrates to products. On the other hand, MFA is used to calculate intracellular fluxes for the same. In order to perform these studies on a particular metabolic network, it is necessary to represent the mass balanced stoichiometric equations of that network in the form of matrices. Mathematically, the mass balance in any metabolic system can be written as, A J = R 'A' is the matrix of the stoichiometric coefficients of all the reactions involved in the metabolism having the dimension of (m  n), where 'm' is the number of metabolites in rows and 'n' is the number of reactions in columns. Therefore, each column in the matrix represents a reaction. 'J' is a vector of the 'n' reaction rates.

The 'm' metabolic constituents are divided into two categories: the exchangeables that enter both the biotic and the abiotic phase and the non exchangeables known as intermediate metabolites. The elements of vector 'R' (the rates of exchange) corresponding to the intermediate metabolites must be necessarily equal to zero, as we assume steady state. The non-zero elements of R are the net rates of formation of substrates, metabolic products and biomass components which are the exchangeables.

The leaf metabolic model can be constructed using the whole set of equations corresponding to the leaf; it is necessary to collect all associated metabolism, and construct a complete metabolic network in the form of matrices as in the 

Introduction Introduction

This work is included in a global project which aims at human survival in an extraterrestrial environment with a minimum supply of matter and energy: this is the definition of closed ecological life support systems. This is possible if wastes are degraded and fresh air, water and food are produced; it requires a complex community of living organisms including higher plants. Additionally, this complex community must be perfectly controlled in order to ensure the adequacy between human needs and life support system outputs. Then the importance of adaptive, mechanistic models based on mass and energy balances becomes obvious. The MELiSSA project is designed with five steps for a complete recycling loop. The first one is the first degradation step; a thermophilic anaerobic bacterial community performs the fermentation of the organic wastes (human wastes and inedible parts of the plants) into water, CO 2 , volatile fatty acids, ammonia and mineral salts. The second compartment is a photoheterotrophic reactor, growing the bacteria Rhodospirillum rubrum in order to further degrade the volatile fatty acids into CO 2 and produce edible biomass. The third compartment is an aerobic fixed-bed reactor containing a co-culture of the nitrifying strains Nitrosomonas europaea and Nitrobacter winogradskyi. They transform the ammonia into nitrite then nitrate, which is not toxic and permits a rapid uptake by the photosynthetic organisms. The fourth step, which is the last before the human life environment, is made of two photosynthetic compartments; one contains micro-algae (the cyanobacteria Arthrospira platensis) and the other is a closed and controlled greenhouse growing edible higher plants, as described in Figure 1.

The microorganism compartment IV A is already controlled by an efficient model [START_REF] Cornet | A structured model for simulation of cultures of the cyanobacterium Spirulina platensis in photobioreactors: I. Coupling between light transfer and growth kinetics[END_REF]), but the higher plant compartment IV B was not yet modelled, and the final design was not perfectly defined. The aim of this work is to propose the structure and components of the final model, the results of a first approach and ways for implementing and validating experimentally the future versions. The existing models for MELiSSA loop are based on the control of microorganism growth.

The main point of these models is the definition of the limiting process, using a coupled description of mass and energy balances at the molecular level [START_REF] Cornet | A structured model for simulation of cultures of the cyanobacterium Spirulina platensis in photobioreactors: I. Coupling between light transfer and growth kinetics[END_REF]). It appears that structured models, taking into account together physical processes of matter and energy exchange with the environment and biochemical models of matter and energy processing inside the organism, provide efficient results. Knowing the main variables that can be used to control the growth kinetics, it is possible to maintain an adequate environment for human crew survival; the unique condition is that human needs are within the range of the microorganisms' possible responses. This range and the growth kinetics can be predicted and extrapolated only if the model is mechanistic: this is one of the main requirements, with the simulation of mass balance and limiting process, for life support systems control.

These main requirements are applicable also in the case of higher plant cultures; however several more constraints have to be fulfilled. Microorganisms, as per the name, are small and they can be modelled at the level of the community: the individual behaviour does not influence the global community behaviour. Then, the local conditions in space and time can be summed at the global scale and the growth reactor can be considered homogeneous, if it is perfectly mixed and the environmental conditions do not vary. On the contrary, higher plants are complex organisms made of several organs which require different environmental conditions; they have also a discontinuous growth with extremely variable size, mass, composition and behaviour. A homogeneous compartment and continuous mode culture cannot be considered. This introduces two other requirements: space and time differentiation in the model, which means that plant morphology and development must be included in the model: it should take into account the environmental conditions at the organ level and the growth history.

Then a new approach must be proposed for higher plant growth modelling in life support systems. By chance, higher plant modelling is an active area of research. Bibliographic researches presented in the first chapter permitted the division of plant functions in three main levels. At the entire plant level, as already stressed, morphology and development can be predicted, even if mainly empirical models exist. At the level of each organ, the importance of physical laws controlling the mass and energy transfers is known and included in existing mechanistic models; they can be compared to the models used for microorganisms and more generally bioprocess engineering. At the molecular level, the biochemical processes of matter and energy transformations are modelled in the same way as for microorganisms; it must only be simulated separately for each type of cell or organ. The existing global, structured models of plant growth are studied in order to assess the importance of each of these three levels.

However most of the existing models are applied to large plant communities and do not consider the individual variability, neither the organ nor molecular processes with a high level of detail. The requirements of life support systems are not applicable in the case of open field culture: life support systems contain few plants grown in a simple, controlled environment while naturally grown plants are numerous and face contrasted conditions in terms of water and nutrient availability, temperature, light orientation and intensity. Plants grown in natural environments are not modelled locally or at a short time step, because it would require very complex models including the local environment simulation and its modifications with time.

On the contrary, in life support systems the environment is well controlled, which permits a higher level of understanding and local simulations at a short time step. Moreover, the security issues of the life support system require a short response time in the case of unexpected conditions, contrary to plants grown in open fields which cannot face large pressure drops, energy failures or large variations of atmosphere composition and CO 2 production rate, that must be recycled into oxygen for human respiration.

The discrepancy between the existing models and the aimed model shows that it is necessary to imagine a new approach. It must be based on the three types of processes described above, in order to include the plant morphology and behaviour, the physical processes and the biochemical processes. A first, simple model containing the three levels of description, oversimplified for the biochemical part, has been built and tested using available experimental data in controlled environment; it is described in the second chapter. The results show that all these levels have strong interactions, especially between morphology and physical processes. It permits the simulation of changing behaviours with time, even with simple laws and few parameters. This model stresses the importance of the water processes; the coupling between energy and mass balance, and a more complex description of plant morphology and metabolism. However these implementations are not possible with the available data.

The model development requires new experiments performed with a specific hardware. The results of bibliographic researches, model development and experimental data analysis permits the proposal of specific experiments for testing and implementing different, more complex models of processes in the global structure, but also a specific design for the future experiments: it is proposed in the third chapter. The aim of this structure is to provide accurate mass balances, dynamical data for the matter and energy exchange rates, and regular sampling for morphology and composition assessment. Then the general and biochemical processes could be easily parameterised and validated, but also more complex models for the physical processes could be tested and implemented gradually. The existing models of MELiSSA loop are applied to microorganism culture process control.

The general aim is to build structured models intrinsically including the mass and energy balances approaches. These models predict the microorganism growth and behaviour in terms of outputs (e.g. CO 2 , oxygen, nitrate, volatile fatty acids), knowing the environmental conditions and inputs of energy and matter [START_REF] Cornet | A structured model for simulation of cultures of the cyanobacterium Spirulina platensis in photobioreactors: I. Coupling between light transfer and growth kinetics[END_REF]. The continuous mode is used for the culture, which means that microorganisms are grown without stop during the entire life support system functioning time. In the case of higher plant culture, due to the complex development scheme and morphology, it is not possible to use the same culture strategies.

Moreover, these particularities require several levels of description which increase the model structure complexity.

The existing MELiSSA models structure cannot be applied to higher plants and the specific mechanisms of gas and liquid interface for mass transfer, light scattering in air and longdistance transport of water and solutes inside the plant require a new approach. The main areas of higher plant modelling have been studied and synthesised in order to provide the first basis of a higher plant model applied to MELiSSA. As the existing models are used for vegetal biology knowledge development and agriculture decision support, the following text has the aim of synthesising this knowledge taking into account the requirements of closed and controlled life support systems. It has been submitted for publication in Functional Plant Biology journal on the 13 th April 2012 and is copied here in its original form.

Predicting and controlling higher plant growth following mass and energy balances approach: a review and new model design 

ABSTRACT

For long-term manned space missions, air, water and food regeneration is necessary. For this purpose, the Micro-Ecological Life Support System Alternative project of the European Space Agency contains a higher plant compartment. The main requirement of a life support system is to work continuously with a minimum supply of matter and energy; this means that efficient mechanistic models, based on the mass and energy balances principle, should control the overall system.

The existing higher plant growth models are studied from the mass and energy balances point The principle of mass and energy balances comes from the law of conservation of mass expounded by Lavoisier "matter can neither be created nor destroyed, only transformed" and the first law of thermodynamics or law of conservation of energy. From these laws, the following equation 1 is relevant for any system of study:

on Accumulati Reaction Output Input    [1]
This is true at the cell scale, using the stoichiometry of metabolic reactions; at the plant scale in order to take into account the exchange of matter and energy with the environment for simulating plant growth (biomass accumulation), or at the field scale considering the inputs of nutrients, water, carbon dioxide and light in order to simulate harvest yield and biomass quality. In the case of life support system, any evaluation of the degree of closure must involve mass conservation principles; in the case of field culture the fertilizer seepage and water runoff are also supported by this approach. Once the quantities of water, carbon, nitrogen and other elements of interest are determined in all input and output flows, the quantity accumulated in the system is calculated by the mass balance principle for checking redundancy and/or modelling the reaction and source terms. For energy balance, the thermal energy of plant, atmosphere and soil are balanced with the input and output energy: incident radiation, latent heat of water evaporation from plant and soil, eventually exothermic and endothermic metabolic reactions must be taken into account. Therefore, mass and energy balances are the basic requirement for a mechanistic model. This is an intrinsic constraint of life support modelling (Cavazzoni 2004), which brings in the mathematical description an important contribution to predict the overall plant response to an environmental parameter.

The aim is to use conservation laws in the description to improve the robustness of the model, i.e. to enlarge the range of applicability. This is of importance in order to ensure an efficient control of a life support system; it would also help to face the current issues of climate change, reduction of fertilisers and world population increase (Hammer et al. 2004).

It should be noticed that there are two main approaches: the first one concerns the fitting of operational models in order to represent experimental data; the second one is adapted for extrapolation to other conditions or eventually control the plant response by setting the environmental conditions (in the case of a controlled system) or by modifying the agricultural practice, culture place or sowing date. In the first case, the models provide the best fitting to the experiments. Although they may show important shifts outside the range of experimental data, these models are used for assessing hypotheses regarding the rate controlling processes introducing in the modelling different degrees of knowledge versus empiricisms. In the second case, knowledge models are necessary in order to provide a correct global behaviour, whatever the growth conditions experienced by the plants (Whisler et al. 1986).

The mass and energy balances approach is generally included in the models for describing local phenomena, at the organ or cell level; a real difficulty is to take this into account at the global scale. In order to understand the existing global plant growth models, it is necessary to further study the plant mechanisms: each important plant process is described separately.

In this paper, the existing models are classified depending on the scale and objective of the study, separated as (i) general, (ii) physical and (iii) physiological processes and models. (i)

The general processes take into account the entire plant; they can be extended to the plant population. They deal with plant behaviour like development, architecture and overall response to the environment. (ii) The physical processes describe the behaviour of a specific organ depending on basic principles of transport phenomena using the laws of thermodynamics and fluid mechanics. The main processes are light interception and gas exchange in the canopy, sap conduction in the stem and absorption of water and nutrients in the root. (iii) The physiological, biochemical processes address the smallest scale: one cell, one organelle, or even the molecular level. They concern the matter transformation through metabolic reactions as well as the mechanisms for cell multiplication and maturation, sensing and signalling. In the biochemical processes, only the metabolism is currently simulated by mechanistic and balanced models.

All these processes and models can be assembled in order to build global models of plant growth. Even if all the global models aim at including knowledge (Whisler et al. 1986), many of them use at some points empirical parameters to convert different units without a theoretical assessment, or they neglect a source, sink or accumulation of matter or energy. In order to couple mechanistically all the models of processes inside a global model, a new structure is proposed, including all the main processes in the form of suitable thermodynamics laws, in order to assess the origin of the plant behaviour whatever the environmental conditions for its growth. Then, the predictiveness could be improved and permit an efficient control of growth chambers' environment or improvements in agricultural practices.

Models of plant processes

Plant growth is studied at different scales: at the plant scale, the mass increases, the shape changes and organs mature; these are the general processes. At the organ scale, matter and energy are exchanged with the environment and within the plant between each organ, depending on physical processes. At the cell or molecular scale, the matter and energy are transformed by the metabolic reactions due to the genetic regulations which control plant growth and development: it is the physiological behaviour. Several models exist for general and physical processes. However, biochemical processes are rarely simulated due to the lack of reliable in vivo measurements, and the high number of parameters that should be included:

enzyme kinetics, sensing processes, osmotic and genetic regulations; and the intracellular concentration of thousands of molecules including metabolites, enzymes, hormones, transcription regulatory compounds etc. Nevertheless some simulation tools are described for each process modelling.

General processes

The general processes of plant developmental and architectural growth are observed on any plant: development concerns the time of germinative, vegetative and reproductive stages, and finally senescence. For morphology and architecture, they follow genetic and adaptive processes in order to provide the most efficient shape for matter and energy exchange. Each plant grows following specific developmental and architectural schemes which adapt to the environmental conditions.

The general processes of architecture and development are not simulated using only mechanistic laws, as they follow very complex processes of environmental sensing, signalling, genetic regulations, stress responses, etc. However, it was found that they follow simple predefined laws with a good accuracy.

Development: plant behaviour

It is observed that the time step of each developmental phase depends mainly on the general climatic conditions (temperature, light intensity and photoperiod for some of them). Generally the global plant growth models include a concept called thermal time: it was observed that most of the plants, if they are not limited by light, water, nutrient availability or pest invasion, have a linear organ production rate with temperature and time (Baker et al. 1980;Covell et al. 1986). Thermal time is the sum of each day's mean temperature in degree-day (written °C day or °d). The temperature is usually corrected by the "base temperature", under which the growth is not possible. As an example, the quantity of leaves produced by a plant (which can be expressed as leaf appearance stage LAS, in number of leaves) can be linearised using thermal time unit, as shown in Figure 1. Eventually, thermal time can be corrected by day length ratio in order to take into account the length of high (day) and low (night) temperatures. If plants are sensitive to photoperiod, the day length at emergence is an important factor of development rate (Baker et al. 1980). The thermal time variable is included in simple development laws relating a certain amount of degree days and a developmental switch (Jame and Cutforth 2004) or the organ growth rate (Granier and Tardieu 1998). The reason of this dependency on temperature is not perfectly known: heat and cold shock sensing systems are studied (Sung et al. 2003), but the mechanisms of developmental regulations depending on mean temperature's slight modifications are not known. It can be interpreted as an accumulation of enthalpy energy which makes possible the important developmental switches. Stress factors are added depending on water and nutrients availability, pests or cultivation management techniques for correlating the proportionality constant: the stress factors decrease growth rate depending on the sensitiveness of the specie or cultivar to the specific stress, and on the stress intensity (Bouman et al. 1996;van Laar et al. 1997;Lô-Pelzer et al. 2010;Martin et al. 2011). Thermal time modelling can be interpreted as a gross method that does not take into account explicitly mass or energy balance, even if temperature may have an energetic importance on the developmental processes. However, as development is an extensively complex process a. b.

depending on many environmental parameters and biological processes, it cannot be modelled with purely mechanistic laws. Empirical fitting of plant behaviour depending on the environment is necessary, but it should not include laws which take into account matter or energy exchange if they are not balanced. For example, the use of stress factors could be replaced, in some cases, by a simple mass or energy limiting law; especially for water and nutrient stress.

Architecture: plant shape

The scheme of plant spatial organisation depending on development has been extensively studied and defined for many plants (de Reffye et al. 2008). The first algorithmic descriptions of plant architecture were initiated by mathematicians and computer specialists, who found a simple yet efficient grammar for describing plant shape: each bud, depending on its position and growth stage, always produces the same type of organs, organised in a defined geometry.

These laws were written using a grammar called L-system: it was invented in 1968 by Aristid Lindenmayer and took his initial for name (Prusinkiewicz and Lindenmayer 1990). Many implementations were given later, and the current models give a realistic description of plant shape (Prusinkiewicz 1999;2004). L-system was applied first to simple organisms like fungi hypha's growth (Federl and Prusinkiewicz 2004), in order to model its branched structure.

Each cell is an individual section of the same organism, which divide and either elongate the existing hypha, or create a new branch if the existing hypha is already elongated. For plants, each section is represented by an organ. Plants consist of segments of different age (metamers, each one containing a stem internode, one or two leaves on the top and one or two lateral buds), which evolve sequentially following defined laws. The buds are the growing parts, and they produce new metamers which do not evolve after reaching the maximum length. For example in Figure 2, the apical bud produces new metamers increasing main stem length; lateral buds create new branches in the same manner, and leaves do not create new organs.

Figure 2: Plant architectural growth modelling using L-system.

In the basic L-systems, the initial state, the evolution laws, the angle between a lateral bud and its branch of origin are described. From the initial state, each unit (here, A and B) follows its specific law sequentially defining a specific grammar: the full plant architecture is rewritten at each step then it is possible to include the specificities of each plant specie or cultivar by adding probabilities, source-sink relationships, developmental switches etc. (Evers et al. 2005;Cournède et al. 2006). The lack of substrates like light, water or nutrients can be implemented by specific developmental laws in order to model the architectural adaptation:

growth towards light and away neighbours (Fournier and Andrieu 1999;Maddonni et al. 2002), root growth towards water or nutrient main source. In certain cases, the plant architecture was used in order to model pests' dispersion in the canopies (Robert et al. 2008).

The main outcome of L-systems is that rather simple laws and grammars have led to very realistic modelling of plant and crop architecture. The major difficulty of plant architectural modelling using L-systems is for undetermined (or random) growth, especially for root architecture: it does not follow a specific angle or repartition, contrary to branches. The main driving parameters are the sensing of gravity, water and nutrient as well as soil mechanical properties; however they have to be coupled with efficient probabilistic laws in order to provide a realistic image of the root system (Clausnitzer and Hopmans 1994;Han et al. 2011).

Presently it must be outlined that the link between biomass increase and architecture evolution remains to be based on balance principles regarding organ composition and density.

Conversely, if the architectural parameters like stem length or leaf area are correctly predicted by the L-systems approach, the rate limiting processes such as transport phenomena should be simulated including retroaction on morphology and the L-system grammar. This coupled modelling approach is under active development.

I II III IV A-B-A+ [A-] B-B+A-[A+] B-B+B-A+ [A-] [B+A-[A+]] [B-A+ [A-]] [B-B+A-[A+] [B-A+ [A-]]] Start: A- Laws: A- B-A+ [A-] A+  B+A-[A+] B- B- B+  B+ Angle: 135° A = Bud B = Metamer

Physical processes

Physical processes take into account energy and matter exchanges with the environment and within the plant. The main processes are light interception, gas exchange, sap conduction and root absorption. For modelling, simple laws of fluid mechanics and thermodynamics are used; most of them follow the mass and energy balances principle.

Light interception: energy input

Light is the only source of energy for biomass production. It is absorbed by specific pigments which permit the transformation of photons in electrochemical energy (electron flow and pH gradient) and then in chemical energy, namely adenosine triphosphate (ATP) and reduced nicotinamide adenine dinucleotide phosphate (NADPH) molecules. The scattering and absorption of photons in the canopy, leaves, cells, chloroplasts and pigments are driven by physical laws. When light reactions occur, the biochemical energy is used for biomass synthesis from the mineral molecules absorbed in the environment.

The importance of light intensity on plant growth was discovered early, and many studies have related plant growth directly to light absorption. The importance of leaf surface, its orientation as well as the number of leaf layers was studied. Two main types of models describing light scattering in a canopy exist (Asner and Wessman 1997), all based on Beer-Lambert equation. The first type simulates global light interception while the second type describes light scattering at the local level.

The first attempts considered the canopy as a unique horizontal leaf; they are called "big leaf" models and use the following equation 2: I (µmol photon m -2 s -1 ) represents the light flux absorbed by the leaf; it is calculated from I 0 the incident light flux (same unit), k the absorption coefficient (dimensionless, between 0 and 1) and LAI the leaf area index (m 2 leaf m -2 soil ).
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However, with this type of model, the light transmission decreases exponentially with the number of leaf layers as if the canopy was a uniform absorbing medium with the same light absorption properties throughout the canopy height. This is not realistic, as the lower leaves receive mainly diffuse light: it was discovered that these leaves have a different behaviour depending on incident light intensity than the sunlit leaves at the top (de Pury and Farquhar 1997). That is why the height of the leaves was included for a differential calculation of the shaded and lighted portions of the canopy. The first models were proposed by de Wit in 1959 and 1965 and called "multilayer models". They include a detailed description of photosynthesis depending on the height, however they require an extensive knowledge of canopy parameters, and the computational time is high. Then, a simplification called two-leaf model was proposed in order to separate sunlit and shaded leaves, and this system proved to provide very similar results in ten times less computational time (de Pury and Farquhar 1997; Wang and Leuning 1998). Sunlit leaves absorbed radiation I sun (µmol photon m -2 s -1 ) is calculated as follows in equation 3. The equation requires the knowledge of incident direct I 0dir and diffuse I 0diff (µmol photon m -2 s -1 ) light intensities, the light extinction parameters k dir , k diff and k b (dimensionless) and leaf area index LAI (m 2 leaf m -2 soil ) values as well as the proportions of scattered (σ) and reflected (ρ dir and ρ diff ) lights (dimensionless).
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The first part of the right hand-side of the equation (3.a) corresponds to the absorbed fraction of the direct radiation; the second part (3.b) is the absorbed fraction of the diffuse radiation.

The third part of the equation (3.c) accounts for the absorbed fraction of the scattered portion of the direct radiation. For the extinction coefficients, k b corresponds to a theoretical extinction coefficient in the case of black leaves (without scattering). It is calculated by the ratio of leaf angle distribution and solar zenith angle. k diff and k dir represent the real extinction coefficients of leaves for diffuse and direct light, respectively. In the same manner the reflection coefficients are separated for diffuse and direct lights.

For the shaded leaves, the absorbed light flux I sh (µmol photon m -2 s -1 ) is calculated using equation 4, with the same variables and parameters as for sunlit leaves.
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The first part of the equation (4.a) represents the absorption of diffuse and scattered diffuse light; the second part (4.b and 4.c) represents the absorption of the scattered part of the direct light. This type of model uses homogeneous units and calculates the portion of incident energy which is absorbed or scattered: it corresponds to a valid energy balance approach.

Another type of modelling approach calculates explicitly the radiation path in any type of scattering medium. It is based upon Monte Carlo probability assessment for a light ray to be absorbed, reflected or transmitted. It is then integrated for each ray angle and wavelength, considering the medium optical properties of absorption and scattering. This method has been first developed for physical media, then applied to plants and photosynthetic microorganism growth (Cornet et al. 1998). For higher plants, the canopy is considered as a diffusion volume containing particles which interact with light rays and the rays are absorbed, reflected or transmitted following Monte Carlo probabilistic laws. They often use radial coordinates in order to describe the light rays path and the canopy structure, using either the mean leaf area density and normal distribution parameters (Govaerts 1996), or an accurate architectural description of the canopy with each leaf position (Chelle and Andrieu 1998). If light distribution in complex canopies with different plant heights and species is modelled, it does not take into account an explicit description of leaves in the canopy but considers the aerial part of different plants as geometrical shapes of defined area density and angle distribution (North 1996;Cescatti 1997). However, the models taking into account this accurate description of light scattering and reflectance in plant canopies are seldom included in models of photosynthesis and growth; they are usually adapted for light radiation studies for remote sensing or energy transfer simulations. That is why they usually take into account the nonintercepted light rays instead of calculating absorbed light flux. However, this approach is used in some plant growth models (Fournier and Andrieu 1999) as well as microorganism growth models with a good accuracy. The equation of non-intercepted light at distance s can be written in the form of equation 5, with the ray zenith (θ) and azimuth (Φ) angles, LAD the leaf area density (m 2 m -3 ) and G the leaf normal distribution to ray zenith angle.
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The equation is integrated for all possible incident light directions (angles θ and Φ), eventually also for each radiation wavelength; the term containing the product of exponentials is the probability of non-interception depending on different plants h: this model is valuable for complex canopies with different LAD and G values. This approach, as the previous one using Beer-Lambert assessment of overall sun/shade absorption, follows energy balance principle introducing a more detailed mechanistic description.

In the case of large-scale crop production in natural light, the first type of model provides accurate simulations of light interception in a short computational time. In the case of plants grown in small closed chambers with a high degree of control for life support applications, especially if the growth chamber is made of reflecting material, it would be interesting to test both types of models in order to evaluate the importance of a mechanistic description of light scattering in the canopy. The principle of separation of sunlit and shaded leaves would be interesting to include, as it permits a differential calculation of photosynthesis kinetics depending on the mean available light flux. In fact, sunny and shaded leaves have different photosynthetic light responses, which can be due to different nutrient and enzyme partitioning, but also different limiting factor: CO 2 or light availability (Farquhar et al. 1980, Wang 2000).

Gas exchange: plant-atmosphere mass and energy transfer

The exchanges with the atmosphere are mainly CO 2 , oxygen and water vapour. Gas is exchanged between leaf and atmosphere through stomata. The stomata are small dynamic holes in leaf impermeable cuticle. Inside the leaf, diffusion happens in intervals between the cells of spongy mesophyll. Water evaporates and CO 2 and O 2 are exchanged by dissolution: they diffuse into or out of the cells through the liquid phase. The movement of gases through the stomata depends on the atmosphere movement and composition near the leaves as well as the stomatal aperture. Inside the leaves, diffusion, dissolution and evaporation processes occur; evaporation is an important process as it requires an important thermal energy.

Whatever the inducing factor, stomatal movement is performed by osmotic mechanisms which imply potassium and proton ion movements between vacuole, cytoplasm and the neighbour cells called subsidiary cells. The turgor modification induced by ion movement is the reason for guard cell movements and stomatal aperture modifications (Lambers et al. 1998). Many models exist for gas exchange, depending on the processes which are included in the simulation: (a) heat transfer of evaporation, (b) atmosphere dynamics in the canopy, (c) gas movement through the stomata, (d) drought regulations of stomatal aperture or (e) stomatal geometry.

a) Heat transfer

For energy balance of evapotranspiration, two currently well-known and recognised models were proposed between the 1950s and 1970s: Penman-Monteith and Priestley-Taylor models (Priestley and Taylor 1972;Monteith 1981;Sumner and Jacobs 2005). Both models are based upon a thermal balance and the calculation of the latent energy flux (λE, W.m -2 ) which corresponds to latent heat of evaporation (λ, J.kg -1 ) multiplied by the flux of water transpired (E, kg.m -2 .s -1 ). This depends on available energy: sun radiation and eventually air water vapour demand corresponding to the sensible heat flux, as evaporation decreases air temperature. Penman-Monteith model calculates the heat flux of evapotranspiration, following the expression in equation 6. The variables are the available energy flux of sun radiation R n (W.m -2 ), the soil heat flux G (W.m -2 ), the slope of saturation vapour pressuretemperature curve δ (Pa.K -1 ) and the psychrometric constant γ (Pa.K -1 ) that defines the ratio of specific heat of humid air and latent heat of vaporisation. Sensible heat flux of air water demand is included in the model using the atmospheric density ρ a (kg.m -3 ), specific heat c p (J.kg -1 .K -1 ) and vapour pressure deficit VPD (Pa) which is the difference between saturating vapour pressure and the actual vapour pressure. The atmosphere and bulk canopy resistances r a and r s respectively (s.m -1 ) are also included; the canopy resistance corresponds to a simplified calculation of the stomatal aperture.
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It must be noticed that this expression does not contain empirical factors, if the resistances are measured or evaluated through explanatory laws. However, some secondary sources or sinks of energy are not included, especially the resistance to water movement from soil to canopy, which is particularly important in the case of drought.

Priestley-Taylor model (Priestley and Taylor 1972) can be expressed as follows in equation 7, using the same units for the variables and parameters. The atmosphere water vapour demand is not included in this model nor the resistances, however an empirical correction factor α (dimensionless) is used. It can either be a constant usually set at 1.26, or be calibrated depending on data such as temperature, wind speed, vapour pressure deficit, sun radiation, soil moisture, canopy conductance and/or leaf area index. Accounting for the main terms in equation 6 it leads to:
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This model is a simplification of Penman-Monteith model; it was proposed in order to reduce the quantity of measurements required for calculating gross evaporation. This equation has homogenous units, however the thermal energy of air is not included, which is not correct for energy balance: it is not negligible. 

b) Atmosphere dynamics

The models taking into account atmosphere mixing are based upon fluid mechanics and diffusion laws for water vapour and CO 2 in air. Usually, the theory of boundary layers is used in order to simplify the calculation of matter and heat diffusion between a solid surface and a fluid in movement. The distance to the surface δ at which the velocity is less than 99% of the bulk fluid velocity, is called the boundary layer. For plant modelling, it is used to simulate the resistance to carbon dioxide, water vapour and thermal energy diffusion between bulk air and leaf surface (Monteith 1995;Boulard et al. 2002). The laws of diffusion of matter and heat were grounded by Fick and Fourier respectively. Fick's first law of diffusion states that in a static fluid, the flux of matter J (kg m -2 s -1 or mol m -2 s -1 ) along the gradient between high and low concentration happens by diffusion through the distance of the gradient, as shown in equation 8. The parameters are the diffusion coefficient D (m 2 s -1 ), the gradient of concentration between leaf surface and bulk air ΔΦ (kg m -3 or mol m -3 ) and the diffusion path length δ (m) which corresponds to the boundary layer thickness. In some cases, the conductance g (m s -1 ) or inverse of resistance r (s m -1 ) to the diffusion replaces the ratio of diffusion coefficient and boundary layer thickness. In some cases, the concentration gradient is expressed as a molar fraction, so the conductance has a unit of mol m -2 s -1 .
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Fourier's law is based upon the same principle, for calculating the heat transfer by diffusion.

In this case the heat boundary layer is used. These boundary layer thicknesses are compared using the Lewis number, which is the ratio of thermal and mass diffusivities α (m 2 s -1 ) and D respectively. In the case of a gas, this ratio is close to unity, which means that the mass and heat boundary layers thicknesses are equal. Equation 9gives the heat flux Q (W m -2 ) depending on the conductivity coefficient k (W m -1 K -1 ), the temperature gradient ΔT (K) and the diffusion path length δ (m).

 T   k Q [9]
The boundary layer resistance or conductance to matter is used in some models of gas exchange, for example the Ball, Woodrow and Berry model modified by Leuning (Leuning 1995); and the models of Parlange and Waggoner (1970); Laisk (1983); Jarvis and McNaughton (1986); Aalto et al. (1999) and Kaiser (2009). The heat diffusion law is used in the models of [START_REF] Tuzet | A coupled model of stomatal conductance, photosynthesis and transpiration[END_REF] and [START_REF] Zavala | Integration of drought tolerance mechanisms in Mediterranean sclerophylls: a functional interpretation of leaf gas exchange simulators[END_REF].

Additionally, an original model has been written from the Newton theory, Schmidt number definition and Fick's law. It is described in the following equation 10 in order to calculate the flux of gas J (mol m -2 s -1 ) depending on atmosphere dynamics. It takes into account f the friction energy loss (dimensionless), v ∞ the bulk air speed (m s -1 ), η the air kinematic viscosity (m 2 s -1 ), the other variables are expressed as previously described:

             3 / 2 v 2 1 D f J  [10]
In these equations, the flux (J or Q) can be converted to the flow (quantity per unit of time) by multiplying it by the exchange surface, which is the stomatal exchange surface as it will be examined in point (e) for stomatal geometry simulation.

c) Stomatal gas transfer

For the models of stomatal conductance to gases, several approaches exist, depending on the studied property of the stoma: the guard cells which permit stomatal aperture and closure respond to several environmental conditions and plant stimuli. It is assumed that the main sensing systems are for light, CO 2 and water availabilities. Usually, CO 2 and light are modelled together, both being necessary to perform photosynthesis: they have complementary effects (Joonsang 2005). Light induces stomatal aperture, as well as a low CO 2 content in the substomatal chamber. The limitation of photosynthesis by CO 2 availability was included in the Farquhar model of photosynthesis (Farquhar et al. 1980). One of the most used and recognized model was invented in 1987 by Ball, Woodrow and Berry; it was then modified by Leuning (1995) and Wang and Leuning (1998). Even if this model is partly empirical, it contains all the most important driving variables for stomatal movements: light, CO 2 concentration and air humidity. Light is included in the form of photosynthesis rate A (µmol m -2 s -1 ), which is usually calculated taking into account absorbed light intensity. CO 2 availability is the molar fraction at the leaf surface C s (µmol CO2 mol -1 air ); and air humidity is the vapour pressure deficit parameter VPD (Pa). The general model is in the form of equation 11, calculating g s the stomatal conductance (mol m -2 s -1 ). g 0 is the base conductance when the stomata are closed, Γ is the CO 2 compensation point (CO 2 molar fraction at which CO 2 exchange rate is null in µmol mol -1 ); D 0 (Pa) and a (dimensionless) are empirical parameters.

              0 0 1 D VPD C A a g g s s [11]
This type of model is extensively used for coupling with models of photosynthesis, transpiration and energy balance in the leaf (Wang and Leuning 1998;[START_REF] Tuzet | A coupled model of stomatal conductance, photosynthesis and transpiration[END_REF][START_REF] Xu | Seasonal trends in photosynthetic parameters and stomatal conductance of blue oak (Quercus douglasii) under prolonged summer drought and high temperature[END_REF][START_REF] Zavala | Integration of drought tolerance mechanisms in Mediterranean sclerophylls: a functional interpretation of leaf gas exchange simulators[END_REF]Tuzet and Perrier 2008). Water availability for root absorption is also an important parameter, as drought induces stomatal closure even if all the other parameters should induce aperture. All these aspects are included in the models of Tuzet, Xu and Zavala, using additional equations coupled to stomatal conductance. The initial model of Leuning does not include energy balance nor water availability in the root zone.

d) Drought response

The importance of water availability for stomatal behaviour was studied by Tardieu and Davies (1993), who proposed a stomatal model specific for drought impact on gas exchange.

Water shortage in the soil is known to induce hormonal signalling with abscisic acid (ABA) which is driven to the leaves in xylem vessels; this hormone has a strong closure inducing power for stomata, especially if leaf water potential Ψ l (Pa) is low (Tardieu and Davies 1993).

The model for stomatal conductance g s (m s -1 ) is presented in equation 12, with [ABA] the abscisic acid concentration in the xylem sap flux (mol m -3 s -1 ), g 0 the minimum stomatal conductance (m s -1 ), α, β and δ empirical parameters. α is chosen in order that g 0 + α = g max , the maximum stomatal conductance.

    l s ABA g g         exp ] [ exp 0 [12]
[ABA] is calculated depending on root water potential Ψ r and water flux in the xylem vessels.

Then, water flux is evaluated at each plant level depending on water transport resistance and water potential difference between source and sink (either soil and root, or root and leaf, respectively). For the water flux from leaf to atmosphere, the Penman-Monteith equation is chosen. This model and Leuning model of stomatal conductance were coupled in order to obtain a new model which is able to simulate stomatal response to any environmental stress (Dewar 2002), as can be seen in equation 13. The variables are as previously described, except C i which is the internal CO 2 concentration (in the substomatal chamber and spongy mesophyll, µmol mol -1 ), Rd the dark respiration (respiration rate without light, µmol m -2 s -1 ) and Ψ e the leaf epidermis water potential (Pa).

      e i ABA D VPD C Rd A a g                 exp ] [ exp 1 0 [13]
This model uses an explanatory approach for the principal processes; the mass balance principle is included in the analysis: water uptake flux and transpiration are compared and steady-state assumption is used. All the models of stomatal aperture are empirical, as the biological regulations are too complex to be included as mechanistic laws. However the recent models are increasingly explanatory and include mainly realistic laws and parameters.

They take into account all the important factors influencing stomata and follow as much as possible a mass and energy balances principle; even if in some cases some simplified assumptions are made: for example, Tardieu and Davies, and Dewar models consider that water absorbed in the soil and transpiration are equal, which means that the plant is not growing (water accumulation is neglected). For the model of Tuzet et al., even if the version described in 2003 considers the same assumption, an implementation in the publication of 2008 describes a storage or release of water from the plant in order to describe cell turgor depending on water availability. However an overall accumulation with time during plant growth is not considered.

e) Stomatal geometry

Another way of taking into account stomatal processes together with atmosphere dynamics for gas exchange is to study the geometrical characteristics of the exchange surface. Several models consider the stomatal density and pore surface knowing its length, width and depth; in some cases the substomatal chamber and spongy mesophyll morphology are simulated in order to couple these geometrical variables to atmosphere diffusion laws (Parlange and Waggoner 1970;Laisk 1983;Jarvis and McNaughton 1986;Aalto et al. 1999;Kaiser 2009).

Each model has a different approach of stomatal pore size calculation, but a simple description like mean surface was preferred in the first models described before 1990. The latest models consider either a realistic pore shape and include the small aperture behaviour (Kaiser 2009) or a complete description of air spaces in the spongy mesophyll for simulating CO 2 concentration at each point inside the leaf in order to calculate photosynthesis rate (Aalto et al. 1999).

f) Overview

All the described models of gas exchange are listed in Table 1 and the parameters or specific laws are given. This results in a synthetic view of the existing models and the specific laws that they contain. It should be noticed that the most recent ones are generally more complete and couple several mechanisms. This approach is one of the requirements of mechanistic balanced models.

Author

Principles 1: Description of the principles and parameters included in the different models presented in the publications of the listed authors.

The codes are + for included principle; δ for boundary layer thickness, D for diffusion principle (either Fick's law or Fourier's law), v for wind velocity, λ for latent heat of vaporisation, VPD for vapour pressure deficit (or other unit for humidity parameter), Ψ for water potential, ABA for abscisic acid concentration, I for light intensity, LAI for leaf area index, CO 2 for carbon dioxide concentration, Met for the metabolic model of photosynthesis of Farquhar et al. (1980), S for stomatal exchange surface, 3D for a 3-dimensional calculation of stomata geometry.

Sap conduction: in-plant mass transfer

Two types of saps should be calculated separately: xylem (a) and phloem (b). Xylem sap provides water and mineral nutrients absorbed by the roots for accumulation in biomass, photosynthesis and transpiration in the leaves. Phloem sap conducts organic molecules to the growing and non-photosynthetic organs. These processes are not included in all the models and the descriptions are not as numerous as for gas exchange processes. Xylem sap flow is thought to be limiting only for high, woody plants like trees. Phloem sap flow is extremely difficult to measure, as the rate is low and the composition cannot be easily assessed. Phloem sap composition and flow rate are usually estimated in the models, considering biomass allocation directly without taking into account the simple molecules movement followed by transformation or polymerisation in the sink organ. One explanatory model exists for each type of sap: the cohesion-tension theory for xylem sap movement and the Münch's pressureflow hypothesis for phloem sap conduction.

a) Xylem sap flow

The cohesion-tension theory comes from the remarkably low pressure the stems can hold, without sap water evaporation in the xylem vessels (known as cavitation). In fact, if liquid water pressure is lower than atmospheric pressure, it can reach the saturating vapour pressure.

In this case, liquid water evaporates, which should cause embolism or cavitation: water vapour bubbles in the sap vessels. However, in some experimental cases it was observed that cavitation does not occur even if water is theoretically below the pressure of vacuum (which corresponds to a negative pressure). In any case, the use of a parameter corresponding to a negative pressure is contrary to the macroscopic definition of pressure. It should be stressed that it is not a real pressure, but a water chemical potential which can be expressed in Pascal for convenience and does not correspond to a strict definition of pressure. This state of liquid water in an apparently negative static pressure is called metastable (Cochard 2006), several facts can explain this. For example, the porous and hydrophilic properties of the sap vessels walls are of importance (Woodhouse 1933). Moreover, the weak bonds between water molecules are not challenged by important shear stresses, due to the small transport rate and vessel diameter: the Reynolds number, which characterises the flow turbulence, is in the range 0.01 to 0.1 (Ellerby and Ennos 1998), which corresponds to a strictly laminar flow. Then it is largely influenced by the contact with the vessel surface and has a large resistance to molecular diffusion. Another possibility is that water at such a low pressure is constantly evaporating at the molecular scale. However, the bubble formation requires an activation energy which is reached only in certain shear stress, contact surface and pressure conditions: for example, the Young-Laplace equation 14 below applied inside the xylem would have a radius a of some nanometres, which means that the equivalent pressure required for producing a bubble in a homogenous liquid is largely negative. This equation describes Ψ s the surface potential (Pa) knowing the surface tension γ (N.m -1 ) and the air bubble radius a (m).

a s  2    [14]
The different principles which control water flow from the soil to the atmosphere, through the plant, are shown in Figure 3.

In the soil, the water potential depends on soil water, solute and air content: the osmotic potential tends to retain water in the soil if the solute concentration is high. When the soil dries, the water is replaced by air bubbles, which are filling first the larges cavities, making large bubbles, and then the smallest cavities. Equations 14 and 15 permit the calculation of Ψ s as well as Ψ o , the osmotic potential (Pa), from the gas constant R (J.mol -1 .K -1 ), the temperature T (K), the molar volume V (m 3 .mol -1 ) and the water activity a w . This parameter depends on the concentration of the solutes and is comprised between 0 (no water) and 1 (pure water). Therefore Ψ o is negative, as water tends to move to the place of concentrated solutes.

w o a V RT ln   [15]
Inside the root and leaf cells, the water potential depends on two main factors: the osmotic potential calculated in equation 15, and the pressure potential of water against the cell walls.

The cell cytoplasm contains a large concentration of solutes (salts, metabolites, enzymes etc) then the osmotic potential is highly negative. It is balanced by the turgor pressure Ψ t which can attain several bars.

Inside the xylem, the water pressure depends on the height and pressure drop linked to the friction with the vessel surface. These two components are expressed in equations 16.a and 16.b respectively, with ρ the sap density (kg m -3 ), g the gravity (m 2 s -1 ), Δh the height increase between root and leaf (m), ΔL and d the length and diameter of the sap vessel respectively (m), f the friction factor (dimensionless) which depends on the surface properties and fluid turbulence (dimensionless) and v the sap velocity. The Darcy-Weisbach equation 16.b is widely used in chemical engineering.

h g h        [16.a] 2 v 2        f d L f [16.b]
In the leaf air spaces (superscript leaf), the water vapour pressure P H2O is proportional to the cell water activity a w and saturating vapour pressure at the leaf temperature P 0 (T) as shown in equation 17. In the atmosphere (superscript atm), the relative humidity RH (%) drives the actual vapour pressure as follows in equation 18. ). The resistance can be replaced by the xylem conductivity K x (kg.m -1 .s -1 .Pa -1 which corresponds to s -1 ) and A.J corresponds to the sap flow rate (kg.s -1 ). Ohm's law is equivalent to the Fick diffusion principle: if the sap flow has to be calculated, equation 19.c corresponds to equation 8 described in the preceding part, with a pressure gradient instead of a concentration gradient and a conductivity parameter instead of a diffusion coefficient.

I r n U e n    [19.a] J A K L J A L r x x p         [19.b] L K J A p x    [19.c] b) Phloem sap flow
For phloem sap, contrary to xylem the conduction is not a passive flow driven solely by physical forces. As this sap conducts organic solutes from leaves to growing and nonphotosynthetic organs, the osmotic pressure is high at the source (in the leaves) and low at the sink (in the absorbing organs). The solute excretion or absorption in phloem vessels is active, and drives water movement passively following the osmotic potential gradient: water is loaded in phloem vessels at the source and unloaded at the sink, creating a pressure potential which is the driving force for long-distance phloem sap flow. Even if osmotic potential is against the movement of phloem sap flow, it does not act for long-distance transport between source and sink, only locally between cells and vessel elements. The Münch pressure-flow hypothesis is usually expressed using Stefan-Maxwell equation applied for a continuous tube made of a semi-permeable membrane (Christy and Ferrier 1973), as expressed in equations 20. The phloem vessel loading or unloading (radial) flux J r (m 3 m -2 s -1 ) is calculated in equation 20.a knowing the membrane conductivity Λ (m 3 m -2 s -1 Pa -1 ), the hydrostatic pressure and osmotic potential gradients ΔΨ p and ΔΨ o (Pa) respectively and σ the reflection coefficient (dimensionless). The longitudinal sap flux J l from source to sink organ depends only on the hydrostatic pressure difference, because osmotic potential has an effect only at a local scale for water loading or unloading. It can be calculated for a series of sieve elements i as following in equation 20.b.

) ( o p        r J [20.a] ) ( 1 i p, i p, ,       i l J [20.b]
In other cases, phloem sap flow is modelled using Navier-Stokes equations which describe the movement of viscous fluids (Henton et al. 2002). It is given in equation 21.a in radial coordinates with x the distance from sap vessel centre and z the path distance, considering that the sap flux rate does not vary along the path. ρ is the fluid density (kg m -3 ), v the velocity (m s -1 ), R the perfect gas constant (8.314 J mol -1 K -1 ), T the temperature (K), M s and Φ s the molar mass (kg mol -1 ) and concentration (kg m -3 ) of the solute s respectively, μ the sap dynamic viscosity (Pa s) and g z the gravity vector (m s -2 ). The sum of terms containing the concentrations corresponds to the calculation of osmotic potential. Equation 21.b gives the concentration variation with time, using Fick's diffusion law.
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Considering xylem and phloem flows separately is a first approximation, but is not sufficient to describe accurately sap transport phenomenon in all environmental conditions: in fact, xylem-phloem water exchanges are of importance in the case of cavitation: rapid xylem refilling may be due to active phloem mechanisms (Hölttä et al. 2006). Water movement from xylem to phloem depends on osmotic potential difference (Lacointe and Minchin 2008) and helps organic solute movement by increasing the pressure gradient between source and sink organ.

For both xylem and phloem models, if the resistance is only due to vessel surface friction then 

a J        8 π 4 [22]
The existing models of sap flow are mainly based on mass and energy balances, even if sometimes they are not correlated with all the related mass fluxes like water accumulation in biomass or growth rate in non-photosynthetic organs.

Root absorption: soil-plant mass transfer

The solute availability depends on the concentration at the root surface and the physical properties of the root environment: soil specificities, hydroponics with or without substrate, aeroponics. The absorption depends on root morphology, surface properties, internal diffusion and physiological mechanism of active uptake. Root uptake of water and minerals is simulated by two main models: one based on Fick generalized equation or Stefan-Maxwell equation for semi-permeable membranes, which is known as Dalton model; and the other based on Richards equation.

Dalton equations (Fiscus and Kramer 1975;Hopmans and Bristow 2002) calculate separately J w and J s , the fluxes of water and nutrients (m 3 m -2 s -1 and mol m -2 s -1 respectively), as described in equations 23. The calculation depends on Λ the root hydraulic conductance (m 3 m -2 s -1 Pa -1 ), ΔΨ m and ΔΨ o the matrix and osmotic pressure gradients (Pa), σ the reflection coefficient (dimensionless), κ the permeability coefficient of the root surface (mol m -2 s -1 Pa -1 ), Ф the nutrient concentration (mol m -3 ) and J * the active uptake flux.

* o o m ) 1 ( ) ( J J J J w s w                  [23]
These equations account for apoplastic and symplastic transport ways (i.e. outside and inside the cell cytoplasm), because the matrix potential depends on the physical resistance to water flow, which is higher in the cell walls of the apoplastic way, and osmotic potential is the primary driving force for water transport inside the cell for the symplastic way. For nutrients, the osmotic potential difference between root environment and root cell or apoplast is fundamental for enhancing or reducing the transfer. The convection due to water movement is included, as well as active uptake which depends on energy expense in the form of ATP.

The active uptake rate is calculated using Michaelis-Menten expression, written in equation 24. J * max is the maximum rate of active uptake, K m the Michaelis constant (mol m -3 ) and Ф min the minimum concentration under which the uptake rate is null.

) ( ) ( min min * max *         m K J J [24]
The resulting flow of water and nutrient can be calculated by integrating the previous fluxes through the total root exchange surface.

Richards's equation is widely used for modelling water and nutrient flow in the soil (Hsu et al. 2002), but has been adapted for root water and nutrient uptake by Nye, Tinker and Barber (Roose 2000). It calculates the concentration gradient evolution as a function of time, depending on the distance from root centre. This is calculated, at the root surface, from the pressure difference between the root cells and the xylem vessels following Darcy's equation; outside the root it is a matter of soil water content and water availability. These driving parameters are assimilated to a Fick's diffusion law. The model is presented in the following equation 25 using radial coordinates centred on the root xylem vessels, with θ the fraction of liquid in the soil, b the soil buffer power (dimensionless), Ф the concentration of each nutrient in the liquid phase (mol m -3 ), D the diffusion coefficient in the boundary layer at the root surface (m 2 s -1 ), a the root radius, x the distance from root centre (a < x < ∞, m) and v the Darcy's flux of water at the root surface (m 3 m -2 s -1 ).
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The term av/x represents the flux of water depending on the distance from the xylem vessels which are in the root centre. The Darcy's law written in the following equation 26 takes into account κ the permeability of the root tissues (dimensionless), A the surface of water flux (m 2 ), ΔP the pressure variation from input to output (Pa), µ the dynamic viscosity (Pa s) and a the path length (m), which is the root radius. In the case of root, A is the surface of the root of length L (2πaL).

a A κ       P v [26]
The boundary conditions of the Richards equation have to be expressed for long-distance and at the root surface: Away from the root, the concentration can be considered as equal to the bulk concentration Φ 0 : Φ  Φ 0 for x  ∞ At the root surface (x = a), the active uptake uses Michaelis-Menten law in equation 27.
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These two models are based on correct mass balanced principles, even if some parameters have to be assessed experimentally for each type of soil and plant species.

All the models of plant processes described above permit the calculation of plant matter and energy exchange with the environment and between different organs, using the parameters of plant architecture and development (leaf and root surface, sap vessels length and radius, etc.).

This still has to be coupled with the plant metabolism determinism that may also be a source of rate controlling processes of the growth and of overall behaviour of the higher plants.

Biochemical processes

Including physiological mechanisms in plant growth modelling

Plant architectural and developmental regulations depending on the environmental conditions are based on physiological processes at the cell scale: multiplication, maturation, sensing and signalling mechanisms, which are controlled by gene expression regulations and genetic properties of each species and cultivar. The matter and energy exchanged with the environment or between different organs are transformed inside the cells through the metabolic network, which is controlled by the expression and activity of thousands of enzymes and regulators. These mechanisms are still partly unknown, and only a few of the known processes are included in explanatory models. The existing models usually simplify the physiological processes to a few limiting or important parameters: abscisic acid production in the roots for stomatal response in the case of water shortage (Tardieu and Davies 1993), an autoregulation signalling system for nodulation in roots (Han et al. 2011), grape vine quality for wine production (Dai et al. 2010) or experimental parameter fitting for including genetic traits of different cultivars (Snape 2001;Hammer et al. 2004;Bertin et al. 2010).

In the case of metabolism, the knowledge is more advanced and several modelling approaches exist. The reference metabolic model for plants was proposed by Farquhar in 1980. It is a simplification of the photosynthesis metabolic pathway in a few stoichiometries (light-driven electron transport, dark reactions and photorespiration) which are all interdependent. Two cases have to be simulated for carbon assimilation: limitation by light availability, described in equation 28.a, and limitation by CO 2 availability expressed in equation 28.b. In these equations, A represents the carbon assimilation rate (mol m -2 s -1 ) with subscripts q and c for light-limited and carbon-limited case, respectively; J e is the electron flux (mol m -2 s -1 ) from light reactions which is proportional to the intercepted light flux. Φ c is the internal CO 2 molar fraction (mol mol -1 ) and Γ the CO 2 compensation point (mol mol -1 ) which corresponds to the fraction at which A is null. V max is the maximum carboxylation rate (mol m -2 s -1 ), Φ o the internal oxygen concentration and K is the Michaelis constant (mol mol -1 ) of carboxylation
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This approach is still widely used in integrated models coupling photosynthesis, gas exchange and transpiration, as already stressed in Table 1, part 2.2.2.

Another approach describing all the enzymes of the photosynthesis pathway has been proposed by Laisk and Edwards (2000) for C4 plants and [START_REF] Zhu | Optimizing the Distribution of Resources between Enzymes of Carbon Metabolism Can Dramatically Increase Photosynthetic Rate: A Numerical Simulation Using an Evolutionary Algorithm[END_REF]Chen et al. 2008) for C3 plants in order to assess the importance of enzymes and metabolites concentration. These models include each enzyme's Michaelis-Menten constants (maximum rate and affinity, eventually regulations) and concentration, as well as the transient concentrations of each of the metabolites depending on the environmental CO 2 and O 2 content and incident light intensity. For the model of Zhu and Long, the nitrogen allocation to each enzyme is modified by an iterative method in order to assess the optimal nitrogen repartition.

Maximum rates of photosynthesis depending on light and CO 2 availability (as for Farquhar model) are calculated and the results of an optimal nitrogen repartition should permit a saturating photosynthesis rate increased by a factor of 1.6. However, it should be stressed that in vitro enzyme kinetics may be extensively different to the real in vivo kinetics, and that in vivo enzyme concentrations may already be regulated to their optimal level depending on the local environment. This approach can be useful for studying the effect of local light intensity, temperature, CO 2 and O 2 concentrations on the metabolite concentration and photosynthesis rate fluctuations because the enzymes may have the same general in vivo behaviour even if the kinetics constants are different than the in vitro measurements.

Other modelling tools for metabolism can be used, following a simple steady-state approach and resolution of large sets of linear equations: this is the metabolic flux analysis method (Lange 2006). All the reactions taking place in a cell or an organism can be written as a set of stoichiometric equations. This defines a matrix of the stoichiometric coefficients with the reactions in columns and the components in rows, with a minus sign for substrates and a plus sign for products. The metabolites are separated as exchangeables and non-exchangeables: the first cross the membranes and are exchanged between different organs via sap flow or with the environment via gas exchange and root uptake (e.g. water, nutrients, sucrose, amino acids, CO 2 , O 2 etc). The non-exchangeables are the intermediary metabolites (e.g. phosphorylated sugars or volatile fatty acids), which essentially stay inside the cell or organ: the steady-state assumption calculates only large-scale exchanges and does not consider the intracellular concentration variations. This system of stoichiometric equations leads to the calculation of the relative rate of each reaction knowing the exchanged and accumulated components (Rontein et al. 2002). In the case of plants, the inputs for the metabolism are only water, nutrients and CO 2 ; the main output is oxygen and the accumulation is the constituents of the biomass. Then, if the evolution of biomass composition depending on environment and development is known and the exchange fluxes are measured, all the reactions taking place in a plant can be modelled using metabolic flux analysis (MFA) method. Even if it simulates reaction rates without taking into account the enzyme kinetics, substrate and product content or regulation processes, it follows the experimental exchange rates which can be measured accurately. Moreover, some constraints are applied on the system in order to take into account kinetics or regulatory properties of the metabolic network. Simulating the metabolism gives a mechanistic link between the physical constraints of matter and energy exchange, and biomass growth rate and composition. The physical and physiological processes have been linked in structured models for calculating photosynthetic microorganism Arthrospira (Spirulina) platensis growth (see Cornet et al. 1998 for an accent on physical description and Cogne et al. 2003 for a detailed metabolic modelling). Plant metabolism is starting to be modelled with this method (Poolman et al. 2003;Beurton-Aimar et al. 2011); however the link between physiological and physical processes must be extensively described.

Additionally, the complete metabolism with simultaneous photosynthesis and respiration energetic pathways, coupled with biomass components synthesis, has not been found in the literature. The two main components of energy production and consumption can be described and simulated using MFA (Sasidharan et al. 2010).

Energy production: mechanistic analysis of photosynthesis and respiration

The energy production is performed by the well-known pathways of the central metabolic network: light reactions, Calvin cycle, glycolysis, tricarboxylic acid (TCA) cycle, and the reactions of respiratory oxidative phosphorylation. These pathways produce the energetic molecule adenosine triphosphate (ATP), and reduce the cofactors nicotinamide adenine dinucleotide with and without phosphate (NADPH and NADH) and flavin adenine dinucleotide (FADH 2 ), consuming photons or sugars. They produce all the energy of the plant. The thermodynamical analysis of the energetic pathways is the basis of metabolism simulation, because energy production is one of the main requirements for life.

The light reactions permit the conversion of photons into an electron flow in the thylakoid membrane inside the chloroplasts (Lambers et al. 1998). This electron flow reduces NADP molecules into NADPH and creates a pH gradient of protons between the two sides of the membrane, which is used for ATP synthesis. NADPH and ATP are used by the enzymes of Calvin cycle in order to produce 3 to 6-carbon carbohydrates which are either directly exported in phloem sap to the growing and non-photosynthetic organs, or stored in the form of starch in the chloroplast: light energy is stored in the form of sugars and carbohydrates for subsequent transformation or degradation.

Glycolysis and tricarboxylic acid cycle are the sugar degradation pathways. The oxidation of sugars is linked to the production of ATP and reduced cofactors NADH and FADH 2 , which are subsequently consumed by anabolic pathways. The excess of reduced cofactors is oxidised in the oxidative phosphorylation pathway (respiration), the electron flow is used, as for photosynthesis, to create a pH gradient between the two sides of the mitochondrion's inner membrane in order to synthesise ATP.

All these pathways follow mass and energy balances approach, as matter flows through the metabolic network without accumulation or creation; and the irreversible reactions are fixed, knowing the enthalpy and entropy constants.

Energy consumption: stoichiometric analysis of biomass synthesis

The energy consumption pathways permit the synthesis of simple organic molecules (e.g.

sugars, amino acids, fatty acids…) and their subsequent accumulation in biomass as large polymerised molecules (e.g. carbohydrates, proteins, triglycerides). Anabolism permits the synthesis of all the biomass components, including pigments, vitamins, hormones and other secondary metabolites. The major difficulty of the biomass synthesis pathways is the high number of reactions with some of them unknown. Also, the biomass composition may vary depending on the developmental stage and the environmental conditions, in each organ: it is not possible to assess the exact composition in terms of each carbohydrate, protein or lipid. It is necessary to know the mean value for the proportion of each sugar or amino acid in biomass and write an experimentally assessed stoichiometric reaction in order to convert these individual molecules into overall biomass, as it is already done for microorganisms (Cogne et al. 2003). However, this technique permits the mechanistic calculation of biomass production rates following a strict mass and energy balances approach.

3 Towards a global model of plant growth

Structure of the existing global models

The existing global models can be separated as process-based and functional-structural. The first were built in the objective of crop growth prediction and control, while the second ones were primarily invented with the aim at simulating and understanding plant growth by including its geometrical shape. The mechanistic and balanced approach is differently included for each model; the main principles they contain are described below.

Process-based models: plant response and harvest yield prediction

In order to be able to compare the process-based models with the models of each process, they are described following the different kinds of processes: general (architectural and developmental), physical (light interception, gas exchange, sap conduction and root absorption) and biochemical (biomass production, composition and partitioning). The main models included in this study are CERES, CROPGRO, ORYZA, Sirius and STICS; however it is known that the same type of laws is applied to other models like SUCROS, LINTUL or WOFOST (Bouman et al. 1996, Priesack andGayler 2009). A global synthesis of the functions is given in Table 2.

The general processes of development and architecture are separated into different functions.

Development, as described in part 2.1.1, is usually simulated in thermal time unit (TT).

However, in certain cases the response to low and high temperature is included: growth and development increase linearly only in a certain range of temperature; above the optimal temperature growth rate decreases and development can be either delayed or accelerated due to heat stress. The models which include the high temperature response use generally the physiological time (PT) instead of TT. In terms of architecture, it is not included in the detailed way cited in part 2.1.2 using L-systems, only few architectural parameters like leaf area index are simulated. The architectural mass balance is considered in the case of CROPGRO (Boote et al. 1998) and ORYZA (Bouman and van Laar 2006) models which use a parameter called specific leaf area in order to link leaf surface and leaf mass. The other models empirically connect growth, development and architecture.

Models

Processes CERES (Gabrielle 1998) CROPGRO (Boote 1998) ORYZA (Bouman 2006) Sirius (Jamieson 1998 Concerning the physical processes described in part 2.2, light interception, transpiration and root absorption are included in a detailed way for most of the models, contrary to carbon exchange and sap conduction which are generally not considered. Light is simulated using either complex relations like multilayer or two-leaf laws (eq. 3 & 4 in part 2.2.1) for ORYZA and CROPGRO, or a global Beer-Lambert law (eq. 2) in the other models. The light is considered as the primary source of growth, which is correct in terms of energy and description of metabolic mechanisms linking Calvin cycle and light energy conversion.

However in most of the models a gross factor called radiation use efficiency (RUE)

converting energy in mass is used instead of considering carbon exchange due to the available light. For root uptake, in the models CERES (Gabrielle et al. 1998), CROPGRO and STICS (Brisson et al. 2008), the soil is simulated using complex relationships for the mechanical properties, nutrient dynamics and water movement. Root uptake of water and nitrogen is calculated in a detailed way in each soil layer. The root and soil compartments follow the mass balance principle, and energy balance for soil water evaporation. The evaporation is considered at the canopy level for transpiration using the energy balance approach of Priestley-Taylor (eq. 7 in part 2.2.2) or Penman-Monteith (eq. 6). However water accumulation inside the plant is not considered, even if it represents 70 to 95% of fresh plant mass before senescence. The response to water and nitrogen shortage is usually included as factors corresponding to the ratio between the sink and source functions, or demand and real concentrations, which is a mass balanced approach. Nevertheless they are used to regulate processes which are not directly linked to water and nitrogen content, for example the leaf area index in Sirius model (Jamieson et al. 1998).

Biomass grows at a specific rate and composition depending on the matter and energy exchange rate; however the link between physical and biochemical processes is included following a mechanistic principle only in CROPGRO model (Boote et al. 1998). The photosynthesis module is based on Farquhar metabolic model (Farquhar et al. 1980), in which light energy and CO 2 permit the production of carbohydrates. They are transported to the different organs and then transformed into the biomass components (cellulose, lipids, proteins) depending on the conversion efficiency. The nitrogen concentration is taken into account with the protein content which can be varied depending on the relative carbon and nitrogen availability. The other models consider the simple parameter of radiation use efficiency and nitrogen concentration in total dry biomass, without the composition: in this case, the matter exchange with the environment is not considered despite the important carbon content, which is around 40% of the dry matter. The biomass is partitioned following a specific percentage allocated to each organ, or to a fixed amount in the grains or seeds. These vary with the developmental stage; for example the models of cereal growth consider biomass and nitrogen remobilisation from the vegetative organs to the grains. Sirius model, in its version adapted for wheat grain quality (Martre et al. 2003), includes a separation of structural and storage proteins. The nitrogen demand of each organ corresponds to the minimum structural amount which is necessary for the leaf photosynthetic activity and grain future germination function. The rest is stored in the stems, leaves and transported to the grains in another form of proteins, which have different food processing properties.

This short overview of existing models gives a representative image of the general approach of the process-based models of crop plant growth. The primary aim was to use knowledgebased and balanced laws; however many empirical principles and simplifications had to be used in order to provide operational results in a short computational time at the moment of their development. They are not applicable for life support systems control due to the empirical content and the incomplete carbon and water mass balances. However, the aim of providing decision support as described by Jones et al. (2003), and the knowledge of plant response to environmental stress are of primary importance in the case of life support systems.

Functional-structural models: plant shape and behaviour prediction

The process-based models were limited in their implementation due to the empirical relationship between development and architecture, and the global description of plant shape.

The parallel development of geometrical plant models permits the emergence of functionalstructural models, which couple plant processes and an accurate spatial representation. They are actively implemented in order to take into account the environmental response, which is a complex parameterisation task. The main models described in the following Table 3 are ADEL, GREENLAB and L-PEACH.

Models

Processes ADEL (Fournier 1998(Fournier & 1999;;Maddonni 2002;Evers 2005;Bertheloot 2008) GREENLAB [START_REF] Yan | A Dynamic, Architectural Plant Model Simulating Resource-dependent Growth[END_REF]Cournède 2006Cournède & 2008;;Lemaire 2008) L-PEACH (Allen 2005) 

Development

Architecture

L-systems for each organ, its shape and size. Roots included as a single organ L-systems for each organ, its shape and size. Roots included as a single organ L-systems for each organ, its shape and size. Roots included with simplified architecture

Light

Not included or light scattering simulation at the leaf level (eq. 5) with constant RUE and morphogenetic response Beer's law (eq. 2) using the ratio of total leaf surface and soil surface with constant RUE Light scattering at a local scale with quasi-Monte-Carlo method (eq. 5) with constant RUE

Gas exchange In these models, the general processes of architecture and development are coupled in the architectural description of plant growth, and the dynamics of organ production and maturation depend on biomass availability in L-PEACH (Allen et al. 2005) or thermal time for GREENLAB model (Cournède et al. 2006), coupled with photoperiod in ADEL model (Evers et al. 2005).

The physical processes include generally an accurate simulation of light interception using light scattering equations at the local scale, for example in L-PEACH and ADEL (Fournier and Andrieu 1999). Transpiration is simulated following light energy availability in L-PEACH and GREENLAB models and compared to water uptake which is calculated using a parameter of soil water availability without a detailed description of root architecture or soil properties. In these models, water accumulation in biomass is included [START_REF] Yan | A Dynamic, Architectural Plant Model Simulating Resource-dependent Growth[END_REF] considering a fixed proportion between uptake and transpiration: water balance is respected.

Nitrogen uptake is generally not included; it is described as a global uptake pool in ADEL model implementation for nitrogen dynamics (Bertheloot et al. 2008). Carbon exchange is not modelled; and phloem sap flow resistance is simulated only in L-PEACH model while the others consider a simple source-sink relationship. The physical stresses are implemented gradually with the mechanisms of plant response in terms of growth rate and architectural adaptation, like photomorphogenesis in ADEL (Fournier andAndrieu 1999, Maddonni et al. 2002), light competition in neighbour tree crowns in GREENLAB (Cournède et al. 2008), nitrogen repartition and remobilisation in ADEL (Bertheloot et al. 2008) and water shortage in L-PEACH (Allen et al. 2005).

The physiological processes of biomass synthesis, composition and allocation do not relate mechanistically the light energy with biomass synthesis and composition: the simple radiation use efficiency parameter is used. GREENLAB [START_REF] Yan | A Dynamic, Architectural Plant Model Simulating Resource-dependent Growth[END_REF]) and L-PEACH (Allen et al. 2005) models simulate carbohydrate partitioning from source to sink organs, and a recent implementation of ADEL model includes nitrogen repartition separating the structural and photosynthetic portions in the leaves (Bertheloot et al. 2008). However the plant composition is not detailed and the metabolic link between light energy input and carbon uptake in biomass is not considered. Biomass is allocated to each organ, controlling its size in GREENLAB and L-PEACH models, which means that mass balance is considered inside the plant.

The physical and physiological processes are implemented actively in functional-structural plant models (Vos et al. 2010). Even if they are still less predictive in natural environments at the field scale than process-based models, they are used gradually for agricultural purposes.

The accurate description of plant architecture offers extensive possibilities for coupling with physical mechanisms like light interception, atmosphere dynamics, root uptake or sap flow (Lacointe and Minchin 2008). However they require an extensive parameterisation for each species and cultivar architecture, but also for each process in order to take into account the local environmental and physiological parameters (Bertheloot et al. 2008), which may induce extremely complex algorithms. This complexity has led to physical and physiological simplifications (de Reffye et al. 2008). Currently, the correlation between the architectural development and plant behaviour depending on the environment is not fully balanced, taking into account the available matter and energy for photosynthesis: carbon input is not considered mechanistically. However the water and biomass allocation balances are considered.

The functional-structural models are not currently applicable in the case of closed environments. Due to the complexity of the architectural description and the high number of measurements needed for parameterisation, a fully mechanistic model described at a local scale might not be applicable. However, it may be possible to use a basic morphological model, and to couple it with simple, mechanistic laws of matter and energy exchange which depend on geometrical parameters estimated by an architectural model of plant growth and development. Then, the available matter and energy could be related by the metabolic and thermal constraints for biomass production and water evaporation.

The existing global models, namely process-based and functional-structural, have both the aim of predicting plant growth and response to the environment. Even if they are not based on mass and energy balances for all the processes, they provide realistic and operational results.

However they are usually oriented towards a specific mechanism, which is detailed using a complex algorithm; it is balanced by simplifications of other plant functions which might have an impact on the accurately described processes. Then they may not be able to simulate the plant behaviour if the conditions are out of the range of the parameters fitting conditions.

In the case of life support systems the aim is to extrapolate and control the plant behaviour in a wide range of environmental conditions. Then, a new model structure must be designed in order to use only mechanistic laws following the mass and energy balances principle, and the same level of accuracy for each mechanism.

Model design for life support system control

Required approach for a mechanistic balanced model

The aim of extraterrestrial environment is constraining the model to a complete, mechanistic description of higher plant growth: as plants may experience uncommon parameters like gravity or cosmic radiation, each main process should be included. Moreover, the life support system function does not permit a full control of the environment, for example water, CO 2 , nutrients or energy (light and temperature control) might not be available in the usual amount found on Earth due to the overall loop constraints. This leads to a need of wide-range validity of the equations used in the model. These constraints naturally lead towards a knowledgebased model including all the main plant processes.

This model can be built by integrating the basic mechanisms of mass and energy transfer phenomena at the physical and biochemical levels; it must include a simple description of plant architecture, morphology and development. These mechanisms should be implemented gradually taking into account the processes interactions for plant response to the environment.

The global scheme of the model is described in Figure 4.

Figure 4: Aimed model scheme for a simple and mechanistic simulation of plant growth.

Blue box: general processes of architecture and development at the plant scale; yellow box: physical processes of matter and energy exchange at the organ scale; red box: physiological process of metabolism at the cellular/molecular scale; green boxes: environmental parameters

The general processes (blue box) control the overall plant morphology and behaviour. Higher plant shape and environmental parameters (green boxes) influence the physical processes (yellow box) of matter and energy exchanges, which are modelled using the physical laws as described in part 2.2. Light energy, water and carbon availability activate the biochemical processes (red box) thanks to photosynthesis. Photosynthates are allocated to each organ depending on the sap flow resistance and architectural control of organ sinks. The available nutrients are consumed to produce biomass components depending on the developmental laws, which regulate the organ composition. The new organ shape and functions are simulated using an L-system approach.

Model structure: process integration

Compared to other simpler living organisms like microorganisms, plants have a complex structure, which enhances the number of processes, but also constrains the overall system. Each process has a direct connection with the others. Therefore it is determined by the environment, the interaction with the other processes and the specific structure of the plant and/or the cultivar. For example, the architecture defines leaf surface and repartition for light interception, each light ray being simulated knowing leaf size, position and scattering properties. These relationships are further defined in Figure 5, listing the main processes and connections. The parallel between plant functions and model structure is highlighted by this scheme, which replaces each mechanism in the plant global geometry. The process level is defined by the same colour code as in Figure 4: blue for the plant or population scale, yellow for the organ scale and red for the molecular scale, with green for the environment.

The plant and the model can be described as a cascade of events which naturally control the plant growth dynamics. The environmental conditions and plant morphological parameters control the physical processes of light interception, gas exchange, sap conduction and root uptake. Transpiration is balanced by the relative rates of root water uptake, xylem sap transport as well as the stomatal aperture and available thermal energy for evaporation.

Photosynthesis requires energy and matter: light and water control the electron transport, ATP and NADPH regeneration rates, while the organic molecules are synthesized consuming Green boxes: environmental processes; blue box: general processes; yellow boxes: physical processes; red boxes: physiological processes.

This structure does not imply a complex model, if the underlying laws are based on the basic equations. For example, the first approach could be built with a simplified, deterministic Lsystem for architecture and development simulation, the basic Beer-Lambert law (eq. 2, part 

Conclusion

Studying plant growth mechanisms and the associated models highlights its complexity and the intricate behaviour between the three levels of processes: general processes controlling the morphology and development; physical rate-limiting processes like light interception, water circulation, heat transfer and nutrients movement; and biochemical determinism such as biomass composition and chemical energy conversion processes. The architecture, morphology and development are general processes regulated at the plant and population scale depending on the environmental conditions. They control, at the organ level, the physical processes of matter and energy exchange, namely light interception, gas exchange, sap conduction and root absorption. These fluxes of matter and energy are interconnected with the biochemical process of metabolism. Photosynthesis, respiration and biomass production rates act at the molecular level, defining new organ mass and composition. The existing models for each of these processes are described, which leads to study the structure of the current global models of plant growth.

The two main types of models adapted for crop modelling are called process-based and functional-structural models. The first ones aim at predicting harvest yield depending on the climatic conditions and providing decision support for an efficient agricultural production.

The seconds are based on the geometrical description of plant architecture; this permits an accurate description of the physical processes which are gradually implemented. Each of the existing models simulates some processes in a detailed, mechanistic way and following the mass or energy balance approach. However none of them includes all the processes in the same accurate way, which leads to use empirical simplifications to relate different processes or to convert matter and energy without taking into account the underlying conservation principles. Then they cannot be easily adapted to life support system control, and a new model design is required.

This model would simulate plant architecture and morphological parameters, enabling the calculation of the physical processes of matter and energy exchanges. The available matter and energy are transformed in the metabolic model which predicts each organ growth, taking into account the developmental stage which defines the organ behaviour and composition.

The growth is incremented in the architectural module, which modifies the geometrical parameters for the next calculation step.

This structure would be particularly adapted to the prediction and control of a closed chamber for life support applications, due to the strict mass balance approach. However the mechanistic description of each process would provide a versatile model for realistic predictions in a wide range of climates and agricultural practices. 

Main conclusions

This study shows that higher plant modelling is an active area of science, involving many different aims and approaches. Each plant process is studied separately at three main scales: entire plant, each organ and molecular level. The global plant behaviour is also predicted by structured models taking into account different processes.

At the level of each plant process, the main areas of study can be separated in three types of approaches. The general processes, at the entire plant scale, describe the developmental behaviour and architectural modifications with growth; they can be modelled only by empirical relationships if they are not linked to a limitation coming from a lower level process, but to an active and complex physiological regulation. These empirical laws are based upon the real plant behaviour and its response to identified environmental stimuli. At the organ scale, the physical processes describe the mass and energy transfer and the related limitations on the overall plant growth. These physical processes rely on known mechanisms linked to matter and energy diffusion and transformation; then efficient mechanistic models exist and can be compared by bioprocess engineering simulation methods. The plant processes described by this type of models include light interception, gas exchange, sap conduction and root absorption. The molecular scale describes the biochemical processes of matter transformation in the cells, through the metabolic network. Based on the mass-balance and steady-state assumptions inside a cell, it is possible to predict all the reaction rates including biomass production, knowing the rates of input and output from the physical processes modelling.

Structured models simulating the global plant behaviour already exist; they are separated in two main types: process-based models and functional-structural models. The current development of both kinds of models includes some of the described processes, especially at the plant and organ scale. The main advantages of process-based models are the accuracy of the prediction of plant response to the variable natural environment; and the aim of providing a decision support system for obtaining the best harvest yield: both points are of major interest in the case of controlled greenhouses. The interest of the functional structural models is the accurate description of plant architecture and morphology, giving the basis for mechanistic physical laws taking into account exchange surfaces, transport path lengths and simulating the local environmental conditions within a complex canopy or root system. Nevertheless these models are adapted to growth in natural environments with a limited quantity of measurements. In the case of controlled environment, they may not predict with enough accuracy the matter exchange processes due to many simplifications in terms of matter and energy balances as well as plant functioning: the aim of predicting large-scale cultures or long-term growth is not adapted for life support systems.

The conclusion of this state of the art in terms of higher plant modelling is that it is necessary to build a new model of plant growth adapted to controlled environments. Its structure should include all the main processes, at the different scales of description: entire plant for the general processes, one organ for the physical processes, and the cellular/molecular scale for the biochemical processes. In the first approach, each scale and process should be included, using simplified laws. The mass and energy balances approach must be respected in each function and the overall structure. This first approach and the preliminary results are detailed in the following chapter.

Main outcomes of Chapter 1

 Life support systems applications require mass and energy balances.

 Higher plant modelling is an active area of science and many approaches exist, generally oriented towards the prediction of field cultures behaviour.

 The models of plant processes can be separated in three levels: general at the entire plant scale, physical at the organ scale and biochemical at the molecular scale.

 The general processes describe the plant shape and behaviour: architectural and developmental laws.

 The physical processes describe the matter and energy exchange (input and output terms of the mass balance): light interception, gas exchange, sap conduction and root absorption.

 The biochemical processes describe the active mechanisms: metabolism (the reaction term of the mass balance), osmotic regulations, active transports, hormonal signalling.

 The existing global models contain some of these processes, but some empirical laws or simplifications are used and they do not consider entirely the mass balance.

 A new structure containing all the scales is proposed, based on the plant processes. Paris; and the approach, results and analysis are described in part 2.5. The experimental and mathematical analyses of the model provide a guide for future experimental implementations: they are described in chapter three, which provides a roadmap of the experimental design for higher plant modelling implementation in MELiSSA project.

Experimental design and available data

Even if the model structure and general equations can be chosen from the literature knowing the general trends and expected behaviour, it is not possible to parameterise neither validate a model without experimental data. In this objective, the available data are detailed and analysed in this section. The experimental design is described in order to understand the source of the data; it is then analysed for mass balance assessment. Then the growth dynamics is studied using data processing in order to calculate the carbon and water exchange rates.

Finally the general trend that should be followed by the model, and the data used for calibration are selected.

Experimental design

Environmental conditions

The available data used for parameterisation were provided by University of Guelph Controlled Environment Systems Research Facility (CESRF) laboratory, it concerns lettuce grown in June 2004 in a closed chamber. The seeds were first germinated in Rockwool ® cubes and cultivated during two weeks before introduction in chamber. Then they were grown for five weeks in constant conditions of 25°C during day and 20°C during night with a photoperiod of 14 hours light a day. The relative humidity (RH) was controlled at 70% and CO 2 content was 1000 ppm. The plant roots were grown in troughs of hydroponics system defined as nutrient film technique (NFT). The nutrient solution composition is based on the reference half-strength Hoagland's solution [START_REF] Kane | Nutrient Solution and Solution pH Influences on Onion Growth and Mineral Content[END_REF]).

Closed chamber structure

The chamber is 4.5 metres long for 2.8 metres width and contains 120 lettuces of the same age (batch culture), grown in a total surface of 5 m². The atmosphere is totally isolated from the external environment, and CO 2 concentration is monitored and controlled by pure CO 2 addition. Oxygen concentration is monitored but not controlled and its content increases in the chamber during plant growth. The nutrient solution is changed each week; it is not monitored during the circulation in the root system. For plant holding and NFT hydroponics system, the nutrient solution flows on the roots in the sloped troughs and returns in the reserve tank, where it is pumped back to the roots. The plant stems pass through a cover which maintains the trays in dark conditions. The air is injected at the top of the chamber; it is pumped back to the measurement and control system at the bottom. Light bulbs are placed at the top in a closed area with air circulation in order to avoid chamber heating; they are separated from the chamber by a transparent roof. Temperature is controlled by water circulation, with hot and cold water valves. This facility is fully described in [START_REF] Dixon | Sealed environment chamber for canopy interception and trance hydrocarbon analyses[END_REF]. Destructive samples were not taken during growth, only at the introduction in the chamber and at harvest.

Available data

The raw data of the lettuces (Lactuca sativa cultivar Grand Rapids) grown in June 2004 were provided by CESRF. The available measurements used for the simulation are the CO 2 content in the chamber and CO 2 addition rate, oxygen content, relative humidity and condensate volume, air temperature and incident light intensity. These environmental variables are recorded with a time step of six minutes. The water volume and nutrients concentrations are measured at each solution change, i.e. every week, for the old and new solutions. Finally root and shoot fresh and dry weight, total leaf area as well as carbon, nitrogen, phosphorus, calcium, potassium and magnesium content are available at the introduction in the chamber and at harvest, except biomass composition which is measured only for mature plants.

Raw data analysis

In order to build a model, it is necessary to study the available experimental data in order to select the equations that can be parameterised. Moreover, as the model must be based on the mass and energy balances principles, it is necessary to assess the experimental mass balance in order to evaluate the accuracy and reliability of the experimental data. Finally, the experimental data can be used to determine the mean growth dynamics: it provides information on the type of law that should be chosen in order to predict efficiently the experimental growth kinetics.

Mass balance calculation for carbon, oxygen, water and nutrients

The mass balance principle is based on the following equation 2.1:

on Accumulati Reaction Output Input    [2.1]
This equation is valid for a global balance, taking into account all the components in the system. Considering the entire higher plant growth chamber as the system, the input and output fluxes are the experimental data of matter exchange, the reaction term can be calculated knowing the organism's stoichiometry and the accumulation term is the biomass growth and eventually modification of total element content in the chamber. It is calculated separately for each chemical element; in this case the reaction term is null because chemical elements are not transformed. The mass balances of carbon, oxygen, water and some nutrients are assessed. It is difficult to dissociate hydrogen and oxygen balances at the level of the chemical element, because the oxygen and hydrogen content are not measured in the harvested plants. Moreover the relative content of oxygen and hydrogen in plant dry matter is very low compared to the total water molecule content in biomass, nutrient solution and air.

For carbon balance, the input is the CO 2 injected, the output is null and the accumulation is the carbon in biomass. Then the input (substrate) term is equal to the biomass (production) term for a perfect carbon balance: it is assessed by dividing the product term by the substrate term. For water, the input is the nutrient solution pumped by the roots, the output is the water condensed and the accumulation is the water accumulated in biomass. The reaction term corresponds to the water consumed and produced by the metabolic reactions inside the plant:

it cannot be evaluated due to the absence of oxygen and hydrogen content measurement in dry biomass, but it represents a low quantity compared to the other terms: the mean composition contains less than two hydrogen and one oxygen per carbon in biomass; while liquid water represents more than 90 % of the fresh biomass for lettuce. Then for water, the substrate term is the total water absorbed by the plants, and the product term is the sum of water accumulated in biomass and water condensed in the chamber. For the nutrients, equation 2.1 is applied similarly to CO 2 : output is null, the input term is the total nutrients pumped by the roots and accumulation is the biomass content of nutrients. Then the substrate term is the nutrients pumped, and product term is the biomass content. The mass balance is considered acceptable when it is between 90 % and 100 %.

In the case of oxygen, the substrate term is not available because the water consumed for photosynthetic reactions cannot be measured. It is necessary to use the biomass production stoichiometry in order to evaluate the photosynthetic quotient (PQ, number of moles of oxygen produced per mole of carbon absorbed) and compare it with the usual data found in the literature. It was calculated using the product term of carbon. The usual values of the photosynthetic quotient are in the range of unity, between 0.8 and 1.5 [START_REF] Cen | Whole-Plant Gas Exchange and Reductive Biosynthesis in White Lupin[END_REF]. It is generally higher than unity if the nitrogen source is nitrate, as in this experiment.

The calculated mass balances for carbon, water, nitrogen, phosphorus and potassium as well as the oxygen photosynthetic quotient are presented in The mass balance calculation does not provide acceptable data for most of the components, especially for water, carbon and oxygen. Nitrogen balance is satisfactory, but the balances for other nutrients are little more dispersed, especially potassium which is higher than 100 %.

An explanation is found by calculating the chamber atmosphere leakage: it is a challenge to build a closed chamber of large volume (29 m 3 for this experiment) without gas leaks.

However, if the leakage rate is evaluated, it is possible to correct the mass balance and take into account the shift between chamber measurements and real plant matter exchange.

Chamber leakage evaluation

The chamber leakage test has been performed before lettuce plantlets introduction in the chamber. The CO 2 content is set at 1200 ppm (higher the experimental set point which is 1000 ppm) and the concentration variation is monitored during two days. The mass balance of the chamber must be calculated considering the leakage rate as a gas flow Q (mol.day -1 ) entering and leaving the chamber at the same rate, but with different CO 2 molar fractions y CO2 (mol.mol -1 ) in the input and output flows. The general scheme of the chamber air mass balance is presented in Figure 2.1. If the chamber air is considered homogeneous, then the output molar fraction y CO2 (2) is equal to the chamber's fraction y CO2 . The pressure difference between the chamber and the external room is supposed null, then the input and output flows Q (1) and Q (2) respectively (mol.day -1 ) are equal and constant. With these hypotheses it is possible to write the equation of the leakage molar flow Q, as expressed in equations 2.2 with y CO2 0 the initial CO 2 mole fraction in the chamber, n T the total number of air moles in the chamber and t the time.
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These equations show that a simple linear regression can be fitted with the experimental data, after calculating the natural logarithm of the difference between the actual chamber CO 2 fraction and the external air CO 2 fraction. The graph is presented in Figure 2 The slope coefficient corresponds to the leakage output flow rate divided by the total number of moles of air in the chamber. Thus, with n T = 1136 moles and converting minutes in days, we obtain the leakage flow Q = 104.6 mol air /day. In this case, the different gases leakage rates can be determined, multiplying Q by the difference between chamber and external air mole fraction of each of the gas. Considering 350 ppm CO 2 in external air and 1000 ppm in the chamber during plant growth, the resulting leakage rate during the culture is 0.07 mol CO2 /day.

In the case of oxygen, as it is accumulating with time in the chamber, it must be calculated for each day independently depending on the actual mole fraction. The resulting mean leakage rate is 1.4 mol O2 /day; it explains the low oxygen production measured in the chamber while CO 2 is much less affected by the leaks. The corrected balance calculation is given in Table 2.2: the photosynthetic quotient reaches a correct value and carbon balance is higher. In the case of water, the accumulated water in biomass plus water vapour condensed in the chamber due to plant transpiration (product term) should correspond to the total water absorbed from the nutrient solution. The water vapour condensation is not underestimated due to the leaks, because the external room had the same relative humidity: this means that water vapour leakage does not happen significantly. Each component can be analysed in further detail in order to find other sources to explain the low mass balances.

Element

Carbon and oxygen data analysis

It should be stressed that the carbon mole fraction reduction with time during the leakage test

shows some periods of shift with the fitted equation. This may come from an incorrect hypothesis of equal pressures: in fact, the temperature is regulated to 25°C during the day and 20°C by night. In the case of the external room, it is not isolated from the external atmosphere and then the total air moles in the room are equilibrated with the external air in order to maintain a constant pressure between external environment and the room. In the case of the chamber, it is totally isolated then the total quantity of moles cannot vary: when the temperature drops in the evening, chamber pressure drops proportionally. This can be evaluated using the ideal gas law expressed and applied for day and night in the set of equations 2.4, with P the chamber pressure (Pa), V the volume (m 3 ), n T the total quantity of air (mole), R the ideal gas constant (J.mol -1 .K -1 ) and T the temperature (K). It can be simplified to evaluate the night pressure, because the temperature is the unique variable. 
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The day pressure of 97,125 Pa was evaluated knowing the altitude of Guelph city, and the total number of moles corresponds to the day temperature of 298.15 K (25°C) because the chamber was closed during the day. The pressure drop is higher than 1,600 Pa during night: this may affect the chamber leakage. This can explain the shifts observed in the leakage slope, it corresponds to the times of temperature regulation in the morning and evening. The slope is decreased when the chamber is heated in the morning, because the pressure is increased then the external air flow rate is decreased, which maintains a higher CO 2 content. In the contrary, when the chamber is cooled, the slope is increased because the leak flow rate is mainly from the external room to the chamber: the relative carbon content is lowered.

Two other sources of pressure variation can be identified: external weather which affects atmospheric pressure and may affect also external room pressure; and plant gas exchanges.

For the weather pressure variations, it was not measured then it is not possible to take this into account. In the case of carbon, plant absorption is compensated by CO 2 addition in order to maintain a constant carbon mole fraction. For transpired water, it is condensed and removed.

However the oxygen produced accumulates in the chamber. The evaluation of oxygen production taking into account the leakage is 0.7679 moles per plant, which corresponds to a total of 92.14 moles for 120 lettuces in the chamber. Then the total pressure in the chamber with 92 additional moles would be 105,000 Pa if the chamber was perfectly airtight; which is approximately 7,900 Pa higher the external pressure. This may increase the leakage rate with time; however it is not possible to evaluate it due to the absence of pressure measurement.

The theoretical pressure in the chamber is calculated for the experimental oxygen content in 0.

Nevertheless, this hypothesis can explain a little increase in the leakage rate with time, but the carbon balance cannot reach a much higher level with this: the oxygen mole fraction is high then its loss is high, but in the case of carbon the low content reduces the sensitiveness to air leaks. Even if the real leakage rate was twice the measured one, it would lead to a substrate term of 0.9142 instead of 0.9483 mole of carbon per plant, for a product term of only 0.7467.

Consequently, other hypotheses have to be found in order to complete the explanation of the difference between substrate and product terms for carbon, all based on the product term: it is calculated knowing the dry weight and carbon content in percent of dry weight, at harvest. In order to take into account the lettuce plantlets carbon content at the introduction in the chamber, the carbon content had to be estimated: the same percentage was used as for the harvested lettuce, but it might be different. The measurement of the carbon content is at least 5 % higher in the leaves than in the roots, and the root measurement is more variable: 2 % difference between two measurements, contrary to less than 1 % difference between four measurements. Then we can suppose that this value is not very accurate and consider the same carbon content in the entire plant. Finally, the time between chamber aperture at harvest and effective plant drying may be sufficient to induce a carbon loss by respiration. These hypotheses are detailed in Appendix 2. It would lead to increase the carbon balance from 78.7 to 88.2 %; it is possible to improve the mass balance if the hypotheses are verified by the measurements. The gas tightness assessment and all the measurements must be performed with a good accuracy in order to obtain correct mass balances.

For the oxygen data, it is not possible to calculate the balance, only the photosynthetic quotient. It is at unity (Table 2.2) taking into account the leakage measured in the experiment and using the carbon product term, but if the substrate term, coming from the chamber air measurements is used, PQ becomes only 0.77. Moreover, the theoretical photosynthetic quotient is often evaluated between 1.1 and 1.5 for photosynthetic organisms grown with nitrate [START_REF] Cen | Whole-Plant Gas Exchange and Reductive Biosynthesis in White Lupin[END_REF]. Then, the leakage rate may be higher than the measurement due to the pressure difference.

In summary, this study shows that even a small leak can result into large shifts, but they can be taken into account if the leakage rate is known with accuracy: gas tightness evaluation is a key point of mass balance closure. However, accumulations can increase the leakage and if the total pressure is not known and controlled, it can result in important inaccuracies. Plant physiological disorders can also be due to unusual concentrations of the accumulated compounds. In the case of oxygen, [START_REF] Cen | Whole-Plant Gas Exchange and Reductive Biosynthesis in White Lupin[END_REF] reported that an increase in oxygen content from 21 to 27 % could decrease the photosynthetic quotient from 1 to 0. We are not sure if this value is due to a leakage or to the real plant response, but it should be studied for the future MELiSSA experiments using accurate measurement devices and fully controlled atmospheric composition. In the case of gaseous secondary compounds like ethylene, it has been shown to induce reproductive disorders for wheat [START_REF] Campbell | Comparative floral development of Mir-grown and ethylene-treated, earth-grown Super Dwarf wheat[END_REF]: the risk of accumulation in MELiSSA air should be assessed, measured and controlled.

The total carbon and oxygen accumulations with time can be calculated, taking into account the leakage: the relative amounts can be compared in Figure 2.3. The arrow indicates chamber aperture, which evacuated the accumulated oxygen: the content was 23.6 % the 27 th day. The carbon concentration dropped to atmospheric content but it was rapidly restored and did not influence plant carbon uptake. An increased shift between oxygen and carbon accumulations is observed from the 17 th day to the chamber aperture. This could either be due to an increased leakage because of a pressure threshold, or to a metabolic adaptation of the photosynthetic quotient. The slope of oxygen accumulation curve is restored to the carbon slope after chamber aperture. The simulated data correspond to the last version of the model, described in parts 2.3 and 2.4.

Accumulation of carbon and oxygen

Water and nutrient data analysis

In the case of water, the recovery balance is not improved by the atmospheric leakage.

However the fact that water is present in both gaseous and liquid phases enhances the difficulty to obtain a correct mass balance; the thermal energy balance should be included as well, taking into account pressure, temperature and humidity levels at the local scale.

Moreover the water dynamics in the plant are contrasted: in Figure 2.4 the mean proportions of water repartition from root uptake to transpiration and biomass accumulation are shown for open field cultures. In the case of water, the higher plant mass balance is complex because Chamber aperture none of the terms of the mass balance equation can be neglected: the input is the root uptake, output is the transpiration, reaction term accounts for the metabolism in which approximately half of the reactions involve a water molecule hydrolysis or production, and finally the accumulation corresponds to the water content in the fresh biomass. In Figure 2.4, all these processes are included: biomass contains approximately ten parts of water for one part of dry matter. One tenth of this dry matter corresponds to the nutrients (mainly nitrogen, phosphorus, sulphur, potassium); while little less than half of dry mass is made of carbon, the other half is the oxygen and hydrogen coming from water. Carbon uptake requires light energy for photosynthesis process, which releases oxygen. For 10 parts of water accumulated in biomass, 100 parts are evaporated by plants grown in natural environment. In controlled environments with a high relative humidity, it can be reduced to the same proportion as the water accumulated in biomass: in the experimental data presented here, only 50 % or less of the absorbed water is subsequently transpired. This evaporation process is linked to thermal control of plant temperature for compensating the radiative energy input. Large blue arrow: water absorbed and transpired; medium blue arrow: water absorbed and stored in biomass; thin dark-blue arrow: water and nutrients absorbed and stored in organic molecules in biomass; orange arrow: CO 2 uptaken and transformed in organic molecules in biomass; red arrow: oxygen produced released in the atmosphere; yellow lightning shape: light energy input for photosynthesis; dark-red lightning shape: thermal energy input for evaporation; dark-green rectangle: biomass, made of 10 parts of liquid water (blue) for one part of dry matter (light-green).

Figure 2.4 shows that the evaporated water may represent a large proportion of the water balance, it has to be measured and controlled using very accurate devices including temperature and pressure measurement.

The low water balance can be explained by several facts. In the case of humidity, pressure and temperature variations modify the saturating vapour pressure, then the water content in the atmosphere at the same relative humidity. The presence of a cold element, for example during the cooling procedure in the evening, can cause condensation inside the chamber which is not measured. In the case of the liquid phase, the nutrient solution may be accumulated in the rhizosphere and Rockwool ® substrate; it might also not be totally purged in the tubing at each change: it increases artificially the consumption term. Finally in the case of water accumulated in biomass, due to the long harvest time plants may start loosing some water mass by transpiration and sap flow out of the cut stem before the fresh weight measurement.

Finally, water is consumed by the photosynthesis reaction: it can be considered that approximately one mole of water per mole of carbon is stored in the biomass. Knowing that the total difference between biomass water content plus chamber condensation and water uptake from the nutrient solution is equal to approximately 19 L of water, it is possible to evaluate the correction brought by these different hypotheses. Several litres can be lost in the tubing, roots and Rockwool ® . Few more litres may not have been measured by the condensation evaluation system during the culture. One or two more could be lost by the plants before weighing; and considering equivalent water and carbon consumption by the metabolic reactions two more litres (approximately 110 moles) would be lost in the balance calculation. Then, approximately ten litres could be added to the product term in order to close the water balance: it would reach between 80 and 90 %.

In the case of nutrients, it is more difficult to find an explanation, especially for potassium balance which is higher than 100 %. We can imagine that the measurements done on the plants are not representative of the entire biomass composition; and similarly for the nutrient solution measurement, it might not be well mixed at the moment of sampling for analysis.

This study stresses the difficulty of obtaining a correct mass balance, especially for water. The liquid water measurement accuracy may be improved by online mass measurement using scales adapted to high weight for the entire chamber or nutrient solution pool. In the case of water vapour, it could be measured with more accuracy taking into account temperature and total pressure. Water vapour leakage tests must be performed at different temperatures and relative humidity, with and without nutrient solution circulation. The accuracy of the condensate production measurement should be assessed; if it is not sufficient a differential measurement system should be used for relative humidity in the input and output flows in order to calculate the water vapour production rate.

Matter exchange dynamics

Despite the relative difficulty of checking the experimental closure of the mass balances, it is necessary to select the data for model building and validation. The aim is to predict the plant behaviour during the entire development, then the final data of biomass weight and composition cannot be used for dynamics analysis. The matter exchange data sets can be studied in order to understand plant behaviour and prepare the modelling task. If the accuracy is sufficient, the first step is to fit empirical equations to the experimental data, it permits the selection of the relevant growth laws and model structure. Carbon, oxygen, water and nutrients dynamics are observed.

a) Water and nutrients

Water uptake data is available only each week, at each nutrient solution change. With only five points, it is not possible to study the dynamics; only the general trend can be observed in It should be noticed that the last point (red square) of experimental nutrient solution volume was very low compared to the two previous points. It was supposed that there was an error in the volume record; it corresponds to exactly ten litres less the two previous values. This was chosen after studying the ratio of nutrient absorption compared to carbon and water uptake, the calculations are provided in Appendix 3.

In the case of water uptake, even if the number of data is not sufficient to fit equations, the trend of stabilisation at the end of the culture is observed. For the beginning, it is not possible to determine if the increase is exponential, linear or other law. The same overall trend can be observed for the main nutrients: nitrogen (N), phosphorus (P) and potassium (K), as shown in Figure 2.6. In the case of nitrogen, it seems that the uptake is more important at the beginning of the growth, proportionally to the other components. The ratio of nitrogen uptake compared to water or carbon uptake tends to decrease with time (Appendix 3). In the case of transpiration, the condensed volume is summed for each day and night and presented in Figure 2.7 in order to estimate lettuce transpiration. However a general trend cannot be found; moreover it is not possible to observe a mean increasing rate with lettuce growth, contrary to all the other exchange rates. Night condensation shows little less random fluctuations: it seems that several periods of exponential decrease can be observed, starting at days 4, 8, 12, 19 and 28. These trends can be observed with more fluctuations for the day condensation. The mean condensation rate is little higher for the first half and middle part of the growth, from days 3 to 20. It should be stressed that these results concern chamber's condensation, which can be due to other factors than plant transpiration: relative humidity depends on temperature which is regulated each day and night to a different value. The temperature decrease in the evening would cause a pressure drop of more than 1600 Pa, as calculated using equation 2.4 in part 2.2.2.3. In the same time, the saturating vapour pressure would decrease from 3762 to 2843 Pa. The corresponding water vapour content in the chamber at a constant relative humidity of 70% would be 30.8 moles during the day and 23.7 moles during night. This means that even without plant in the chamber, the temperature modification during night would cause the condensation of 7 moles of water. This is valuable only if we consider that the chamber is perfectly air-tight and the pressure drop does not cause external air input; and that the humidity control is perfectly accurate. These 7 moles of water condensed during the night correspond to a mean condensation rate of 5.94•10 -3 mol.h -1 .plant -1 : it is higher than the experimental condensation rate because temperature drop starts before light switch off; then some of the condensation observed during the day comes from this temperature regulation.

Nutrients uptake rates

Nevertheless we can conclude that the night condensation may be due mainly to the temperature regulation and not to the plant behaviour. Of course, the temperature increase in the morning causes the reverse phenomenon, and the first 7 moles of water transpired by the plants may not be condensed, they only restore the demand relative humidity.

This analysis shows that the experimental condensation rate cannot be used to fit the transpiration simulation; however it does not explain the fluctuating trend that is observed experimentally. These fluctuations might not depend on the plant growth neither the humidity and temperature regulation. Some hypotheses can be proposed, mainly the volume measurement system which might not detect accurately the small quantities of condensate, it was already observed in part 2.2.2.2 that the water balance is low and water condensation measurement may be one of the reason. The fluctuations could be due to atmospheric pressure variations depending on the external weather or to the control system dynamics which are studied in Appendix 4. In the case of water uptake and nutrients, the low number of measurements does not permit a dynamical assessment, but it shows a general increase during the first half of the growth, followed by a constant uptake in the last period.

b) Carbon

The experimental data of carbon addition rate and concentration variation are summed for each day and night in order to calculate the mean carbon uptake and release rates. It was not possible to study the hourly dynamics due to the high variation from one measurement step to the other: the experimental accuracy is not adequate for an analysis at a time step lower than one day. Moreover the knowledge of plant metabolism dynamics was not sufficient to be able to simulate the hourly behaviour.

The mean carbon uptake and release rates for day and night (in mol.h -1 .plant -1 ) are shown in The following set of equations 2.5 corresponds to the fitted curves; the uptake and release rates for each phase are expressed in mol.h -1 .plant -1 and time in days. the three phases are separated: first one for exponential growth, second one for transition period and third one for low linear increase. 

                4 
                                    t Release t Uptake t Release t Uptake t Release
t Uptake [2.5] The difference in uptake and release dynamics can be explained by the respiration behaviour.

Respiration rate is often separated in two components: maintenance and growth respirations.

The first one is used to maintain the functional and structural integrity of mature cells and organs; it is then proportional to the total biomass. The growth respiration permits the complex biomass molecules production from simple monomers (sugars, amino acids, nucleic acids…); it is proportional to the growth rate. Then the respiration rate is calculated with a component proportional to carbon uptake and another component proportional to total biomass. This hypothesis is developed in Appendix 5. Despite the small differences in the dynamics, carbon uptake and release rates have a mean exponential increase at the beginning of the growth, and a low linear increase or constant value at the end.

c) Oxygen

Oxygen exchange rates are calculated from the oxygen content in the chamber, taking into account the leakage flow. The consumption is set negative in order to be able to compare oxygen production and oxygen consumption in the same graph, shown in Figure 2.10.

Compared to carbon, the oxygen dynamics is much more fluctuating. This comes from the measurement device accuracy, 0.1 %: it corresponds to 1000 ppm; it is very low compared to the carbon measurement device accuracy which is 0.1 ppm. That is why the oxygen production and consumption dynamics cannot be used to select empirical equations and compare them to the carbon dynamics. The general linear increase in oxygen production and the decrease in oxygen consumption rates come from the leakage evaluation: as the oxygen fraction increases with time, the oxygen loss increases, even if the air exchange rate is the same. The same oxygen production or consumption is measured for all the linearly arranged points; the leakage assessment induces a slope. Even if a significant increase can be observed in the rates at the beginning of the experiment, the accuracy does not permit a dynamical analysis. Nevertheless, the photosynthetic quotient of one estimated in the leakage study (part 2.2.2.2) can be used, and the carbon and oxygen simulations can be compared with the experimental carbon dynamics only.

Specifications for a dynamic modelling

This study of the experimental data shows that the mass balance is low, but it can be partly corrected by the leakage estimation and hypotheses about the experimental harvesting and measurement techniques. The water and oxygen mass balances may be increased by the measurement of total mass, pressure and the control of the accumulations.

The study of the matter exchange dynamics leads to conclude that the data are relevant only if frequent measurements are available, using a sufficiently accurate device. The analysis shows that two sets of data may not be used for comparison with the simulation results: the condensation and oxygen exchange rates are not representative of the plant behaviour. In the case of water and nutrient uptake, the general trend is an increase followed by a stabilisation of the rate at the end of the culture, or even a decrease for nitrogen. The behaviour cannot be accurately described or compared, but the range of expected values is available. The carbon uptake and release rates are the most accurate and can be used for model fitting. They can be summed in order to evaluate the biomass growth rate, considering a fixed carbon content throughout the entire experiment.

The general trend observed for carbon exchange data can be summarised as an exponential increase at the beginning of the culture; followed by a stabilisation of the exchange rates for the last part of the growth: this shape should be found in the model. During the model equation selection process, each equation's behaviour can be studied and compared to the empirical fitted equations for carbon exchange. The equations should also be chosen in order to describe mechanistically the plant behaviour: the aim is not only to follow accurately the experimental data, but also to produce an adaptive knowledge model.

The available data permit the comparison of the dynamics of matter exchange rates for each day and night. The hourly dynamics of plant behaviour is not sufficiently known to be included in the first versions of the model; the experimental data would be at the limit of the accuracy. The aim for a closed ecological life support system is to permit an accurate control of the matter exchange rate, and rapid corrections in the case of failure. The air composition must be corrected at the time step of few hours; the water production at the time step of the day and the food production at the time step of few days. Then the plant dynamics have to be included in the future experiments and versions of the model at the time step of one hour or less.

Model structure

General model structure

The general model structure described in Figure 4 of chapter 1, part 3.2.1, should be applied.

The simulation starts knowing the actual biomass, which is the main state variable of the model: it corresponds to a value that must be initialised and that is modified by the model.

Secondary state variables, called coupling variables, are calculated depending on the main state variable: they are the fluxes of matter and energy. The integration of these exchange rates permits the implementation of the fresh biomass, the main state variable.

The calculation of the fluxes of matter and energy requires two other types of data: the input variables, or control variables, which are the external conditions (temperature, incident light intensity, CO 2 content, relative humidity etc.) and varying parameters. Parameters are values that characterise the properties of the system; they are either constant (true parameters) or variant (varying parameters). They are defined either by a specific differential equation, or by functions of the state variables. In this model, they are functions of the total biomass and describe the plant geometrical or architectural parameters: total leaf surface, stem length, sap vessel number and radius. The calculation of these parameters constitutes the architectural module.

The architectural parameters are essential information for calculating the fluxes of matter and energy: they provide the exchange surface, conduction path length and section. The maximum exchange rates for light, CO 2 , oxygen, water and nutrients are calculated in the physical module, knowing the architectural parameters and input variables which describe the external environment.

Knowing the global plant stoichiometry, the relative proportions of these components are assessed and the limiting rate is selected: all the non-limiting rates are modified in order to correspond to the stoichiometric proportion of the limiting rate. Energy is consumed and matter transformed through the metabolic network in order to produce new biomass and release oxygen; while the water balance simulates absorption, transpiration and accumulation in the plant. This is the biochemical module, it provides the flux of matter accumulated in biomass, and the integration can be performed to the next time step.

The general model structure is described in 
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In this model structure, due to the absence of experimental plant shape measurement during the growth, the architectural module cannot use accurate or mechanistic laws; it is necessary to find realistic empirical relationships between plant growth and its architectural and developmental behaviour. In this case, each geometrical parameter (e.g. total leaf area and leaf area index, main stem length, sap vessels radius and number) is considered proportional to biomass. Different developmental stages are not considered: only the vegetative stage occurs in the chamber and then the plant is harvested; germination and reproductive stages are outside the experimental time frame. For the physical processes, light interception is modelled at the global scale using the simple Beer-Lambert law (see part 2.2.1 in chapter 1); gas exchange is simulated with the Fick's first law of diffusion (expressed in part 2.2.2 of chapter 1) and sap conduction with the Hagen-Poiseuille formula (chapter 1, part 2.2.3). The root uptake processes could not be included because root architecture data were not available even at harvest. Moreover several physical and physiological parameters like permeability, reflection coefficient or active uptake dynamics could not be determined. This structure is chosen in order to couple the different levels of plant processes. The geometrical parameters link the physical limitations with the plant spatial organisation. The metabolism, included in the biochemical module, permits the conversion of light energy into metabolic energy, and the mass and energy balances closure at the plant level. The main objective is to simulate matter and energy exchange fluxes taking into account physical limitations: they may be the main source of control of higher plant growth rate.

Architectural module

This module estimates the plant geometrical dimensions: total leaf area LA (m 2 leaf ) in equation 2.6, leaf area index LAI (m 2 leaf .m -2 soil ) in equation 2.7, stem length L stem (m) in equation 2.8, equivalent radius of the sap vessel R vessel (m) for the first version of the model in equation 2.9.a or number of sap vessels N vessel in equation 2.9.b for the further versions. The set of equations 2.6 to 2.9 given in Figure 2.11 are copied here for convenience. (k4: number of vessels.g -1 ) [2.9.b] Each of the architectural varying parameters is set proportionally to biomass fresh weight (except after the first version of the model, where R vessel is a constant parameter), because biomass is considered to be allocated to each organ in fixed amounts. Even if this may not be perfectly exact, the absence of experimental data led to this assumptions of proportionality for estimating k1 (m² leaf .g -1 ), k2 (m stem .g -1 ), k3 (m vessel radius .g -1 ) and k4 (number of vessels.g -1 )
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parameters. Finally the leaf area index LAI (m 2 leaf .m -2 soil ), which is the ratio of total leaf surface divided by the surface of soil available for plant growth, is calculated by multiplying leaf surface by planting density Dens in the growth chamber (number of plants.m -2 ).

For k1, the total leaf surface was available in the experimental data at the introduction in the chamber and at harvest; it was five times higher at harvest than at the beginning of the experiment. If a circular leaf is supposed, the radius can be estimated and this was relatively similar between the beginning and end of the experiment: the ratio initial/final for the parameter k1' is 1.36. Then equation 2.6.a in Figure 2.11 can be replaced by the total leaf equivalent radius R leaf (m), which is then used to calculate the total leaf area as expressed in equations 2.6.b: it was used in a preliminary version of the model, without success. The leaf area index LAI (m 2 leaf .m -2 soil ) is calculated from the canopy surface and planting density Dens (number of plants.m -2 ); the stem length depends on the parameter k2 (m stem .g -1 ) and total biomass.

For the xylem sap vessel radius R vessel , as it is highly variable even in the same stem (Woodhouse 1933), all the vessels are considered as a single tube of section identical to that of the sum of the different vessels. A mean radius and number of vessels at harvest is chosen, the sum of the cross-section area gives the final sap conduction surface and the equivalent radius is used to estimate the parameter k3. In the second version of the model, it is chosen to keep a constant vessel radius (k3 parameter is suppressed) and implement an estimation of the number of sap vessels N vessel . The sap vessel number is set proportionally to the biomass, using the new parameter k4.

Physical module

The set of equations 2.10 to 2.13 given in Figure 2.11 for the physical laws estimating matter and energy exchanges is copied here for an easier visualisation. The light flux I is expressed in mol.m -2 .s -1 ; the mass flow rates U CO2 (carbon uptake), R H2O (water vapour transpiration) and U H2O (water uptake) are in mol.s -1 .
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The previous architectural varying parameters are used in the physical module, which simulates the coupling state variables: matter and energy exchange rates. The absorbed light flux I (mol.m -2 .s -1 ) is calculated with the global Beer-Lambert law written in equation 2.10, which tends to the incident light I 0 flux when the leaf area is high. For gas exchange, the Fick's first law of diffusion is used: CO 2 uptake is calculated depending on the ratio between the diffusion coefficient D c (m².s -1 ) and the boundary layer thickness δ (m) as shown in equation 2.11; while water transpiration uses a single conductance parameter g (m.s -1 ) in equation 2.12. The driving force is the concentration gradient: (C a -C i ) for atmospheric and internal CO 2 concentrations (mol.m -3 ) respectively and (1 -RH) for internal and atmospheric relative humidity (%) respectively for transpiration, considering that the substomatal chambers and leaf air spaces are saturated in water vapour. In order to evaluate the matter flow U CO2 and R H2O in mol.s -1 , it is necessary to multiply by the exchange surface LA; and to multiply by the ratio between the saturating vapour pressure P 0 (Pa), the gas constant R (J.mol -1 .K -1 ) and the temperature T (K) for water vapour transfer. Last exchange rate is for the water uptake flow U H2O (mol.s -1 ), considered as equal to the xylem sap flow which is estimated by the Hagen-Poiseuille formula given in equations 2.13. In these equations, the driving force is the water potential gradient (Ψs -Ψi) (Pa) between the nutrient solution s and internal plant i, and the resistance to water flow depend on the radius of the sap vessel R vessel , the xylem sap dynamic viscosity µ (Pa.s) and the stem length L stem , eventually multiplied by the sap vessel number N vessel in equation 2.13.b. As the result is expressed in the form of a volumetric flow, it is necessary to divide it by the water molar mass M (kg.mol -1 ) and (Considering one sap vessel of increasing equivalent radius R vessel ) (Considering N vessel in parallel of constant radius R vessel ) multiply by the density ρ (kg.m -3 ) in order to transform into a molar flow (mol.s -1 ). The second and further versions of the model use the sap conduction equation 2.13.b. All these equations provide the maximum liquid and gaseous water flow, light energy availability and CO 2 transfer rate. However they must be balanced in order to permit the production of biomass: the relative stoichiometry is necessary in order to ensure a correct biomass composition. For the relative rate of matter exchange, plant composition is sufficient to balance carbon, water and the nutrients. However for light availability, the metabolic stoichiometry including light reactions of photosynthesis is needed; it should be coupled with the subsequent anabolic reactions energy consumption.

Biochemical module

Stoichiometric test

In order to assess the proportionality between the matter and energy fluxes, a complete metabolic analysis should be performed. It is under development and the results are presented in the thesis of Swathy Sasidharan L. ( 2012). Nevertheless, it was not yet available at the moment of the model building; simple correlations are experimentally assessed or found in the literature: it corresponds to the set of test equations 2.14 to 2.17, similar to Figure 2 ; DM: % dry mass ) [2.17] The link between available light flux I (mol.m -2 .s -1 ) and CO 2 uptake by photosynthesis U CO2 (mol.s -1 ) depends on a parameter called quantum yield QY (mol CO2 .mol photon -1 ). Moreover the rates are not in the same units: I has to be multiplied by a surface parameter in order to become homogeneous to U CO2 . In the first versions of the model, it was multiplied by the total leaf area LA (m² leaf ), as shown in equation 2.14.a. In the last version, the unit analysis has been performed: the incident light intensity has the same unit as the absorbed light intensity and then it is expressed in mol.m -2 soil .s -1 : it has to be divided by the planting density in equation 2.14.b instead of multiplying by the total leaf area in equation 2.14.a.
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The respiration rate R CO2 (mol.s -1 ) is not considered to be physically limited, for example by the oxygen availability; that is why it is not included in the physical module. It is set as a fixed proportion of carbon uptake by the parameter Resp which is valid for both day and night behaviours from the third version of the model, as shown in equation 2.15. In the first and second versions, night and respiration are not included.

In terms of water balance, the water uptake U H2O (mol.s -1 ) is divided in accumulated water which is found in the biomass, and evaporated water lost by transpiration R H2O (mol.s -1 ). A fixed percentage, Tr (mol transpired .mol uptaken -1 ), permits the comparison between water uptake and transpiration, as expressed in equation 2.16.

The ratio between carbon and water depends on the dry matter content DM (% dry matter ) and biomass C-molar mass BCmol (g dry biomass .mol C -1

). The equation 2.17 is used to evaluate the relative content of carbon and water in biomass: carbon content is the difference between photosynthesis and respiration rates while water content is the difference between water uptake and transpiration. The dry matter content being expressed in mass fraction, it is necessary to convert the molar rates into mass rates using BCmol parameter and water molar mass.

All these equations permit the assessment of the lowest rate: the physical module evaluates the maximum rate of matter and energy exchange while this module tests which one is the limiting rate. Then all the other rates are modified in order to ensure a correct biomass composition, depending on the physically limiting rate.

The inclusion of night behaviour is performed by adding another test: knowing the photoperiod and time of light switch on in the morning, it is possible to assess at each calculation step if the day or night behaviour should be applied. The day behaviour is described in Figure 2.11. During night, after the calculation of all the rates in the same way as during day, the light interception, photosynthesis, water uptake and transpiration are reevaluated with the incident light set to zero. Then all the rates are limited by the light interception rate which is null, only the respiration rate remains similar to the day.

This module sets all the rates to their appropriate proportion in order to ensure a correct mass balance and biomass composition: the input and output terms are fixed by the coupling variables. Only the reaction term must be assessed for calculating the biomass accumulation rate, which is the last coupling state variable.

Metabolic reactions

The plant composition in terms of protein, carbohydrate, lipid content was not known at the moment of the first model building, then it was not possible to include the biomass compounds in the first model. A single global reaction of carbon and water accumulation had to be used for the production of biomass: it is given in equation 2.18 of Figure 2.11.

The detailed description of the metabolic network or a set of the main pathways for the differentiation of proteins, carbohydrates, lipids, fibres, eventually DNA, RNA, pigments and vitamins is under development [START_REF] Hezard | Experimental setup, modeling design and preliminary results for higher plant growth control in bioregenerative life support systems[END_REF] and could be coupled when this structure and the metabolic model will be fitted to more detailed experimental data.

The biomass production or consumption rate J Biomass (g.s -1 ) takes into account the matter exchange rates in the same way during day and night, as described in equation 2.18. Then during night, the biomass evolution is negatively proportional to respiration rate. Before the inclusion of night behaviour, the R CO2 term was absent and each day of growth contained only 14 hours of light, without night.

    O H O H CO CO Biomass R U R U BCmol J 2 2 2 2 18       [2.18]

Integration

Knowing the biomass growth rate, the biomass accumulation with time is calculated following equation 2.19 of Figure 2.11 by a simple integration logarithm for each time step.

dt J Biomass t t Biomass    0 [2.19]
If the time step is short, a simple sum of each step's growth rate is sufficiently accurate: for example with a time step of one hour, the error between the sum and a numerical integration with a Runge-Kutta 4 th /5 th order method has been calculated: it is less than 0.2% for this case.

The integration step determines the biomass growth behaviour; it can be studied knowing the equations used for the calculation of the biomass growth rate. Each of the architectural varying parameters is proportional to biomass, and the physical laws are functions of the architectural parameters: the matter and energy exchange rates change with the total biomass weight.

In the case of light, it has an asymptotic behaviour when leaf area index, which is proportional to biomass, increases. Then, when biomass is growing, the intercepted light flux tends to the incident light flux: when the canopy is dense, the incident light is totally absorbed. However, for comparison with carbon flux it is multiplied by the total leaf area in the biochemical module in equation 2.14.a. As the leaf area is proportional to biomass, when biomass is high it increases artificially the available light. In the case of equation 2.14.b, it is divided by the density parameter, which is constant: the higher-bounded negative exponential behaviour of Beer-Lambert interception law applies and biomass growth rate can be limited by the available light flux.

For the gas exchange rate J GAS (CO 2 absorption and water transpiration), the laws are proportional to the leaf surface which is proportional to biomass. This means that the rate of exchange is proportional to total biomass: if gas exchange is the limiting process, this corresponds to an exponential growth as demonstrated in the set of equations 2.20 with K a to

K d constants.   0 exp Biomass t K Biomass Biomass K J K dt dBiomass J Biomass K LA K J d d GAS c Biomass b a GAS             [2.20]
If the canopy surface is calculated from the equivalent radius as in equation 2.6.b, the gas exchange rate is proportional to the squared total biomass. Then, if limited only by this equation, the biomass growth rate would follow a negative inverse law bounded to the upper limit

  1 0    Biomass K t g
, where biomass attains infinity. However for the small values of time, this law shows a slow increase. The integration steps are demonstrated in the set of equations 2.21, with K e to K g constants.

t K Biomass Biomass Biomass K dt dBiomass Biomass K R K J g g f leaf e GAS          0 2 2 2 1 1 [2.21]
Finally for sap conduction, the sap flow rate is proportional to the vessel radius to the power of four and inversely proportional to the stem length; while both are proportional to biomass in the first version of the model. This means that the water uptake rate is proportional to the biomass to the power of three. If water uptake is the limiting rate, the biomass growth rate would follow a negative inverse square root law. In this case it is bounded to

  1 2 0 2     Biomass K t j
, time at which biomass attains infinity. The integration calculation steps are shown in the set of equations 2.22 with K h to K j constants.

                   t K Biomass Biomass Biomass K dt dBiomass Biomass K L R K U j j i stem vessel h O H 2 0 3 3 4 2 2 1 2 1 [2.22]
If sap conduction equation is modified to use a constant vessel radius and an increasing number of sap vessels, it does not depend anymore on total biomass. The corresponding simplification in terms of biomass growth behaviour is given in the set of equations 2.23, with

K k and K l constants.   0 2 4 2 8 2 3 Biomass t K Biomass K U µ M R i s Biomass k Biomass k U l k O H vessel O H                   [2.23]
This analysis shows that the exponential behaviour of the exchange rates and plant growth comes from the link between architectural and physical laws. However, if power laws are used, they are bounded to a maximum time of growth and they show a very slow increment rate for the beginning of the growth. Exponential laws exhibit an unlimited growth, while asymptotic curves and constant rates permit growth limitations at the end of the culture.

Simulation results

Main trends of the model output

The different behaviours detailed in the previous part are listed in Table 2.3: Biomass growth behaviour depending on the considered law. in order to visualise the general trend of the model, depending on the limiting rate.

X K dt dX j   and              t K X X j 2 0 2 1 2 1 While t    1 2 0 2    X K j dt dX  + ∞ (vertical asymptote) X  + ∞ (vertical asymptote)
Sap conduction (U H2O ); model versions 2 to 4 Eqs. 2.9.b and 2.13.b;

k K dt dX  and 0 X t K X l    While t  + ∞ dt dX  K k (constant)
X  + ∞ (linear) Table 2.3: Biomass growth behaviour depending on the considered law.

As described in part 2.3, the first module calculates the architectural varying parameters in order to evaluate the exchange surface and path conduction length and section. These values permit the estimation of the maximum matter and energy exchange rates by physical laws of transport phenomena. The growth behaviour exhibited by these laws is detailed depending on the dynamics of the architectural parameters. Then the biochemical module is used to determine the limiting rate; and all the exchanges are recalculated depending on this limitation: as the biomass composition is fixed, only one stoichiometry is considered and the biomass growth rate is proportional to the limiting rate.

First results (MELiSSA_Plant versions 0 and 1)

In the first approach, the canopy equivalent radius instead of the surface was set proportional to plant growth, using equation 2.6.b in part 2.3.2. However this surface did not permit sufficient light and gas exchange rates; biomass was growing extremely slowly as demonstrated in equations 2.21 in part 2.3.5: if the resulting K g parameter is very low, the biomass increase is slow until approaching the time upper boundary.

Then the canopy surface, instead of the equivalent diameter, is integrated directly in the architectural module using the harvest value of the proportionality coefficient: the canopy surface estimation at the beginning of the growth is approximated five times larger than the real experimental value. However this technique gives correct estimations for the growth dynamics at the beginning of the culture, as shown in Figure 2.12. It can be explained by the carbon exchange rate, which limits the growth throughout the entire simulation. It depends on the boundary layer thickness, estimated for the harvest canopy geometry. It may be much lower at the beginning of the growth, and the leaf surface overestimation could be counterbalanced by the overestimation of boundary layer thickness. It should be noticed that in this version of the model, the result contains only the simulated biomass fresh weight, which is the state variable. However the biomass is measured only at the end of the culture, then the experimental data had to be estimated from the sum of carbon injection in the chamber. Moreover the coupling variable dynamics could not be compared with the experimental data, even if it may be more accurate than the sum. This is included in the further versions.

Comparison of experimental and simulated lettuce growth

Sap conduction limitation (MELiSSA_Plant version 2)

The first results are encouraging, showing a correct range of data for the first part of the growth. However a limiting rate has to be found in order to simulate a linear growth for the end of the culture. This is obtained by setting the sap vessel radius constant and adding a parameter for calculating the number of sap vessels, using equation 2.13.b in part 2.3.3. The Hagen-Poiseuille formula used to simulate water uptake is inversely proportional to the stem length, and proportional to the sap vessel number. Both are proportional to total biomass and it results in a constant maximum water conduction rate with time, as demonstrated in part 2.3.5 in equations 2.22.

At the beginning of the growth, this potential rate largely exceeds the potential rates of light interception and gas exchange. However when biomass increases, the maximum water conduction rate is reached and the biomass increase rate is limited by a constant sap transport rate: the growth becomes linear. Figure 2.13 shows the experimental water uptake rate expressed in mol.h -1 .plant -1 at each measurement point; it is compared with the modelled potential rate and resulting rate after limitation. The error bars are set, for all the experimental data, from the harvested plant fresh biomass variability which is equal to 13 %. It was not possible to estimate the experimental measurement system error and the individual plant dynamic behaviour variability.

As described in Table 2.3 in part 2.4.1, the maximum rate is constant throughout the entire experiment. The limited rate has an exponential behaviour until the 16 th day of growth due to the increasing canopy exchange surface. Then it reaches the potential water uptake rate, which becomes limiting for the last period of the growth. 

Inclusion of respiration and night behaviour (MELiSSA_Plant version 3)

The night behaviour introduces some complexity in order to separate two phases for plant growth: when the light is switched on, leaf stomata are opened, photosynthesis and respiration occur as well as transpiration, water conduction and accumulation. During night, the photosynthesis is not performed; but the stomatal closure stops also the transpiration and water conduction, and only respiration occurs. However, as stressed in part 2.2.2.5 and Appendix 5 about the matter exchange dynamics, night respiration and day carbon uptake have relatively similar behaviours. In the first approach, the respiration rate is calculated proportionally to the photosynthesis rate, which may be limited by other rates: it is necessary to calculate the limiting rate similarly to the day and after respiration rate assessment, the other rates are set to zero.

The simulation results are shown in the following In the model the switch between exponential and constant exchange rate is abrupt, contrary to the experiment which shows several days of transition to the new growth behaviour, and a low increase in gas exchange rate at the end of the growth instead of a constant rate. Some days of reduced photosynthesis rate are observed during the linear period, however an environmental reason to this was not found and then they are not simulated. Despite these differences, the simulated behaviour is relatively similar to the experimental data. The respiration rate corresponds to the negative values of exchange while net photosynthesis (carbon uptake minus respiration) is positive. The water uptake rate is similar to that presented in the previous part in Figure 2.13, except that the night (with null water uptake) is added at the end of each day.

The sum of CO 2 addition for each day and night throughout the experiment corresponds to the CO 2 accumulation in biomass; it is compared in Figure 2.15 to the simulated carbon accumulation which is the integral of carbon flow. The experimental carbon accumulation may be proportional to biomass weight; this permits the comparison of plant growth in a homogeneous unit for the experimental and simulated data. The integration of carbon uptake with time shows that the total biomass can be easily fitted to experimental data; which is not the case for the fluxes which show a higher variability. Then the flux data should be preferred for accurate model fitting, even if the comparison of the integrals should be performed in order to verify the absence of global shift.

This figure shows that the global shift is low; the simulated rate is little higher the experimental data for the exponential growth period and then little lower for the linear growth. The model error is generally lower the experimental individual variability.

Light limitation (MELiSSA_Plant version 4)

During the model test and implementation, it was observed that light was never limiting, contrary to most of the models and estimations of plant growth which consider the biomass production proportionally to light interception, for example in CERES (Gabrielle et al. 1998),

Sirius (Jamieson et al. 1998) and GreenLab (Cournède et al. 2006) In Figure 2.17, a transition period is observed between days 14 and 27 due to light limitation;

it permits a better fitting with the experimental data. It is a small change, but it gives a smoother transition from exponential to constant growth rate. The fact that night respiration is also limited by the day light availability is due to the respiration limitation by the overall growth rate.

If limited only by light availability throughout the entire growth, the carbon exchange dynamics would not follow the experimental data. An example of light limitation was parametered in order to show the higher plant growth behaviour that would be obtained by setting the biomass growth rate proportional to light interception during the entire experiment;

it is illustrated in Appendix 6.

Parameters and parameterisation

Model parameterisation is generally a long and complex task. During the literature study to find consistent data for each physical parameter, the low availability of complete parameter lists with values and units was faced. In order to help the future model implementations and provide explanations of the parameters choice, the parameters are listed, the signification, values for the different versions of the model and the origin of the value are provided in tables 2.4: List of the environmental conditions and the experimental value used in the model. These variables must be kept similar to the experiment; it is not possible to adapt these depending on the simulation results because they are measured and theoretically directly provided to the model. Only the day conditions are listed here, due to the absence of matter exchange during night (except respiration which depends only on the growth rate during day).

The night conditions should be implemented when the model will simulate more efficiently the plant night behaviour. The final version of the model should be able to perform the simulation directly from the chamber measurement system, giving as an output the demand values for the environmental control system.

Architectural parameters Parameter code and name Identified value (model version)

Origin

k1 Ratio LA/Biomass 1.2E-3 m².g -1 (1) 1.7E-3 m².g -1 (2-3) 1.3E-3 m².g -1 (4) Estimated from experiment k1' Ratio R leaf /Biomass 1.1E-3 m.g -1 (0) k2 Ratio L stem /Biomass 4.9E-4 m.g -1 (1-3) 5.5E-4 m.g -1 (4) Assumed for a mature lettuce k3 Ratio R vessel /Biomass 2.0E-6 m.g -1 (1) k4 Ratio N vessel /Biomass 5.0E-2 g -1 (2-4) R vessel Sap vessel radius 4.65E-5 m (2,3) 4.68E-5 m (4)

Woodhouse 1933, Ellerby 1998 Table 2.5: List of the architectural parameters, the value and origin.

For the architectural parameters listed in Table 2.5, the experimentally calculated k1 is equal to 1.2E-3 m².g -1 at harvest; it had to be adapted in order to obtain a sufficient growth for the second to fourth versions of the model. The k1' parameter corresponds to the experimental value, but even larger values did not permit a sufficient growth rate: the formula given in equation 2.6.b in part 2.3.2 for total leaf area equivalent radius did not provide interpretable simulation results. k2, k3, k4 and R vessel parameters were adapted for each version of the model keeping a realistic value at harvest: approximately 15 cm for main stem length, and between 15 and 30 xylem vessels. k3 was parameterised for simulating 50 xylem vessels of 100 µm of diameter at harvest. The sap vessel radius is kept between 90 and 100 µm; it may be highly variable for different species and in the same stem. Woodhouse (1933) The physical parameters listed in Table 2.6 are estimated from the literature then fitted to the experimental data. Several sources are compared in order to know the range of possible values. The leaf internal CO 2 concentration is generally estimated between 10 and 30 % lower the atmospheric concentration (Dewar 2002, Tuzet et al. 2003); it is chosen in the models at 900 ppm while the atmospheric CO 2 content is 1000 ppm. For the leaf water vapour conductance, it is difficult to find data for living leaves, then several sources are compared and the data is adapted depending on the model behaviour. The light extinction coefficient is generally in the range 0.5 to 0.8 and mainly empirically determined. It is adapted also to the model behaviour. The boundary layer thickness is calculated using the formula of Boulard et al. (2002) copied in equation 2.24, using the following parameters: the lettuce leaf characteristic length l (0.2 m), the bulk air speed v (1 m.s -1 , using an estimation of EnginSoft company from computational fluid dynamics of the higher plant growth chamber used in the MELiSSA Pilot Plant, in Universitat Autònoma de Barcelona) and the air dynamic viscosity µ (1.8E-5 m 2 .s -1 ). The parameter 4.92 is used to find the distance to the leaf at which the air speed is 99 % of the bulk air speed, which corresponds to a common definition of the boundary layer thickness δ (m). BCmol Biomass C-molar mass 30.5 g.mol C -1 (1) 24.5 g.mol C

-1 (2-4) DM Dry matter content 0.07 g dry .g fresh -1 (1, 2) 0.09 g dry .g fresh -1 (3, 4) Resp Ratio respiration/photosynthesis 0.25 mol respired . mol absorbed -1 (3, 4) Table 2.7: List of the biochemical parameters, the value and origin.

The biochemical parameters of Table 2.7, similarly to the architectural parameters, must be parametered from the experimental results. Only the quantum yield has to be selected in the literature, because the absorbed light is not measured. Theoretically, the quantum yield for simple carbohydrate production involving light reactions and Calvin cycle should be 0.125 mol CO2 .mol photon -1 , which corresponds to eight photons for one CO 2 . However biomass production and maintenance imply many different metabolic pathways increasing the energy consumption for one carbon fixed in the final biomass components, and the quantum yield is generally found lower in the experiments [START_REF] Sasidharan | Higher plant growth modelling for life support systems: leaf metabolic model for lettuce involving energy conversion and central carbon metabolism[END_REF]). In the preliminary results of plant metabolic simulation, the two main constraints that must be applied on plant stoichiometry are the ratio between ATP synthesis and redox power consumption, called P/2e - in the case of photosynthesis and P/O for respiration. Depending on the constraints fixed on the energetic behaviour, a ratio of 10 to 18 photons per CO 2 has been obtained (Sasidharan 2012), corresponding to quantum yield values from 0.067 to 0.1 mol C .mol photon -1 . The real value may be lower, due to metabolic futile cycles consuming energy without any apparent useful production: the link between accurate biomass composition and local light interception can be simulated by the metabolic flux analysis.

A fixed percentage of water is transpired, and the parameter Tr (mol transpired .mol uptaken -1 ) has been assessed using the ratio between total water uptake and the water accumulated in biomass. It was chosen not to use the water condensation in the chamber because this was influenced by other factors like chamber temperature and total pressure, as described in part 2.2.2.5.

The ratio between carbon and water accumulation in biomass depends on the dry matter content parameter DM (g dry weight .g fresh weight -1 ) and carbon content in the dry biomass, which

were measured at harvest. The biomass C-molar mass BCmol (g dry biomass .mol C -1 ) is evaluated from the carbon content and links carbon accumulation and dry matter content. When the respiration and night behaviour are implemented in the model, during night only respiration occurs, water uptake and transpiration are stopped because of stomatal closure. This means that carbon is lost independently of water: the global dry matter content decreases. It is then necessary to modify the dry matter parameter DM (%) for the test of carbon and water proportions in order to accumulate more carbon during day; the dry matter content is regulated subsequently by night carbon loss.

Discussion

The current version of MELiSSA_Plant model is described in a simplified manner in the following Table 2.8 to Table 2.10, in order to provide a synthetic view of all the variables or varying parameters calculated by each module, with the equations and constant parameters.

Architectural module

Varying parameter Equation Parameters

Leaf area (LA) Sap vessel number (N vessel ) and radius (R vessel )

Biomass k LA   1 [2.
Biomass k N vessel   4
[2.9.b] k4 = 0.05 vessel.g -1 R vessel = 4.68E-5 m Table 2.8: Architectural module equations and parameters.

The architectural module described in Table 2.8 is used to calculate the geometrical varying parameters which are the total leaf area LA (m²), leaf area index LAI (m 2 .m -2 ), stem length L stem (m) and xylem sap vessel number N vessel . They are calculated depending on the main state variable: total fresh biomass. These varying parameters and the constant parameter of sap vessel radius R vessel (m) are provided to the physical module, which require the exchange surface and conduction path length and section.

Physical module

Variable

Equation Parameters [2.13.b] ρ = 1000 kg.m -3 M = 0.018 kg.mol -1 µ = 0.001 Pa.s Ψs = -120,000 Pa Ψs = -122,500 Pa Table 2.9: Physical module equations and parameters.

Light (I)   ) exp( 1 0 LAI k I I     [2.10] I0 = 4E-4 mol.m -2 .s -1 k = 0.4 Photosynthesis (U CO2 ) LA C C D U i a c CO      ) ( 2 [2.11] Dc = 2.0E-5 m².s -1 Ca = 0.041 mol.m -3 Ci = 0.037 mol.m -3 δ = 0.007 m Transpiration (R H2O ) LA RH T R P g R T O H      ) 1 ( 0 ) ( 2 [2.12] g = 1.4E-4 m.s -1 0 ) (T P = 3200 Pa R = 8.314 T = 298 K (25°C) RH = 0.7 (70 %) Water uptake (U H2O )   stem vessel vessel O H L µ M R i s N U            8 4 2  
The physical module shown in Table 2.9 calculates the maximum energy and matter exchange rates, which are the coupling state variables. These exchange rates control the biomass growth rate, depending on the plant stoichiometry.

Biochemical module

Variable Equation Parameters

Light (I) and photosynthesis (U CO2 )

QY U Dens I CO2  [2.14.b] QY = 0.054 mol.mol -1 Respiration (R CO2 ) and photosynthesis (U CO2 ) 2 2 CO CO U Resp R   [2.15] Resp = 0.25 mol.mol -1
Transpiration (R H2O ) and water uptake (U H2O )

O H O H U Tr R 2 2   [2.16] Tr = 0.5 mol.mol -1
Carbon and water relative content

  DM R U DM BCmol R U O H O H CO CO       1 18 ) ( 2 2 2 2 [2.17] BCmol = 24.5 g.mol C -1 DM = 0.09 g.g -1
Biomass growth rate (J Biomass )

    O H O H CO CO Biomass R U R U BCmol J 2 2 2 2 18       [2.18]
Table 2.10: Biochemical module equations and parameters.

In Table 2.10, the biochemical module assesses the limiting rate using a single, constant stoichiometry defined by the parameters of proportionality. This limiting rate is used to recalculate the non-limiting rates proportionally in order to simulate the biomass growth rate.

It is then integrated in order to obtain the total biomass at each time step.

The current version of the model provides the results showed in an exponential growth at the beginning, followed by a linear biomass increase, linked by a horizontal asymptotic transition period. It is noticeable that in the second half of the growth and especially at the end, light interception and water uptake induce a quasi-similar limitation to a constant growth rate. This may correspond to the real plant behaviour, because it has been reported in many studies that the plant adapts to its environment in order to avoid any excess.

For example, in elevated CO 2 content, the stomata are generally partly closed or synthesised in less amounts [START_REF] Cowling | Interactive effects of low atmospheric CO 2 and elevated temperature on growth, photosynthesis and respiration in Phaseolus vulgaris[END_REF][START_REF] Hetherington | The role of stomata in sensing and driving environmental change[END_REF][START_REF] Meinzer | Functional convergence in plant responses to the environment[END_REF]; if light intensity is too high the photosynthetic pigments are less concentrated than in low light level [START_REF] Ferguson | The plant response: stress in the daily environment[END_REF][START_REF] Yuan | Light Regulation to Chlorophyll Synthesis and Plastid Development of the Chlorophyll-Less Golden-Leaf Privet[END_REF]; and maximum photosynthesis rate of shaded leaves is lower and attained more quickly with increasing light intensity than for sunlit leaves [START_REF] Givnish | Adaptation to Sun and Shade: A Whole-plant Perspective[END_REF]. This shows that the plants tend to regulate all the processes in order that they are all in the same range of maximum rate in the usual environmental conditions. This means that if an environmental condition is abruptly modified, the plant response will be progressive, by slight modifications of all the parameters controlling the different processes. It seems obvious that if only one rate limited the entire plant growth, it would induce extreme modifications of the behaviour if the environmental condition linked to this rate changes rapidly. Then the multiple limitation situations are the most realistic and should be studied in detail in the future experiments.

Nevertheless in these simulation results, the fact that growth is limited in the model by sap conduction at the end of the development may not correspond to the real limitation: if water transport may limit tall trees, it is generally not considered for crop simulation. The small distance for sap transport, low hydrophobicity of the leaf cuticle and high water content of lettuce tend to prove that water input is not a limiting factor. However, the large leaves could create an important resistance to xylem as well as phloem sap transport at a local scale inside the parts of the leaves which are far to the sap vessels. A morphological study of this plant might show that the sap vessels are not very efficient, for example if xylem vessels are mainly made of tracheids, elongated cells which do not make a continuous tube. Another possibility for late development limitation is the high leaf area index (which is equal to 9 m 2 leaf .m -2 soil at the end of the culture) compared to the low plant height: all the leaves are overlapping; then the light and atmosphere cannot reach easily the middle of the canopy. Moreover, the water evaporation requires an input of thermal energy and the leaves of the middle of the canopy might be limited by the heat availability. With the present model it is possible to implement a limitation by light for the late plant development; however the atmosphere movement and thermal balance in the mature canopy architecture cannot be simulated without a detailed architecture module.

This leads to organise the future implementations in the model: each of the three modules, namely architecture, physical processes and biochemical processes will be further developed.

In the case of the architectural module, the aim is to implement a 3-D canopy structure in order to permit efficient atmosphere mixing and light scattering simulations; and a morphological module for specific exchange cells like sap vessels and stomata. This could be attained using the L-system technique, which provides an efficient description of architecture and development and can be coupled with physical laws of matter and energy exchange [START_REF] Karwowski | Design and implementation of the L+C modeling language[END_REF]Prusinkiewicz 2003, Allen et al. 2005). Additionally, the root morphology implementation would permit the implementation of the root absorption kinetics: it could predict a constant uptake rate in late development if the troughs are saturated with roots, which slow down the nutrient solution transport or limit root accessibility to oxygen for respiration.

The further developments of the physical module will include the root processes, but also the energy balance, which is considered only in the physiological module for light energy and photosynthesis using the quantum yield parameter. The thermal balance for transpiration could limit plant growth due to the atmosphere mixing reduction in the middle of the canopy.

A model was built in order to calculate the balance between latent heat demand for transpiration and available thermal energy: this is the Penman-Monteith model (Monteith 1981) expressed in equation 2.25. λ (J.kg -1 ) is the latent heat of water evaporation, E is the transpiration rate (kg.m -2 .s -1 ), R n the available energy flux of light radiation (W.m -2 ), G the soil heat flux (W.m -2 )it is not necessary for hydroponics cultures -, δ the slope of saturation vapour pressure-temperature curve (Pa.K -1 ) and γ the psychrometric constant (Pa.K -1 ).

Sensible heat flux of air water demand is included in the model using ρ a and c p the atmospheric density (kg.m -3 ) and specific heat (J.kg -1 .K -1 ) respectively, and VPD the vapour pressure deficit (Pa). The atmosphere and bulk canopy resistances r a and r s respectively (s.m -1 ) are also included; the canopy resistance corresponds to the inverse of the conductance parameter used in equation 2.12 in part 2.3.3.
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If E is multiplied by the soil surface available for the plants and divided by the water molar mass, it corresponds to the transpiration rate R H2O calculated in equation 2.12. R n is proportional to the intercepted light flux I (mol.m -2 .s -1 ) calculated in equation 2.10. Then, when the plant grows and leaf area index increases, the available radiation energy reaches a plateau but the latent heat demand is proportional to the leaf surface: this equation could be parameterised in order to test the influence of evaporation energy demand on plant growth.

The energy limitation for late development stage can also be parameterised by the light availability. If the sap transport is found not to be limiting, then the maximum rate of water uptake is increased and the lettuce growth rate reaches the maximum light interception rate, as shown in part 2.4.4 in Figure 2.16: the limited rate would reach the maximum rate until the end of the culture.

Finally, the biochemical module will be implemented by an accurate description of plant growth stoichiometry and composition. The metabolism permits a mechanistic coupling of energy input, matter transformation and active mechanisms in the plant. The root absorption could be studied in terms of metabolic energy limitation: if the carbohydrates produced by photosynthesis and conducted to the roots via phloem sap are not sufficient to permit a high catabolic activity, the active mechanisms of uptake would be limited; and the root growth and active absorption mechanisms would become constant with time. It may be another way to simulate the linear growth rate at the end of the culture. For the mechanistic coupling of light energy input and biomass production, several mechanistic approaches exist. The most common one in plant modelling is based on the metabolic description of photosynthesis (Farquhar et al. 1980, Tuzet et al. 2003); another approach describes all the biomass components stoichiometry, it is mainly used for microorganisms. It is possible to either list all the metabolic reactions and simulate the reaction rates using metabolic flux analysis method (Cogne et al. 2003) or set the general stoichiometry for each component of the biomass and couple it with the energy demand, which corresponds to photosynthesis rate (Cornet et al. 1998). The knowledge of plant composition in terms of carbohydrate, protein, lipid and other components can be correlated to the light energy input for plant growth, leading to a mechanistic assessment of quantum yield and biomass C-molar mass parameters. The accurate description of plant metabolism is under development and will be coupled to the mechanistic simulation of matter and energy exchange fluxes when the biomass composition will be available in closed growth chamber experiments [START_REF] Hezard | Experimental setup, modeling design and preliminary results for higher plant growth control in bioregenerative life support systems[END_REF]. This method would permit the calculation of the partitioning of each element in the different organs. It would also predict the energetic molecules demand, leading to a mechanistic quantification of radiation use and respiration, which are used to evaluate all the active mechanisms: root mineral uptake, stomatal processes, phloem movement etc.

All these implementations and others for the long-term modelling task like an accurate description of plant developmental behaviour and local simulation of the mass and energy transports could provide an efficient prediction of plant response to the environment, leading to the growth chamber control for specific life support requirements.

Mathematical analysis of the model

The conclusions brought by the simulation results can be further discussed after determination of the model's uncertainty and each parameter's sensitivity in order to study the relevance of these results. It is a way to point out the main modules, equations or parameters that must be developed in priority.

The model mathematical analysis is a way to evaluate the simulation's result (output)

uncertainty and linearity knowing the incertitude of the input data, especially for the parameters. For the sciences characterised by a high level of complexity, a large number of parameters or a high uncertainty in the identification of the model input, the uncertainty of the output is of major importance: it corresponds to the reliability of the model predictions.

Economical, social and biological sciences are generally modelled by complex laws and a high number of parameters; the simulation results reliability is sometimes questionable. That is why assessing the model uncertainty gives an idea of the confidence that can be placed in the simulations [START_REF] Wu | Sensitivity Analysis for Functional Structural Plant Modelling[END_REF].

The model linearity determines the simplicity of the laws and mechanisms included in the model. A highly linear model provides a result depending on each individual parameter independently, without non-linear contribution like power, logarithmic or exponential law.

The model linearity is interesting in the case of relatively simple behaviours, and it permits easier parameter identification. A non-linear model is generally more difficult to parameterise, but it may be more efficient for the simulation of complex behaviours. Nevertheless, nonlinear laws must be chosen mechanistically, otherwise they may exhibit incorrect results outside the identification range.

In the mathematical analysis, sensitivity analysis is a further step after uncertainty and linearity assessment. It permits a classification of the parameters which uncertainty must be very low in order to provide sufficiently accurate results for the simulation. In the contrary, the parameters with a low sensitivity can be fixed to a constant value, their estimation or variation does not affect the model result's accuracy. The separation of sensible and insensible parameters permit further model implementations: the accuracy can be increased by specific experimentations or measurements for the sensible parameters; and the computing cost and model complexity can be reduced by fixing or simplifying the laws containing insensible parameters.

Several methods for sensitivity analysis exist [START_REF] Helton | Survey of sampling-based methods for uncertainty and sensitivity analysis[END_REF] 
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The calculation is done by repetitions of the simulation, changing the parameters in a userdefined range, and comparing the model outputs knowing the input variation. This method provides the model uncertainty with the evaluation of output's variance, and the linearity. It classifies also each parameter depending on its sensitivity index SRC. If several parameters are interacting to the output's variation, or if they are introduced as a non-linear function, the sum of the SRCs is less than one. Generally, a model is considered linear if the coefficient of determination is above 0.9. Below this value, the contribution of interacting parameters or non-linear laws is not negligible.

If the model linearity is low, more complex methods exist, which determine the contribution of interacting parameters to the model output variance: in this study the method initiated by Sobol and implemented in the thesis of Qiongli Wu ( 2012) is presented. It provides each parameter's sensitivity index similarly to the method of SRC, the output variance, the coefficient of determination which is the sum of the sensitivity indices, and the second order sensitivity indices for each couple of parameters. These second order indices show the importance of interactions between two parameters. This analysis has been performed in the laboratory of Mathématiques Appliquées aux Systèmes (M.A.S.) at Ecole Centrale des Arts et Manufactures de Paris using the software PyGMAlion, created by the team Digiplante.

PyGMAlion software for plant growth model analysis

This software has been imagined with the aim at providing a platform for testing plant growth models: its name contains the abbreviation of "Plant Growth Models Analysis and Identification". It is made of several modules for parametric estimation, sensitivity and uncertainty analysis. It permits also model comparison and selection using a common analysis environment. It was encoded in C++ language and requires a specific structure for the model: it must be written as a discrete-time set of differential equations. It is described in equation 2.27 with X n containing the initial values for the state variables, U n the values of the input variables which are usually the external conditions, and P the constant parameters. The coupling state variables (in MELiSSA_Plant model, the rates or derivatives of the state variable) and the varying parameters are defined directly in the function F n : it stands for the set of equations relating the different variables and parameters and permitting the calculation of the next time-step variables X n+1 .
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This simulation module structure is used for all the models implemented in PyGMAlion platform. The simulation outputs must then be defined: it may not be useful to know the evolution of each of the variables, for example if they cannot be compared with experimental measurements or another model's output. The interesting outputs are defined in a class called "observer", which are recorded in the output files. Any type of data can be selected as an output: state variables, varying or even constant parameters.

Then the model is implemented and simulations can be performed, similarly to the initial version of the model. Moreover, different modules can be used to perform parameter estimations or sensitivity analysis; or select a model [START_REF] Wu | Sensitivity Analysis for Functional Structural Plant Modelling[END_REF], as described in Figure 2.18. 

Mathematical simplification

In terms of algorithm, MELiSSA_Plant model is not efficient in the current form: many variables and parameters are used and some of them never independently. The model could be simplified in order to obtain an efficient algorithm and perform the mathematical analysis.

The first simplification step concerns plant architecture: each of the architectural variables is proportional to biomass, except the sap vessel radius which is constant. Then it is a computational time loss to calculate each architectural parameter separately of the equation in which it is used: the total biomass variable and architectural proportion parameter can be used to replace all the architectural variables. Then the first, architectural module in the model can be suppressed.

The second simplification step consists of a parameter analysis in order to simplify all the combined parameters, which are always used together. For example, for carbon diffusion from the atmosphere to the leaf, the diffusion coefficient and boundary layer thickness can be simplified in a global conduction parameter, similarly to the leaf conduction to water vapour for transpiration release from the leaf to the atmosphere.

The new model structure is described in the following Figure 2.19 and can be compared to Figure 2.11: the architectural and physical modules are coupled, and some parameters are simplified. The parameter list, values and correspondence with the previous version can be found in Table 2.12. The range of variability used to perform the sensitivity analysis is also provided.

Parameter/input variable code and name

Parameter value

Selected range of variability for sensitivity analysis

Correspondence

with previous parameters Environmental conditions ( 2.12: List of the simplified parameters, the value and selected range of variability.

The input variables describing the growth conditions cannot be selected for variation, because they are generally not controlled. However for a model adapted for life support systems and predicting plant growth in a closed chamber, it is interesting to test the sensitivity to the environmental parameters: it would provide the conditions that must be measured with a high accuracy, eventually locally in order to provide accurate predictions. It would also stress the parameters that control the plant response, which is the final aim of the model.

The other parameters are tested in a range that seems reasonable knowing the mean plant shape, physical properties and measured carbon and water proportions. In some cases, the maximum or minimum value depends on the adaptation outside the usual or measured range that was necessary for different steps of the model fitting. 

Model uncertainty and linearity

The sensitivity analysis is performed using the range of variability provided in Table 2.12 for the parameters. Each parameter is sampled by a Monte Carlo method within this range using a uniform law, and the simulation is performed with each of the modified parameters. The input and output variances are calculated after a user-defined number of samples, fixed at 800 in this study in order to balance the analysis accuracy and computing time. 
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to the relatively high number of parameters and the presence of several modules, the parameters of each module (architectural, physical and the stoichiometric part of the biochemical module) are analysed separately. The contribution of each exchange rate to the resulting biomass growth is also studied, by the analysis of the parameters specific of each flux separately: light interception, carbon exchange, transpiration and water uptake. It is not possible to separate respiration and carbon uptake, because respiration cannot be calculated independently, it is a fixed percentage of carbon uptake. The transpiration rate cannot be compared to the experimental results, that is why it was chosen not to select this rate as an output to the model: the variance and linearity of the transpiration parameters can not be observed on the transpiration variable, only on the other output variables: biomass, respiration, carbon uptake and water uptake.

Model outputs variance

It is observed in Figure 2.20 that the architectural and physical parameters (graphs a. and b. respectively) induce a low variance for the model outputs. All the outputs corresponding to exchange rates (respiration, carbon uptake and water uptake) have the same variance, because the stoichiometric module fixes the proportionality: they have exactly the same behaviour and then the relative variance is identical. In the case of biomass, it represents the integral of the exchange rates: as already stressed in part 2.4 providing and discussing the simulation results, the integral has a smoother shape and is more easily fitted to the experimental data. This explains the lower variance observed for the biomass, for all the analyses.

The stoichiometric parameters shown in graph c. correspond to the equivalent of stoichiometric coefficients for each compound; it is the relative contribution of water and carbon to biomass production, the ratio between uptake and release rates for water and carbon, and the energy demand for photosynthetic fixation of carbon in biomass. These parameters have a different influence on each exchange rate independently, because they assess the limiting rate. Then each exchange rate has a different variance. It is much higher than for the previous modules, especially for biomass and carbon exchange rates. This is explained by the high proportion of water in biomass, and the very high flux of water entering and leaving the plant: even a small modification of the proportion of water transpired, or dry matter content, induces a large variation in biomass growth rate and carbon exchange. Water uptake is proportionally much less affected by these variations; its flux stays relatively large compared to carbon exchange. The high variance of this module highlights the importance of an accurate evaluation of the water uptake and release rates, biomass composition and light energy requirement for the photosynthetic metabolism. The single stoichiometry chosen in this model might not be adapted to perform accurate mass balances and simulate efficiently the growth behaviour: the entire metabolism description or at least a more detailed composition may increase the model reliability.

In Figure 2.20.c, it is observed that carbon and water uptake outputs variance is not continuous. This is due to the fact that these variables are null during night, whatever the parameters. Then the variance is null, parameter sensitivity indices also and finally the linearity is null: this is explained by the model structure. Water uptake already discussed in the simulation results analysis; here the calculation of the model variance confirms this conclusion. The variance varies with the time of growth in a relatively similar manner for all the sets of parameters: the biomass output, which is the integral of the exchange rate, has a lower variance than that of the exchange rates, and the time of maximum variance is later. This is due to the mathematical relationship: the integral shows a delayed and smoother behaviour. The time of maximum variance for the exchange rates is in the middle of the culture or little before; this is the time of switch of the growth limitation from an exchange rate to the other. This induces a modification of the exchange rates and biomass growth behaviours and a modification of the importance of the different parameters: the variance is increased.

Model outputs linearity

The sum of the variances of all the parameters included in the study, divided by the output variance, corresponds to the coefficient of determination. It assesses the model linearity: it is considered linear if the index is above 0.9. It is shown in Figure 2.22 for the architectural, physical and physiological parameters and in Figure 2.23 for the parameters of the different matter and energy exchange rates.

As shown in Figure 2.22, the model is generally more linear for the biomass output than for the derivatives (the matter exchange rates), because the variance of the biomass is lower.

Moreover, the periods of linearity reduction are delayed for biomass variable, because a modification of behaviour in the exchange rates influences total biomass with a certain delay.

The biomass output can be considered linear for the physical (in Figure 2.22.b) and stoichiometric (in Figure 2.22.c) parameters, but the coefficient of determination is just above or below 0.9 during the entire growth for the architectural parameters (in Figure 2.22.a). This result stresses the importance of the description of the plant morphology in order to simulate complex growth behaviours.

The exchange rates have a lower linearity, linked to the higher variance. The minimum coefficient of determination approaches 0.8 for the architectural and physical parameters, even if it is higher 0.9 during the main part of the growth for the physical parameters. For the architectural parameters, similarly as for the biomass output the linearity is just above 0.9, or lower. The stoichiometric parameters induce a much lower linearity for the exchange rates than for the biomass: the last can be considered linear while the exchange rates are below 0.9 during the major part of the growth. As for the variance, the linearity of each exchange rate is different for the stoichiometric parameters. Respiration rate shows the lowest linearity at the beginning of the growth but water uptake, which had the lowest variance, exhibits a very decreasing linearity (the coefficient of determination is approximately 0.7) at the end of the growth. This corresponds to the moment of growth limitation by the water uptake rate; moreover the maximum light interception rate is very close to the maximum water uptake rate: any small modification of a parameter modifies the origin of the limitation. The colimitation situations will be detailed in the following part, they are of major importance for modelling living organisms and complex behaviours. If each matter or energy flux is studied separately grouping all the modules as in Figure 2.23, the model linearity is relatively high for the light interception (in graph a.) and carbon exchange (in graph b.) parameters, especially for the biomass output. It is high also for the transpiration parameters (in graph c.) at the beginning and end of the growth, and for the water uptake parameters (in graph d.) at the beginning of the culture only.

The lowest linearity indices, approximately 0.8, are these of the water uptake parameters after 10 days of growth especially for the water uptake output, stressing once more the key role of water processes. For the carbon parameters, the exchange rates have a relatively low linearity 

Parameters sensitivity analysis

The variance of the model output is affected to each parameter independently or to a couple of parameters by the calculation of the sensitivity indices. The method of Sobol implemented by [START_REF] Wu | Sensitivity Analysis for Functional Structural Plant Modelling[END_REF] is used, because the model linearity is low in certain cases: some parameters may not influence the model output independently. Each module (architectural, physical and stoichiometric) then each exchange rate (light interception, carbon exchange, transpiration and water uptake) is studied independently.

The first order sensitivity indices have generally the highest contributions to the model variance, compared to the second order sensitivity indices: a major contribution is considered above 0.6 for the first order indices, a significant contribution is above 0.1 for both orders.

Architectural module

The architectural module contains only three parameters: k1, which corresponds to the proportionality between fresh biomass and total leaf area; k5 represents the ratio between the number of xylem sap vessels and total stem length; and R vessel is the radius of the sap vessels.

The first order sensitivity indices provided in Figure 2.24 classifies the contribution of the variance of each parameter independently to the variance of the model output; the second order sensitivity studies the contribution of couples of parameters in Figure 2.25. area is low and the gas exchange rates (mainly transpiration) limit the growth, showing an exponential rate. In the middle of the growth, light interception becomes the limiting rate; the behaviour is different but the main variable remains the leaf area. The light-limited asymptotic growth reaches the maximum water uptake rate and this last rate becomes limiting at the end of the growth. The xylem vessel radius, which is elevated to the power of four, shows a much higher importance than k5 parameter which is also included in the equation of water uptake.

This result shows the key role of the leaf area; the low accuracy of k1 parameter and the empirical law used in this module may induce the relatively low linearity of the model. The exponential behaviour explains also the limited linearity. The importance of the sap vessels radius is also stressed; detailed morphological studies for all the architectural parameters may increase significantly the model accuracy. In the case of the second order sensitivity indices shown in Figure 2.25, a significant interaction is observed between k1 and R vessel parameters for the exchange rates only. This cannot be explained by the model's equations, because these two parameters are never related.

The assessment of the limiting rate is the cause of this artificial interaction observed: around the time of modification of the limiting rate, a small increase in each parameter induces a global increase of the maximum rates, then a large modification of the model output. If only one parameter is increased, the growth rate is limited by the other one and the model output modification remains small. This interaction is a bias of the model structure, but it explains the importance of the accuracy in the assessment of the limiting rate, especially when several processes are in the same range of maximum rates. 

Physical module

The physical module comprises more parameters than the architectural module: k is the Beer-Lambert coefficient for the calculation of the light interception; C i is the internal CO 2 concentration in the leaf substomatal chambers and g c is the atmospheric conductance to CO 2 by diffusion. In the initial version of the model, it corresponds to the ratio between the diffusion coefficient D c and the leaf boundary layer δ. The remaining parameters are used in the equations of the water processes: g w is the atmospheric conductance to water vapour for the diffusion of transpired water from the leaf to the atmosphere, and Ψ i is the plant water potential, which is the driving force for the water uptake and xylem sap conduction. The first order indices for all these parameters are shown in Figure 2.26, and the main second order indices in Figure 2.27. In order to simplify the figures reading, the low first order sensitivity indices are shown in a light colour; they are confounded with the X-axis. For the second order sensitivity indices, only the highest indices are shown in the figure, the others are removed and the same colour code is used: the darkest colours for the main indices. The first order indices in Figure 2.26 are significant only for two parameters and they show the same behaviour as the architectural parameters: one is predominant during the main part of the growth, especially for the biomass output, it is the water vapour conductivity g w . The other is the plant water potential Ψ i , it increases only at the end of the culture. Similarly to the architectural parameters, these parameters correspond to the limiting rates: the water vapour conductance controls the transpiration, which is limiting at the beginning of the growth; and water potential is the driving force for water uptake and sap conduction which limits the end of the growth. In Figure 2.27, similarly to the architectural parameters, the main parameters of the limiting rates exhibit an artificial interaction at the moment of the switch between each limitation. The explanation is the same as in the previous part 2.5.4.1.

Biochemical module

The biochemical module, as for the uncertainty and linearity analyses, shows different sensitivity indices for each model output independently and then each graph is shown in Figure 2.28 for the first order indices. For the second order sensitivity indices, only the water uptake output has a significant second order index and this graph alone is shown in Figure 2.29; the other outputs have a relatively comparable trend but with lower indices. The number of parameters is relatively high for this module; then the same code as for the physical module is used: the darkest colours indicate the most important parameters, and the lowest second order indices are removed. The stoichiometric parameters are the quantum yield QY which is the ratio between the CO 2 uptake rate and photon absorption rate; this is the parameter converting the radiative physical energy into biochemical energy in order to perform photosynthesis. The parameter Resp is the ratio between respiration and photosynthesis rates;

Tr is the ratio between transpiration and water uptake rates: they assess the relative rates of uptake and release of carbon and water; the difference corresponds to the accumulated part in biomass. DMratio and BCmol parameters stand for the comparison of carbon and water in fresh biomass: DMratio is the ratio of dry matter and water contents in fresh biomass and BCmol is the C-molar mass for converting masses and moles. Only one main parameter, the percentage of water transpired Tr, has the highest sensitivity index during the entire growth as can be seen in Figure 2.28. However contrary to the other modules, the other parameters are not confounded with the X-axis, and except for the biomass output, the index of Tr is rarely above 0.8. The second most important parameter for all the outputs except respiration is the quantum yield QY, it increases only after the beginning of the growth: this is consistent with the period of light limitation, even if the increase is not stopped when water uptake is limiting at the end of the growth. The sensitiveness of the Tr parameter is due to the large water content in biomass; if one of the water processes (uptake or release) is limiting, then a modification of the percentage of water transpired modifies the other process as well as the quantity of water in biomass: the biomass growth rate and the carbon exchange rates are modified proportionally. This parameter influences indirectly all the model outputs. The parameter of proportionality between dry matter and water content in biomass DMratio has also a relative importance, especially for the carbon exchange rates: a small modification of this value modifies importantly the total dry matter, then the carbon content. The second order sensitivity indices are mainly below 0.1, only one index shows a significant value in the case of the water uptake output shown in Figure 2.29: it corresponds to the interaction between quantum yield QY and transpiration percentage Tr, the main parameters for the first order indices. Similarly to the previous second order indices, these parameters are never used in the same equation or related by a specific relationship; the interaction is a bias of the model due to the proximity between water uptake and light interception limitations.

Exchange rates: light interception

The light interception sensitivity indices presented in Figure 2.30 imply only three parameters: k1, the coefficient of proportionality between fresh biomass and leaf area; k the Beer-Lambert extinction coefficient and QY the quantum yield parameter. For the first order sensitivity indices shown in Figure 2.30.a and Figure 2.30.b, the same trend as for the main parameters of architectural and physical modules is observed: k1 and QY are clearly predominant, and the importance is exchanged between the beginning and end of the experiment. This is due not only on the changing limiting rate, but also on the shape of the light interception curve: it is a higher-bounded negative exponential; the slope is high at the beginning of the growth and depends on the increasing leaf area with time, which decreases the exponential term. At approximately half of the growth, the slope decreases and tends to a horizontal asymptote: at this time, light is limiting, and k1 parameter modifications influence a quasi-negligible exponential term: its importance decreases. At the end of the growth, the exchange rates are constant and the only parameter that can influence the overall growth rate is the proportionality between the absorbed photon flux and the carbon uptake in biomass, QY. This illustrates the increasing importance of QY with time. It should be noticed that the beginning of the growth is limited by gas exchange, not light interception. However gas exchange rate is proportional to the leaf area, which explains the importance of k1 parameter at this time.

The second order sensitivity indices shown in Figure 2.30.c and Figure 2.30.d exhibit the same trend as for the architectural and physical modules: an artificial interaction of the two main parameters appears at the moment of parameter's importance exchange. could not yet be determined by mechanistic laws of respiration metabolism; then respiration rate is a fixed proportion of carbon uptake: it is not possible to separate these two fluxes. The parameters included in the sensitivity analysis illustrated in Figure 2.31 and Figure 2.32 are k1, the proportionality coefficient of total leaf area and fresh biomass; C i the internal leaf CO 2 concentration; g c the carbon conductivity in the atmosphere; Resp the proportion of carbon uptake which is lost by respiration; DMratio the ratio between dry matter and water content;

BCmol the biomass C-molar mass and QY the quantum yield. The second order sensitivity indices are numerous, due to the large number of parameters;

however only one exhibits a significant value: it is the interaction of QY and DMratio parametersfor the carbon uptake output, shown in figure 2.32. This can be explained by the fact that these two parameters are the main ones at the end of the growth; light interception can become the limiting rate if QY is little lower and DMratio influences importantly the carbon content in total biomass. Then these two parameters have a higher influence if they are modified together. The main secondary indices are shown, they all concern k1 or QY parameters, but the value is not significant. The other second order indices are removed of the graph and the figures of the other outputs are not shown, because the sensitivity indices never attain a significant value.

Exchange rates: transpiration

The water release flux, transpiration, cannot be analysed for the corresponding variable, because it was not chosen as an output: the experimental data is not accurate and depend on other environmental parameters like temperature; it cannot be compared with the simulated data. Then the sensitivity is analysed for the other variables, which are the model outputs. The selected parameters are k1 the leaf area coefficient; g w the water vapour conductivity from the atmosphere to the leaf; Tr the proportion of water absorbed which is subsequently transpired, and DMratio the ratio of dry matter and water content in biomass. The first order sensitivity indices are shown in Figure 2.33. This analysis contains three parameters that were detected dominant in the analysis of each module separately: k1 in the architectural module, g w in the physical module and Tr in the biochemical module. The main parameter is Tr, involved in the stoichiometric module. The others are generally below 0.2 then quasi-negligible; only for the water uptake output in Figure 2.33.c the sensitivity indices are more distributed. Then this analysis permits the classification of the three main parameters in decreasing sensitivity order:

Tr, g w and k1. The second order sensitivity indices are not significant for the entire growth period then they are not shown. 

Exchange rates: water uptake

Finally the sensitivity of the water uptake is analysed in Figure 2.34. Its parameters are k5, the ratio of number of sap vessels per stem length; R vessel , the radius of the xylem sap vessels; Ψ i , the plant water potential; Tr, the proportion of water transpired and DMratio, the proportion of dry matter compared to water content in biomass. As expected, Tr is the main parameter, followed by Ψ i and R vessel , for both the importance is increased at the end of the culture and Tr sensitivity decreases. The second order sensitivity is not significant, as for the transpiration parameters, even if for this rate the linearity is rather low during the main part of the growth. This is explained by the sap movement equation: the Hagen-Poiseuille law depends on the radius of the conduction path elevated to the power of four. This means that when this rate is limiting at the end of the growth, the overall growth rate is proportional to R vessel 4 : this leads to a non-linear modification of the output with the variation of R vessel , which is not linked to an interaction. This last analysis provides a more detailed classification of the main parameters: R vessel and Ψ i are also predominant parameters in the architectural and physical modules; the importance is mainly at the end of the culture when water uptake is the limiting flux. Tr remains the principal parameter which must be estimated with a high accuracy during the entire growth; k1 and g w require also an efficient evaluation at the beginning of the culture while R vessel and Ψ i are essential at the end of the growth. 

Discussion

The sensitivity analysis stresses once more the importance of the water processes: except k1, the coefficient of leaf area, and QY, the quantum yield, the main parameters are specific of water exchange, either for uptake or release. Tr, the percentage of water transpired, cannot be evaluated accurately if the water balance is not validated; this requires an efficient design of the closed and controlled chamber as well as careful measurements and sample analyses. The architectural module must be implemented with regular measurements of the plant shape and morphology including micrometric parameters like sap vessel radius (R vessel parameter) and stomatal exchange surface in the leaves (new evaluation for a varying k1 parameter). The physical module should be based on measured water potential (Ψ i parameter), internal concentrations (V i and C i parameters for vapour and carbon concentrations, which might become more important if the exchange surface is lower) and conductivities (g c and g w parameters, they may become variable with canopy architecture). The correspondence between matter and energy exchange should be implemented with a more accurate and adaptive description of the biomass stoichiometry, especially for the quantum yield (QY parameter): it is also one of the key parameters, especially at the end of the growth when light interception is saturating.

The relative sensitivity of all the parameters is illustrated in Figure 2.35, showing the different laws used in the model, the type of the parameters, and their importance. This explains the growth behaviour and the changing parameter sensitivity during the entire culture time.

It should be pointed out that none of the parameters is predominant during the entire growth: they are all replaced by another parameter and show a period of null index, at least for the exchange rate outputs. It is remarkable that the period of exchange of sensitivity corresponds to the lowest linearity, highest variance and highest second order sensitivity indices; and this is observed at the times of switch of limitation. It highlights the key role of active regulations of the plant; which find equilibrium at the point of multiple limitations: it is the way to obtain interrelations of all the processes, which permit progressive adaptations of the behaviour to the contrasted external stimuli. The importance of co-limitations was already stressed in the discussion of the simulation results, and the mathematical analysis confirms this. This analysis confirms and highlights the previous conclusions of experimental data analysis and simulation results: the water processes must be accurately measured, ensuring a correct mass balance; architectural and biochemical modules should be developed including a mechanistic description of plant shape and metabolism. This cannot be achieved without regular sampling and a chamber ensuring a perfect water balance. 
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Conclusion

The different studies performed in this chapter reveal several main points for guiding the future modelling task. The model structure and results show that the actual version can predict different types of laws and growth behaviour, depending on the link between architectural laws and physical limiting process: gas exchange, sap conduction or light energy input. The general trend of the dynamics of carbon exchange is correctly simulated throughout the entire culture, water uptake and biomass production are predicted with an acceptable shift. The largest shifts concern oxygen production, water transpiration and accumulation in biomass.

They come from the difference between simulated and experimental mass balance. The predicted limiting processes show a good agreement with the experimental data; however they might not be the real ones especially in the case of sap conduction limitation at the end of the growth. Several improvements are proposed for further model development.

The mathematical analysis of the model permits the selection of a simplified model structure and the main parameters. It is important to keep a simple structure, an efficient algorithm and a minimum number of parameters; especially when the final version of the model will be implemented in MELiSSA loop control system. However this simplification must not lead to empiricism or accuracy reduction. The model shows a relatively high linearity for the physical module, but it is low for the first and last modules which simulate plant architecture and select the limiting rate knowing the biomass composition: this model can predict complex and nonlinear growth behaviours even with a simple structure and basic mechanistic laws. The model uncertainty and parameter sensitivity are highest for the water processes; emphasising the importance of a careful model selection and parameterisation for water exchange simulation.

The importance of a mechanistic and accurate simulation of plant architecture is stressed, together with the need of an accurate definition of biochemical parameters like quantum yield which links the light energy input and biomass energy balance for carbon uptake: a more complete metabolic model may increase the model accuracy and adaptiveness. The key importance of the assessment of the multiple limitations, especially if they show all the same behaviour, is stressed by the variance, linearity and second order analyses of the different parameters. The phases of switch of limitation may require accurate measurements of many parameters; then they should be studied with an extreme care.

These conclusions can be linked to the experimental data analysis: it shows that mass balance closure and dynamical results are the main requirements for model parameterisation, especially for water processes. The mass balance closure can be obtained if leakage tests are performed in conditions of accumulation avoidance and with the same accuracy for all the measurement and control systems. The dynamical data stress that even if the model is in agreement with the final result, few points during growth or even the sum of the exchange data; it may show a large shift in terms of dynamics. The final model must be able to follow the matter and energy exchange rates at the time step of one day or shorter: this comparison can be performed only if accurate data are available for all the exchange fluxes. In terms of simulation, it means that not only the integral total biomass should be predicted, but also the derivatives which are the exchange rates. It is a way to ensure that the model structure and equations are in agreement with the plant mechanisms. The assessment of multiple limitations may also be discovered with accurate dynamical measurements of all the exchange rates. The experiments used for the first model fitting provide the carbon exchange data with sufficient accuracy and frequency for a dynamical analysis and parameterisation at the time step of one day. Oxygen, water and nutrients data can be compared with the model, but not at the level of dynamics, only for the general trend. In the case of total biomass, its composition and geometrical shape, the experimental data are available only partially at harvest: then, the biochemical and architectural modules of the model cannot be validated yet. In the case of the physical limitations to plant growth, they can be implemented and validated only with specific experiments and measurements.

The actual version of the model could be further developed more easily with a specifically designed experimental frame; the aim of the following chapter is to propose experiments and experimental systems for the model improvements.

Main outcomes of Chapter 2

 The experimental system does not provide accurate mass balances for carbon, water and nutrients; however carbon dynamics permit the comparison of the model results.

 The model structure is based on three main modules following the important processes: architecture, physical laws and biomass stoichiometry.

 The architectural and stoichiometric modules contain simple empirical laws due to the absence of dynamical measurements.

 The physical module contains basic mechanistic laws of matter and energy transport phenomena.

 The final results describe an exponential growth at the beginning, due the increase of the gas exchange surface (leaf area); then a transition asymptotic period limited by the light interception; and a linear growth at the end of the culture, linked to sap water transport limitation.

 These dynamics depend on the link between architectural and physical laws; the water processes and energy input are the main limiting rates.

 The mathematical analysis confirms the importance of the water processes and the associated parameters; they require accurate measurements and parameter fitting.

 Architectural and stoichiometric modules have a low linearity and a high variance; it may be improved by the implementation of more complex laws.

 The periods of modification of the limiting rate, or multiple limitations, show the highest uncertainty and non-linearity; they may be the key of real plant mechanisms and permit the prediction of complex behaviours.

3 Experimental design for further model developments

Introduction

The previous chapter includes experimental and mathematical analyses, as well as a discussion of the simulation results depending on the known plant behaviour and limiting processes. The analysis of the experimental data detailed in part 2.2 showed that the input, output and accumulation fluxes are difficult to reconciliate, inducing relatively low mass balances. Moreover some data cannot be used for comparison with the model, because the measurement frequency is too low, the accuracy is not sufficient or some parameters which are not measured influence the measured data. Then, a new design of a higher plant growth chamber can be proposed in order to provide data that would be used more easily for model development. Additionally, it has been stressed in part 2.3 and 2.4 about the model structure and simulation results that some empirical laws had to be used, due to the absence of architectural and composition data during growth. This shows that sampling is necessary for performing destructive measurements at several times during the experiments. However sampling is always a difficulty in the case of controlled environments: the planting area is limited which causes statistical limitations, and the sample removal should not disturb the environment and remaining plants. In the case of the physical laws of matter and energy exchange with the environment, the simplest laws had to be used by adapting the parameters found in the literature, due to the absence of specific remote sensing or direct contact measurements for parameterisation of complex models. The mathematical analysis of the model performed in part 2.5 points out that the previous conclusions are verified in terms of model uncertainty and parameter sensitivity: water processes, photosynthetic energy balance and architecture modelling are the main points that should be studied in details.

In this chapter, the aim is to propose a way to further develop the existing model. As concluded in the previous part, the limiting mechanism and the model choice should be studied; even new models should be proposed for some processes: the aim is not to build the MELiSSA plant chamber yet, but to acquire knowledge in order to obtain a model that could control a plant growth chamber. Only then, the MELiSSA plant chamber can be optimally designed, depending on the required measurements for the control model running. This work was initiated by a contractual document entitled "Technical Note number 83.15: Definition of a roadmap for modelling and operating a controlled higher plant compartment" and sent to the head of MELiSSA project on the 2 nd May 2011. The general structure of this document has been modified and some parts implemented due to the information provided by the simulation result analysis. Some experiments are described in part 3.2 for developing each process included in the model. The important measurements that must be performed and some specific hardware are proposed in part 3.3. The set of requirements for conducting new experiments is described in part 3.4 in order to ensure accurate mass balances and dynamical measurements. It leads to propose a new chamber design in part 3.5.

Specific experiments for plant processes modelling implementation

Higher plant general processes

For architecture and development processes, it is only necessary to measure accurately the architectural and developmental steps during the culture. The aim of this module is to simulate the plant biological response to environmental stimuli; it is then necessary to test different conditions, especially extreme and changing growth environments.

The general module containing plant development and architecture processes can be implemented in two ways: either using in the first approach a simple organ production rate and defined developmental scheme, or preferably directly an L-system approach of three dimensional architectural development as described in chapter 1, part 2.1.2. In both cases, the plant developmental stages and architectural growth must be measured accurately in order to be able to parameter advanced prediction laws.

Development

Different environmental conditions are essential to predict with accuracy the plant development; the main parameters are temperature, photoperiod and light intensity. The photoperiod should be tested depending on the probable constraints in the real MELiSSA conditions, and the known effect on plant development: longer or shorter than 12 h/day, increasing or decreasing day length. The availability of some nutrients is known to be essential for specific developmental stages.

Set-point experiments should be performed for the first studies in order to parameterise the main trends; then changing conditions are important for later tests in order to predict the plant response depending on the developmental stage and growth history. Hormone production should be measured in the air, nutrient solution and inside the plant itself, especially in the growing parts (buds and root tips: the meristems) and reproductive or storage organs. The developmental stages must recorded at each morphological change like lettuce head formation, wheat flag leaf appearance and anthesis, potato first tuber formation; then the development and architecture processes can be coupled. At each of these stages or more frequently if necessary, sampling is necessary in order to measure the developmental parameters like hormone content and architectural and morphological parameters. The biomass composition of each organ must also be measured in order to parameterise driving laws for the biochemical module.

Architecture

The architectural model will be implemented by testing biomass production limitation conditions (light, water, nutrients, oxygen and carbon availability) in order to differentiate and parameterise organ appearance rate and organ size growth rate responses. For the general architecture parameters, each stem, its length, diameter, angle and direction; each bud and its specificity (age and role), each root, its length, diameter, role (absorption or conduction) and branching pattern are important data. For the leaves, the main measurements are each leaf surface and angle, main sap vessels repartition, stomatal density, size and exchange surface when the maximum aperture is induced for each leaf side. Inside the stems and roots, the sap vessels morphology, diameter and length should be measured as well. These measurements should be compared with image data analysis of pictures taken inside the chamber.

Coupling

The developmental and architectural module will not be entirely determined or stochastic; it depends also on the environmental conditions through specific sensing systems and the physical and biochemical processes. Then a basic L-system algorithm might not be applicable; the principle of parametric L-systems described for the L+C plant modelling language [START_REF] Karwowski | Design and implementation of the L+C modeling language[END_REF]Prusinkiewicz 2003, Allen et al. 2005) permits a two-way dialog between plant geometry and matter fluxes or other laws. The current empirical architectural module must be implemented in priority; an accurate description may change fundamentally the predicted limitations and improve the model realism.

Physical processes

Light interception

Specific experiments of light scattering must be performed during plant growth in order to measure transmission, reflection and absorption of light. The leaf position (compared to the light source and the rest of the canopy), angle, age, thickness, pigment content, etc. may influence the measurement then it is important to take all these parameters into account.

Different types of bulbs and light intensities should be tested for plant growth; however the measurement itself does not require additional lamps, it is preferable to use the actual light flux. If possible, these experiments should be related to the electron flow rate for oxygen, ATP and NADPH production. The measurement of the ratio photon flow/electron flow, preferentially with in vivo, usual growth conditions, is a key parameter of energy conversion.

The influence of light intensity and spectrum as well as photoperiod should be tested; light intensity should be chosen for maximum photosynthesis rate (at least 800 µmol.m -2 .s -1 ), acceptable growth rate and power consumption (between 300 and 600 µmol.m -2 .s -1 ), and power failure condition (minimum 50 µmol.m -2 .s -1 in order to maintain plants alive). Different spectra could be tested especially for the main absorption peaks of the pigments, also low 

Gas exchange

In the first step, the most adequate equation of atmosphere dynamics through the plant canopy must be selected and parameterised. In this objective the gas concentrations (CO In the actual model, carbon exchange is not limiting, however transpiration limits the first part of the growth, moreover at this time leaf area is overestimated which increases artificially the exchange surface. The Fick's law of diffusion is an efficient simple model, but the stomatal processes for real exchange surface estimation must be implemented in the actual calculation of gas exchange rates. The energy balance of water evaporation must also be measured and implemented; and the internal CO 2 and oxygen contents evaluated in order to parameterise the concentration gradient: it would permit the implementation of the ratio between photosynthesis and photorespiration in the biochemical model. Different models exist for the coupling of atmosphere dynamics and stomatal processes for simulating gas exchange and photosynthesis rate; some of them are described in chapter 1, part 2.2.2: they should be studied in more detail and if possible tested.

Sap conduction

The sap conduction model can be parameterised by specific measurements: stem water potential, radius and length, as well as its internal morphology (xylem and phloem vessels' For the uptake mechanisms simulation it is necessary to have a continuous control of nutrient solution: continuous adjustment of nutrient content and pH must be performed. The composition should be chosen depending on the most probable composition of MELiSSA second and third compartment's liquid output flux composition. Each nutrient should also be tested for low and high concentration. The influence of rhizosphere's microorganisms on overall plant growth and nutrient uptake should be studied by performing microbial count and identifying the main strains which may have a positive or negative impact.

Some specific destructive measurements must be performed to parameterise the different types of models described in chapter 1, part 2.2.4 for testing and comparing them. The active uptake is generally included using a Michaelis-Menten law, however one of the substrates is not considered: these reactions require energy, mainly in the form of ATP. The calculation of energy and matter balances depending on the available ATP from respiration permits the assessment of which of the substrates (nutrient or energy) is limiting for hydroponically grown plants. Different nutrient solution compositions must be tested, different forms of nitrogen, as well as high or low concentrations of the components that might be accumulated in the overall loop or inside one compartment, depleting the following ones.

Water processes

As already stressed in the previous chapter after experimental, simulation and sensitivity results analysis, water processes constitute the main point that must be measured and simulated with accuracy. The water added or removed must be recorded, even if it concerns a small volume: pH regulation volume, water condensation must be recorded with accuracy and included in the water balance calculation. When a sample is taken, the root volume and the nutrient solution volume in the rhizosphere must be measured for evaluating the total nutrient solution volume. For the atmosphere, total pressure and temperature are essential informations in order to have an exact calculation of water vapour content. Condensation rate can be measured by two methods: a system of mass or volume evaluation, and the energy balance of the condensing heat exchanger. Condensation must be avoided in the chamber; then the temperature of all the surfaces and the atmosphere homogeneity should be well controlled.

The estimation of water production and consumption rates by the metabolism should be included in the water balance. The energy balance is a prioritary implementation for the model, in order to couple water evaporation to light interception and metabolic exothermic processes. The water processes influence on development should also be included for nutrient solution and atmosphere humidity water stress responses.

Plant biochemical processes

Energy and mass balances are coupled in the metabolism; that is why the biochemical processes should constitute the core of the model. Only few plant growth models take into account the metabolism for relating light absorption and biomass production rate, even if it is the only mechanistic way.

Mass balance

The biochemical module can calculate matter accumulation using the metabolic flux modelling techniques described in chapter 1, part 2.3 and in Sasidharan (2012) 

Energy balance

Matter cannot be transformed and growth does not happen without energy; the main energy consuming process remains the CO 2 transformation into carbohydrate by photosynthesis.

Nevertheless root uptake, sap transport and stomatal movements require energy as well; it comes mainly from catabolism and respiration metabolic pathways. Then not only the matter balance, but also the energy balance must be performed in order to estimate the light transformation and matter degradation into metabolic energy: ATP, NAD(P)H and FADH 2 .

Energy production from both photosynthesis and respiration depend on redox processes involving electron transport; it can be measured in vitro by purifying the organelles and using chemical electron acceptors/donors in order to avoid in vivo limitation [START_REF] Wykoff | The Regulation of Photosynthetic Electron Transport during Nutrient Deprivation in Chlamydomonas reinhardtii[END_REF][START_REF] Yasukawa | Microamperometric Measurements of Photosynthetic Activity in a Single Algal Protoplast[END_REF]. The electron transport rate is then proportional to the oxygen production/consumption, or reduced/oxidised electron acceptor. Of course, it is necessary to measure differentially the two processes of photosynthesis and respiration in the case of leaves as they have both systems. However, in vitro experiments should be avoided if possible, as they are not necessarily representative of in vivo conditions and kinetics. The measurement of oxygen production in saturated light and CO 2 content is thought to correspond to the saturated electron flow rate [START_REF] Logan | Seasonal response of photosynthetic electron transport and energy dissipation in the eighth year of exposure to elevated atmospheric CO 2 (FACE) in Pinus taeda (loblolly pine)[END_REF]. Inversely, the maximum photosynthetic efficiency, or coupling between electron transport and CO 2 uptake, is found in limiting light flux and high CO 2 content.

Coupling

The link between light interception, respiration, carbon uptake, growth rate and nutrient uptake lies in the metabolism stoichiometry. If the association of energy and mass balances for photosynthesis is complex, experiments must be performed in limiting conditions. The limiting factors could be the energy (light, dissolved oxygen near the roots), the substrates (CO 2 , water, nutrients) or the catalysts which are the enzymes and light harvesting molecules:

the main ones are ribulose bisphosphate carboxylase oxygenase (RuBisCO) enzyme, chlorophyll and other pigments, membrane redox chain complexes and ATP synthase. In vitro and small scale experiments should be limited, and used only to verify in vivo experiments or if it is not possible to obtain similar results in vivo. If the variables used in the model cannot be controlled directly like enzyme content, the environmental conditions can be controlled in order to modify their concentration: the catalysts listed above contain nitrogen, sulphur and generally metallic ions like magnesium, iron, manganese and copper. Limiting contents may limit the key enzyme concentration. Then, it is necessary to measure their concentration for each experiment in order to be able to model them depending on the environment.

During the experimental data analysis, it was observed that carbon uptake and release dynamics are not exactly the same. They rely on the metabolism; it is a way for the future model implementations: the actual proportional relationship is empirical and may not be realistic. The energetic metabolic behaviour is linked to light interception and gas exchange dynamics at a local scale for photosynthesis, and to mitochondria behaviour, biomass composition and growth dynamics for respiration. Then a mechanistic prediction of carbon uptake and release rates may find a better correlation than the current model. However the coupling of the metabolic model proposed in Sasidharan (2012) and the dynamic model of plant growth must be done by an important adaptation of the software used for metabolic flux calculation: it must be run automatically at each model time step and take into account the limiting flux or adapt plant composition to matter or energy limitations.

3.3 Specific measurements and instrumentation for higher plant growth control

Main requirements

The aim is to obtain an adaptive model of plant growth in a well-controlled closed environment. The closure and the life support function of the higher plant growth chamber induce that sampling will not be possible in the normal conditions. However, it was stressed in chapter 2 that the architectural and biochemical modules require destructive samples for parameter fitting. This highlights the difference between the experimental chamber design and the final higher plant growth compartment for the life support system: only the first must enable the sampling without neighbour plants disturbance and modification of the environmental conditions. These samples provide the data permitting the prediction of the destructive measurements; then the sampling will not be anymore necessary in the real compartment.

It was demonstrated in chapter 2 part 2.2.2 that the difference between input and output fluxes is non-negligible for the available experimental data, inducing relatively low mass balances.

The mass balance closure can be attained only if the gas and liquid control systems provide validated and accurate data, with a short time step and without accumulation. In particular, the water balance is the key point for the control of the overall system; it is also essential for an accurate simulation of all the matter and energy exchange fluxes. The general processes of architecture and development are based upon each organ's mass, shape and thermal regulations. Knowing that the water content is generally higher than 80 %, this shows that even the general processes cannot be modelled without taking into account the water fluxes.

Then the chamber hardware must permit accurate measurements of gas and liquid dynamics, including the phase transfers of water by evaporation and condensation processes. The water balance is one of the main requirements of life support system control; it might be of lower interest for other applications like field cultures. Nevertheless the high water content, the large thermal energy required for transpiration and the intrinsic heterogeneity of temperature and humidity in air indicate that it cannot be avoided for accurate mechanistic simulations.

Gas but also liquid phases are subject to local modifications, highlighting the probable heterogeneity of some variables. Considering that gases like CO 2 and oxygen may not encounter a large resistance to diffusion in the atmosphere compared to the rate of exchange, they can be considered relatively homogeneous in the chamber. The main inhomogeneous conditions are air velocity, temperature, relative humidity as well as pH, mineral ions and dissolved gas concentrations in the liquid phase. They are not immediately reflected at the global level and the hypothesis of perfectly mixed conditions is probably not applicable in the case of the plant growth environment, whatever the design of the chamber. Moreover, the plant itself, due to the organs specialisation, encounters different temperatures and Then the choice of the set-point conditions must be adapted to the local conditions in order to predict at the organ scale the plant sensing and response behaviour.

Preliminary tests

Local environment control and simulation

In order to build a knowledge model of plant growth, the local environment around each organ should be known depending on the plant development. give the opportunity to measure the remaining gas and liquid volume throughout plant growth, and eventually to study the presence of dead zones. The effect of atmosphere and nutrient solution flow rate (input and output rates) should also be tested.

The radiation repartition and transfer in the canopy is measured using light sensor and spectroradiometer in different places of the canopy and at different developmental stages.

Occasional environmental conditions modifications can be performed in order to measure the response time of the chamber when changing the control variables; as well as time for returning to the demand value when an external perturbation takes place (chamber opening, manual shut down of a control device).

The plant response time to an environmental variation must be known for the different processes and measurable parameters, like photosynthesis response to atmosphere composition, temperature or humidity modification as well as light switch on or intensity variation. Stomatal response to these different variables, root absorption and sap flow rates depending on nutrient solution modifications like pH, EC, temperature, dissolved gases are interesting data. In order to measure this response time, many gas or liquid samples must be taken during the environmental variation, with a fast system using a small volume which could be placed near the leaf or root surface. This is compared to the global chamber measurement of plant response time. Specific plant parameters like sap flow or water potential, leaf thermography, stomatal conductance measures or leaf imprints in order to know stomatal aperture permit the parameterisation of the plant behaviour. If remote sensing devices are used, the results should be validated by destructive or direct contact analyses:

thermography for stomatal aperture is comparable to direct contact stomatal conductance or imprints, reflectance for chlorophyll content corresponds to direct contact fluorescence or destructive biochemical analysis, residence time distribution for volume estimation is validated by destructive measurement of plant volume and mass.

The effect of sampling must be parameterised for its influence on atmosphere leakage rate and environment perturbation (temperature, humidity…).

In order to obtain a valuable model of plant environment, the measurement devices should not alter the environmental variable they measure: for the anemometer, the air flow perturbation;

for the light sensor, the leaf shading and for the humidity sensor, local temperature variation or condensing must be avoided. The sensors should be as small as possible and not be influenced by other parameters.

For the validation of the environmental model, plant growth control is not an objective. Even if these experiments should not alter significantly the development, the aim is not a perfect plant health, but an accurate knowledge and control of environmental conditions. Small-and large-scale environmental variations must be tested in the experiments, in order to know the operating limits of the chamber and to parameterise accurately the environmental model. Each experimental compartment and each plant species must have validated environmental models.

The validation of the experimental design is also a critical objective of these tests. The highest homogeneity conditions for both atmosphere and nutrient solution are the objective; if possible they are maintained in all the experiments for plant model development. Moreover, the possibility of separating the gas balance for canopy and root is an outcome of these experiments.

Functional tests

Before the introduction of the plants for each experiment, specific tests must be performed in order to verify the experimental chamber's functionality. Some proposals are listed below.

 The compartment's leakage rate, if possible for all gases (at least CO 2 , O 2 and humidity), is measured before each experiment, in normal and sampling conditions (with the external door opened). Each of the main gases must be measured independently in order to verify the global leakage with several measurement techniques, and to assess the importance of secondary mechanisms inducing measurement shifts like adsorption, dissolution or evaporation. This is fundamental especially for the heterogeneous variable with phase transfers, humidity: its leakage must be tested in controlled heterogeneity, for example by injecting humid air at a specific point, or drying a wet material.

 The light intensity, spectrum and repartition in different points of the compartment are measured, if necessary bulbs are changed.

 The temperature repartition and control for atmosphere and liquid, the atmospheric pressure, humidity and mixing repartition and control in the compartment (measurements at different points) and the nutrient solution control kinetics are tested and monitored.

 The accurate chemical composition and microbial content of the gaseous and liquid phases is recorded.

 The liquid volume and composition must be known accurately before planting the seedlings; the pH, electrical conductivity and dissolved O 2 and CO 2 as well as the kinetics of the control is monitored.

All these tests are repeated during plant growth and just before harvest, except the leakage rate which is not applicable, at different plant developmental stages and places in the compartment in order to validate the environmental model.

After plant clearing, the compartment's surface, atmosphere and liquid are tested for chemical or biological contamination. All the control devices should be checked as well as the homogeneity of the environmental conditions in the compartment, as before starting the growth.

Plant physiological parameters

The physiological parameters of plants (morphology, mass, composition, internal parameters like water potential, etc.) require destructive measurements. As it will not be possible in the real life support system functioning, it is necessary to be able to predict these parameters depending on the environmental conditions. The experimental chamber must permit the development of the predictive model for these parameters: it requires an efficient sampling procedure, and the comparison of the destructive measurements with non-destructive direct contact and remote sensing systems. A list of measurement devices depending on the degree of automation and contact is given below, separated as remote sensing, direct contact measurement in the growth chamber, and destructive measurement (out of the chamber).

Remote sensing

Remote sensing is a way of measuring some plant parameters: as plants cannot be sampled like microorganisms, it should be preferred to any other measurement technique. However for plant parameters, the remote sensing is restricted to image analyses and excreted compounds measurement. Plant architecture can be partially measured and simulated from image analysis (Evers et al. 2005); for roots it is possible to take pictures if transparent material is used for the root holding system. Infrared thermography is useful for stomatal aperture evaluation as well as transpiration and photosynthesis thermodynamic processes; canopy reflectance measurement using spectrometer evaluates chlorophyll and nitrogen content. In the case of radioactive isotope labelling experiments, X-ray detection devices measure spatial and temporal repartition of a chosen element. The information about parameters and devices is given in Table 3.1.

Instrumentation

Raw data Parameters

Digital camera Images Canopy architecture, evaluation of leaf area index (LAI), leaf density (LD) or leaf angle distribution (LAD), leaf chlorophyll content and plant health monitoring using colour analysis Hemispherical photography lens (fish-eye lens) 180° images upward or downward the canopy Analysis of general canopy architecture and light interception: LAI, canopy gap fraction, diffuse and direct radiation… 3.3.3.3 Destructive measurements For any experiment, most of the remote sensing and direct contact measurements can be validated with destructive measurement. It is also necessary in order to parameterise some submodels, like plant architecture and development as well as metabolism and biomass composition. At the moment, little is known about plant architectural and composition adaptation to growth environment. The important parameters are all the geometrical parameters like stem and root length, diameter and branching pattern, leaf area, angle and leaf area index. The morphological parameters like stomatal size and density, sap vessels density, radius and length, root hair zone are also important to be measured. For metabolism, the elemental (C, H, O, N, S, P, K, Ca, Cl and Mg, if possible all the elements of the nutrient solution) as well as biochemical (carbohydrate, protein, lipid, but also fibres, amino acids, nucleic acids, vitamins, each different type of carbohydrate and fat) composition is necessary.

It should be separated for each organ, its age and developmental stage. Stem and leaf water potential, sap composition or osmotic potential for conduction submodel, as well as photosynthesis parameters like chlorophyll/pigment content, RuBisCO enzyme content should be measured. The microorganism content and the main species should be identified in order to assess the importance of mycorrhiza, root and leaf microbial colonisation.

The physiological (stomatal aperture, sap flow or other "living" parameters) and architectural parameters must be measured immediately in order to ensure the accuracy. The plants are weighted just after harvest, performing short root drying in order to limit plant water loss by transpiration and nutrient solution weight. Some plants and/or organs must be high heat-, freeze-or vacuum-dried immediately in order to suppress metabolic reactions and carbon loss.

Then their composition is analysed. The water content is a key parameter that must be measured by the comparison between accurate fresh and dry weights. If fresh samples are necessary for some analyses they should be done immediately after plant sampling or on immediately frozen samples, for example enzyme and pigment content or leaf water potential and internal CO 2 concentration. Sufficient number of samples are necessary to perform statistical analyses. If a significant difference (in aspect or composition) is observed between separate plants, the position in the experimental compartment should be studied and environmental difference recorded. Frozen and dried samples must be kept for later analyses.

A list of the parameters and measurements is given in Table 3.3.

Plant environment: air management and canopy subcompartment

All the environmental parameters can be measured without direct contact with the plant, either by remote sensing or sampling. The main parameters are light, temperature, humidity, air speed, pressure, CO 2 and O 2 content, total composition in terms of chemical, biological and particle content.

For light, temperature, humidity and air speed, several sensors are necessary at different locations in the canopy sub-compartment, as well as a barometer. The composition is measured directly in the control system. A list of the parameters, their measurement and control techniques is given in Gas input and output rates, as well as fan speed if available in the chamber (in this case, at least one per sample area).

Air pressure Barometer: pressure measured in bulk atmosphere and regulated to a constant value.

Air volume modifications should be registered for plant gas exchange control.

Gas input and output rates control the total pressure in the chamber.

CO 2 and O 2 content

Specific sensors: placed at the input of the measurement and control system, separated for canopy and root sub-compartments. Addition and output rates should be recorded.

CO 2 and O 2 bottles, output or specific absorbing devices control the partial pressures.

Total chemical composition

Gas chromatography (GC): regular atmosphere sampling in canopy and root sub-compartments analysed by external GC. Specific, local gas sampling near the canopy for local leaf environment control.

If necessary, atmosphere renewal with external air or specific bottles.

Microbial and particle content

Microbiological tests: done on the samples by traditional microbiological techniques. Should be performed also on the filters, together with particle measurement. In the case of contamination, the origin should be studied and suppressed for next experiments; all treatments and results should be recorded.

Filters in the measurement and control system. If necessary, seeds and compartment's surfaces are sterilized before growing plants. Table 3.4: Air and canopy measurement and control devices.

The light measurement uses intensity sensors for the continuous recording of light repartition at the local scale; and spectroradiometers for wavelength distribution periodically. It is controlled by bulbs placed in the lighting zone at the top of the plant growth volume.

Temperature is set to the desired value together with humidity in the measurement and control system using condensing heat exchangers. The atmosphere ventilation is controlled by the atmosphere input and output rates or by fans, and the pressure is adjusted by the input and output rates. The CO 2 and O 2 content are managed by addition from specific tanks or external air, and removal by the output flux. The air should be sampled regularly (at least each week) and analysed by gas chromatography for the chemical composition and microbiological techniques for the biological content. The presence of particles and living organisms is recorded periodically, during the filter replacement or cleaning procedure.

Total volume

Water level: pool's depth and mass is measured and controlled for efficient separation of root and canopy sub-compartments. Volume addition or removal must be recorded. 

Microbial and particle content

Microbiological tests: done on the samples using filtering followed by traditional microbiological techniques. In the case of contamination, origin should be studied and suppressed for next experiments; all treatments and results should be recorded.

If necessary, filters or UV or heat treatment could be used in a circulation loop outside the solution pool. Table 3.5: Nutrient solution measurement and control devices.

General specifications for a higher plant experimental compartment

The general aim is to build a hydroponics or aeroponics plant growth chamber adapted for wheat, rice, soybean, potato, lettuce, spinach, onion and tomato. It must permit the calculation of mass balances and the parameterisation of a higher plant growth model for prediction and control of carbon and oxygen exchange rates, transpiration rate, water and nutrient uptake and edible biomass production rate.

The main requirements in terms of measurement and control, size, physical parameters (light, temperature, pressure, humidity and total solution volume), chemical parameters for gas and liquid phases and liquid phase aeration are described in the following parts.

Differentiation of measurement and control in space and time

Contrary to the other MELiSSA compartments for microorganism growth which are designed with a relatively spatially homogeneous environment and in continuous mode, higher plants have different organs and a complex developmental scheme. Moreover, they can adapt most of their behaviour (including morphology, development and biomass composition) differently depending on the developmental stage and previous growth conditions. This means that the higher plant experimental system must include spatial differentiation for the measurement devices, and time differentiation for the control system. Different scales in space and time can be listed. In terms of space, the entire compartment is separated in two main areas (root and shoot environments); however the measurements should be done at a smaller scale for the evaluation of plant matter and energy exchange depending on different layers in the canopy and root sub-systems. For the time scales, the entire growth can be separated in several developmental stages with eventually different environmental conditions; day and night are also differentiated, and a shorter time step (between minute and hour scale) for plant dynamical response.

Compartment's size

Growth surface and volume are not obvious questions for modelling, experimental and hardware design. In fact, scientists working with plants have a highly different idea of a representative sample size: for some, one plant is enough as long as several samples are taken and the results are consistent, for others tens to hundreds of plants are absolutely necessary in order to obtain reliable data. It is known that the same cultivar can grow with different rate, shape and final biomass even if cultivated together: for MELiSSA experiments, the biggest lettuce can be 2.5 times heavier than the smallest one; for wheat while comparing blocks containing about 40 plants, the ratio between highest and lowest seed production is 3.3. In some publications, many seeds are germinated and then a few seedlings of the same size and aspect are chosen in order to obtain a small confidence interval; however this technique will not be possible to use in a planetary base with limited seed storage and waste management capacities. Despite this individual variability, the average result is comparable in most of the experiments in a chamber containing at least 100 plants, even if the conditions are not exactly the same: the dry biomass difference is from 3 to 5 % in different MELiSSA experiments for lettuce. In terms of pure statistics, usually a sample of 20 to 50 individual values is correct for most of the tests. Finally, we can suppose that the increasing level of environmental control will provide increasing plant homogeneity: some variations in older experiments were explained by non-homogenous ventilation [START_REF] Tikhomirova | MPP Higher Plant Chamber results, MELiSSA Yearly Meeting 2010[END_REF] or hormone accumulation [START_REF] Campbell | Comparative floral development of Mir-grown and ethylene-treated, earth-grown Super Dwarf wheat[END_REF].

The planting density is also an important parameter. 

Sampling system

If a large compartment is chosen, it must be possible to separate a part of the canopy without disturbing the remaining plants. The only simple way is to separate the samples from the beginning of the growth, using removable separators in order to maintain a relatively constant micro-environment for each sample; local air inputs and outputs should be provided as well as light bulbs organized in the same geometry for all the sub-compartments. It is not necessary to have an air and water-tight separation for each sample with different control systems; each sample is supposed to have the same behaviour and the exchange rates are proportional to the number of plants in the chamber.

The sample removal should not perturb the chamber conditions in order to keep a constant environment for the remaining plants. In this objective, an air-lock system must be provided and the sample should be easily moved from the chamber to the air-lock. A long chamber with air locks at each side and a rolling system for moving the plants is proposed: this is similar to the MELiSSA Pilot Plant chamber in Universitat Autònoma de Barcelona [START_REF] Waters | TN 85.5: HPC prototype for the MPP: Detailed design and verification[END_REF]. It is used with nutrient film technique troughs in this chamber, but the general principle can be adapted to other hydroponics systems.

Light, temperature, pressure, humidity and total solution volume control

The light bulbs are usually heating the surrounding atmosphere and materials; that is why lights should be separated from the plant's atmosphere. A transparent roof between lights and canopy with aeration around the bulbs is necessary in the design, separated from the plants closed atmosphere. The light intensity at different points inside and around the canopy should be measured. The light intensity should also be controlled easily, either by turning on or off different series of bulbs, or by using an intensity controller.

The air and solution temperatures must be measured at different points and controlled efficiently, avoiding water condensation inside the chamber. Then the air temperature control system must be placed outside the chamber, using a condensing heat exchanger in order to perform together the temperature and humidity control. The humidity control must be accurate, especially for the measurement of condensed water quantity. Humidity, which is a heterogeneous variable influenced at a local scale, should be measured in different points at the top, bottom and in the middle of the canopy; the global set point must be adapted to the measurement and prediction of the local environment.

Total atmospheric pressure is another variable for which an accurate control is necessary, as demonstrated by the raw data analysis in chapter 2, part 2.2.2. It should remain constant during day and night even if the temperature is changing; then it is necessary to have an input and output to the gas phase.

For the total hydroponics solution volume, it has to be measured frequently in order to perform a dynamical analysis of root uptake and global water processes. Accurate scales for heavy charges could be used for the nutrient solution pool, coupled with a water level measurement system: it would permit an evaluation of the root volume.

The chamber water condensation avoidance and water dynamics measurement would not be possible with an aeroponics growth system; then hydroponics is prefered if aeroponics is not necessary for the final MELiSSA loop design.

Atmosphere composition control system

A totally closed atmosphere permits avoiding any external contamination and measuring the accumulation of sub-products like volatile organic compounds (VOC) or plant hormones.

However the study of the available experimental data in part 2.2.2 showed that oxygen accumulation must be avoided in order to obtain accurate measurements of chamber leakage and keep a constant chamber pressure. That is why a semi-open loop with slow inlet and outlet of known composition is preferable. This requires an accurate differential measurement system for the gas inlet and outlet composition in order to have an efficient evaluation of water and oxygen exchange rates, but it may enhance significantly the mass balance closure compared to the studied experimental data.

Liquid composition control system

For the same reason as for atmosphere, a totally recirculating solution may not be applicable due to the accumulation issue. However the solution cannot be changed entirely at different dates contrary to the experimental design described in chapter 2, part 2.2.1, because this is not applicable in the case of MELiSSA and the roots are experiencing periodic disturbances which may induce a stress response. Then the same principle of semi-open loop as for the atmosphere is designed. This provides constant root environmental conditions and permits a dynamical study of nutrient uptake. The solution pH must be measured and adapted continuously, in the same manner as reactors for microbial cultures. The electrical conductivity should be measured in order to have an idea of the solution water potential and mean salt concentration, but it is too concentrated, it can be adapted only after an accurate measurement of the nutrient solution composition, using for example ionic chromatography.

The range of acceptable values must be defined for each nutrient and each plant species.

Within this range of relative concentrations of nutrients, the solution can be controlled by adding either pure water or concentrated nutrient solution, then regulating the total volume or mass. If one element is out of this range, it is necessary to use the inlet-outlet system and add specifically each nutrient to restore an acceptable level for all the components.

Liquid aeration system

The roots must respire in order to grow and uptake nutrients. The solution must be aerated, and different methods exist: in deep water culture (DWC), an aerating device is necessary, while in nutrient film technique (NFT) the atmosphere is normally close enough to the roots to avoid an aeration system. In both of these systems, if the atmosphere is in direct contact with the solution, it is not be possible to evaluate which proportion of oxygen and CO 2 are exchanged between atmosphere and liquid; then the root respiration rate cannot be measured.

Even if the gullies or the pool for DWC are closed, holes are necessary for the stems and the gas leaks cannot be evaluated: the measurements would not be sufficiently accurate. Then an indirect aeration is necessary for nutrient solution. It could be done in DWC with air circulation in tubes which are porous to gases. The plants can be held on grids specific to each species, and the entire water surface could be covered with an airtight material with minimal holes for stem: the root and canopy atmospheres would be separated. Then, the specific mass balance for root gas exchange can be done using electrodes for O 2 and CO 2 content associated to pH measurement in the solution, and specific air measurement for the root aeration system.

Chamber design

Main requirements for a new chamber design

The preceding part details each specific requirement; they can be summarised in the following Table 3.6.

Space and time accuracy

The measurement devices should provide information at the local scale for canopy and root environments.

The measurement devices should provide information at a short time step: it must be possible to study the plant dynamics at the accuracy of one hour or less.

The control system should be parametered for changing day and night conditions, and eventually for each developmental stage.

The control system should ensure a homogeneous environment.

Statistics

Each sample should be made of at least 20 plants or 0.5 m² of culture. Samples of large size plants (tomato, lettuce, spinach, potato and soybean) should be made of at least 1 m² of culture.

The chamber should permit at least 5 samples for short development plants (leafy plants) and 8 to 10 for long development plants (grains, fruits, tubers)

Each sample should be separated from the beginning of the experiment in order to avoid remaining plants disturbance. Separations can be made of a removable, non airtight wall.

The biomass composition measurements (elements and compounds) should be performed in several replicates for different plants, organs and organ age.

Mass balance

Air temperature and humidity control should be performed by a condensing heat exchanger outside of the chamber; the condensed volume or mass must be measured accurately and total pressure must remain constant.

The oxygen and other components should not accumulate in the chamber: the atmosphere and nutrient solution should be designed as semi-opened loops.

The atmosphere measurement system should use accurate differential devices for CO 2 , oxygen and humidity air inlet and outlet content.

The hydroponics system should be designed as deep water culture (DWC); and nutrient solution should be aerated indirectly by tubes porous to gases. The solution surface should be covered by an impermeable material with small holes for the stems.

The nutrient solution quantity should be measured using preferably scales adapted for large masses and/or a water level sensor.

The nutrient solution pH should be measured and controlled continuously. The electrical conductivity could permit a short-term regulation by pure water addition, but accurate measurements are necessary each day for accumulation or depletion avoidance.

The samples should be rapidly weighted, dried in high-heat or vacuum then weighted for knowing accurately the water content.

Energy balance

Temperature and relative humidity should be used to perform the energy balance of transpiration.

Light bulbs should be separated to the chamber's atmosphere and they should be aerated in order to avoid chamber heating. The light intensity should be measured in several points inside and under the canopy.

Young plants

Controlled conditions should be ensured for germination and young plant growth.

It should be possible to perform dynamical studies of gas and liquid exchange. Table 3.6: Main requirements for a higher plant growth chamber designed for modelling implementation and validation.

Seed germination system and young plant development conditions

Seed treatment and germination conditions should be studied in order to select the most efficient ones. For example, the impact of seed decontamination or in the reverse inoculation with interesting bacteria may have an effect even for later growth behaviour. Then, seed germination incubators with at least temperature, humidity and light control must be used for all the species and all the experiments. The water volume, microorganism inoculum quality and quantity, nutrient addition and specific chemicals, either for decontamination or germination induction, must be recorded as well as the seed behaviour dynamics.

It should be stressed that the young plant growth conditions are generally not detailed and not controlled with the same accuracy as the rest of the culture. This may cause a transplanting shock at the introduction in the chamber, and the young plants conditions may have an influence on future behaviour. Moreover, the study of young plant behaviour permits the eventual detection of some ways to induce a specific behaviour or to improve later development, composition or other factor of interest. Then a small chamber for young plant growth must be built; a small volume is preferable for recording the gas exchange rate. As the young plants are not high, it is possible to grow them in several levels with the same lighting, temperature, humidity, atmosphere movement and liquid circulation conditions. These conditions should be as much as possible similar to the future chamber conditions. It is better not to disturb the root arrangement when moving the young plants to the final growth chamber; then the specific supporting system must be adapted from germination to harvest. It can be designed as a small individual support which can be packed in the young plant chamber and spaced in the experimental growth chamber. The general design of this small chamber is shown in Figure 3.1. The atmosphere and nutrient solution control system must ensure a homogeneous environment in time and space and permit dynamical measurements of gas and liquid exchanges. 

Large chamber for high sampling capacity

In order to have numerous samples in one experiment without using different analysis and control instruments for each sample, it could be possible to make a large chamber of 5 m², one metre width and five metres long with air locks at each side for sampling as shown in figure 3.2. Manipulation gloves and windows should be available in the atmosphere and nutrient solution sub-compartments at regular spaces in the chamber's length, at least for one side of the chamber, and for each air lock. Pierced tubes can be used for air input and output at the top and bottom of the chamber in order to ensure a homogeneous distribution for each sample.

The samples could be moved along the chamber length in order to be able to bring each one into the air lock. The general design is illustrated in Figure 3.2.

The DWC hydroponics system would permit avoiding root disposable anchoring substrates like Rockwool ® ; plants being held by reusable grids and if necessary a reusable substrate such as expanded clay aggregate. The air input is preferably placed at the top of the chamber, under the light sub-compartment. The air output is then at the bottom, up the air-liquid separation.

This system of repartition ensures a homogeneous environment for each sample. If it is well stirred, the deep water system permits a homogenous root environment, contrary to NFT system where dissolved oxygen, pH and EC gradients can take place along the gullies.

Agitation devices should be available for shoot atmosphere and water pool homogenisation.

For canopy and root windows, they should be made with double glazing or equivalent isolating transparent material; and shutters should be available in order to suppress heat and light exchange with the external room when shut. The manipulation gloves access should also be closed when they are not used.

The air locks should be 0.6 to 0.7 m in order to be able to place easily one grid of 0.5 m inside each air lock.

The deep water cultivation (DWC) system would ensure a better nutrient solution control and permit easier mass balance calculation for carbon, oxygen with root respiration rate measurement and for water without direct contact between water and air. However, perhaps it is not adapted to all the plant species, for example potato might not grow well in this type of system. If so, other designs must be studied, preferentially without liquid and air direct contact and with an easy control of nutrient solution composition and homogeneity.

The tubes for air circulation in the nutrient solution pool and for canopy air input and output should be placed perpendicular to the doors. Then, the plants can be moved by pulling or pushing the grids and root-shoot separation at each side in order to place the sample in the air lock space. In order to keep a homogenous environment for each sample during the entire This system is particularly adapted for the development of new models of processes, for example a complex architectural module predicting each organ's development, a local and short time-step description of matter or energy exchange, and a dynamical study of plant composition and metabolism. Additionally, it permits the comparison and fitting of remote sensing measurements with direct contact and destructive measurements, in order to decrease the requirement of sampling and manipulation.

High-throughput system for model implementation

When the general model structure will be validated and the parameters requiring direct contact correctly predicted in constant environmental conditions, the plant response in changing or extreme conditions must be studied in order to develop the model ability to control plant behaviour. This is performed in a high-throughput system with a lower possibility of sampling and direct contact. This chamber is highly versatile in order to provide a perfectly known and controlled environment, and remote sensing permits the main plant measurements, as for the real MELiSSA conditions. The surface of each compartment should be at least 1 m² in order to provide a sufficient sampling size.

Then, the experiments can be made in several chambers in parallel in order to provide enough samples during the growth, or to ensure the statistical reproducibility. If the environment is perfectly controlled and the model is validated enough in order to provide reliable results for all the aspects of plant growth, any intermediate sample is necessary and only one to three chambers can be used for each experiment. The general design is presented in Figure 3.5.

Each chamber permits the study of different environmental conditions, so each one has specific separated control devices. The air measurement devices can be used for several chambers in parallel, using separated input connections, if their analysis time is short and accurate enough. The control devices (heat exchangers, CO 2 and air or molecular nitrogen (N 2 ) inputs and outputs) are separated for each chamber in order to secure the pressure, humidity, temperature and composition of their atmosphere. For liquid measurement and control, as it is placed directly on the solution pool, it is necessary to have individual systems. 

General aspect of the measurement and control systems

The measurement and control systems are presented in Figure 3.7. The air coming from both sub-compartments is measured before grouping in order to provide accurate results for composition ([Comp]), temperature (T°) and humidity (RH) of canopy and root metabolisms.

Note that temperature and humidity of canopy air are measured directly in the canopy subcompartment together with light, pressure (P) and if possible velocity, so that it is not repeated in Figure 3.7. All the air is then brought to the control system. The temperature and humidity are set to the chosen values using heat exchangers while the composition and pressure are controlled either by external air or nitrogen tank, CO 2 tank and oxygen. An air output is necessary in order to balance pressure and evacuate accumulated gases like oxygen, CO 2 and excreted compounds. When it is set to the desired conditions, the air is separated to the canopy and root sub-compartments. External as well as recycled air must be filtered before reaching the plant growth volume in order to control particle and microbial content.

For nutrient solution management, temperature, electrical conductivity (EC) and pH are measured and controlled using heat exchangers, concentrated solution, pure water, acid and basic solutions. In the large chamber, the control might not be possible directly inside the solution pool; then a circulation system may maintain more efficiently homogeneous conditions. For the high-throughput system, the small size permits a direct control inside the 

Conclusion

The further model developments proposed at the end of chapter 2 are pointed out, giving a list of experiments that would permit the implementation of the processes cited in chapter 1. The required measurements and experimental conditions are analysed in order to list the key points for the control of the growth chamber, including instrumentation and techniques for ensuring valid results. The parameters that are obtained only by destructive measurements must be predicted by the final model; and some variables may be heterogeneous and should be simulated at the local scale. This leads to the definition of the main requirements for an original chamber design.

The proposed hardware and experimental design respect the need of non-accumulating mass This chapter links the first chapter studying the existing models with the second chapter providing the simulation results, comparing them with the experimental data. It is a guideline for further modelling implementations using a specifically adapted experimental design.

Main outcomes of Chapter 3

 Specific experiments are proposed in order to develop the model of each process: the general processes of development and architecture; the physical processes including light interception, gas exchange, sap conduction and root absorption; and the biochemical processes of metabolism and plant growth stoichiometry.

 The environmental control is not a simple task, and many measurements are necessary. The main requirements are pointed out; a list of environmental and plant physiological parameters is given with propositions of instrumentation.

 The main specifications for designing an adapted experimental chamber are listed, especially in terms of local measurements, sampling and statistics, control of the physical and chemical environmental parameters and separation of the root and shoot mass balances.

 An original chamber design is proposed, fulfilling the specifications. Samples are separated from the beginning and plants are grown in deep water culture hydroponics with an indirect aeration system; the chamber consists of a semi-opened loop for gas and liquid with differential measurements of the composition and local measurements for the heterogeneous variables.

Conclusion and perspectives

This document highlights the abundance of scientific areas in higher plant modelling, which reflects the complexity of these organisms. The different fields are separated in three main scales for different types of processes: the plant scale for the architectural and developmental laws, the organ scale for the physical processes and the molecular scale for the biochemical processes including plant stoichiometry. Some models are proposed for each of these processes. Global models, predicting the entire plant behaviour for agricultural purposes, contain some of the listed processes. However they use generally empirical laws and the mass balance is not sufficiently accurate for the requirements of closed environments and life support systems, especially at the molecular scale. It is then necessary to propose a new structure of model, containing all the scales using mechanistic laws and an integrated description of the mass and energy balances.

The proposed structure has been developed using simplified laws; it predicts an exponential growth at the beginning of the culture followed by a linear growth, linked by an asymptotic transition period. It corresponds relatively accurately to the experimental data of carbon exchange, performed on lettuces grown in a controlled environment. However the experimental results used for the model fitting and comparison are not enough accurate or frequent for permitting the comparison with other matter or energy exchanges. Moreover many parameters in the model had to be adjusted without measurement and the closure of the experimental mass balances is difficult, especially for water, which is the main component of plant. A sensitivity analysis has been performed and confirms the main importance of water processes and parameters. It stresses also that the limiting process which controls the growth rate must be modelled with a high accuracy, especially at the point of switch of limiting process. The situations of multiple limitations are the key of complex behaviour prediction, but also the most difficult to parameterise and the most sensitive to inaccuracies. This means that they require specific measurements including destructive measurements by regular samplings, especially for the architectural and stoichiometric modules which are currently empirical.

The conclusions of the simulation results, together with the list of existing models of plant processes given in the first chapter, permit the suggestion of further developments. For each plant process, specific experiments are proposed in order to implement more complex and accurate laws. The design of an experimental compartment is proposed, made of semi-opened loops for gas and liquid phases avoiding the accumulations. A sampling system is included permitting the non-disturbance of the remaining plants and environment. The water mass balance and separated gas balance for root and shoot are ensured by a deep water culture hydroponics system with an indirect liquid aeration and large mass scaling of the entire system.

The main conclusion of this work is that higher plant growth modelling is a complex effort and the remaining tasks are numerous. The bases are provided in this document, including the main starting information and guidelines for this task. Great perspectives of development of the model may be attained by coupling an efficient architectural description based on the Lsystem approach; mechanistic physical laws of matter and energy exchange and an accurate description of the metabolic fluxes in each organ, for each developmental phase. The current developments of L-system languages permit the integration of context-sensitive laws (which depend on the local architectural environment) and production laws (for example physical and biochemical laws of biomass production) [START_REF] Karwowski | Design and implementation of the L+C modeling language[END_REF]. The parameterisation of such a model may require very accurate measurements of plant environment and composition at the local scale; this is attainable only with a well predicted and controlled local environment including assessment of gas and liquid phases heterogeneity.

Then a relatively rapid development of an efficient mechanistic model could be attained by collaborative work and efficient experimental systems. The parallel studies on the plant response to space and life support system conditions (especially gravity, radiation, confinement, nutrient solution and atmosphere composition variations) should be connected to the modelling effort in order to influence the model accuracy on the mechanisms particularly affected by these conditions.

Once the model will be operational, it will be implemented in the entire life support system as a building block, linked to the other compartments. This is possible by upscaling the model from the plant to the plant growth chamber, simulating the input and output mass flows. Then the mass flow loop model of the entire system is closed and the global recycling efficiency and kinetics are assessed. Humans, higher plants and microorganisms may be able to survive in cooperation thanks to the mechanistic control system even in a confined and small closed system. This requires that the natural "self-control" of living systems will be replaced by the embedded intelligence supported by knowledge models. The primary objective of this work is to contribute to this long way towards the sustainability of artificial man-made ecosystems.

References Appendix 1. Chamber pressure variation estimation

The theoretical pressure is calculated for each day and night as presented in figure A 1.1, taking into account the experimental oxygen production, and comparing with the theoretical pressure with the total oxygen that would be accumulated in the chamber without leakage.

The chamber was opened at day 27 then the pressure is set to the initial value and the oxygen accumulation for the last part of the growth is used to estimate the subsequent pressure increase.

If we consider that the photosynthetic quotient is 1 and use the carbon data instead of oxygen, then another value for the theoretical pressure is estimated. Carbon is chosen because its data is more accurate and the evolution with time is smoother. It is also estimated from the simulation results, considering three hours of temperature regulation in the morning and evening.

Total pressure in chamber with temperature regulation and oxygen accumulation A small shift appears from day 4 between oxygen and carbon, but if we take into account the leakage the slope is relatively similar or little lower between carbon and oxygen: it might be due to the increasing pressure, which increases artificially the leakage. Then from day 15 to the chamber aperture at day 27, the slope shows a larger shift.

Two explanations are proposed: either the pressure reaches a threshold and the leakage is increased, or the plant metabolism responds to the oxygen content increase in order to reduce the photosynthetic quotient, as observed in the experimental data described by [START_REF] Cen | Whole-Plant Gas Exchange and Reductive Biosynthesis in White Lupin[END_REF]. Moreover at day 15 the real oxygen content in chamber reaches a plateau, observed on the pressure equivalent in the figure between 99 and 100 kPa. This value is reached also in the last days of the culture, after the chamber aperture; it induces also a shift between carbon and oxygen exchange dynamics. The two hypotheses can explain this: either the chamber leakage is increased above 99 kPa, or the plant induces a metabolic response above 23 % of oxygen. Knowing that CO 2 and water molecules dissociate in H + + HCO 3 -with a pKa of 6.4 and that bicarbonate is soluble in large amounts, in high pH the solubility is important. However the nutrient solution may be little acidic; this is due to the CO 2 dissolution and the root active uptake of cations which releases protons. At a pH of 5 the quantity of HCO It should be stressed that increasing the uptake volume enhances the nutrient uptake: this can be used to verify the hypothesis of higher absorbed volume. In order to compare with a fixed accurate value, the ratio of nutrient uptake per carbon uptake and per water uptake are calculated and shown in At each nutrient solution change, the ratio between nutrient uptake and total carbon uptake for the same period is calculated and presented in Figure A 3.2. For nitrogen and phosphorus, it is very similar during the entire plant development. A small increase is observed for potassium and a decrease for calcium; however the general range is relatively similar. If the experimental value for the last water uptake volume is used, the ratio of nutrient uptake per water uptake is very different for the last value for most of the nutrients, as can be observed in Figure A 3.3. There is a generally higher value for the first point, especially in the case of calcium, but the three following ratios are very similar. Nitrogen uptake seems to decrease during the entire growth, except for the last point: this point may be erroneous. The nutrient uptake is calculated knowing the initial and final nutrient concentration, then the remaining volume of solution is involved in the calculation. However the decrease of ten litres of the remaining solution does not change importantly the nutrient uptake, because the initial volume is 160 L. In the contrary, the addition of ten litres of absorbed water multiplies the absorption by more than two: the ratio of nutrient uptake per water uptake is modified. With this value, the relative rates show a smoother trend, better correlated with the carbon trend: it is illustrated in Figure A 3.4. The higher value for the first point could be explained by the fact that young plants are grown in a lower concentration of nutrients [START_REF] Waters | Technical Notes 53.2 and 53.3, Development of Nutrient and Water Dynamics Models in Higher Plant Chambers Based on Net Carbon Exchange Rate (NCER)[END_REF]; then the Rockwool ® and root environment absorb nutrients in order to equilibrate with the new concentration then the global concentration is decreased. Moreover if the young plants were nutrient stressed, the root uptake mechanisms may be very active and absorb a large amount of nutrients at the beginning of the chamber growth period. The difficulty to improve the water balance and explain the condensation dynamics highlights the fact that humidity and temperature are intrisically heterogeneous parameters. These results stress the importance of a specifically adapted design if the aim is to obtain accurate water balances. The fitted equations of CO 2 uptake and release rates shown in Figure 2.8 and Figure 2.9, in chapter 2 part 2.2.2.5, can be compared if the rates are normalised to the same scale: the highest point for each of the set of rates is set to 1 and the others are calculated proportionally.

Ratio of nutrient absorption per carbon uptake

Ratio of nutrient absorption per water uptake with initial experimental water uptake

Temperature and relative humidity dynamics

The resulting rates are compared in For the exponential growth period (see equations A 5.1), the uptake and release dynamics are not exactly the same. Normalisation was done in order to have the same highest rate at the end of the culture; however respiration starts lower than uptake and its exponential coefficient is higher. For the transition period, the slope is similar for both carbon exchange rates but it was parametered with only three points for the uptake: this is not significant. For the last period of growth, the slope is much lower than for the transition period, and it is little higher for respiration. Nevertheless for this period several points had to be removed and the determination coefficient R² is lower than for the rest of the culture: these equations might not correspond exactly to the plant behaviour, this period of growth can be considered more or less linear with a constant growth rate.

In order to explain the differences between photosynthesis and respiration dynamics, the hypothesis of growth and maintenance respiration can be tested. The estimation of respiration rate can also be tested with a simple proportionality law with growth rate. The combined estimation follows little more efficiently the experimental respiration rate, especially during the transition period and for the linear rate at the end of the growth.

However the estimation from growth rate only is not a bad evaluation and it uses a simpler equation: for the first approach it may be sufficiently accurate.

Some explanations can be found in order to explain the differences in the dynamics. In the case of the lower relative rate at the beginning of the growth, it could be due to very low shading during day. All the leaves receive direct, saturating light and the photosynthesis rate is highest; it may down regulate the respiration during day and then the carbon exchange rate during day is mainly due to photosynthesis. When the leaf area increases, more leaves are shaded and limited by light availability: the respiration is not down regulated during day.

During night, only the respiration rate remains. If it represents during the entire growth the same percentage of day photosynthesis rate, for the older plants it will correspond to a higher percentage of the global day exchange rate, because the uptake is lowered by respiration taking place during day. This gradual increase compared to photosynthesis rate may provide a better fitting to the experimental data; however it should be verified before implementing such a law in a model. Another explanation could be that the metabolism is modified during the growth and night respiration increases gradually compared to carbon exchange rate. These hypotheses could be verified by a dynamical study and simulation of the lettuce metabolism.

Appendix 6. Plant growth and carbon exchange dynamics in limiting light

If limited only by light availability, plant growth would have a relative exponential shape at the beginning of the culture, followed by a linear increase when the maximum light intensity is absorbed, which corresponds approximately to the experimental behaviour as can be seen in For the carbon exchange rate, the simulation in full-growth light limitation is relatively similar to the experimental behaviour for the last period of growth, but it is very different for the first 15 days: the models which simulate plant growth rate proportional to light interception may not consider a limitation for the early development.
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  of view. The models of processes are separated in three main levels: (i) entire plant, (ii) organ scale and (iii) molecular scale. (i) The models at the entire plant scale refer to the general processes controlling plant shape and behaviour. (ii) At the organ scale, the matter and energy exchanges follow physical processes of light interception, gas exchange, sap conduction and root absorption. (iii) The molecular scale concerns the biochemical processes of genetic regulations, signalling and metabolism. These processes are found in the existing global models of plant growth, separated in process-based models and functional-structural models.This study results in a new model structure which follows mass and energy balances principle, adapted for life support systems. Key words: modelling; plant development; biochemistry; biophysics; thermodynamics * pauline.hezard@polytech.univ-bpclermont.fr 1 Introduction: mass and energy balances principle applied to plant modelling
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 1 Figure 1: Comparison of leaf appearance stage (L.A.S.) plotted versus time (days, a.) and versus thermal time (°C day, b.) for winter wheat. From Baker et al. (1980).

Figure 3 :Figure 3

 33 Figure 3: Water flow driving forces through higher plant from the soil to the atmosphere. Inspired by Cochard (2006) Spotted light-blue: water and mineral solutes; black line: impermeable wall; dark-grey line: hydrophilic wall; light-blue arrow: water flux; dark-blue arrow: nutrient flow; 1: vacuole; 2: chloroplast; 3: mitochondrion; 4: nucleus; 5: soil particle; 6: air bubble in soil.

the

  Navier-Stokes equation can be integrated into Hagen-Poiseuille law (Thornley and Johnson 1990; Lacointe 2000), as described in equation 22. ΔΨ is the water potential (Pa) difference between source and sink (which is the sum of pressure and osmotic potentials), a the sap vessel radius (m), L the length of the conduction path (m) and μ the dynamic viscosity of the sap (Pa s).

L

  

  carbon dioxide, water, ATP and NADPH. Then the light interception, gas exchange, xylem sap conduction and root uptake processes have a direct influence on photosynthesis and transpiration rates, which define the ratio of each of the physical processes. The simple carbohydrates are allocated to the different organs via phloem sap conduction; the source-sink interaction is the main driving parameter influencing the pressure gradient between production and consumption organs. These photosynthates are converted into energy, by respiration, and biomass, depending on the developmental and environmental control of plant composition. The different nutrients transported by the xylem sap like nitrogen and sulphur are incorporated into the proteins; magnesium, manganese, iron and copper are bounded in the pigments and complexes of the redox chains in chloroplast and mitochondria membranes.Simple ions like potassium and chloride are stored in the vacuole, playing a role in the osmotic regulations. The biomass newly produced increases plant size which modifies the morphological parameters, which permit the next growth step simulation. In this structure any empirical parameter or relationship is included; except if the developmental behaviour cannot be fully controlled by the physical and physiological processes.
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 5 Figure 5: Comparison of plant and model structures describing the flows of matter, energy and information.

  The general model structure defined in the first chapter, in Figure5of part 3.2.2 provides a guide for the aimed model. However the first model cannot follow such a complex design; moreover the available experimental results do not permit a detailed parameterisation. Then the choice is to keep the global structure with three levels in the model, using simplified laws for each module: architecture and development, physical processes and biochemical processes. This model has been named MELiSSA_Plant.The modelling results have been written in a publication entitled "Mechanistic and balanced higher plant modelling for life support systems applications: preliminary results of the model MELiSSA_Plant" and submitted to the journal Advances in Space Research in June 2012. Different parts of the publication can be found in this chapter; however they are extended and reorganised. The experimental design is presented, and the data used for model parameterisation and comparison are analysed in part 2.2. The carbon, oxygen, water and nutrient balances are evaluated; this permits the selection of the most relevant data for model parameterisation. Moreover, the type of law that should be included in the model is selected by studying the data dynamics. Then the model structure, the selected equations and their interconnections are provided in part 2.3 for the different versions of the MELiSSA_Plant model. The results of different trials are detailed in part 2.4; they are also discussed in order to assess their realism and validity. A mathematical analysis of the model has been performed in collaboration with the Laboratoire de Mathématiques appliquées aux Systèmes (M.A.S.) of Ecole Centrale de
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 21 Figure 2.1: Representation of the carbon mass balance taking into account the chamber leakage.
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 23 Figure 2.3: Comparison of total carbon uptake and oxygen release, taking into account the leakage. The arrow indicates chamber aperture.
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 24 Figure 2.4: Water dynamics and water balance in higher plants.
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 225 Figure 2.5.
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 26 Figure 2.6: Experimental uptake rates of one lettuce for nitrogen (N), potassium (K) and phosphorus (P).
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 2 Figure 2.7: Experimental day and night condensation rates, evaluated for one lettuce. Conditions: 25/20°C (day/night) and 70 % RH.
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 2229 Figure 2.8 and Figure 2.9. Empirical curves are fitted to the point series, the best fit is obtained after separating the growth in three phases: the first one exponential, the second one linear and the last one quasi-constant.Photosynthesis rate shows an exponential increase during more than 10 days of culture. A short transition period is observed and rapidly it is stabilised to a low linear increase or quasiconstant rate.
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 2 Figure 2.10: Oxygen exchange dynamics of one plant, taking into account the leakage.
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 2 11 and developed in the following parts: the first module for the estimation of the architectural data, second one for the physical laws and third one for the biochemical processes. The biochemical processes are separated in two steps: first one for the plant composition and stoichiometry; the second one contains the metabolic reactions. Then the integration step returns the increased biomass weight, and the different modules can be simulated for the next step. Different versions of the model have been developed sequentially; the main steps are described: each equation has a specific number, and the different versions of the same equation are differentiated by the letters a and b.
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 2 Figure 2.11: Model structure and selected equations.
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 2 Figure 2.12: Comparison of experimental and simulated lettuce growth.
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 2 Figure 2.13: Comparison of experimental and simulated water uptake rate (variable U H2O ).
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 22 Figure 2.14: Comparison of experimental and simulated carbon exchange rate (calculation of U CO2 -R CO2 ).
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 2 Figure 2.15: Comparison of experimental and simulated carbon accumulation in biomass.

  models. The test equation assessing the proportionality between photosynthesis rate and intercepted light flux was not correct. The first formula used the total leaf area (equation 2.14.a in part 2.3.4.1) to transform the light flux in flow (mol.m -2 .s -1 to mol.s -1 ), however the intercepted light flux is per m² of soil, not leaf: it should be divided by the planting density following the equation 2.14.b. This new equation modifies the dynamics of the absorbed energy flow; it changes from a positive exponential behaviour to an asymptotic behaviour as described in Table2.3, part 2.4.1: light absorption increases quasi-linearly at the beginning of the culture, and when the LAI is large enough to absorb the main part of the incident light intensity, the energy flow remains constant until the end of the growth. This behaviour is shown in Figure2.16 where the maximum energy flux is compared to the simulated flux after limitation. At the end of the culture, the potential light interception flux tends to the incident light flux: 400 µmol.m -2 .s -1 measured in the chamber corresponds to 1.44 mol.m -2 .h -1 . In this figure, the energy limits only a relatively short period of the growth, but it corresponds to the transition period observed in the experimental carbon dynamics studied in part 2.2.2.5: the comparison between the experimental CO 2 exchange rate and the fourth version of the model is given in Figure2.17. If the water uptake is parametered in order to be little increased, it would become non-limiting and the energy input would become the only source of late development limitation.
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 22 Figure 2.16: Simulated light interception, for maximum flux and after limitation (variable I).

  Despite the simplicity and limited accuracy in the prediction of transpiration, the actual development of the MELiSSA_Plant model simulates efficiently the global plant behaviour:

  . One of the most commonly used for linear models is the standardised regression coefficient (SRC). It is based on the assumption that the model output varies linearly with the value of the input parameters, following equation 2.26.a. It is calculated by evaluating the contribution of the variance V of an input (the n considered parameters Xi) to the variance of the output (the model's result Y), as demonstrated in equations 2.26.b. The SRC corresponds to the sensitivity index of the parameter, and the sum of the indices of each tested parameter corresponds to the coefficient of determination R², which determines the model linearity: if the variation of each parameter individually explains the output variation, this sum equals unity.

  n
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 2 Figure 2.18: PyGMAlion software scheme.
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 2 Figure 2.19: Simplified MELiSSA_Plant model structure in PyGMAlion analysis platform.
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 2 Figure 2.20: Model output uncertainty for architectural (a), physical (b) and stoichiometric (c) parameters.
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 2 Figure 2.21: Model output uncertainty for light interception (a), carbon exchange (b), transpiration (c) and water uptake (d) parameters.

Figure 2 .

 2 Figure 2.22: Model output linearity for architectural (a), physical (b) and stoichiometric (c) parameters.

  of growth; the light interception and transpiration parameters show a low linearity at approximately the middle of the growth for the exchange rates; this corresponds to the moment of switch between transpiration and light interception limitation: the transpiration causes an exponential rate of growth at the beginning of the culture and then light interception induces a horizontal asymptotic behaviour. The modifications of behaviour decrease the linearity and increase the variance, pointing out the importance of an accurate and mechanistic assessment of the limiting rate; especially at the moments of switch of limitation origin.
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 2 Figure 2.23: Model output linearity for light interception (a), carbon exchange (b), transpiration (c) and water uptake (d) parameters.
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 2 Figure 2.24: Architectural parameters first order sensitivity indices, for biomass (a) and exchange rates (b) outputs.
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 2 Figure 2.25: Architectural parameters second order sensitivity indices, for biomass (a) and exchange rates (b) outputs.
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 2 Figure 2.26: Physical parameters first order sensitivity indices, for biomass (a) and exchange rates (b) outputs.
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 2 Figure 2.27: Physical parameters second order sensitivity indices, for biomass (a) and exchange rates (b) outputs.
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 2 Figure 2.28: Stoichiometric parameters first order sensitivity indices, for biomass (a), respiration (b), carbon uptake (c) and water uptake (d) outputs.
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 2 Figure 2.29: Stoichiometric parameters second order sensitivity indices for water uptake output.
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 2 Figure 2.30: Light interception parameters first (a, b) and second order (c, d) sensitivity indices, for biomass (a, c) and exchange rates (b, d) outputs.
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 22 Figure 2.31: Carbon exchange parameters first order sensitivity indices, for biomass (a), respiration (b), carbon uptake (c) and water uptake (d) outputs.
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 2 Figure 2.33: Transpiration rate parameters first order sensitivity indices, for biomass (a), carbon exchange (b) and water uptake (c) outputs.
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 2 Figure 2.34: Water uptake rate parameters first order sensitivity indices, for biomass (a), carbon exchange (b) and water uptake (c) outputs.
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 2 Figure 2.35: Scheme of the model behaviour depending on the limiting rate, pointing out the key parameters.

  end of the growth Main architectural parameters: k1 (beginning) and R vessel (end of the growth) Main physical parameters: g w (beginning) and Ψ i (end of the growth) Main stoichiometric parameters: Tr (entire growth) and QY (end of the growth) For respiration and carbon uptake rates: Resp and DMratio

  absorption regions in order to maximise light transfer to the lower leaf layers. The response time when light is turned on/off or intensity/spectrum is modified should be recorded. If the response time cannot be recorded by the plant growth chamber measurement system, leaf cuvettes are useful tools, but it is necessary to minimise the influence of the measurement device.The actual version of the model predicts a potential light limitation for late development and light input is generally considered as driving plant growth. Moreover, two main accurate models of light absorption and scattering already exist: the two-leaf model is based on a simple Beer-Lambert law but describes separately light interception for the direct and diffuse portions; the other is based on the calculation of each light ray's probability of interception knowing the canopy structure. They are described in chapter 1, part 2.2.1; both techniques should be parameterised and tested in order to assess the realism of the prediction of light limitation and the possibility of coupling with the biochemical module of photosynthesis.

  2 , O 2 and water vapour) are measured and air speed rate at different locations in the canopy at constant non-limiting light intensity and water availability for the roots, changing the atmosphere composition and ventilation. This is tested at different developmental stages, for continuous as well as changing environment experiments. The atmosphere dynamics model accuracy is essential throughout the entire plant development, and depending on architecture and morphology. The hydrodynamics conditions (humidity and temperature) around the leaves are of major interest due to the high variability they encounter and the complexity of the evaporation and condensation processes (Tiwari 2011). It may be necessary to model them at a local scale in order to understand the plant transpiration process. In terms of atmosphere composition, different CO 2 , O 2 and humidity content must be tested; low and high contents should be chosen in order to reproduce the probable MELiSSA conditions and test the plant behaviour in order to determine the range of acceptable variation. When the gas dynamics around and inside the leaves are predicted with accuracy in maximum stomatal aperture, the stomatal movements is the second step of gas exchange modelling, depending on the different sensed parameters: internal CO 2 and O 2 concentrations, light intensity and water availability. The global water stress effects and signalling from root to stomata should be simulated, in the case of drought as well as low and high salinity and nutrient concentration. The stomatal aperture and density are usually measured with different techniques: stomatal conductance, infrared thermography, stomatal imprints, microscopic imagery techniques etc. Sub-stomatal CO 2 concentration, leaf water potential and if possible abscisic acid concentration could be measured destructively in order to build the model depending on all the important variables.

  radius and number) measurements are essential at different locations in the canopy, depending on the plant age and growth environment. The biomass evolution with time should be measured for each organ (mass, water content and composition), depending on the stem architecture connecting the different plant parts.For xylem sap conduction model fitting, the water uptake and transpiration rates must be measured in different environmental conditions; they are verified by calculating accurately the water balance. If possible, the xylem sap composition should be measured at different points in order to know its viscosity and osmotic potential. Collars placed on a stem permit the measurement of the sap flow rate; they are not invasive and make continuous measurements.A destructive evaluation of the resistance to water flow is by forcing water movement in a cut stem and measuring the pressure drop and flow rate. Phloem model fitting is more complex. If possible, the source and sink organs' excretion and absorption rate, as well as sap composition and flow rate, are measured or evaluated at different developmental stages and growth environments. The existing models take into account a global carbohydrate or biomass movement including the resistance to the flow or simple source-sink relationships. It is an interesting approach however it is generally parameterised empirically; for MELiSSA the organic molecule allocation model must use detailed measurements.In the actual model, water movement is a key process of plant growth limitation; this must be verified and quantified by experimental measurements. Phloem sap transport might induce a larger resistance to growth than xylem sap movement; then both must be measured or evaluated from the relative rates of water uptake and transpiration, and organ mass and composition dynamics. The Hagen-Poiseuille law used in the actual model is a simple and mechanistic basis, even if other laws can be tested like the resistance equivalent used for the cohesion-tension theory, Darcy-Weisbach, Stefan-Maxwell and Navier-Stokes equations described in chapter 1, part 2.2.3. It is necessary to take into account the plant conditions for testing the models of fluid mechanics: sap vessels are narrow tubes made of organic hydrophilic molecules and have low conduction rates; the specific pressure and osmotic laws should be studied at the local and global scale for water and solute flow parameterisation and simulation. It might be useful to conduct a molecular study of the interactions between water molecules, solutes and sap vessel walls taking into account the mechanical energy balance.3.2.2.4 Root uptakeRoot uptake model can be parameterised by measuring with relatively short time intervals (each day or preferably at each light switch on or off) the volume and concentration of the nutrient solution. The measurement of the solution volume is difficult, and accurate largeweight scales for the nutrient solution pool, coupled with a water level sensor could provide estimations. However the root volume and the quantity of nutrient solution in the rhizosphere may be difficult to measure without sampling. The root growth is evaluated by destructive measurement of the root architecture, including branching pattern, hairy zone length and diameter, old parts length and diameter, number of meristems, and root vessels morphology for connecting to sap conduction model. The fresh and dry root mass, its composition and respiration rate are important data for root metabolism model and active uptake evaluation.

  concentrations at different organs, depending on their place in the overall canopy or root systems. Then even a basic model of plant growth is parameterised taking into account the local conditions, especially for air speed, temperature and relative humidity. More evolved models require the use of computational fluid dynamics (CFD) for the prediction of the variations of the concentration variables. For the parameterisation of the environmental description of the plant growth, local measurements and specific experiments are required.

Figure 3 .

 3 Figure 3.1: Young plant specific growth chamber.

Figure 3

 3 Figure 3.2: Design of a large plant growth chamber permitting sampling without disturbance and separated root and shoot

Figure 3 . 4 :

 34 Figure 3.4: Sectional views with the detail of the chamber's air circulation, sample separation and system for holding the plants.

Figure 3 .

 3 Figure 3.5: General overview of a high-throughput plant growth experimental system.

Figure 3 . 6 :

 36 Figure 3.6: Front view scheme of an individual chamber of the high-throughput system with air and solution management.

  solution pool. Oxygen and CO 2 contents ([O 2 ] and [CO 2 ]) are measured and controlled by the root air flux. Sampling and addition valves permit an accurate measurement of each solute and control of the composition. Nutrients addition using the concentrated solution should be performed only after verification of the composition in order to avoid accumulation.

Figure 3 . 7 :

 37 Figure 3.7: Overview of the measurement and control systems.

  balances and list the required data to be obtained by the experiments for each plant process modelling. The importance of dynamical data and statistically representative destructive measurements are stressed; this requires a large planting area for the first steps of the model development: model selection and parameter fitting with numerous measurement and evaluation methods. Sampling is complex for plants because there is a large individual variability, and sample harvesting affects the neighbour plants: each sample must be separated from the beginning and maintained in similar environments. The following tests for model parameterisation in changing environment are conducted in a high-throughput system of smaller planting area, which means that the sampling frequency is lower. Differential measurement devices provide an accurate mass balance for oxygen, carbon and water; and a specific design with deep water culture aerated by air circulating in porous tubes is proposed in order to separate root and shoot balances.

  Figure A 1.1: Theoretical pressure in the chamber, comparison between experimental raw data and data corrected for leakage for oxygen, and carbon data considering a photosynthetic quotient of 1.

Figure A 1

 1 Figure A1.1 shows that for the beginning of the culture, the different estimations provide relatively similar results. A small shift appears from day 4 between oxygen and carbon, but if
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 331 Figure A 3.1: Experimental and hypothesised water uptake.
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 3 2 to Figure A 3.4.

Figure A 3 . 2 :

 32 Figure A 3.2: Relative rates of nutrient and carbon uptake.

Figure A 3 . 3 :

 33 Figure A 3.3: Relative rates of nutrient and water uptake, original experimental water uptake.

Figure A 3

 3 FigureA 3.4: Relative rates of nutrient and water uptake, corrected water uptake.

  Periods of exponential-like decrease of condensation rate are observed; each period start is shown by an arrow in Figure A 4.1. The chamber and external room temperature and relative humidity are presented in Figure A 4.2 in order to try to find an explanation to this dynamics. In Figure A 4.1 the periods of fluctuation are not regular; they last between four and nine days. The decrease is exponential in some cases (around days 10 and 25) and more irregular in others. The nutrient solution change could enhance water-air contact for a short time and increase the condensation, but it happens each week (at days 7, 14, 21, 28 and 35) which does not correspond to the condensation modifications.

Figure A 4. 1 :

 1 Figure A 4.1: Day and night condensation rate for one lettuce.

Figure A 4 . 2 :

 42 Figure A 4.2: Chamber and external room temperature (T) and relative humidity (RH).

Figure

  Figure A 5.1: Comparison of photosynthesis and respiration rates.

  Figure A 5.2: Comparison of experimental and estimated respiration rate.
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Table A 2

 A .1: Mass balance calculation for different hypotheses of experimental shift. ........

	Abbreviations Atoms and molecules Scientific parameters and variables
	BM ABA		Biomass Abscisic acid	notations
	CESRF ATP	Controlled Environment Systems Research Facility (CA) Adenosine triphosphate
	DM C A		Dry Matter content in biomass (%) Carbon Sap vessel section (m 2 )
	DWC Ca A		Deep Water Culture Calcium Matrix of stoichiometric coefficients
	EC Cl a		Electrical Conductivity Chloride Air bubble radius (m)
	EFM CO 2 a		Elementary Flux Modes Carbon dioxide Root radius (m)
	ESA DNA a		European Space Agency Deoxyribonucleic acid Empirical parameter for stomatal conductance calculation (dimensionless)
	GC FADH 2 A c	Gas Chromatography Flavine adenine dinucleotide (reduced form)
	HPS H		High Pressure Sodium light bulb Hydrogen
	LA H + LAD LAI HCO 3 K	-	Total Leaf Area (m 2 Proton ion Leaf Angle Distribution leaf ) Leaf Area Index (m 2 Bicarbonate ion leaf .m -2 Potassium	soil )
	LAS Mg		Leaf Appearance Stage Magnesium
	LD N		Leaf Density Nitrogen	
	LED N 2		Light-Emitting Diode Molecular nitrogen
	MAS NADH	Mathématiques Appliquées aux Systèmes (F) Nicotinamide adenine dinucleotide (reduced form)
	MELiSSA NADPH	Micro-Ecological Life Support System Alternative Nicotinamide adenine dinucleotide phosphate (reduced form)
	MFA MH -NO 3 NH 4 +		Metabolic Flux Analysis Metal Halide light bulb Nitrate Ammonia
	NDVI O	Normalised Difference Vegetation Index Oxygen
	NFT O 2		Nutrient Film Technique Dioxygen (molecular oxygen)
	PID P		Proportional -Integral -Derivative Phosphorus
	PQ RNA		Photosynthetic Quotient Ribonucleic acid
	PRI RuBisCO	Photochemical Reflectance Index Ribulose Bisphosphate Carboxylase-Oxygenase
	PT S		Physiological Time Sulphur	
	PyGMAlion Plant Growth Models Analysis and Identification software
	QY		Quantum yield parameter (mol CO2 .mol photon	-1 )
	RD		Rood Density	
	RH		Relative Humidity (%)
	RL		Root Length	
	RUE		Radiation Use Efficiency
	SCK-CEN	StudieCentrum voor Kernenergie -Centre d'Etude de l'Energie Nucléaire (B)
	SLA		Specific Leaf Area (m 2	leaf .g -1	dry biomass )
	SRC		Standardised Regression Coefficient
	TT		Thermal Time	
	UV		UltraViolet light	
	VITO		Vision on Technology company (B)
	VOC		Volatile Organic Compound
	VPD		Vapour Pressure Deficit (Pa)
	WBI		Water Band Index	
	viii x			

  2.1 General processes ............................................................................................. 2.1.1 Development: plant behaviour ..................................................................... 2.1.2 Architecture: plant shape .............................................................................. 2.2 Physical processes ............................................................................................ 2.2.1 Light interception: energy input ...................................................................

2.2.2 Gas exchange: plant-atmosphere mass and energy transfer ......................... 2.2.3 Sap conduction: in-plant mass transfer ........................................................ 2.2.4 Root absorption: soil-plant mass transfer ..................................................... 2.3 Biochemical processes ..................................................................................... 2.3.1 Including physiological mechanisms in plant growth modelling ................. 2.3.2 Energy production: mechanistic analysis of photosynthesis and respiration 2.3.3 Energy consumption: stoichiometric analysis of biomass synthesis ............ 3 Towards a global model of plant growth ............................................................. 3.1 Structure of the existing global models ............................................................ 3.1.1 Process-based models: plant response and harvest yield prediction ............ 3.1.2 Functional-structural models: plant shape and behaviour prediction ........... 3.2 Model design for life support system control ................................................... 3.2.1 Required approach for a mechanistic balanced model ................................. 3.2.

Table 2 :

 2 Main processes and parameters included in the process-based models CERES, CROPGRO, ORYZA, Sirius and STICS.

	Martre 2003)	,	STICS (Brisson 2008)

Key: CO 2 : carbon dioxide; DM: dry matter; E: evapotranspiration; H: plant height; H 2 O: water; LAI: leaf area index; N: nitrogen; PT: physiological time; RD: rood density; RL: root length; RUE: radiation use efficiency; T: temperature; TT: thermal time; Z: soil depth; θ: soil water content; [X] comp : concentration of X in the compartment comp. Subscripts: organ: relative to each organ; sink: relative to the sink function calculating the potential use in biomass; source: relative to the source function calculating the potential uptake.

Table 3 :

 3 Main processes and parameters included in the functional-structural models ADEL, GREENLAB and L-PEACH.

Key: BM: biomass; CO 2 : carbon dioxide; E: evapotranspiration; H 2 O: water; N: nitrogen; RUE: radiation use efficiency; SLA: specific leaf area; T: temperature; TT: thermal time; θ: soil water content; [X] comp : concentration of X in the compartment comp. Subscripts: organ: relative to each organ; source: relative to the source function calculating the potential uptake.

  2.1.1), Fick's diffusion equation (eqs. 8 and 19.c) for gas and sap transport, Dalton model (eq. 23) for root exchange, and few stoichiometries defining the biomass composition of each organ, taking into account energetic molecule requirement. The biomass water content and relative rates of water uptake and transpiration together with biomass composition permit the assessment of the relative exchange rate of each matter and energy; and the limiting rate controls biomass growth rate. This first approach can be compared with experimental data and implemented gradually.Naturally, if this model is calibrated in controlled environment for life support systems, the plant response might not be similar in open field experiments. However the mechanistic approach of mass and energy balances could be useful for the future development of longterm predictive models applied for climate change and agricultural practices modifications.

  [START_REF] Xu | Seasonal trends in photosynthetic parameters and stomatal conductance of blue oak (Quercus douglasii) under prolonged summer drought and high temperature[END_REF], Seasonal trends in photosynthetic parameters and stomatal conductance of blue oak (Quercus douglasii) under prolonged summer drought and high temperature, Tree Physiology 23, 865-877 Yan H.-P., Kang M. Z., de Reffye P. and Dingkuhn M. (2004), A Dynamic, Architectural Plant Model Simulating Resource-dependent Growth, Annals of Botany 93, 591-602

	Zavala M. A. (2004), Integration of drought tolerance mechanisms in Mediterranean
	sclerophylls: a functional interpretation of leaf gas exchange simulators, Ecological
	Modelling 176, 211-226
	Zhu X.-G., de Sturler E. and Long S. P. (2007), Optimizing the Distribution of Resources
	between Enzymes of Carbon Metabolism Can Dramatically Increase Photosynthetic Rate:
	A Numerical Simulation Using an Evolutionary Algorithm, Plant Physiology 145, 513-
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	.1, for the experimental raw

  .2 and the regression equation is given in equation 2.3, with the time in minutes. The determination coefficient R² is equal to 0.994.

					External environment CO 2 mole fraction evolution with time
			-7,1	0	Higher plant chamber 500 1000 1500	2000	2500	3000	3500
	y CO2 Q 1 1 -7,15 -7,25 -7,2 LN(YCO2-YCO2 (1) )		n T			dt dy CO2					y CO2 Q 2	2
			-7,3													
			-7,35													
										Time (min)		
	Figure 2.2: Leakage test showing the reduction in chamber
	CO 2 content with time.							
	ln		y	2 CO		y	) 1 ( CO 2			10 . 3376 . 6 	5 		t		1179 . 7	(t: minute; slope: minute -1 )	[2.3]
	With this equation, it is possible to evaluate the gas exchange rate for each atmosphere
	compound: the slope is equal to the atmosphere exchange rate divided by the total number of
	moles in the chamber, as shown in equations 2.2.

, in mol/plant Substrate Product Balance and PQ

  

	Carbon	0.9483	0.7467	78.7 %	
	Water	31.48	22.61	71.8 %	
	Nitrogen	0.0689	0.0665	96.6 %	
	Phosphorus	0.0081	0.0068	84.3 %	
	Potassium	0.0229	0.0268	117.2 %	
	Oxygen	/	0.7679	1.0284 mol O2 .mol CO2	-1

Table 2 .

 2 2: Experimental mass balances for carbon, water, nitrogen, phosphorus and potassium; oxygen photosynthetic quotient taking into account chamber leakage rate.

  .11.

	I		LA		QY U CO2	(QY: mol CO2 .mol photon	-1 )	[2.14.a]
			I					U	CO2	[2.14.b]
	Dens			QY
	CO R	2		Resp		U	CO	2	(Resp: mol CO2 respired .mol CO2 uptaken	-1 )	[2.15]
	H R	2	O		Tr		U	H	2	O	(Tr: mol H2O transpired .mol H2O uptaken	-1 )	[2.16]
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	Environmental conditions
	Input variable code and name	Experimental value
	C a Atmospheric CO 2 concentration Dens Planting density	0.041 mol.m -3 (1000 ppm) 24 plants.m -2
	I 0 Incident light P 0 (T) Saturating vapour pressure	4E-4 mol.m -2 .s -1 (400 µmol.m -2 .s -1 ) 3200 Pa
	RH Relative humidity	0.7 (70 %)
	T Temperature	298 K (25°C)
	Ψ s Nutrient solution water potential Photo Photoperiod	-120,000 Pa 14 h.day -1
	Table	

.5 to Table 2.7. The environmental conditions, which are input variables for the model, are given in Table 2.4.

Table 2 .

 2 and Ellerby and Ennos (1998) show xylem vessels from 30 to 1000 µm, short plants may have relatively narrow sap vessels. 6: List of the physical parameters, the value and origin.

		Physical parameters	
	Parameter code and name	Identified value	Origin
		(model version)	
	C i Leaf internal [CO 2 ]	0.038 mol.m -3 (1) 0.037 mol.m -3 (2-4)	Dewar 2002, Tuzet 2003
	D c CO 2 diffusion coefficient	1.7E-5 m².s -1 (1) 2.0E-5 m².s -1 (2-4)	Lushnikov 1997, Dubey 2002
	g Leaf water vapour conductance 1.0E-4 m.s -1 (1-3) 1.4E-4 m.s -1 (4)	Jarvis 1986, Santrucek 2004
	k Light extinction coefficient	0.6 (1-3); 0.4 (4)	Lunagaria 2006
	δ Boundary layer thickness	0.012 m (1) 0.007 m (2-4)	Boulard 2002
	µ Xylem sap viscosity	0.001 Pa.s (1-4)	Similar to pure water
	Ψ i Leaf water potential	-122,500 Pa (1-4)	Grzesiak 2006
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 2 

	.11, which are

Table 2 .

 2 11: Comparison of experimental and simulated data taking into account the leaks.

Table

  

		Physical parameters	
	C i Leaf internal [CO 2 ] g c CO 2 conductivity	0.038 mol.m -3 2.9E-3 m.s -1		0.018  0.038 2.2E-3  3.3E-3	Identical D c /δ
	g w Water vapour conductivity	1.4E-4 m.s -1		8.3E-5  1.7E-4	Identical
	k Light extinction coefficient	0.4		0.3  0.8	Identical
	V i Leaf internal vapour content 1.6443 mol.m -3 (100% RH)	Constant	P 0 (T)/(R.T)
	µ Xylem sap viscosity	0.001 Pa.s		Constant	Identical
	Ψ i Leaf water potential	-122,500 Pa		-1.25E6  -1.21E6 Identical
		Biochemical parameters	
	QY Quantum yield	0.054 mol C .mol photon	-1	0.04  0.125	Identical
	Tr Ratio transpired/absorbed water BCmol Biomass C-molar mass 24.5 g.mol C 0.5 mol transpired . -1 mol absorbed -1 DMratio Dry matter content 0.1 g dry .g water -1	0.4  0.7 22  30 0.07  0.12	Identical Identical DM/(1-DM)
	per water content in biomass				
	Resp Ratio respiration/photosynthesis	mol absorbed 0.25 mol respired . -1	0.15  0.3	Identical
				input variables)	
	C a Atmospheric [CO 2 ] Dens Planting density	0.041 mol.m -3 24 plants.m -2		Constant Constant	Identical Identical
	4E-4 mol.m -2 .s -1 Constant V a Atmospheric vapour content 0.9036 mol.m -3 I 0 Incident light Constant	Identical RH.P 0 (T)/(R.T)
		(70% RH)			
	Ψ s Nutrient solution water	-120,000 Pa		Constant	Identical
	potential				
	Photo Photoperiod	14 h.day-1		Constant	Identical
		Architectural parameters	
	k1 Ratio LA/Biomass	1.3E-3 m².g -1		1E-3  1.7E-3	Identical
	k5 Ratio N vessel /L stem	91.6 m -1		80  105	k4/k2
	R vessel Sap vessel radius	4.68E-5 m		4E-5  6E-5	Identical

Architectural and physical module III. Biochemical module: metabolic reactions

  

	[2.29]
	[2.30]
	[2.28]
	[2.31]
	II. Biochemical module: stoichiometric test
	[2.32]
	[2.33]
	IV. Integration
	[2.34]

The variance is standardised, here the model output is considered reliable and accurate if it is below 0.2. Due R vessel I.

  , knowing the matter exchange rate and biomass composition. The stoichiometric definition of the metabolism permits the mass balance closure; however it is necessary to know the relative proportions of the different organ compounds depending on plant development and environment. In this objective, the biomass composition must be measured for different constant or changing environmental conditions and at different growth stages: an accurate prediction of biomass composition requires a dynamical parameterisation. The plant response to limiting substrates is one of the main outcomes of the metabolic model; then experiments with low CO 2 , light, water and each nutrient should be performed.In order to test and parameterise a stoichiometric model, it is necessary to measure accurately the input and output rates as well as the plant mass and composition. The evolution of this depends on environmental conditions, either continuous or changing. As for architecture and development, destructive analyses are necessary. For the biomass composition, at least carbohydrate, protein, lipid and nucleic acid content are required, preferably for each type of carbohydrate, amino acid, lipid compound, nucleic acid, vitamin, pigment and secondary metabolite should be measured in each organ separately. The mass balance is more easily evaluated with the elemental composition in C, H, O, N, S, P, K and if possible all the elements of the nutrient solution.

  Then, it is necessary to validate the chamber design and environment model when plants are growing. First of all, local gas and liquid dynamics must be predicted depending on plant shape and behaviour. In this objective, portable temperature and humidity sensors as well as anemometer, barometer and camera should be available in the chamber and the measurements performed regularly in different places. For the nutrient solution, temperature, pH, electrical conductivity (EC) and dissolved gases (O 2 and CO 2 ) are the most important local sensors, if possible used with imagery techniques at different places. Residence time distribution tests must be performed using inert, non-absorbed gas or liquid, with different ventilation or agitation rates, in order to assess the homogeneity or heterogeneity of the different environmental variables. It would

Table 3

 3 .4.

	Parameter Measurement: device and place	Control: device and
						place
	Light	Light sensor: light intensity measurement, at	Bulb: light-emitting diodes
		least 4 per chamber or area; or 1 if the light	(LED), high pressure sodium
		intensity is measured at several locations	(HPS), metal halide (MH),
		regularly during plant growth. Number of bulbs	microwave and/or fluo-
		lightened should be recorded, as well as	rescent bulbs have different
		electrical power consumption if it can be	wavelength, intensity, cost
		varied.				and energy consumption.
		Spectroradiometer: wavelength distribution	Different types of bulbs
		measurement, 1 sensor per chamber or 1 in the	should be adaptable in each
		lab should be used periodically in each	chamber. It should be
		experiment	(evolution	of	wavelength	possible to turn on or off
		distribution during plant growth and control	separately each type of bulb,
		which bulb using depending on the desired	eventually to regulate their
		wavelengths.) Type of bulb lightened should be	intensity.
		registered.			
	Temperature Temperature sensor: at least 3 sensors in
		different zones of each chamber (near the
		lighting zone, inside the canopy and in the	Heat exchangers with air
		general air stream) for homogeneity control.	temperature and humidity
		Heat exchangers activity should be recorded.	sensors controlling the tem-
	Humidity	Moisture meter: humidity measured together	perature and moisture of the
		with temperature. If only one portable sensor is	input air, inside the measu-
		available, humidity should be measured near	rement and control system.
		the temperature sensors everyday. The volume
		of water condensed should be measured and
		recorded.			

  Packed plants are very affected by any failure, and border plants would have different growth conditions than middle plants. In this case, sampling of a part of the canopy is not possible without affecting the overall growth. On the other hand, sparse plants would have an individual behaviour not representative of closed canopies necessarily experienced in the real MELiSSA conditions. After checking the mean planting densities and individual plant variability, a growth surface of 1 m² should provide enough space for one sample of minimum 20 individual plants for all the traditional MELiSSA crops, except tomato. However, for building and validating a model, one destructive sample per growth experiment is not sufficient; at least five per experiment (for rapidly growing species) are necessary. In this case, either five individual chambers of 1 m²

each, or a large chamber of 5 m² with a system permitting sampling without disturbing the remaining plants is necessary for conducting each experiment. In the case of longdevelopment plants, eight to ten samples are necessary. For plants grown at a high density (wheat and rice), 0.5 m² of the sample surface is sufficient.

  3-is only 5% of the total inorganic carbon, which is negligible considering the amount of dissolved CO 2 . If we consider a relatively favourable pH of 6.4 then the bicarbonate and CO 2 are in the same concentration: this doubles the total quantity of carbon dissolved in water, but it is still less than one mole for 120 plants during 35 days of culture. Then the CO 2 dissolution in the nutrient solution is negligible and may not influence the carbon balance.The different hypotheses are summarized in the following TableA2.1 and the corresponding carbon balances are calculated. Table A 2.1: Mass balance calculation for different hypotheses of experimental shift.

	Hypothesis	Substrate	Product	Balance
	Initial values	0.9483	0.7467	78.7 %
	Leakage rate doubled	0.9142	0.7467	81.7 %
	35 % carbon in young plants	0.9142	0.7508	82.1 %
	40 % carbon in harvested plants	0.9142	0.7861	86.0 %
	Respiration before drying	0.9142	0.8061	88.2 %
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Variable

Equation and integrated formula (X represents the biomass)

Boundary

Light (I); model versions 1 to 3

Eqs. 2.10 and 2.14.a; 

Sap conduction (U H2O ); model version 1 Eqs. 2.9.a and 2.13.a;

Chapter 3: Experimental design for further model developments

Contents:

Infrared thermography camera Images of the canopy and objects temperature Leaf temperature, evaluation of transpiration rate, stomatal aperture, eventually energy balance of transpiration and metabolism Reflectance sensor Spectrum and intensity of incident and reflected light

Canopy biophysical properties: chlorophyll content (NDVI), photosynthetic efficiency (PRI), water status and transpiration (WBI) Table 3.1: Plant parameters remote sensing. 3.3.3.2 Direct contact measurements Some measurements can be made non-destructively using direct contact devices. The photosynthesis and transpiration rates (gas exchange), stomatal aperture, chlorophyll fluorescence are measured by leaf cuvettes, different tools and suppliers are available for these parameters. For leaf area, different types of small scanner heads called 'portable leaf area meter' exist. The sap flow rate can be measured only for xylem because the flux is higher. Non-intrusive, continuous measurement sensors placed on a stem are available in order to follow water movement in the plant. However these probes can be used only for plants with at least 8 cm bare, hard stems as the sensor is 7 cm high and must enclose an unbranched stem without leaf or node: it is not applicable on lettuce, onion and spinach.

If direct contact measurements are needed during the experiment, the devices are placed inside the chamber and used from outside using manipulation gloves; then power supplies and connectors must be available in the chamber. If possible, a small air-lock system should be available in each chamber, in order to be able to introduce or remove the measurement systems. The information about different devices is given in Table 3.2.

Instrumentation

Raw data Parameters

Leaf 

Plant environment: solution management

The nutrient solution volume is evaluated and controlled, as well as pH and electrical conductivity. As for air, composition, temperature, CO 2 and O 2 content (as dissolved gases), mixing and contamination are monitored and controlled.

The volume of nutrient solution can be evaluated depending on the surface level and weight of the solution pool. Accurate measurements of the solution mixing, volume and aeration are performed by residence time distribution tests. For pH, it must be measured and controlled continuously using acid and base solutions. Electrical conductivity (EC) is not specific for each nutrient; however it is a good indicator of global ion content, so it is useful to avoid solution dilution or concentration by differential nutrient and water uptake rate. It is controlled by adding pure water in the case of concentration. If a decrease in EC is observed, concentrated nutrients or specific nutrients are added after an accurate measurement of the composition. Then it must be measured regularly (each day for example) in order to control the nutrient balance: they should not accumulate nor be depleted. Temperature is measured and controlled using heat exchangers. The root respiration rate must be evaluated and ensured by maintaining sufficient dissolved oxygen content in the solution. Dissolved CO 2 content is measured as well, using specific electrodes and pH monitoring. O 2 and CO 2 are controlled by the aeration flow in the solution pool. The solution pool can be maintained homogenous if mixing devices are included, or by a global circulation from one side of the chamber to the other. Regular sampling and traditional microbiological techniques are necessary to evaluate the contamination; it can be controlled by constant filtration or ultraviolet treatment, using a global circulation loop. A list of the parameters, their measurement and control devices is given in Table 3.5.

Parameter Measurement: device and place Control: device and place

Temperature Temperature sensor: several sensors (near the roots and the aeration tubes, in bulk solution).

Heat exchangers activity should be recorded.

Heat exchangers should be placed in the nutrient solution reserve or in the control system. Agitation (mixing)

Flow rate: if it is sufficient to ensure a homogeneous solution. Agitation devices: if necessary, at least one per sample area. Speed rate should be recorded for both systems.

Agitation devices number and power should be adapted for homogenous environment without disturbance of the nutrient solution separation. growth, small walls (higher than the maximum canopy height) could be placed between them.

A top view of this system can be seen in Figure 3.3, and sectional views in Figure 3.4. Movable grids are placed under the nutrient solution covering; their geometry is adapted for each type of plant as well as the sample surface: for lettuce, as not more than 25 lettuces can be grown on 1 m², two grids of 0.5 m should make a sample. For wheat, the planting density is higher and 0.5 m² is enough for one sample. Only one grid is necessary, then sample separations should be placed each 0.5 m. The grids lean on ledges placed under the solution surface; other ledges at the surface ensure a hermetic nutrient solution covering and hold the sample separations, as can be seen on Figure 3.4. Then the nutrient solution quantity must be

Conclusion and perspectives

Appendices Appendix 2. Improving the carbon mass balance

Different hypotheses are proposed in order to explain the imperfect closure of carbon balance and find an improved estimation. First of all, it is necessary to deduce the carbon content of the plantlets at the introduction in the chamber in order to compare it with the experimental carbon addition in the chamber. The carbon content in young plants was not available, and it was supposed similar to that of the plants at harvest. If we consider that it is 35 % instead of 38.3 % at harvest, then the total carbon accumulated in biomass during the chamber growth would increase from 0.7467 to 0.7508 mole per plant.

Second hypothesis is also for the carbon content: the measured percentage at harvest is given for three samples and it has a maximum variation of approximately one percent for the leaves.

For the roots only two samples are provided, for different dates, and the variation is two percents; it is also much lower than for the leaves: 33 and 35 % instead of 39 to 40 %. If we suppose that the real carbon content is 40 % instead of 38.3 %, the product term of carbon would become 0.7861 mole per plant.

Third hypothesis is that the plants are not dried immediately after chamber opening, the harvest and measurement time is long: each of the 120 lettuces is removed from the hydroponics troughs, it is cut in order to separate leaves and roots, the fresh weight is measured independently for each lettuce head and the total roots of one trough. Additionally the total leaf surface is measured for 20 individuals before placing the plants in the drying oven. During all this time, the lettuce is stressed and may respire at a high rate, even at the beginning in the drying oven if the temperature is below 100°C. The mean respiration rate during the last days before harvest was calculated and set as a reference, we supposed 10

hours of respiration at a rate double than the experimental measurement; this would lead to 0.02 mole of carbon per plant which was lost by respiration.

The last hypothesis would be the dissolution of CO 2 in the nutrient solution: it is produced by the roots and might be accumulated in solution. At 20°C, the Henry's constant of CO 2 in water is 1,420 MPa. Considering a molar fraction y CO2 of 1000 ppm and a total pressure P tot of 97,125 Pa, the Henry's law permits the calculation of the saturating CO 2 dissolved in water C*. The last constant required is the water molar volume V H2O (18E-6 m 3 .mol -1 ). The saturation concentration C* is 0.038 mol.m -3 , as shown in equation A 2.1. This corresponds to 6.08E-3 mol in 160 L of solution and 0.030 mol after five changes of the solution.

Résumé

Les missions spatiales habitées de longue durée nécessitent des systèmes de support-vie efficaces recyclant l'air, l'eau et la nourriture avec un apport extérieur minimum en matière et énergie. L'air et l'eau peuvent être recyclés par des méthodes purement physico-chimiques, tandis que la production de nourriture ne peut être faite sans la présence d'organismes vivants. 

Abstract

For long-term manned space missions, it is necessary to develop efficient life support systems recycling air, water and food with a minimum supply of matter and energy. Air and water can be recycled from purely physico-chemical systems; however food requires se presence of living organisms. The Micro-Ecological Life Support System Alternative (MELiSSA) project of the European Space Agency includes higher plants grown in a closed and controlled chamber associated with other microbial compartments. The long-term control of the growth chamber and entire life support system requires efficient predictive models. The mass balance closure and the prediction in uncommon extraterrestrial environments highlight the importance of mechanistic models based on the mass and energy balances principles. An extensive bibliographic study has been performed in order to list and analyse the existing models of higher plant growth. Many models already exist, simulating most of the plant processes. However none of the global, structured models is sufficiently mechanistic and balanced in terms of matter exchange for an application in closed life support systems. Then a new structure is proposed in order to simulate all the terms of the mass balance at the plant level, including the different scales of study: general processes, organ scale and molecular scale. The results of the first approach using simple mechanistic physical laws for mass and energy exchange, a unique stoichiometry for biomass production and few empirical laws for the prediction of architectural parameters are illustrated and compared with experimental results obtained in a controlled environment. A mathematical analysis of the model is performed and all these results are discussed in order to propose further developments. This is described in detail for the implementation of more complex models of processes in the future model versions; the experiments that should be performed including the main measurements are proposed. This leads to the description of a new design of experimental growth chamber.