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INTRODUCTION

Pea crop, one of the most important legume crops, is nowadays promoted through the development of a more friendly environmental agriculture. Indeed, no nitrogen mineralisation is added to the system since legume can fix the nitrogen from the air through a symbiosis with the bacteria rhizobium . One limitation on the increase of pea introduction in agricultural systems is the fluctuation of its yield, which depends on both development of the plant and its growth. Environmental factors influence directly these two processes, since (1) development is a function of air temperature and photoperiod and (2) growth is a function of the solar radiation and can be limited by multiple abiotic stresses.

The current context of climate change affects the occurrence of abiotic stresses, impacting crops and their yields. This may modify climate related risks for crops.

Therefore, research studies are needed to assess the impact of climate change on pea crop in France and to contribute to the development of pea crop useful for a more sustainable agriculture.

My six month study was made at Inra-Dijon, in collaboration with the AgroClim unit in Inra-Avignon, the technical institute Terres Inovia (ex. CETIOM). It is part of a broader project assessing the adaptability of pea crop to climate change. The specific problematic of this study is: which abiotic stresses are the highest threat for pea production, taking into account phenological periods over the cycle of development, the climate in the French areas and differences in pea varieties?

My aim is to assess the climate risks for three recent varieties of pea, at the French level, for the current climate. First, an overview will be done of the knowledge available in relevant literature. Then, the approach will be detailed in terms of material and methodology, with a presentation of the softwares used and the statistical analysis conducted. Thirdly, the results and the discussion will be developed together. Finally, conclusion, limits and perspectives will be presented.

CONTEXT AND PROBLEMATIC 1.CONTEXT OF PULSE CROPS IN AGROECOSYSTEMS AND PEA PRODUCTION IN FRANCE 1.1.Legumes in Agrosystems

Legume crops in Europe are cultivated in less than 4% of the total arable areas. However, legumes have numerous agronomic advantages since they fix the atmospheric N 2 thanks to a symbiosis with the bacteria named Rhizobium [START_REF] Vadez | Adaptation of grain legumes to climate change: a review[END_REF]. They also provide cutand-carry fertilizer and the degradation of the crop residues provides nitrogen to the soil. Thus, legumes reduce the nitrogen inputs for the following crop in the rotation. Another advantage of diversification with legume crops is the reduction of pest and disease infestation and infection [START_REF] Voisin A S | Legumes for feed, food, biomaterials anb bioenergy in Europe: a review[END_REF]. Consequently, the agro ecological movement and the greening reform of the Common Agricultural Policy (CAP) promote the introduction of legume crops in rotation to favor the biological diversity at time and space scales. Recently, the "Plan protéines végétales 2014-2020" is a project led by the French minister of agriculture aiming at promoting and introducing legumes in the French agriculture.

Pea production in France

Pea, faba bean and lupin are the three protein crops produced nowadays in France. In 2014, pea and faba bean represented respectively 63% and 35% of the total protein crop production in France and lupin production was 2%. The total surface area of pea in France has fluctuated since 1980 (Figure 1.1). The area was multiplied by 10 in five years, between 1980 and 1985, and reached a peak in 1993 with a maximum surface of 700.000 hectares (Fig. 1.1). After the American soy embargo in 1973, Europe has implemented support measures in order to increase the surface of legumes. The decrease since 1993 can primarily be explained by the decoupling of subsidies of the common agricultural policy (CAP) reform in 1992 and the drop in the price [START_REF] Voisin A S | Legumes for feed, food, biomaterials anb bioenergy in Europe: a review[END_REF]. The pea production was not spread over the country and there was a regional zonage of pea production. Since 1986, the Centre, Picardie, Champagne-Ardennes and Ile-de-France regions represent 50% of the total surface used for pea production. That is still the case today with a slightly different regionalization. In 2013, surface used in Poitou-Charentes and Bourgogne were more important than the one in Ile-de-France, respectively 12%, 9% and 6% of the total (UNIP & FranceAgriMer).

Over the last few years, the development of agroecology and a more sustainable agriculture promote the introduction of legumes in crop rotation. Nevertheless, areas under pea cultivation remain low and one explanation is the high instability of the pea yield (Figure 1.1).

Fluctuations are due to biotic factors such as the spread of the disease aphanomyces and abiotic factors such as high temperature and the water deficit [START_REF] Voisin A S | Legumes for feed, food, biomaterials anb bioenergy in Europe: a review[END_REF].

PEA DEVELOPMENT, GROWTH AND YIELD COMPONENT ELABORATION

Pea types

Two pea types exist nowadays: spring pea and winter pea. For each type, the recommended sowing date and density vary from one region to another. In France, spring peas represent 90% of the cultivated area [START_REF] Jeuffroy Marie-Hélène | The use of models at field and farm levels for the ex ante assessment of new pea genotypes[END_REF]. In the north of France, the recommended sowing date for spring pea is comprise between 25 th of February and end of March whereas in the south west of the country, the sowing date is one month earlier (UNIP). The traditional winter pea (also called hr) should be sown late autumn in order to avoid the appearance of sensitive phenological stages before winter frost [START_REF] Jeuffroy Marie-Hélène | The use of models at field and farm levels for the ex ante assessment of new pea genotypes[END_REF]. The aim is to obtain the stage 1-leaf before freezing days (UNIP). In the north of France, winter pea can be sown from early November, whereas in the south, the recommended sowing date is comprises between mid-November and mid-December (UNIP). The winter pea Hr is sown beginning of October, because it is less sensitive to frost than other winter peas [START_REF] Jeuffroy Mh | Effect of a short period of high day temperatures during flowering on the seed number per pod of pea (Pisum sativum L)[END_REF][START_REF] Hanocq E | Construire des idéotypes pour des systèmes de culture variés en pois d'hiver[END_REF]. Nowadays, two varieties of winter pea Hr are entered in the national catalogue: Spencer and Geronimo.

Pea architecure

The pea stem is made up of a succession of elementary units called phytomeres, composed of one apical meristem, one leave and one internode (Appendix 1). There is one main stem and lateral branches which are developed from the bud located at the leaf axil of the main stem. If several buds are located at one node, several branches will appear at the same node (Jeudy and Munier-Jolain, 2010).

Key stages and periods of Pea Development cycle and yield component elaboration

The pea development cycle is divided into a vegetative period from the seedling to the beginning of flowering and a reproductive period from beginning of flowering until the physiological maturity.

Reproductive development at the individual reproductive organ

The development cycle of an individual reproductive organ can be divided into the following stages: the organ initiation, the flowering defined as the time with opened petals, the beginning of seed filling, the final stage in seed abortion and the physiological maturity (Jeuffoy et al, 1997). The seed formation begins shortly before the onset of flowering during the self-pollinated fecundation and ends at the final stage in seed abortion (Larmure, comm pers). This stage corresponds to the beginning of seed filling. The seed filling, is the time when the seed enlarges and accumulates protein reserves, it ends at the physiological maturity. One indicator to identify the final stage of seed abortion and physiological maturity is the water content in the seed; the thresholds are 85% and 55% respectively [START_REF] Nathalie | Reproductive development[END_REF], Ney et al. 1994).

Reproductive development at the plant scale

At plant scale, a reproductive stage is reached when 50 % of stems of the whole plant, have reached this specific stage (Chaillet andBiarnès, 2010, Lejeune-Hénaut andBiarnès, 2010). 5 key stages are identified (Figure . 1.2):

 The Floral Initiation (FI) stage occurs at 4-6 leaves stages (Maurer et al. 1966cited in Jeuffroy et al. 1997). It is not visible to the naked eye and a binocular magnigying glass (X40 to X100) is needed to observe this stage (Lejeune-Hénaut & Biarnès, 2010).  The Beginning of Flowering at the first reproductive node (BF) is defined when 50% of the stems display flowers. It is the major key stage in the cycle development of the pea as being the change from the vegetative phase to the reproductive one.  The Beginning of seed filling at the first reproductive node (BSF)  The Final stage of seed abortion at the last reproductive node (FSLA)

 The Physiological maturity at the last reproductive node (PM) For pea, flowering, beginning of seed filling and seed physiological maturity progress along the stem in the successive nodes produced by the apical meristem [START_REF] Ney | Heat-Unit-Based Description of the Reproductive Development of pea[END_REF]. Two periods can thus been identified in the reproductive development of a pea plant (Figure 1.2):

-The period of seed formation starting at the beginning of flowering. The number of seed per square meter is defined during this period. -The period of seed filling from the beginning of seed filling until the physiological maturity, the seed weight is defined at the end of this period. These two periods are overlapping during the seed formation of the youngest reproductive phytomeres located at the top of the plant, and the seed filling of the older and lower ones [START_REF] Nathalie | Reproductive development[END_REF]. The yield components are defined through the life cycle of the pea: the number of plants per square meter is settled during the vegetative period (NP/m 2 ), number of seed per m 2 (NS/m 2 ) and the seed weight are determined in the reproductive period (Fig. 1.2). 

Effect of climate factors on pea development and modelisation of flowering Temperature (T)

There are two ways to define the rate of development as a function of temperature (Yin et al., 1995). Development generally accelerates as temperature augment. The rate of development is expressed by linear function of temperature based on cumulative degree days. They are obtained by adding mean temperature above the base temperature which is commonly 0°C in pea [START_REF] Ney | Heat-Unit-Based Description of the Reproductive Development of pea[END_REF]. This linear model is used as long as the mean temperatures are non-considered as being stressful for the crop. A non-linear model following a "U" shape is needed in case of extreme temperature, and is using minimum, optimum and maximum temperatures.

Figure 1.3 describes each reproductive stage by its start, end and progression rate [START_REF] Ney | Heat-Unit-Based Description of the Reproductive Development of pea[END_REF]. We can notice that the progression rate of development of physiological maturity is higher than the one of flowering. The duration of each reproductive phase has been modelled using the cumulative degree days [START_REF]Thermal time requirements for the development of green pea (Pisum sativum L.)[END_REF], represented in the horizontal axis (Figure 1.3). 

Photoperiod (P)

Photoperiod is defined as the interval between sunrise and sunset expressed in hours and is calculated using latitude and date as inputs (Montheith and Unsworth, 1990 cited in [START_REF] Alcade | Genetic Characterization of Flowering of diverse cultivars of pea[END_REF]. The floral initiation of some spring varieties and of winter varieties depends on photoperiod [START_REF] Roche Romain | Comparison of different models predicting the date of beginning of flowering in pea (Pisum sativum L.)[END_REF]. Pate states that late cultivars are more sensitive to photoperiod (1975 cited in [START_REF] Alcade | Genetic Characterization of Flowering of diverse cultivars of pea[END_REF].

Modelisation of beginning of flowering (BF)

Flowering is a complex response to temperature and photoperiod (Alcade & Larraín, 2006). As pea is a long day specie; flowering is delayed by short days [START_REF] Alcade | Timing of photoperiod sensitivity in relation to floral initiation in constracting genotypes of pea (Pisum sativum L.)[END_REF]. Several models have been developed to estimate the date of flowering in pea [START_REF] Roche Romain | Comparison of different models predicting the date of beginning of flowering in pea (Pisum sativum L.)[END_REF]. A linear photothermal model made by Summerfield and Roberts in 1998 predicts the rate of progress from sowing to flowering by using additive functions of mean temperature (T) and mean photoperiod (P). In the Equation 1, f is the time in days from the sowing to the onset of flowering and 1/f is the rate of progress during the same period, a, b, c are genotype specific coefficient (Alcalde et al., 2006).

Equation 1: 1/D = 𝑎 + bT + cP An interaction effect between photoperiod and temperature on the flowering date has been highlighted (Equation 2). Wallace and Yan (1998) added in their linear model to predict the FI an interaction effect between photoperiod and temperature, using a quadratic function of these two parameters (Lejeune-Henaut et al., 1999). Parameters have been adapted by [START_REF] Roche Romain | Comparison of different models predicting the date of beginning of flowering in pea (Pisum sativum L.)[END_REF]. Equation 2: D = 𝑓(𝑇) + 𝑓(𝑇𝑃) Multiplicative models also exist to predict the flowering date, with the example of the generic model STICS (Simulateur mulTIdisciplinaire pour les Cultures Standard) from [START_REF] Brisson | Conceptual basis, formalisations and parameterization of the STICS crop model[END_REF]. In STICS, temperature expressed in cumulative degree days drives development and photoperiod is having a slowing effect on it. The limiting factor is called RFPI and is applied between the threshold photoperiods PHOBASE and PHOSAT. RPFI is calculated using the daily photoperiod PHOI. Pea is a long day plant, thus below PHOBASE the RPFI equals to zero and after PHOSAT, it is equals to 1. Between these two thresholds, the RFPI has a value increasing between 0 and 1.

Genetic factors influencing pea development

Differences between varieties in term of development are explained by genetic determinants. The variation in flowering time is due to allelic differences in four genes: SN gene (sterile nodes), LF gene (late flowering) and HR gene (high response to photoperiod). [START_REF] Murfet | Flowering in Pisum. A three-gene system[END_REF], 1973cited in Wenden 2009). Two types of precocity have been identify, precocity to flower and precocity to mature which are both varying amongst the varieties (Lejeune-Hénaut & Biarnès, 2010). Precocity to flower is linked to the number of the first reproductive nodes since for early varieties, the first reproductive node is lower than the late varieties. Precocity to mature is directly linked to the precocity to flower since if a plant flowers early, maturity will thus be early (Lejeune-Hénaut & Biarnès, 2010). It is also linked to the number of reproductive nodes, a variety with a low number of reproductive nodes have a short reproductive period which is ending precociously [START_REF] Vocanson | Ex ante assement of varietal innovations in winter pea (Pisum sativum L.):Modelling approach at the plot and farm scales[END_REF]. Another factor influencing the flowering is photoperiod (previous paragraph) which is genetically driven. Traditional spring peas are not photoperiod dependent. On the contrary, traditional winter peas, also called winter peas hr are photoperiod dependant. The sensitivity to photoperiod of winter peas hr depends on the varieties (Hanocq, comm pers). Research is done towards a new winter variety called Hr ($1.1.3). It has been shown that for some variety with a single dominant gene called Hr, flowering is only dependent on the photoperiod [START_REF] Isabelle | Floral initiation in field-grown forage peas is delayed to a greater extent by short photoperiods, than in other types of European varieties[END_REF]. The floral initiation stage of winter Hr varieties is reached when day length exceed 13.30 hours, around mid-April in Northern France (Lejeune-Hénaut & Biarnès, 2010;[START_REF] Murfet | Flowering in Pisum. A three-gene system[END_REF]. The winter pea Hr flowers later than traditional winter pea (hr) in all conditions and most especially in short day photoperiod [START_REF] Wenden Bénédicte | Computational analysis of flowering in pea (Pisum sativum )[END_REF].

Pea growth

Growth is defined as the increase in biomass, volume, length or area of some organs or the whole plant (Olivier et al. 1998). The accumulation of dry matter depends on the rate of the photosynthesis which is a function of the incident solar radiation, a climatic variable, with the Equation 3 by Monteith et al. (1972) Equation 3: DM = ∫ RUE RIE CE Rs dt t2 t1 with:

-DM, the dry matter produced between the time t1 and t2, -Rs the incident solar radiation -RUE, the radiation use efficiency which is the ratio of biomass production to the amount of intercepted solar radiation over a given time (Lecoeur and Ney, 2003) -RIE the radiation interception efficiency which is the ratio of the amount of intercepted radiation by the amount of incident radiation and is function of the leaf area index (Guilioni and Lecoeur, 2010). -CE the climatic efficiency equals to 0.48 in natural conditions. This equation directly links the growth with an environmental factor with is the solar radiation. Wavelengths of solar radiation increasing biomass are called the photosynthetically active radiation (PAR), they are comprise between 400 and 700nm (Varlet-Grancher et al. 1989).

ABIOTIC FACTORS LIMITING PEA PRODUCTION

Pea yield depends on both the development of the plant and its growth. Environmental factors influence directly these two processes, since (1) development is a function of air temperature and photoperiod and (2) growth is a function of the solar radiation. Stress can be defined to climatic variations which are leading to crop production damages, more or less important as a result of stress intensity and duration [START_REF] Guilioni Lydie | Effect of high temperature on a pea crop[END_REF]. Several authors reported the influence of abiotic stresses on pea production such as low and high temperature, lack or excess of water and low radiation repositioning per phenological phases as it is presented in the Figure 1 .4 (Lecomte et al. 2013). The extent of damage due to these abiotic stresses depends on its severity, its duration and its frequency (Lejeune-Hénaut et al., 2010). Each stress will be described in the following part, first the mechanisms that are induced and then the consequences on the growth, which depends on the period of application. 

Cold temperatures

Low temperature can be split into low non-freezing temperature and low freezing temperature. Stanfield et al. (1966, cited in Vocanson, 2006) identified an effect of low temperature on the biological efficiency also called RUE in the Monteith equation ($1.1.7). There are few studies regarding the influence of low temperature (above zero degrees). [START_REF] Vocanson | Ex ante assement of varietal innovations in winter pea (Pisum sativum L.):Modelling approach at the plot and farm scales[END_REF] included the effect of cold temperature on growth, between the interval 0-18 degrees Celsius, with the following formula. Only daily mean temperature (TM) above zero are taking into account (negative temperature equals zero). Equation 4 Freezing temperature occurred during winter when the canopy of winter pea is already developed. Frost resistance depends on:

-The plant developmental stage: three sensitive periods to frost have been identified by [START_REF] Lecomte Christophe | Caractérisation et optimisation du réseau d'inscription des variétés de pois d'hiver en 2007[END_REF] related to the developmental stage: the winter frost between sowing and floral initiation, the frost between floral initiation and BF and the frost during flowering. Frost resistance of the pea variety Cheyenne appears to be maximal at the two-leaf stage and minimal at the floral initiation (Lejeune-Hénaut et al., 2010). Moreover, research on the winter pea Hr is actually done; its floral initiation is delayed so the risk to encounter frost around floral initiation is lower than with traditional winter pea (hr).

-The resistance of the variety: spring peas are less resistance to frost than winter peas. Some varieties have morphological characteristics which could enhance the resistance to frost. Creeping plants, as in the case of the winter variety Hr called Geronimo, or a higher number of ramifications and shortened internodes are examples of these morphological and specific features (Etévé 1996[START_REF] Baranger | Quel impact des innovations génétiques pour lever les facteurs limitant la production du pois protéagineux ?[END_REF].

-Cold acclimation ability: it is a resistance acquired by the plant when it is subjected to cold temperature before frost event (Lejeune-Hénaut et al., 2010). Lecomte et al. (2003) established a model on pea crop to assess the resistance threshold of different varieties of pea. The acclimation ability is genetically controlled (Lejeune-Hénaut et al., 2010). Work is actually done by researchers to analyse genetic factors or Quantitative Trait Loci (QTL) controlling resistance or tolerance to frost by using molecular markers [START_REF] Baranger | Quel impact des innovations génétiques pour lever les facteurs limitant la production du pois protéagineux ?[END_REF]. In France, freezing temperature are more frequent in the Northern part of the country. Du Montant (2001, cited in Lejeune-Hénaut, 2010) states that in this area, temperatures below -5°C occurred for 3 to 16 days, with cumulative negative temperatures reaching up to -38°C. Such conditions can limit the production by involving mechanical mechanisms such as the intra cellular crystallization. Thus, frost is destroying the cells: there is a necrosis of the tissue and in the worst cases it reaches the whole plant. To conclude, frost stresses are occurring at the beginning of the life cycle of a plant. Indeed, peas in France are never exposed to cold temperature below 2°C after flowering (Lejeune-Hénaut et al., 2010). Thus, frost has an impact on the yield through a reduction in the number of plant per square meter.

High temperature

During the reproductive period of the cycle of development, pea plants might experience heat stresses. Heat stress can be defined as moderately severe when plant temperature exceeds 25°C for a few hours a day for a few days [START_REF] Lecoeur Jérémie | Rate of leaf production in response to soil water deficits in field pea[END_REF]. Severe heat stress is characterized by a temperature which exceeds 35°C [START_REF] Guilioni Lydie | Effect of high temperature on a pea crop[END_REF].The mechanism affected by heat and the consequences on development and growth (seen as the accumulation of biomass) of the plant are now presented.

Net Photosynthesis as a function of leaf temperature follows a negative exponential curve. It is maximum between 20 and 25°C and decreases at higher temperature [START_REF] Guilioni Lydie | Effect of high temperature on a pea crop[END_REF]. This reduction of net photosynthesis is leading to a cascade of reactions that reduce the accumulation of biomass [START_REF] Guilioni Lydie | High temperature and water deficit may reduce seed number in field pea purely by decreasing plant growth rate[END_REF]. Moreover, "high temperature increase the rate of respiration, reduce the concentration of assimilates for ovule development, or reduce the translocation of assimilates to pods and seeds" (Lambert andLinck 1958, cited in Jeufffroy and[START_REF] Jeuffroy Mh | Effect of a short period of high day temperatures during flowering on the seed number per pod of pea (Pisum sativum L)[END_REF].

According to literature, when heat stress is occurring before and during flowering, there is a reduction of both the final number of flowering phytomers [START_REF] Guilioni Lydie | High temperature and water deficit may reduce seed number in field pea purely by decreasing plant growth rate[END_REF] and the number of flowers per nodes [START_REF] Jeuffroy Mh | Effect of a short period of high day temperatures during flowering on the seed number per pod of pea (Pisum sativum L)[END_REF]. Some authors pinpointed that severe stress caused an abrupt abortion/abscission of flowers during the period of heat stress [START_REF] Guilioni Lydie | Heat Stress-induced Abortion of Buds and Flowers in Pea: Is Sensitivity Linked to Organ Age or to Relations between Reproductive Organs[END_REF]. The consequence is an increase of the number of phytomers to compensate the abortion effect. This compensation effect was also observed by [START_REF] Jeuffroy Mh | Effect of a short period of high day temperatures during flowering on the seed number per pod of pea (Pisum sativum L)[END_REF] when there was an abortion effect on lower nodes. When the stress is happening just after flowering, it can affect both seed number and the mean seed weight, depending on the intensity, the duration and the period of the developmental cycle which is affected (Ney et al. 1994). The more the intensity of stress, (linked to the duration and/or maximum temperature), the more the reduction in seed number is [START_REF] Guilioni Lydie | High temperature and water deficit may reduce seed number in field pea purely by decreasing plant growth rate[END_REF]. Jeuffroy et al. have conducted an experiment in 1990 to assess the influence of a temperature of 31°C for a short time on the seed number at pods scale. They found that the critical period when high temperature highly affected the seed number per pods is 6 days after the BF, but they noticed that the number of pods was similar to control treatments. At the phytomere scale, it has been found that in the case of a moderate heat stress, the number of reproductive phytomers may decrease without reduction in the seed number [START_REF] Guilioni Lydie | Effect of high temperature on a pea crop[END_REF]. This is due to "the reproductive plasticity" of pea. In control treatment without heat stress, the distribution of seeds along the stem follows a bell-curve shape: the first reproductive phytomers carried few seeds, in the next phytomeres this number increased until a maximum and after this maximum; it decreased [START_REF] Guilioni Lydie | High temperature and water deficit may reduce seed number in field pea purely by decreasing plant growth rate[END_REF]. Heat stress induced a modification of the seed distribution along the stem meaning that more seed have been developed on the first reproductive phytomère [START_REF] Guilioni Lydie | High temperature and water deficit may reduce seed number in field pea purely by decreasing plant growth rate[END_REF]. The bell-curve shape is shifted to the right. In the case of severe heat stress, resulting in flower abortion of the first reproductive phytomers, an increase in the number of flowering phytomers was observed.

The recorded temperatures during the 21 years experiment lead to the conclusion that the pea crop might experience few moderate stresses between floral initiation (FI) and Final Stage in Seed Abortion (FSSA), whereas severe heat stresses occurred mostly after FSSA and were relatively rare [START_REF] Guilioni Lydie | Heat Stress-induced Abortion of Buds and Flowers in Pea: Is Sensitivity Linked to Organ Age or to Relations between Reproductive Organs[END_REF]. High temperature appears in June and July, whatever the region. In the South of France, the risk to meet heat waves of stress during the yield elaboration is lower. Indeed, final stage in seed abortion is reached before June in the south of France, before crops sown in the north. Damages are thus avoided [START_REF] Guilioni Lydie | Effect of high temperature on a pea crop[END_REF].

Water deficit

Soil water deficit occurs when the water available for the plant is not sufficient to face the climatic demand. It results from:

-Soil water availability: Ritchie (1981) defined the Fraction of Transpirable Soil Water (FTSW) indicator as the ratio between the Amount of Transpirable Soil Water remaining (ATSW) to Total Transpirable Soil Water (TTSW) content (cited in Guilioni, 2003).

-The plant water status: it is either characterized by the plant water status by itself or through the transpiration, which represent the water flux of the plant [START_REF] Lecoeur Jérémie | Influence of water deficit on pea canopy[END_REF]. Under drought conditions, stomata are closed and leafs are wilted which ends in a decrease of net photosynthesis [START_REF] Holzkämper | Identifying climatic limitations to grain maize yield potentials using a suitability evaluation approach[END_REF][START_REF] Lecoeur Jérémie | Field pea transpiration and leaf growth in response to soil water deficit[END_REF]. Lecoeur (1994) andCombaud (1996) made a correspondence between the indicators of the plant water status and the FTSW. When the FTSW is above 0.6, there is no water stress. Below the threshold of 0.4, some processes are affected such as leaf area expansion and leaf gas exchanges linked to transpiration [START_REF] Lecoeur Jérémie | Field pea transpiration and leaf growth in response to soil water deficit[END_REF]. One indicator to assess water deficit with only climate variables is the subtraction of rainfall to the Potential Evapotranspiration (PET). PET also called "climatic demand" is calculated through the Penman-Monteith Equation (FAO) and is function of hygrometry, temperature, wind speed and photoperiod (B. Rivoire, comm pers).

Another indicator used the potential crop evapotranspiration in milimeters calculated by the muliplication of the reference evapotranspiration and the crop coefficient (AQUASTAT).

Soil water deficit can impact development and growth through the life cycle of a plant, especially in the reproductive period. It has been shown that water deficit reduced significantly the number of flowering nodes [START_REF] Guilioni Lydie | High temperature and water deficit may reduce seed number in field pea purely by decreasing plant growth rate[END_REF]. Moreover, it modified the distribution of seeds along the stem by reducing the number of reproductive phytomers and enhancing the number of seeds on the first reproductive phytomers. The effects of water deficit are different depending on the timing of the stress and its intensity. Ney et al. (1994) experienced short term of water deficit on different phenological phases; they concluded that one consequence of this stress is the reduction in seed number. Thus, water deficit is affecting pea yield.

Others abiotic stresses

Low solar radiation is due to the increase in cloudiness and is occurring during the reproductive phase (Lecomte et al., 2009). It is affecting the seed numbers (Poggio et al., 2005). Another consequence is a reduction of flower fertility. One indicator commonly used in the literature is combining low radiation with high temperatures; it is the photothermal quotient (ratio radiation/temperature).

Water excess is mostly occurring at the beginning of the cycle of development but few information are available regarding this abiotic stress on pea. Waterlogging can lead to asphyxiation of the roots and thus affecting the yield by reducing the number of plant per square meter (Lecomte, comm pers).

Moreover, nitrogen fixation through the symbiosis is sensitive to environmental conditions and it mechanism can be highly affected. Nitrogen nutrition deficiency can especially occur if there is soil compaction [START_REF] Vocanson | Ex ante assement of varietal innovations in winter pea (Pisum sativum L.):Modelling approach at the plot and farm scales[END_REF]).

Synthesis of abiotic stresses affecting pea yield elaboration

Winter and spring varieties do not face the same abiotic stress (Figure 1.5). Spring varieties avoid winter frost during the months of January and February. Moreover, maturity of winter pea occurs before heat stress during summer months, thus, sowing time appears as being one solution to avoid stress during the last period of the phenological cycle (Lejeune-Hénaut et al., 2010). Flowering of winter pea Hr, as being strictly photoperiod dependent, has more chances to avoid the frost during winter. Indeed, if the sowing of the traditional winter pea is too early and reaches the stage 5-leaves during winter, the frost resistance is lower. The aim is to obtain the stage 1-leaf before freezing days (UNIP). To conclude, differences in sowing time (spring and winter variety) and differences in the dependence to photoperiod seem to be solutions to delay or move ahead the floral initiation, and thus the following stages of the reproductive period and consequently, to avoid some abiotic stresses

FRENCH CLIMATE CHARACTERIZATION AND CLIMATE RISK FOR A CROP

Climate evolution and inter-annual variability in France

According to the last evaluation report of the Intergovernmental Panel on Climate Change (IPCC) on a global scale, there is an average increase of the land and ocean surface temperature of 0,85 over the period 1880-2012(IPCC, 2014)). Almost the entire globe is concerned by the global warming. Moreover, extreme climatic events such as heat waves have increased since 1950. At French scale, there is an increase of temperatures since the 90s (Figure 1.6). With the example of one French region named Burgundy located in the north east of France, a climatic break happened in 1988 with an increase of 1°C over the period 1988 to 2010 [START_REF] Castel | Le réchauffement climatique diminue-t-il le risque de dégâts par le gel pour les cultures de climat tempéré ? XXVIIe Colloque de l[END_REF]. This climatic event is true for the whole of France. However, the mean year temperature is still highly variable. Over the last two decades; 2011 and 2003 have been the warmest years, whereas 2010 was with 1996 the coldest years observed. Regarding the evolution of the precipitations, there is no clear trend which can be observed. Firstly there is variability on a global scale and thus, precipitation has to be analysed at smaller scale (regionalization). There is an increase in precipitation over the mid-latitude land areas of the northern hemisphere since 1901 (IPCC, 2014). Secondly, there is a strong seasonality regarding the evolution of the rainfall. Richard and Castel ( 2012) have analysed the climate change in Burgundy. They state that rainfall have increased by 10% between 1988 and 2009, with an increasing trend in autumn and decreasing one in January, March and May and that more frequent and intense rainfall have been observed [START_REF] Richard Yves | Le changement climatique en Bourgogne[END_REF]. One of their conclusions is that there is no increase of the meteorological droughts which are defined as a shortage of precipitation. On the contrary, hydrological droughts are more frequent; they are related to the amount of water in the soil and take into account the evapotranspiration of the plants. The IPCC ( 2014) is also assessing the future climate change using different scenarios with different impacts. For all scenarios, by the end of the 21 st century, the atmospheric temperature would increase by 1.5°C compared to the average from year 1850 to 1900 and even exceed 2°C in the scenarios integrating the highest level of anthropogenic greenhouse gas emission.

Inter-regional climate variability

The variability amongst French region is leading to specific climatic conditions with different impact on the crops. Some authors classified the French regions; Joly et al. ( 2010) identified types of climates in France (Appendix 2). There is the mountain climate in the Alps, Pyrenees' and massif central. In the west part of France, the oceanic climate gathered the North-West regions such as Bretagne and Normandy and the South-West. In the East, in Bourgogne, Lorraine and Alsace, there is semi-continental climate. The climate in South-East is called Mediterranean climate. Finally, in the central part of France, the climate is called oceanic degraded (Météo-France).

Characterization of climatic risk for a crop

Climate risks is defined as the combination between climate variability and the vulnerability of the crop which is mostly explained by the physiological properties of the plant and agricultural practices such as sowing dates [START_REF] Castel | Le réchauffement climatique diminue-t-il le risque de dégâts par le gel pour les cultures de climat tempéré ? XXVIIe Colloque de l[END_REF].

In the context of climate change, the adaptation of agriculture is a central issue regarding the direct and indirect effect (pest and disease) of the climate on crop production [START_REF] Holzkämper | Identifying climatic limitations to grain maize yield potentials using a suitability evaluation approach[END_REF]. This concern is one of the topics of a regional project called "Pour et Sur le Développement Régional" number 4 (PSDR-4) which is led by INRA, Irstea and Iffstar. At a larger scale, the European ABSTRESS project (2012-2017) is working on the resistance of legumes crops to both drought and fungal infection in a context of climate change. [START_REF] Holzkämper | Identifying climatic limitations to grain maize yield potentials using a suitability evaluation approach[END_REF] developed recently the ecoclimatic indicators in order to assess the abiotic risk both at phenological phases scale and at the whole development cycle scale. Agroclimatic indicators are based on climatic variables and become ecoclimatic indicators if based over a phenological period. They were defined by Holzkämper as phenophasespecific climate indices (2011). Such indicators enable the gathering of information about climate and phenology.

PROBLEMATIC

In a context of climate change, there is a need to update knowledge on climate risks in crop production. This is particularly important for the pea crop, since as being a legume crop, its introduction in agricultural systems is promoted by the Agroecology movement. Several different varieties of pea exist; consequently, the varietal features must be taken into account in the climate risk assessment.

The research question of this project is: Which abiotic stresses are the highest threat for pea production taking into account phenological periods over the cycle of development, the climate in the French areas and differences in varieties? It can be divided into the following questions:

-How to represent the current French climate? -Is a phenological model appropriate to represent the phenological stages of pea for the current climate? -Is the ecoclimatic indicators approach suitable to represent the climate risks for pea crop? -Does this approach discriminate any differences between the regions and/or years and/or varieties? If yes, which stress represents the highest threat in each region and each pea type (spring and winter pea)? In order to answer to this problematic, the purpose of the study is to end up with a global index of climate suitability, assessing climate risks on the cycle of development and crop growth.

MATERIAL AND METHODS

-We decided to test two spring varieties of pea with different precocities: Athos (early)

and Lumina (late), and one winter variety of pea: Isard. -The period of interest is recent past in order to represent the current climate over the last 25 years, from 1990 to 2014 included. -The area of study is France; we identify minimum one site per region (except Corsica). The following key development stages of pea were simulated using the software R Studio through the collaboration with AgroClim: emergence, flowering initiation, beginning of flowering, beginning of seed filling and physiological maturity. Our aim was to simulate the date of beginning of flowering by using the multiplicative model of STICS between the variables climatic temperature and photoperiod ($1.1.5).

CLIMATE VARIABLES

Calibration of the phenological model

It was necessary to adapt the value of parameters in the complete developmental model for pea to recent spring and winter varieties. An adaptation of parameters is called a calibration.

Datasets to calibrate:

Datasets of observed phenological dates were used and have been provided from different projects and institutions (Appendix 3).

- The software Phenology Modeling Platform (PMP) was used to calibrate the parameters of the phenological model using daily climatic data and phenological dates [START_REF] Chuine | Plant Development Models[END_REF]. A statistical analysis is provided by PMP calculating the root mean square of deviation (RMSD) which is the difference between observed 𝑂𝑖 and predicted 𝑃𝑖 values, and n is the number of observations. The efficiency is also given, and is used as validation. 

Dataset to verify the obtained parameters:

In order to validate the parameters for the spring variety Lumina and the winter variety Isard, data from PeaMust 2014 have been used. A subset of the GEVES was selected for the spring variety Athos, which is not included in the project PeaMust. The dates of the phenological stages have been calculated using the parameters obtained with PMP. A comparison between the simulated dates and the observed ones was done.

Simulation of pea phenological stages for the current climate

The simulation of the phenological stages for the two spring varieties Athos and Lumina and the winter variety Isard has been made using the software R. Daily climatic data over the 25 years of the 21 regions were the inputs of the model. Choices are the following ones:

-One sowing date per variety has been identified based on the calendar from the UNIP: 1st of March for spring pea and 15th of November for winter pea, respectively 59 and 305 expressed in Julian days. -Flowering of spring varieties Athos and Lumina is not photoperiod dependent in our study, whereas winter variety Isard is. Thus, the RFPI for the two spring varieties is equal to 1 ($1.1.5). -The base temperature is zero degrees Celsius as it is specified in the literature ($1.1.5)

ECOCLIMATIC INDICATORS APPROACH

Ecoclimatic indicators (EI)

The Figure 2.1 represents the approach of the ecoclimatic indicators [START_REF] Holzkämper | Identifying climatic limitations to grain maize yield potentials using a suitability evaluation approach[END_REF][START_REF] Caubel Julie | Broadening the scope for ecoclimatic indicators to assess crop climatesuitability according to ecophysiological, technical and quality criteria[END_REF]. Level 1 represents the different phenological phases (also called phenophases) selected, five have been selected for this study: S-E, E-IF, IF-DF, DF-DRG and DRG-PM. Level 2 refers to the ecophysiological processes encountered during these phenological phases such as growth and mortality. Level 3 lists the climatic effects affecting each process amongst frost, heat, water stress, water deficit or radiation. Level 4 refers to the ecoclimatic indicators used to characterize the climatic effects. One example is the frequency of days with a maximum temperature above 25°C between the beginning of seed filling and the physiological maturity. This EI is having an impact on growth and refers to the climatic effect heat.

The first step was to identify the climatic effect per phenological phase by using as a basis the work of [START_REF] Lecomte Christophe | Caractérisation et optimisation du réseau d'inscription des variétés de pois d'hiver en 2007[END_REF]. For example, the heat could impact growth and/or mortality from the floral initiation until the end of the crop life cycle. The second step was to have an overview of the existing thresholds in the literature below which plant functioning is modified or symptoms appear. In order to complete missing information in the literature, thresholds have been identified thanks to the work of Lecomte & Richer (not published). 

STATISTICAL ANALYSIS AND FIGURES ESTABLISHMENT

For the statistical analysis of GICS, a multivariate analysis of variance (MANOVA) was conducted. The assumptions of independence of individus, normality of data, homogenity of variance and normality of residuals were checked using the adequate statistical test (respectively Bartlett or Levene tests for homogeneity of variances and Shapiro for assessing normality). In overall all the tests conducted in our study, the homogeneity of variances is not verified, neither the normal distribution of the residuals. The model is the following one y=β0+β1x1+β2x2+β3x3+ε where y is the dependent variable, x1, x2 and x3 are the independent variables, and i the number of independent variables. xi can be either one variable or a two way interaction. In our study, y is the GICS indicator and the independent variables were regions and/or varieties. Moreover, in order if there is difference amongst variety and regions, one way-anova was conducted using a combination between variety and region as explicative variable In order to see if each effect has an influence on the dependent variable, either as a main effect or as two way interaction effect, the p-value was compared to the threshold of 0,05. In order to identify some groups, post hoc tests are computed. When the homogenity of variance was verified, a Tukey test was made. Kruskal-Wallis test were also realized, it is an non parametric test which does not assume the normality of residuals. Then, a multiple comparison is done using the package pgirmess in R [START_REF] Siegel | Non parametric statistics for the behavioural sciences[END_REF]. A dunn test could also have been made. .

In order to see which EI impacted the GICS, a Principal Component Analysis (PCA) was conducted. PCA reduced the dimensionality of the data by identifying principal components, along which the variation in the data is maximal (Ringner, 2008). The principal components are linear combinations of the GICS and EIs. There are two steps. First the individuals' study (Region*years) aims at highlighted differences and similarities amongst regions*years in order to gather individuals into groups. Individuals are plotted in order to see variabilities amongst them. Then, the variable's study (EIs and GICS) aims at reducing the number of variables if having the same effect. 3 PCA have been realized, one per variety.

RESULTS & DISCUSSION

REPRESENTATION OF THE FRENCH CLIMATE

The years of study have been chosen after the climatic break happened in 1988 ($1.3.1). To assess the variability of the French climate, annual temperature and annual rainfall of some French regions have been compared. At the scale of France; the annual average TM is 11,3°C, the annual average TN is 6,9°C, the annual average TX is 16,3 and the average annual RR is 795mm (Figure 3.1). -In Burgundy, Alsace and Lorraine, mean TMs (11°C in both Burgundry and Alsace, and 9.9 in Lorraine) are lower than the average value at France scale. Average annual rainfall over these seventeen years in Alsace is the lowest (542 +/-127mm).These information are consistent with the description of the type 2 from Joly et al. ( 2010).

-In the West part of France, in Britanny and Pays-de-la-Loire, the weather stations are located in the type 4 oceanic degraded [START_REF] Daniel | Les types de climats en France, une construction spatiale[END_REF]. They verify the specificity of temperature with annual TM close to 12,5 (11,4+/-0,5°C and 12,4+/-0,5°C) which is close to the average TM at France scale but annual rainfall are lower than 850 mm (725+/-121mm and 576+/-117mm) -In the South-East, the weather stations located in PACA and Languedoc-Roussillon have the average TM value of 14,4+/-0,5°C and 15,5+/-0,4°C which are the highest values. The annual rainfall is below 700 mm for the selected years, but the winter rainfalls are abundant with a low level of rainy days [START_REF] Daniel | Les types de climats en France, une construction spatiale[END_REF].

-Picardie and Champagne-Ardennes have the same features as type 3 [START_REF] Daniel | Les types de climats en France, une construction spatiale[END_REF], with an average annual temperature close to 11°C (10,5+/-0,6°C and 10,7+/-0,6°C and low rainfall, below 700mm (600+/-121mm and 640+/-129mm)

-In Aquitaine and Poitou-Charente, the weather stations are located in type 5, the annual rainfall are high (958+/-145mm and 801+/-159mm) and the mean temperature are respectively 13,7+/-0,5 and 11,8+/-0,5. The specificity of this type is the low amplitude of annual temperature with a difference of 13 degree between January and July (Joly et al., 2010)

CHARACTERISATION OF PHENOPHASES OF PEA FOR THE CURRENT CLIMATE IN FRANCE

Calibration of phenological parameters

The Table 3 The tables shows the parameters calculated with PMP, using the observed data (Appendix 3): the cumulative degree days per phenophases and the photoperiod parameters PHOBASE and PHOSAT.

Some parameters of the Table 3.1 were directly used in our study for the following phenophases:

-S-E of the three varieties -E-BF of the winter variety Isard: the PMP results were inadequate. With a fixed PHOSAT and PHOBASE to 15 hours and 6 hours, the cumulative degree days obtained between L-DF was equal to 551°Cd. This value is too low and has given wrong phenological date in the simulation. When the photoperiod thresholds were not fixed, the obtained value is 802 with a too low PHOSAT compared to the literature (12.3 hours). Indeed, Hanocq et al. found that the PHOSAT value was up to 15. Thus, the following parameters for the phenophase E-BF have been chosen: 700°Cd, 15 hours as photoperiod of saturation and 6 hours of base photoperiod. Berry and Aitken demonstrated that under 6°C, the pea plant did not respond to photoperiod (1979, cited in Lejeune-Hénaut and Biarnès, 2010) -S-DF for the spring varieties: first for Athos, the cumulative growing degree days for this phenophase without photoperiod effect are equal to 797 which does not differ from 795 which is the value obtained with a fixed value of PHOSAT of 11 hours and a calculated PHOBASE of 9.9 hours. The same conclusion can be made for Lumina, with a difference of 5°Cd between the two values (with and without a photoperiod effect). Moreover, the efficiency of the two situations are equal for the spring variety Athos, and almost similar for the spring variety Lumina (Table 3.1). The values of 797°Cd for Athos and 868°Cd for Lumina were chosen for this phenophase. -IF-DF for the winter variety Isard -BF-BSF of the three varieties, even if the value of the efficiency equal 0.31 for the spring varieties, due to a low number of observations. -BSF-PM of the winter variety Isard, even if the value of the efficiency equals 0.49.

For our study, we needed parameters for the phenophases E-BF and BSF-PM which were not assessed in PMP because not enough data were available. We obtained the values of these parameters by subtracting the cumulative degree days of S-E to S-BF, and of BF-BSF to BF-MP. For spring peas Lumina and Athos (Table 3.2), the degree days between E-BF the values are respectively 678°Cd (869-190) and 644°Cd (795-151), and between BSF and PM they are respectively equal to 413°Cd (730-317) and 523°Cd (858-335). In addition, the floral initiation date is obtained by subtracting cumulative degree days from the BF. Since there was not enough observed initiation date in the dataset provided, the value was obtained by calculating the mean value of these few available data (Table 3 The Table 3.2 shows the parameters used in the simulation compared to the ones in AZODYN-pea. Observations are made per phenophase:

-S-E: Difference can be noticed with similar values between the spring variety Lumina and the winter variety Isard.

-E-BF: For the two spring varieties Athos and Lumina, the cumulative degree days are lower than the value in AZODYN-pea which is equal to 700°Cd. The difference between these two varieties is due to the precocity of Athos. On the contrary for the winter variety Isard, the value is higher of 51°Cd compared to the one in AZODYN-pea and remains the highest values amongst the three varieties.

-BF-BSF: Cumulative degree days were similar in AZODYN-pea for spring and winter varieties. They have been adjusted with differences amongst the varieties up to 54°Cd (between Athos and Isard). For all varieties, the cumulative degree days for this phenophase are higher than in phenological module AZODYN-pea.

-BSF-PM: Cumulative degree days for this phenophase are between 300 and 500°Cd in AZODYN-pea. We needed to adjust this parameter and we obtained a difference amongst varieties up to 110°Cd (between the spring varieties).

-PHOTOP: It is relative to the effect of photoperiod. If photoperiod is having a slowing effect on development it is equal to one, as it is the case for the winter variety Isard. In order to simplify, it has been decided that the date of BF of spring varieties would not be photoperiod dependent, thus PHOTOP equals zero and RFPI was equal to 1 ( §1.1.5). The study of [START_REF] Isabelle | Floral initiation in field-grown forage peas is delayed to a greater extent by short photoperiods, than in other types of European varieties[END_REF] also assessed the effect of photoperiod on the floral initiation date of three spring varieties. Solara variety showed a significant response to photoperiod, with an earlier date of FI with increased photoperiod. The other spring varieties Terese and Vitalis were not sensitive to photoperiod.

-Nban: Nban is equal to 1 if sowing and harvest occurred the same year, as it is the case for spring varieties, and it is equal to zero if the sowing happened the year before harvest, as it is the case for the winter variety.

-IF-BF : The values for spring variety are a bit lower than the one used by Christophe Lecomte: 576.2°C.j +/-83.5°C d (2013). For the determination of the cumulative degree days for the phenophase IF-DF of the winter variety Isard, the value of 573 is obtained without a photoperiod effect. With the same threshold as the ones used for the following period (PHOSAT=15 and PHOBASE=6), the obtained cumulative degree days is 412°Cd. In the literature, Alcade and Larraín (2006) tried to assess the duration of the photoperiod-sensitive phase of pea. Pre-flowering phase has been divided by three: a pre-sensitive or juvenile phase, the sensitive or inductive phase and post-sensitive phase (Ellis et al., 1992 cited in Alcade & Larraín, 2006). The values of the thresholds seem to be different over time. More work needs to be done in order to define the cumulative degree days between IF and DF. Moreover, a study made by [START_REF] Isabelle | Floral initiation in field-grown forage peas is delayed to a greater extent by short photoperiods, than in other types of European varieties[END_REF] reported the observed date of FI for different sowing date of different varieties and assessed the optimal value of the photoperiod of the day of FI. For the winter varieties (Frisson, Amac, Kazar, Victor, Vendevil and Winkossa) the optimal photoperiod is comprise between 13.9 and 15.6. PHOSAT value is included in the interval. They also assessed the minimum cumulative degree days for E-IF. The results for the six varieties are between 181 and 202°Cd. In our model, the cumulative degree days for this phenophase are equal to 129°Cd (701-572).

Test of the phenological parameters

We simulated the phenological dates of the different stages with the parameters of the Table 3.2 and the sowing date of observed data coming from an independent dataset (Table 3.3 and 3.4). A comparison was made between the simulated (S) dates of emergence (E), Beginning of Flowering (BF) and Physiological Maturity (PM) expressed in Julian days to the observed ones (O) coming from an independent dataset. The test was made for four (Athos) and five (Lumina and Isard) situations in order to have more observed data for the calibration (A. Larmure, comm pers). Differences in julian days for the emergence stage and the beginning of flowering stage are below 5 julian days for six situations amongst the twenty-six, and only two are above 7 julian days. On the contrary, the results for the PM stages have a difference above 5 julian days in 10 of the thirteen situations, and the differences are more important for the winter variety Isard. Since the dates of BF are quite similar between simulated and observed stages, the issue is either due to the cumulative degree days between BF and BSF and/or between BSF and PM. This issue could be linked to the low efficiency obtained for the spring varieties (BF-BSF) and the winter variety (BSF-PM). Indeed, the cumulative degree days for these phenophases have been kept even if the efficiency was low, due to a low number of observations. In order to validate or not the parameters, the dataset use for the test need more observed dates. And if the results are still unsatisfactory for the reproductive phase, the calibration needs to include more observed data.

Variety Region

Simulation of phenological stages for the current climate at France scale

Emergence, floral initiation, beginning of flowering, beginning of seed filling and physiological maturity stages have been simulated over 1575 situations (3 varieties*21regions*25years). We used the parameters of the Table 3.2. The Figure 3.1 represents the date of BF and the date of PM in Julian days including all the years and all the regions, for each variety. These two stages have been selected in order to visualize the precocity to flower and precocity to mature ( §1.1.6).

Figure 3.2: BSF and PM for each variety

As a first step, a comparison between the simulated stages and the observed stages of the dataset used for the calibration was made, only using the CTPS data already expressed in Julian days (Appendix 4). The observed and simulated values are quite similar with again important differences for the PM stage more than the BSF one. This result complete the previous conclusion: cumulative degree days between BSF and PM need to be adjusted since the error is more important for PM stages than BSF stage. After improvement, these parameters could be added in the phenological module of AZODYN-pea (A. Larmure, comm pers).

As a second step, differences between varieties have been highlighted. The winter variety Isard is having the earliest dates of BF and PM compared to the spring varieties. Moreover, the spring variety Athos has early dates of BF than Lumina, but the dates of PM are later than the two other varieties. Athos is a spring variety with a high precocity to flower. There are also differences per variety. Isard, the winter pea, has a greater variability for both stages compared to the spring varieties Lumina and Athos.

CURRENT CLIMATE RISKS FOR PEA CROP IN FRANCE

Construction of the tree made of ecoclimatic indicators

The Ecoclimatic indicators (EI) assess the climate variability amongst one phenophase, and the value of EI is compared to one threshold in order to estimate the climate risks. A tree was built ( §2.2.1) to represent each stress associated to one EI for the phenophase determined previously: S-E, E-FI, FI-BF, BF-BSF and BSF-PM. Abiotic stress have been selected (collaboration with C. Lecomte & V. Richer).

Stress have been identified and are related to water deficit, water excess, water damages (due to high rainfall), cold temperature, frost, low radiation, heat and heat waves. In total, twenty six ecoclimatic indicators have been selected. Definitions of EIs and the thresholds used to asset a stress are now presenting:

-Water deficit is calculated by the subtraction RR-ETP where RR is the daily rainfall and ETP the daily potential evapotranspiration ( §1.3.2). It is expressed in milometers. As example, for the phenophase S-E, it was decided that the risk started below -100 mm and was maximum at -390 mm. Thus, the normalized indicator assessing equals zero below -390mm, 1 above -100mm and decreases between these two values. The parameters of the sigmoid are a=-270 and b=40 (Appendix 5). The other ecoclimatic indicators relative to water deficit and water excess have been defined with the same methods. Thresholds and parameters of the sigmoid are presented in the figure 3.3. The ETP was not available for the region Champagne-Ardennes. Thus, the analysis was done on 20 regions, instead of 21.

-Cold refers to low temperatures affecting growth. It has been defined as the frequency of days in the phenophase with a mean temperature below a threshold. The threshold has been defined using the indicators RT describes in the §1.1.2 [START_REF] Vocanson | Ex ante assement of varietal innovations in winter pea (Pisum sativum L.):Modelling approach at the plot and farm scales[END_REF]. RT was calculated using the mean temperature over the 25 years and for the 20 regions. It was below 0.5 when it reached the mean temperature of 10°C (Appendix 6). In order to obtain a normalized indicators, we decided to say that if 50% of days into a phenophase are below the threhold of 10°C, thus, the indicators is equals to 0,5 (Launay, comm pers). The sigmoïd function tends to a linear function y=x, with the following parameters a=50 and b=-13. This threshold was applied for all the phenophase and all the varieties (Lecomte, comm pers).

-Cold Frost refers to the amount of cumulative degree celsius when mean temperature is below a threshold. Frost is affecting mortality. The threshold identified is -8°C for both spring varieties and -12°C for the winter variety Isard (Lecomte, comm pers.). Above more than 50 cumulative Celsius degrees below the threshold (obtained per phenophase), the normalized indicator equals zero. It is decreasing as soon as the cumulative degree below -6°C reached 1 degree (Appendix 7). In litterature, these thresholds are compared to the minimum temperature, but the ecoclimatic indicator created in the GETARI software was using the mean temperature. The results of frost must be interpreted carefully.

-Low Radiation is having an effect on growth mostly during the reproductive period. The threshold are 90 000 J/cm2 for the period of seed formation and 50 000 J/cm2 for the seed filling (work of V. Richer and C. Lecomte, comm pers). Positive sigmoid function has been used. We could also have included the effect of radiation at the beginning of the cycle. Indeed, a combination of both cold temperature and high solar radiation called photoinhibition is encountered in winter (Lejeune-Hénaut et al., 2010).

-Heat is having an effect on growth. It refers to the amount of cumulative Celsius degree when the maximum temperature is above 25°C (Guilioni & Jeuffroy, 2010). For example, 2 days at 30°C or 5 days at 27°C during flowering time have an impact on the yield [START_REF] Guilioni Lydie | Effect of high temperature on a pea crop[END_REF]. In order to assess the risk, for the phenophase FI-BF, the threshold of 40 cumulative degrees was chosen (work of V. Richer and C. Lecomte, comm pers). The sigmoid function has the following parameters: a=25 and b=-6 (Appendix 8). According to Jeuffroy (1994), pea yield is decreasing when the cumulative degree of the maximal temperature above 25°C reached 10°C. In our study, the value of normalized indicators decreases directly, as soon as the cumulative degree of the maximal temperature above 25°C reached 1°C and not 10°C as it is recommended by Jeuffroy et al. (1994). We could also use the mean temperature instead of the maximum temperature since according to Guilioni and Jeuffroy (2010), maximum air temperature exceeding 25°C and mean temperature greater than 20°C have the same effect on growth. Thresholds and parameters of the sigmoid are presented in the Figure 3.3 Extreme weather events influence substantially the yield of crops and is linked to temperature, rainfall and wind speed [START_REF] Porter | Crop responses to climatic variation[END_REF]. Effects of short term extreme temperature on the yield are well known for crop such as wheat and maize. For example, Pollen viability is reduced above 36°C for maize [START_REF] Porter | Crop responses to climatic variation[END_REF]. In pea, it is difficult to obtain thresholds traducing the impact of climate on of both growth and developmental processes.

-Heat is having an effect on mortality when 5 cumulative days above 35 degrees are occurring in the phenological phase. The threshold of 35 degrees has been defined by [START_REF] Guilioni Lydie | Effect of high temperature on a pea crop[END_REF]. The 5 days have been selected through discussions with experts (Larmure, comm pers.). The normalization used here is an exponential function with a equals to 0.01 and b equals to 1.

-Heavy rainfall impacts the mortality when it is occurring at the beginning of the life cycle of a plant. In [START_REF] Caubel Julie | Broadening the scope for ecoclimatic indicators to assess crop climatesuitability according to ecophysiological, technical and quality criteria[END_REF], the ecoclimatic indicators referring to water damage is expressed in number of days in the phenophase when rainfall are above a threshold of 30 mm for maize. In the study, the same threshold has been chosen since no number exists in the literature relative to pea crop. We state that 4 days of 30mm in the phenophase S-E and E-IF is a threat for the crop. The exponential function was used with a equals to 0.1 and b equals to 4.

One progress in our study is the fact that some indicators are using real data from the work of Lecomte and Richer (not published) whereas before, values were coming from expert statements only, as it is the case in Caubel et al. for the maize crop (2015).

Creation of Global Index of Climate Suitability (GICS)

The GICS is obtained through aggregation at levels 3, 2 and then 1 [START_REF] Caubel Julie | Broadening the scope for ecoclimatic indicators to assess crop climatesuitability according to ecophysiological, technical and quality criteria[END_REF]. At level 3, growth and mortality indicators are always equal to the mean of the normalized ecoclimatic indicators (Fig. 3.2). For example in the phenophase S-E, the indicator growth equals to the mean of the indicators water deficit, water excess and cold. At level 2, the phenophase indicators are obtained by the multiplication of the growth indicator and the mortality indicator. Then at level 1, the GICS is the mean of the five phenophase indicators.

A high GICS referred to a low climate risk, and a low GICS to a high climate risk. The threshold above which there is no abiotic risk was fixed to 0.8.

Climatic risk from the Global Index of Climate Suitability (GICS) analyse

Temporal analysis:

In the Figure 3.4, inter variability between years is visible. For example, year 1996 and 1997 are different since the central part of the boxplot is respectively below and above the threshold value of 0.8. The lowest values of GICS were obtained in Pays de la Loire (0,82) in 1996 and Midi Pyrennes (0,78) in 1997.There is a tendency of GICS ' diminution from 1990 to 1996, from 1997 to 2006 and from 2007 to 2010. This downward trend over a period of few years could be explained by the natural variability of the climate (T. Castel, comm pers.). Moreover, there is also intra variability within a year, due to the geographical impact. For example, in 1996: the difference between the second quantile and the third quantile is 0.13. The highest GICS is obtained in Picardie for the variety Lumina (0.889) and the lowest in Poitou-Charentes for the variety Isard (0.63). 

Geographical scale:

Now looking at the geographical scale, the inter regional variability is not strongly visible since all median are close to the threshold of 0.8. The intra variability on the contrary is high meaning that per each region, GICS are fluctuating. The difference between the second quantile and the third quantile is be up to 0.2 is all regions except Auvergne. Languedoc and 

Varieties*regions interaction analysis:

It is important to estimate the variety*environment interaction in order to discriminate differences between varieties and assess if one variety is more adapted to one or several region(s) (Lecomte et al., 2009). The result of the non-parametric test states that there is at least one combination variety*region which is different from at least another one (Appendix 9).

A statistical analysis per variety is now done (Appendix 9). For the spring variety Athos, the results of the Kruskal-Wallis test highlighted differences between Alsace and both Aquitaine and Languedoc. Aquitaine and Languedoc are the two regions with the highest GICS, respectively 0.827 and 0.822 whereas Alsace is the region with the lowest GICS equals to 0.745 (Table 3.5).

For the spring variety Lumina, the Kruskal-Wallis test pinpointed differences between:

-Alsace and both Aquitaine and Languedoc: Alsace is the site with the lowest GICS (0.778) and Aquitaine and Languedoc are the ones with the highest GICS after Picardie, respectively 0,850 and 0,850. -As it has the highest GICS (0.934), Picardie is different from the following regions:

Alsace, Auvergne, Bourgogne, Bretagne, Basse-Normandie, Centre, Franche-Comté, Haute-Normandie, Limousin, Pays de la Loire, Lorraine, Midi-Pyrénées, Nord, PACA, Ile de France, Poitou-Charentes and Rhône-Alpes. Aquitaine and Languedoc are the two sites which are not in this list since the value of GICS is also high.

For the winter variety Isard, the Kruskal-Wallis test shows differences between:

-Alsace and Languedoc-Roussillon -Aquitaine and the following regions: Franche-Comté, Lorraine, Midi-Pyrénées and Alsace -Languedoc and the following regions: Bourgogne, Basse-Normandie, Franche-Comté, Limousin, Lorraine, Midi-Pyrenees and Poitou-Charentes. Regions with the highest GICS are again Aquitaine (0.893) and Languedoc-Roussillon (0.827) According to these results, regions clearly step out: Aquitaine and Languedoc Roussillon for having the lowest risks for the three varieties (highest GICS), and Alsace for having the highest risk for the spring varieties (lowest GICS).

Athos

Characterisation of Ecoclimatic indicators (GICS) and their impact on the global index of suitability.

We will now see which ecoclimatic(s) indicator(s) (EI) is(are) having the highest impact on the GICS at the variety scale. The statistical power of the three PCAs is low since the first two components retain a weak percentage of the original variance: 26% for the spring variety Lumina, 25% for Isard and 24% for Athos. The individuals region*year are called RY in the rest of the analysis. For the spring variety Lumina, the EIs frost for the phenophase S-E, frost and water damage for the phenophase E-FI and heat waves for the phenophase BF-BSF have been removed from the analysis since they were constant. The correlation matrix in Figure 3.7 shows that GICS is correlated to the phenophase BSF_MP (0.8) which is itself correlated to the two EI water deficit and heat (0.64) and (0,69). Moreover, risk in the phenophases S-E, E-FI and FI-BF is mostly explained by the EI cold (respectively 0.98, 1 and 0.75). The risk of the phenophase BF-BSF is due to the water deficit (0.88) and the heat (0.73). The first component of the PCA is particularly linked to the EIs heat and water deficit in the phenophase BSF_MP (Appendix 10). The second axis opposes RY with high and low GICS. By looking at the coordinate of every RY, the results are presented in the Table 3 -1,08 -0,3 0,802 0,592 0,924 Picardie 2009 0,04 -0,66 0,794 0,333 0,906 GICS 1 S-E 0,34 1 E-FI 0,17 0,35 1 FI-BF 0 0,09 0,15 1 BF-BSF 0,33 -0,1 -0,22 -0,1 1 BSF-MP 0,8 -0,1 -0,31 -0,2 0,21 1 S-E Watdef -0,09 -0,14 -0,18 -0,15 0,14 0 1 S-E Watex 0,1 0,19 0,04 0,02 0 0,02 -0,27 1 S-E Cold 0,33 0,98 0,36 0,08 -0,1 -0,11 -0,11 0,03 1 E-FI Watdef -0,07 -0,13 -0,2 -0,05 0,08 0,04 0,25 -0,13 -0,12 1 E-FI Watex 0,06 0,11 0,23 0,04 -0,06 -0,06 -0,19 0,1 0,11 -0,6 1 E-FI Cold 0,17 0,35 1 0,15 -0,22 -0,31 -0,18 0,04 0,36 -0,2 0,21 1 FI-BF Watdef 0,05 -0,07 -0,11 -0,12 0,13 0,1 0,19 -0,09 -0,06 0,09 -0,12 -0,11 1 FI-BF Watex 0,01 0,04 -0,04 0,3 0,07 -0,05 -0,09 0,03 0,04 -0,01 0,03 -0,04 -0,21 1 FI-BF Cold -0,02 0,07 0,24 0,75 -0,17 -0,2 -0,2 0,05 0,07 -0,01 0,04 0,24 -0,15 0,04 1 FI-BF Heat 0,04 0 -0,02 0,47 0,01 -0,02 0,04 -0,05 0,01 -0,08 0,05 -0,02 0,15 -0,05 -0,04 1 FI-BF Rad -0,03 0,06 -0,03 0,36 0 -0,09 -0,01 -0,01 0,05 -0,04 -0,02 -0,03 -0,26 0,13 -0,06 0,11 1 BF-BSF Watdef 0,28 -0,15 -0,25 -0,13 0,88 0,21 0,1 0 -0,15 0,06 -0,05 -0,25 0,17 -0,02 -0,09 -0,05 -0,12 1 BF-BSF Watex 0,01 0,08 0,12 0,02 0 -0,06 -0,07 0 0,08 -0,09 0,07 0,12 -0,03 0,15 -0,05 -0,01 0,08 -0,18 1 BF-BSF Frost 0,04 0,09 0,21 0,18 0,04 -0,11 -0,15 0,09 0,09 -0,05 0,04 0,21 -0,1 0,22 0,17 -0,08 0,09 0 0,12 1 BF-BSF Heat 0,26 0 -0,12 -0,08 0,73 0,13 0,16 0,02 0 0,11 -0,07 -0,12 0 0,1 -0,21 0,08 0,06 0,37 -0,1 0 1 BF-BSF Rad -0,06 0,03 0,06 0,22 -0,18 -0,08 0,06 -0,07 0,03 0,03 -0,03 0,06 -0,01 0,08 -0,01 0,11 0,45 -0,39 0,36 0,02 -0,1 1 BSF-PM Watdef 0,64 -0,08 -0,28 -0,21 0,11 0,83 0,06 -0,01 -0,08 0 -0,02 -0,28 0,09 -0,07 -0,19 -0,06 -0,07 0,15 -0,08 -0,13 0,04 -0,06 1 BSF-PM Heat 0,69 -0,09 -0,23 -0,12 0,23 0,83 -0,05 0,05 -0,1 0,06 -0,08 -0,23 0,08 -0,02 -0,14 0,02 -0,08 0,2 -0,03 -0,04 0,18 -0,07 0,38 1 For the spring variety Athos, the indicators frost and water damage for the phenophase E-FI and heat waves for the phenophase BF-BSF have been removed from the analysis since they were constant. Moreover, the region Midi-Pyrenees was not included in the analysis due to mistake encountered by the use of the software. The correlation matrix in Appendix 11 shows that GICS is correlated to the phenophase BSF_MP (0.84) which one is correlated to the two EI water deficit and heat (0.84) and (0,83). Moreover, risk in the phenophases S-E is mostly explained by the EI cold (0.98), in the phenophase E-FI by the EI cold (1), the phenophase FI-BF by the EI cold (0.81) and finally the phenophase BF-BSF by the EIs water deficit (0.88) and heat (0.62).

GICS S-E E-FI FI-BF BF-BSF BSF-MP S-E Watdef S-E Watex S-E Cold E-FI Watdef E-FI Watex E-
The first axis is mostly linked to the EIs heat and water deficit in the phenophase BSF_MP and the EI water deficit in the phenophase BF-BSF (Appendix 10). The first component is also linked to the GICS, more weakly than the previous EIs. The second axis opposes RY with high and low GICS. It is also linked to EI water deficit of the phenophase E-FI. The Table 3.7 presents coordinates of some RY on the factorial plan. Again, the factorials plan can be divided into parts. The first one gathers RY high GICS and low heat stress and water deficit in BSF-PM (Aquitaine 2007). RY in the second part have relatively high GICS with heat stress and water deficit in BSF-PM (Languedoc 1997). Here the coordinates of the axis is lower than previously, thus, the yield of the second part are lower than in the first one. In the third part, RY are represented by low GICS due to heat stress and water deficit in BSF-PM (RA 2004). In the last part, RY have low GICS which is not explain by heat stress and water deficit in BSF-PM. We can see in the Figure 3.9 that few RY are gathered in this part. Two situations are considered as outsider: FC 2001 and Auvergne 2005. The majority of the RY do not differ from each other, as it is illustrated in the Figure 3.9, it is difficult to conclude that the spring variety Athos is more adapted to one or several region(s). Languedoc and Aquitaine are again the regions with the highest GICS, as seen previously. PACA seems to be the region with the highest heat stress during seed filling. To conclude, Languedoc and Aquitaine appear to be the most favourable regions for the production of spring and winter variety, and Picardie shows better results for the spring varieties. Alsace seems to be unfavourable for the winter Isard variety with risk of low radiation before flowering. Lecomte et al. assessed the influence of limiting factors on traditional winter pea and Hr winter pea, based on the method which was previously developed on wheat (2013). They also pinpointed the lack of radiation during the phenophase BF-BSF. Lorraine and Alsace are the unfavourable regions for both spring varieties, even if the risk of heat stress and water deficit during the seed filling is low.

3.3.5

Validation of the approach assessing crop climate risks with ecoclimatic indicators Comparison between the Global Index of Climate Suitability and the obtained yield: GICS is representing climate risk on pea crop and is now compared to the obtained yield of pea between 2004 and 2013 in (UNIP/ARVALIS), in order to validate or not the approach. The regions with the highest GICS, meaning the lowest climatic risk, were Aquitaine and Languedoc-Roussillon for the three varieties . It appears in the Table 3.9 and in the appendix 13 that over the period 2001-2014, Aquitaine and Languedoc-Roussillon are still the two regions with the highest GICS. Surprisingly, the observed yield over the same period of time is equal to 33.2q/ha in Aquitaine and 33.4q/ha in Languedoc Roussillon, these yields are below the mean obtained at France scale of 45.6q/ha. Comparatively, the lowest yield is obtained for the PACA region (30.1q/ha) and the highest one in Nord-Pas-de-Calais (50.1q/ha).

Yield

Regions with the lowest GICS, meaning the highest climate risk were Alsace and Rhône-Alpes for the spring pea Athos, Alsace for the spring pea Lumina and Alsace, Franche-Comté, Lorraine and Midi-Pyrénées for the winter variety Isard (1990Isard ( -2014)). These regions do still have low GICS over the period 2001-2014. The yield in Alsace is below the average (36.3 q/ha), as it is the case for Franche-Comté (35q/ha), Midi-Pyrénées (35.3 q/ha), Rhône-Alpes (38.9 q/ha) and Lorraine (41.5 q/ha).

Differences between the GICS and the obtained yield over the period 2001-2014 can be fist explained because the observed yield mostly refer to spring varieties which represent 90% of the cultivated area in France [START_REF] Jeuffroy Marie-Hélène | The use of models at field and farm levels for the ex ante assessment of new pea genotypes[END_REF]. Moreover, variation in yield can be explained by climate variability at spatial and temporal scale [START_REF] Porter | Crop responses to climatic variation[END_REF]. But others biotic factors can influence pea yield such as pest and disease, and mineral fertilization (phosphor and potassium). Last but not least, the GICS is obtained by normalization and aggregation of EIs. Thus, comparison between the normalized EIs obtained after normalization of EI in level 4 (Figure 3.3) and the observed abiotic stress is needed to validate or not the approach of the study. On the contrary, water deficit during the phenophase BF-BSF is found for some years in the calculated normalized EIs but not in the observed data, as it is the case for Centre in 1997.

Comparison between the

To conclude, differences occur amongst the years and the regions regarding the reproductive phase of the cycle of development and the two EIs water deficit and heat. The first explanation is the sowing date. The observed have been calculated with the real date given by farmers. Differences in the sowing date are leading to differences in phenology, and thus phase duration. In our study, the sowing date was fixe to 59 julian days for both spring varieties and 305 julian days for the winter variety Isard.

Another explanation is the threshold used to estimate a stress. Stress occurs when value of the normalized EI is above 0.8. The normalized EI are obtained using sigmoid and exponential functions ( §2.3.2). For heat during the phenophase BF-BSF, the normalized EI was reducing after the threshold of 50 cumulative degrees when the maximal temperature was above 0°C. During the phenophase BSF-PM, the threshold for the normalization was 50°C. Maybe a better estimation of these thresholds needs to be done. Another issue is the formula used to calculate the water deficit. In our study, it is expressed in millimetres through the subtraction RR-ETP, thus, it is a strict climatic indicator taking into account only climatic variables. The water deficit from the observed data (ETM-ETR) is taking into account crop variable: the crop coefficient Kc ( §1.3.2). Differences in the way of calculation of EIs could lead to differences in the interpretation of water deficit stress.

taking into account phenological phases. Climate change regularly makes the news. An increase in temperature has been observed (climatic rupture in France 1988) and will be an issue in the following years. Changes in the mean and variability of climatic variables can impact crop processes such as growth and development. Thus, it is necessary to understand climate risk for the current and the future climate.

Our study assesses the risks for the current French climate using the 25 last past years. It was made for 20 French regions and 3 varieties: two spring peas with differences in precocity (Athos and Lumina) and one traditional winter pea Isard. The date of beginning of flowering of pea was simulated. The complete phenological model seems appropriate to represent the phenological stages of pea at France scale, with the exception of the physiological maturity for the three varieties. The floral initiation stage (FI) is simulated from the beginning of flowering (BF), even if FI appears before BF in time. Thus, further work is needed in order to add the simulation of the date of floral initiation and the date of physiological maturity in the phenological module of AZODYN-pea, a dynamical model.

The study highlighted differences regarding climate risks amongst regions and variety, and evaluated the highest abiotic risk of the pea crop per variety and per region. Differences between variety precocity appear as one solution against abiotic risk. Moving the cycle of development forward or backward in time, is reducing or emphazing the risk to encounter abiotic stress. The highest risks encountered over the developmental cycle are the heat stress and water deficit during the reproductive phase for the three varieties, and the low radiation before flowering for the winter pea. For the first time in pea, the ecoclimatic indicators approach has used mainly observed data to build ecoclimatic indicators, contrary to others species using mainly expert statements Test of different sowing dates and others varieties precocity is now needed to provide levers for the adaptation of pea to climate changes (choices of sowing dates and variety). For example, the winter pea Hr with a beginning of flowering strictly dependant on photoperiod could be tested.

An evaluation of the suitability of the ecoclimatic indicators to represent the climate risk for the pea crop was made. Comparison between (1) the values of the global index of climate suitability (GICS) and ecoclimatic indicators and (2) observed data, shows some differences over the same periods of time. Consequently, the approach needs improvements. Identify and test other ecoclimatic indicators, such as the water deficit including soil and crop aspect, is one of the perspective of this work. Additional research on the threshold defining stresses is needed, especially on frost in the beginning of the crop cycle and heat waves at the end of the cycle (which were both defined as constant).

Regarding my personal review on this work, it has been very educational in every way. I had to mobilize and acquire knowledge on different domains such as ecophysiology, agronomy and climate science. Moreover, since my work was part of broader research project, discussions were really important to update knowledge constantly. I had to collaborate with experts: on one hand I was using results of colleagues from different research and technical institutes. On the other hand, some people were depending on my work. As example I was testing the software GETARI and I had to be rigorous and methodical so that the colleagues could interpret and reuse my results. The last remark is about the disseminating of the results. In drafting the report, I was attempting to find some kind of balance in order to be as precise and understanding as possible for researcher of different domains.

sites are for E: 92+/-13, FI: 98+/-6, for BF: 140+/-8, for BSF: 153+/-7 and for PM: 204+/-8 (Dijon, Chartres, Rennes, Paris*2 and Mons).

-For Lumina, the mean values in Julian days obtained are for E: 84+/-6, for FI: 100+/-7, for BF: 143+/-9, for BSF: 163+/-10 and for PM: 186+/-11. The observed values in the same 6 sites as Athos, are for E: 92+/-13, for FI: 103+/-4, for BF: 145+/-7, for BSF: 157+/-7 and for PM: 204+/-8 -For Isard, the mean values in Julian days obtained are for FI: 55 +/-14, for BF: 118+/-15, for BSF: 139+/-15 and for MP: 171+/-14 Julian days. The observed values from 2007-2009 amongst the 9 sites (adding Bourges, Toulouse*2, another station near Chartres, removing one station near Paris), the mean values are respectively 52+/-17, 117+/-11, 139+/-7 and 183+/-7. To conclude, the differences between simulated and observed values for the BSF stage are respectively for Athos, Lumina and Isard: 6, 6 and zero Julian days, whereas for the PM stages the differences in absolute values are respectively: 16, 18 and 12 julian days. APPENDIX 6: RT as a function of Tmean expressed in °C Shapiro test is done to check the normality of the data. If the p-value is above 0,05, then the data are following a normal distribution. For the three varieties, the p-value is below this threshold (0.0004006 for Athos, 0.0014531for Lumina and.16e-05 for Isard). Only 12 regions have the p-value above 0.05: Alsace, Bourgogne, Bretagne, Basse-Normandie, Languedoc-Roussillon, Limousin, Pays de la Loire, Midi-Pyrennes, Ile de France, Poitou-Charentes and Rhône-Alpes. Bartlett test is then done to check the homogeneity of variances. It is significant for the variety (p-value=0.0728) but not for the region (P-value=1.73e-05). A Tukey test is comparing the mean of every treatment to the mean of every other treatment (pairwise comparison) and can be applied only if the hypothesis of homogeneity of variance if verified. Shapiro test can be made to assess the normality of the residuals. The p-value are lower for the variety (5.032e-06) and the regions (1.05e-06).

 Results of the Tukey tests GICS' mean obtained for Athos is 0.790, for Isard 0.768 and for Lumina 0.821. The one wayanova made using the variety as explicative variable has a low R2 equals to 11%. A post hoc test using the Tukey test was still made, since the homogeneity of variance was verified (pvalue = 0,07). The three varieties are statistically different.

 Results of the Kruskal-Wallis tests Overall test with region*variety as explicative variable

The homogeneity of variances is not verified (Bartlett test with a p-value of 0.02 and Levene's test with a p-value of 0.004), neither the normal distribution of residuals (Shapiro test with a p-value of 1.05e-06). The p-value of the Kruskal-Wallis test equals to 2.2e-16, thus there is at least one group (variety*region) which is different from at least of of the other groups. The results of this multiple comparison test after Kruskal-Wallis pinpointed 134 differences. For the variety Athos and the region as explicative variable: the homogeneity of variance is verified (p-value of the Bartlett test = 0,99, and p-value of the Levene's test equals to 0,98). The normality of the residuals is not checked, thus, a Kruskal-wallis need to be done (p-value = 0.0144). For the variety Lumina: the Bartlett test and levene's test are not significative. A Kruskall walis test was conducted (p-value = 6.692e-12). For the variety Isard: the Bartlett test and levene's test are not significative. A Kruskall walis test was conducted (p-value = 1.142e-07).

APPENDIX 10: Coordinated of the variables on the components 1 and 2 for the three PCAs 
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 11 Figure 1.1: Evolution of pea production areas and yields in France (from UNIP)

Figure 1 . 2 :

 12 Figure 1.2: Pea development cycle : Floral Initiation (IF), Beginning of flowering (BF), Beginning of Seed Filling (BSF), End of Flowering (EF), Final Stage in Seed Abortion of the last reproductive phytomer (FSSA), physiological maturity (PM) and End of the Seed Filling (ESF).
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 13 Figure 1.3: Cumulative degree days from the beginning of flowering (Munier-Jolain and Biarnès, 2010)

Figure

  Figure 1.4: Abiotic stresses over the pea development cycle (Lecomte et al., 2013) 1.3.1 Temperature

  : 𝑅𝑇(𝑗) = 0.443 + (0.765/(1 + 𝑒𝑥𝑝(-(𝑇𝑀 -16.762 + 8.81/2)/43.712))) * (1 -1/(1 + 𝑒𝑥𝑝(-(𝑇𝑀 -16.762 -8.81/2)/1.596)))
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 15 Figure 1.5: Abiotic stresses for spring pea, traditional winter pea and spring pea over the different phenological phases: sowing (S), floral imitation (FI), seed filling (SF) and physiological maturity (PM), adapted from Lecomte et al., 2013
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 16 Figure 1.6: Climatic event observed in Burgundy (Castel et al, 2014)

  The PeaMust project (Pea MUlti-STress adaptation and biological regulations for yield improvement and stability) led by INRA provided dates of emergence, DF and PM of the harvest 2013, for the spring variety Lumina and the winter variety Isard. -Dates of emergence, IF, DF, DRG and PM from harvests 2007-2010 have been collected by Comité Technique permanent de la Sélection (CTPS) for the three varieties. -INRA-Mons provided flowering dates in Mons (80) between 2010 and 2013 for the three varieties. -CETIOM shared data from GEVES (Groupe d'Etude et de contrôle des Variétés Et des Semences) with flowering dates from 2006 until 2013, some were similar to the ones from CTPS, since the comité relies on experimentations and analysis made by GEVES at the request of the Ministry of Agriculture for the spring varieties -Tool to calibrate:

  Equation 4: 𝑅𝑀𝑆𝐷 = √∑ (𝑂𝑖 -𝑃𝑖) 2 /𝑛 𝑛 𝑖=1 Equation 5: 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = (𝑆𝑆𝑡𝑜𝑡 -𝑆𝑆𝑟𝑒𝑠)/𝑆𝑆𝑡𝑜𝑡

Figure 2 . 1 :

 21 Figure 2.1: Method from Caubel et al. (2015), "A" referring to function aggregation and "N" to normalization functions 2.3.2 Global Index of Climate Suitability (GICS) A Global Index of Climate Suitability (GICS) is suitability index over the plant cycle. The Generic Evaluation Tool of AgRoclimatic Indicators (GETARI) software was used as a beta version. It has been developed by the AgroClim unit of Inra-Avignon. Values of IE are transformed into score ranging from 0 to 1 by using normalization functions selected trough literature and expert knowledge. The normalization functions available in GETARI were sigmoid function and exponential function with the parameters a and b, and the mean temperature (TM) at the level 4 (Figure 2.1). Sigmoïd: 1/(1 + 𝐸𝑋𝑃((𝑎 -𝑇𝑀)/𝑏)) Exponential: 𝑀𝐼𝑁(𝑎 * 𝐸𝑋𝑃(𝑏/𝑇𝑀); 1) The normalized indices obtained are then aggregated using rules as defined by Holzkämper et al. (2013), at Level 3, 2 and then 1 (Figure. 2.1).
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 31 Figure 3.1: Climate per French region (from Climatik)
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 33 Figure 3.3: Tree building a Global Index of Climate Suitability with ecoclimatic indicators as basis
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 24 Figure 2.4: GICS variability amongst years (20 regions*3varieties), use of the software R
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 35 Figure 3.5: GICS variability amongst varieties (20regions*25years) with the results of the Tukey test, use the software R

  regions with the highest mean GICS equal to 0.8. Alsace and Lorraine are the regions with the lowest mean GICS respectively equals to 0.75 and 0.77.

Figure 3 . 6 :

 36 Figure 3.6: GICS variability amongst region (25years*3varieties), use of the software R
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 37 Figure 3.7: Correlation Matrix of the spring variety Lumina

  of RY on the two components of the factorial plan, the GICS and the EIs for the" spring Lumina varietyThe factorial plan represented in the Figure3.8 can be divided into four parts. First the high GICS with low heat and/or water deficit in the phenophase BSF_MP gathering the RY on the table 3.6 Basse-Normandie 2014, Aquitaine 2008 and 1991 and Haute Normandie 1997. Secondly the high GICS with water deficit and/or water excess in the phenophase BSF_MP(PACA 1997). Since the two EIs are having a decreasing impact on the GICS, the obtained GICS are lower than in the first part. A third one with low GICS without water deficit and/or heat stress in BSF_MP (Auvergne 1992). The last one is having low GICS with water deficit and/or heat stress in BSF_MP(Bourgogne 2006). By clustering regions, similar results as previously have been found: Languedoc Roussillon and Aquitaine are the regions with the highest GICS. PACA, Rhône-Alpes and Pays-de-la-Loire appear as the regions with important heat stress and water deficit during the seed fillling, whereas Midi-Pyrénées and Auvergne do not. The year 2006 is here again highlighted in the regions Bourgogne and Pays-de-la-Loire, and is associated to low GICS due to heat and water deficit in the phenophase BSF_MP.
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 38 Figure 3.8: Results of the PCA for the spring variety Lumina
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 33 Figure 3.3: Results of the PCA for the spring variety Athos

  Again, the factorials plan can be divided into parts. The first one gathers RY high GICS and low heat stress in BSF-PM(Languedoc 1993). The second one has RY with high GICS, heat stress in BSF-PM but no stress due to the low radiation. Few RY are in this part of the factorial plan. The third part gathered RY with low GICS explained by heat stress in BSF-PM and no stress due to the low radiation (Lorraine 2003). Low GICS and stress due to low radiation in FI-BF are the features of the RY in this last part (Midi Pyrénées 1995). By clustering regions, the similar results as previously have been found: Languedoc Roussillon and Aquitaine are the regions with the highest GICS, whereas Franche-Comté and Lorraine are the ones with the lowest. Alsace and Lorraine are the regions with high heat stress during the seed filling. A new result is highlighted : Aquitaine and Midi Pyrénées appear as being the region with a risk of low radiation.
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 4 Figure 4: Results of the PCA for the winter variety Isard
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 5 Normalization function of the indicator water deficit with a=-270 and b=40

  

  

  

  

  

  

  

Table 2 .1: Selected weather stations from INRA (Climatik) and Météo-France (MF)

 2 Some climate variables are recorded automatically by weather stations operated by INRA and Météo-France (MF), thanks to appropriate instruments and equipment. The INRA database is named Climatik. Daily climate variables have been selected such as the minimum and maximum temperatures in degree Celsius (respectively TN and TX), the rainfall in millimetres (RR), the potential evapotranspiration in millimetres (PET) and the radiation in J/cm 2 (RG).The aim was to select one weather station per region but not all the 21 weather stations were available in the Climatik database. Consequently, some Météo-France stations have been added to complete the database with the following requirements: station of level 0 or 1 both giving daily measures with at least the variables: TM, TN, RR and RG. The table 2.1 presents the fifteen Inra stations and the six Météo-France stations, divided into four zones: North-West, North-East, South-West and South-East. The table 2.2 shows the parameters used in the AZODYN pea phenological model and the adaptation of the parameters for some winter varieties by[START_REF] Vocanson | Ex ante assement of varietal innovations in winter pea (Pisum sativum L.):Modelling approach at the plot and farm scales[END_REF].

	Source	French Regions	Name of the stations	Department Latitude
	INRA	Ile de France	Thiverval Grignon	48.84
	MF	Haute-Normandie	Evreux-Huest	49.03
	INRA	Basse-Normandie	Le pin aux Haras	48.73
	MF	Centre	Champhol-Chartres	48.46
	MF	Pays de la Loire	Beaucouze	52.75
	INRA	Bretagne	Le Rheu	48.11
	MF	Nord pas de Calais	Lille-Lesquin	50.57
	INRA	Picardie	Mons en chaussée	49.87
	INRA	Champagne Ardenne	Fagnière	48.95
	INRA	Bourgogne	Bretenières	47.24
	MF	Franche Comté	Besançon	47.25
	INRA	Lorraine	Mirecourt	48.29
	INRA	Alsace	Colmar	48.06
	INRA	Rhône-Alpes	Saint Marcel les Valence	44.98
	INRA	PACA	Avignon	43.92
	INRA	Languedoc Roussillon	Gruissan	43.14
	INRA	Auvergne	Saint genes champanelle	45.72
	MF	Limousin	Limoges-Bellegarde	45.86
	INRA	Midi-Pyrénées	Auzeville-tolozane	43.53
	INRA	Aquitaine	Villenave d'Ornon	44.79
	INRA	Poitou-Charentes	Lusignan	46.42
	2.2 PHENOLOGY OF THE PEA CROP	
	2.2.1 Choice of the phenological model for pea	
	Firstly, an overview of the existing parameters in the literature was made. Jeuffroy et al.

(2012) 

developed a phenological model as one module of the crop growth model AZODYNpea The module is simulating the following stages of the ancient spring variety Solara: emergence (E), beginning of seed filling (BSF), final stage in seed abortion (FSSA) and physiological maturity (PM)

[START_REF] Biarnes | A model which integrates knowledge on pea crop physiology and agronomic diagnosis[END_REF]

. This module does not simulate the date of beginning of flowering (BF).

Table 2 .2: Parameters existing in the literature and used in the AZODYN pea model in cumulative degree days: °Cd (Chaillet and Biarnès, 2010, Carrouée et al., 1994)
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  .1 presents the number of observations and the parameters obtained with the software PMP. A multiplicative model assessed the beginning of flowering for the spring varieties Athos (A) Lumina (B) and the winter variety Isard (C). The number of observations varies amongst varieties and phenophases. Few dates of the beginning of seed filling were available. The cumulative degree days for the phenophase FI-BF were determined by using the mean values from observed data. Indeed, few dates of FI were available since this phenological stage can't be seen with the naked eye; a binocular magnigying glass (X40 to X100) is needed(Lejeune-Hénaut & Biarnès, 2010).

	A) ATHOS	Cumulative degree days without photoperiod slowing effect	with photoperiod effect
		S_E	S_BF	BF_BSF	BF_PM		S_BF
	Nb obs	9	16		3	6	795,2
	Parameter	151	795	335	858	Psat fixed=11,0 hrs Pbase=9 hrs
	RMSE	4,4	3,1		4,9	4,55	RMSE= 3,14
	Eff	0,85	0,84	0,31	0,80	EFF= 0,84
	B) LUMINA	Cumulative degree days without photoperiod slowing effect	with photoperiod effect
		S_E	S_BF	BF_BSF	BF_PM		S_BF
	Nb obs	19	60		3	15	865,8
	Parameter RMSE	190 7,02	869 3,22	317 4,69	730 9,78	Psat fixed =11,0 hrs Pbase =9,9 hrs RMSE= 3,6
	Eff	0,62	0,87	0,31	-0,31	EFF= 0,88
	C) ISARD	Cumulative degree days without photoperiod slowing effect		with photoperiod effect
	S_E BF_BSF FI_BF BSF_PM	E_DF	E_BF
	Nb obs	24	7	31	23	551°Cd		802°Cd
	Parameter	187	281	573	512	Psat fixed=15,0 hrs Pbase fixed=6 hrs	Psat fixed=12,3 hrs Pbase fixed=6,2 hrs
	RMSE	7,7	8,4	7,8	8,4	RMSE=6,02	RMSE=5,66
	Eff	0,7	1,76	0,51	0,49	EFF=0,71		EFF=0,74

Table 3
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.1 A-B-C: Obtained parameters for spring varieties (Athos and Lumina) and winter variety (Isard) for selected phases: sowing-emergence (S-L), emergence-beginning of flowering (E-BF), beginning of flowering-beginning of seed filling (BF-BSF), beginning of seed filling-physiological maturity (BSF-MP), with * the mean values obtained from the observed data. Eff is the efficiency ($2.2.2)

Table 3 .2: Parameters used in the simulation compared to the ones in AZODYN-pois

 3 .2).

	parameter	Athos Lumina	AZODYN Spring pea	Isard	AZODYN Winter pea
	Sowing date	59			305	
	Tbase			0		
	S-E (°Cd)	151	190	150	187	200
	E-BF (°Cd)	644	678	700	701	650
	BF-BSF (°Cd)	335	317	265	281	265
	BSF-PM (°Cd)	523	413	300-500	512	300-500
	PHOTOP	0	0		1	
	PHOSAT (hrs)	0	0		15	
	PHOBASE (hrs)	0	0		6	
	nban	1	1		2	
	IF-BF (°Cd)	523	541		572	

Table 3 .3: Observed and simulated sowing (S), emergence (E), beginning of flowering (BF) anf physiological maturity (PM) for the early and late spring variety
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			Year	S		E	BF	PM	PMS-PMO
		21	2010	64	O S	86 88	143 145	181 192	11
	Athos	28 35	2007 2008	72 94	O S O S	no data 133 no data 94 139 194 116 150 209 111 154 206	--3
		80	2009	72	O S	98 92	143 144	183 196	13
		21	2014	65	O S	85 85	139 140	183 181	-2
	Lumina	49 35	2014 2014	76 79	O S O S	90 94 101 97	141 148 150 152	204 189 202 194	13 -2
		86	2014	73	O S	96 92	145 147	202 189	-15
		80	2014	72	O S	101 92	147 148	205 193	-8

Table 3 .4: Observed and simulated sowing (S), emergence (E), beginning of flowering (BF) and physiological maturity (PM) for the winter pea Isard, O referring to the observed dates and S to the Simulated dates
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Table 3 .5: Mean value of the GICS per variety and per region
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  .6.

		Comp. 1	Comp. 2	GICS	Water def BSF-PM	Heat BSF-PM
	Bourgogne 2006	0,98	-4,47 0,691	0,759	0,021
	RA 2004	3,94	-2,18 0,651	0,050	0,068
	Loire 2006	3,76	-2,68 0,663	0,100	0,018
	PACA1997	2,73	3,83 0,887	0,881	0,228
	Languedoc R.1997	0,75	4,69 0,952	0,971	0,973
	Aquitaine 1991	1,33	1,83 0,903	0,851	0,965
	Basse Normandie 2014	-1,65	0,95 0,895	0,992	0,984
	Aquitaine 2008	-1,78	1,36 0,927	0,965	0,914
	Haute Normandie 1997	-1,08	1,19 0,857	0,999	0,987
	FC 2001	-2,01	-6,3 0,757	0,650	0,684
	FC 2006	-1,29	-5,26 0,746	0,881	0,211
	Auvergne 1992	-7,01	-1,27 0,792	0,992	0,973
	Poitou C. 2010	0,27	-0,75 0,768	0,615	0,354
	Midi Pyrénées 2010				

Table 3 .7: Coordinates of RY on the two components of the factorial plan, the GICS and the EIs for the spring Athos variety
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  Table 3.8 presents coordinates of some RY on the factorial plan.

		Axis 1 Axis 2 GICS	Heat BSF_PM	Low rad. FI-BF
	Languedoc R.1993	-3,9	4,6 0,929 0,989	0,771
	Aquitaine1998	-4,64	-1,73 0,743 0,799	0,749
	Aquitaine2001	-4,52	-2,59 0,746 0,977	0,587
	Limousin 2001	-1,1	-4,62 0,677 0,826	0,957
	Midi Pyrénées 2001	-7,15	-5,29 0,696 0,960	0,315
	Midi Pyrénées 1994	-5,29	-3,15 0,698 0,982	0,343
	Midi Pyrénées 1995	-5,14	-3,34 0,713 0,977	0,675
	Midi Pyrénées1998	-4,69	-5,83 0,664 0,930	0,733
	Bourgogne 1993	0,5	0,5 0,821 0,791	0,979
	Haute Normandie 2014	-0,01	0,19 0,825 0,976	0,976
	Centre 2013	-0,04	-0,16 0,795 0,931	0,993
	Nord pas de Calais 2004	0,03	0,03 0,773 0,973	0,993
	Sites*year	Axis 1 Axis 2 GICS	Heat BSF_PM	Low rad. FI-BF
	Lorraine 2003	4,34	-2,39 0,609 0,006	0,997
	Franche Comté 2003	2	-5,51 0,644 0,064	0,990
	Alsace 2003	4,14	-0,76 0,662 0,004	0,991
	Rhône Alpes 2004	1,74	-1,73 0,597 0,368	0,989
	Poitou Charentes 2006	2,45	-1,9 0,628 0,226	0,929
	Alsace2005	7,23	1,1 0,637 0,016	0,859
	PACA 2006	2,59	1,87 0,727 0,587	0,987
	Pays de la Loire1992	3,26	1,43 0,728 0,802	0,983
	Languedoc R.1996	-6,4	1,46 0,747 0,989	0,681
	Languedoc R.1995	-0,9	8,15 0,800 0,975	0,650
	Languedoc R.2007	-4,93	6,79 0,937 0,984	0,633

Table 3 .8: Coordinates of RY on the two components of the factorial plan, the GICS and the EIs for the winter Isard variety
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Table 3 .9: Observed yield in q/ha and GICS for selected regions between 2001 and 2014
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Ecoclimatic indicators for selected regions and observed abiotic stresses

  Comparison between EIs and observed abiotic stresses during the reproductive period was made for Lumina variety, since spring varieties are mostly cultivated in France. The comparison was made for the regions Picardie and Centre since these two regions have the highest pea production area over the last twenty five years with respectively 46 900 ha and 44 100 ha (UNIP/FranceAgriMer). The region Midi-Pyrénées was also selected because its climate is different compared to the two previous regions. Midi-Pyrénées gathered the types 1, 2, 4 and 7 from the weather classification made by Joly et al. (2010) whereas Centre and Picardie correspond to the type 2 ( §3.1). Observed data of water deficit and heat have been measured in Mons (Picardie), Chartres (Centre) and Toulouse (Midi-Pyrénées).

Table 3 .10: Years with the highest abiotic stresses observed from UNIP/Arvalis and ecoclimatic indicators calculated with the software GETARI: water deficit and heat for two phenophases: beginning of flowering- beginning of seed filling (BF-BSF) and beginning of seed filling-physiological maturity (BSF-PM. Bold years are the ones appearing in observed and simulated data. The asterisk refers to the years with GICS between 0.5 and 0.8, and the double asterisk refers to years with a GICS above 0.8.

 3 Years with abiotic risk in both observed and calculated indicators are highlighted. For example; in Centre and Picardie, a water deficit occurred in both observed and calculated data in1996, 2001, 2004, 2006 and 2011. In Picardie, only the year 2011 is in both observed and simulated data. Important differences are highlighted in the Table 3.10. For example, the calculated EI heat for the phenophase BF-BSF in Centre in 2006 is equal to 0.521, it is the lowest value amongst the 25 years after 1996 (0.292). In Picardie, this calculated EI has the lowest values in 1996 and 2006, respectively 0.863 and 0.854. These values of EI above 0.8 do not Heat stress. The same conclusion for this EI is made in Midi Pyrénées; in 2005 the calculated value is above the threshold of 0.8. Differences are also visible for the two EIs water deficit and heat stress in the phenophase BSF-PM. For example in Picardie, calculated EIs highlight only a heat stress in 2005 (0.182) and only water deficit in 1994 (0.179) and 2013 (0.202). Both water deficit (0.191) and heat (0.082) appeared in 2010 as stated in the observed data. Neither water deficit or heat stress appeared in 2014 with the calculated EIs.

	LUMINA		Water deficit at BF-BSF	Heat at BF-BSF	Both water deficit and heat at BSF-PM
			1996, 2000, 2001		
		Observed	(late sowing),	1996, 2006, 2013,	2005, 2010,
	Centre	data	2013, 2014 2004, 2006, 2011,	2014	2013, 2014
		Ecoclimatic Indicators	1996, 1997, 2001, 2004, 2006, 2011	1996, 2006*	2010, 2013
	Picardie	Observed data	1995, 1996, 2005, 2006, 2011 2001 (late sowing),	2006, 2014	2010, 2014
		Ecoclimatic Indicators	1996*, 2001*, 2005, 2006, 2011	1996**, 2006**	2010
		Observed			
	Midi-	data			
	Pyrénées				

  Moreover, one conclusion of the phenology results is that the simulated physiological maturity (PM) stages are not close to the observed values ( §3.2.3). For Lumina, the mean BSF and PM stages in Julian days are presented in the following table over the last 25 years. In Midi-Pyrénées, the BSF and PM occurred respectively end of March (day 152 of the year) and end of June (day 174 of the year). During the month of June, maximum temperature above 25 degrees was rare, as explained by the value of the non-normalized ecoclimatic indicators. It is important to notice that in the South of France, the risk to meet heat waves of stress during the yield elaboration is lower. Indeed, final stage in seed abortion is reached before June in the south of France, before pea crops which are sown in north. Damages are thus avoided[START_REF] Guilioni Lydie | Effect of high temperature on a pea crop[END_REF].

		Centre	Picardie	Midi Pyrénées
	Beginning of seed filling	166	167	152
	Physiological maturity	190	192	174

Table 3 .11:
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2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 Mean

  

	ALSACE	30,0	45,0	30,3	33,7	38,9	35,0	35,0	39,0	40,0	40,0	30,0	40,0	35,0	36,3 36,3
	AQUITAINE	41,2	46,2	26,5	29,2	29,4	35,4	28,0	34,0	30,0	35,0	25,0	35,0	30,0	40,0 33,2
	AUVERGNE	37,1	39,1	25,0	38,1	32,2	41,6	30,0	38,0	40,0	37,0	30,0	35,0	35,0	32,1 35,0
	BASSE-NORMANDIE	34,1	53,0	48,4	44,2	44,9	53,1	38,0	53,6	53,0	54,0	48,0	45,0	44,0	45,0 47,0
	BOURGOGNE	40,4	43,4	40,4	44,9	38,7	35,4	37,0	40,0	45,0	46,0	36,0	38,0	44,0	38,4 40,5
	BRETAGNE	41,8	50,0	43,8	40,5	49,6	46,0	39,0	48,0	50,0	48,0	45,0	45,0	43,0	45,0 45,3
	CENTRE	43,6	52,7	49,3	44,9	45,5	41,9	39,7	45,8	52,0	48,0	40,0	43,0	43,0	45,0 45,3
	CHAMPAGNE-ARDENNE	46,0	53,0	46,8	50,4	39,4	42,3	38,0	49,6	57,0	48,0	35,0	48,0	48,0	41,0 45,9
	FRANCHE-COMTE	32,0	45,0	27,5	30,7	32,4	35,0	30,0	39,0	35,0	35,0	34,0	40,0	40,0	34,8 35,0
	HAUTE-NORMANDIE	40,6	55,0	50,6	52,9	45,9	49,8	40,0	51,8	55,0	51,0	50,0	50,0	51,0 47,1 49,3
	ILE-DE-FRANCE	37,8	54,1	47,5	52,5	42,6	45,5	47,0	48,0	52,0	51,0	38,0	47,0	49,0	46,0 47,0
	LANGUEDOC-ROUSSILLON	35,6	34,7	31,3	28,5	33,7	36,4	35,7	37,7	30,0	38,0	28,0	35,0	33,0	30,0 33,4
	LIMOUSIN	34,4	40,0	28,0	34,9	25,4	35,0	30,0	39,0	35,0	35,0	30,0	35,0	35,0	35,0 33,7
	LORRAINE	32,1	45,0	43,8	44,2	37,2	40,0	36,0	40,0	50,0	50,0	35,0	45,0	43,0	40,0 41,5
	MIDI-PYRENEES	41,3	46,5	20,9	28,2	34,4	36,6	30,8	39,0	30,0	39,0	28,0	40,0	38,0	42,0 35,3
	NORD-PAS-DE-CALAIS	45,4	57,2	57,7	60,6	42,6	54,2	40,0	48,0	55,0	52,0	45,0	43,0	55,0	45,0 50,1
	P.A.C.A.	30,0	38,7	30,0	33,7	25,6	25,0	25,0	36,0	30,0	30,0	25,0	35,0	28,0	30,0 30,1
	PAYS-DE-LA-LOIRE	36,1	48,0	41,8	37,9	42,5	39,8	36,0	43,0	49,0	38,0	35,0	45,0	42,0	40,0 41,0
	PICARDIE	42,5	54,8	51,9	55,4	42,3	49,2	43,0	51,8	56,0	50,0	40,0	49,0	51,0	47,0 48,9
	POITOU-CHARENTES	38,6	52,0	43,2	34,7	39,9	40,0	36,0	46,7	48,0	34,0	24,0	42,0	43,0	37,0 39,9
	RHONE-ALPES	41,2	39,6	29,6	39,5	40,0	40,0	38,0	41,7	38,0	40,0	33,0	43,0	40,0	42,0 39,0
	FRANCE	41,3	51,8	45,9	47,3	41,8	44,2	39,1	47,0	50,8	46,1	37,1	44,5	45,2	56,3 45,6
												Sources : UNIP / ARVALIS	
	Isard														

2003, 2004[START_REF] Nathalie | Agrophysiologie du pois protéagineux[END_REF], 2009[START_REF] Holzkämper | Analyzing climate effects on agriculture in time and space[END_REF][START_REF] Castel | Le réchauffement climatique diminue-t-il le risque de dégâts par le gel pour les cultures de climat tempéré ? XXVIIe Colloque de l[END_REF] 2003[START_REF] Nathalie | Agrophysiologie du pois protéagineux[END_REF][START_REF] Vocanson | Ex ante assement of varietal innovations in winter pea (Pisum sativum L.):Modelling approach at the plot and farm scales[END_REF], 2009[START_REF] Holzkämper | Analyzing climate effects on agriculture in time and space[END_REF][START_REF] Castel | Le réchauffement climatique diminue-t-il le risque de dégâts par le gel pour les cultures de climat tempéré ? XXVIIe Colloque de l[END_REF] 2003, 2004[START_REF] Nathalie | Agrophysiologie du pois protéagineux[END_REF][START_REF] Vocanson | Ex ante assement of varietal innovations in winter pea (Pisum sativum L.):Modelling approach at the plot and farm scales[END_REF], 2009[START_REF] Castel | Le réchauffement climatique diminue-t-il le risque de dégâts par le gel pour les cultures de climat tempéré ? XXVIIe Colloque de l[END_REF] Ecoclimatic Indicators 1990, 2001[START_REF] Holzkämper | Analyzing climate effects on agriculture in time and space[END_REF], 2012[START_REF] Nathalie | Agrophysiologie du pois protéagineux[END_REF] 

The objective of this study was to assess the climate risks for the pea crop, by using the new method of ecoclimatic indicators which are based on an examination of climatic variable
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APPENDIX 13: Pea yield in q/ha (UNIP/ARVALIS) and the global index of suitability between 2001 and 2014 GICS 1 S-E 0,39 1 E-FI 0,44 0,05 1 FI-BF 0,05 0,08 0,18 1 BF-BSF 0,16 -0,13 0,03 0,15 1 BSF-MP 0,76 -0,01 -0,02 -0,34 -0,02 1 S-E Watdef -0,18 -0,36 -0,2 -0,04 0,04 0,05 1 S-E Watex 0,15 0,34 0,09 0,06 -0,05 -0,03 -0,37 1 S-E Cold 0,37 0,93 0,04 0,08 -0,14 0 -0,27 0,03 1 S-E WaterD 0,09 0,26 0,04 -0,01 0,06 -0,04 -0,2 0,73 -0,1 1 E-FI Watdef -0,16 -0,12 -0,38 -0,13 0,07 0,06 0,16 -0,03 -0,16 0,11 1 E-FI Watex 0,33 -0,08 0,93 0,24 0,04 -0,07 -0,15 0,09 -0,11 0,06 -0,33 1 E-FI Cold 0,34 0,53 0,23 -0,1 -0,08 0,09 -0,31 -0,03 0,58 -0,09 -0,21 -0,06 1 E-FI WaterD 0,18 -0,19 0,43 -0,02 0,11 0,08 0,12 0,05 -0,23 0,07 -0,08 0,29 -0,14 1 FI-BF Watdef 0,02 0 -0,21 -0,34 -0,08 0,22 -0,02 0,12 -0,05 0,11 0,2 -0,26 0,06 0,04 1 FI-BF Watex 0,18 0,07 0,16 0,7 0,1 -0,09 -0,04 0,12 0,05 0,02 -0,09 0,2 -0,09 0,07 -0,22 1 FI-BF Cold -0,03 0,14 0,13 0,78 0,01 -0,36 -0,09 -0,01 0,17 -0,06 -0,17 0,14 0,09 -0,11 -0,28 0,19 1 FI-BF Heat 0,12 0,08 -0,09 -0,12 0,02 0,18 0,05 -0,03 0,09 -0,03 0,11 -0,12 0,06 -0,03 0,01 -0,04 -0,18 1 FI-BF Rad -0,05 -0,2 0,07 0,36 0,32 -0,16 0,14 0,01 -0,23 0,07 0,07 0,2 -0,41 0,08 -0,24 0,32 -0,12 0 1 FI-BF Frost -0,07 -0,02 -0,07 -0,28 -0,05 0,04 0,03 -0,02 -0,01 -0,01 0,02 -0,11 0,01 0,09 0,07 -0,2 -0,32 0,06 0,06 1 BF-BSF Watdef 0,08 -0,12 -0,12 -0,07 0,71 0,07 0,1 -0,05 -0,12 0,01 0,14 -0,14 -0,06 0,11 0 -0,01 -0,1 0,03 0,02 0,11 1 BF-BSF Watex 0,07 -0,06 0,13 0,08 0,37 -0,05 -0,08 0,03 -0,08 0,08 -0,03 0,16 -0,07 0,03 -0,02 0,04 0,05 -0,02 0,11 -0,19 -0,17 1 BF-BSF Frost 0,12 -0,06 0,2 0,32 0,42 -0,1 -0,01 0 -0,07 0,06 -0,1 0,24 -0,03 0,01 -0,11 0,2 0,15 -0,08 0,4 -0,18 -0,15 0,29 1 BF-BSF Heat 0,08 0,12 -0,1 -0,05 0,33 0,03 -0,04 -0,04 0,13 -0,01 0,09 -0,14 0,12 -0,07 -0,06 -0,03 -0,06 0,24 0 0,09 0,25 -0,07 -0,11 1 BF-BSF Rad -0,03 -0,01 0,06 0,21 -0,02 -0,1 0 -0,03 0 -0,03 -0,04 0,1 -0,09 0,02 -0,08 0,08 0,09 -0,02 0,35 0 -0,32 0,2 -0,01 0,01 1 BSF-PM Watdef 0,65 -0,13 -0,02 -0,27 0,01 0,9 0,12 -0,08 -0,11 -0,07 0,06 -0,06 0,02 0,11 0,21 -0,07 -0,28 0,09 -0,12 0,02 0,11 -0,06 -0,07 -0,04 -0,11 1 BSF-PM Heat 0,6 0,18 -0,01 -0,31 -0,05 0,72 -0,08 0,07 0,17 0,03 0,02 -0,07 0,17 -0,01 0,14 -0,07 -0,33 0,25 -0,15 0,04 -0,02 -0,01 -0,1 0,13 -0,05 0,36 1 The main objective of this study was to assess the current climate risk on the pea crop, by using the new method of ecoclimatic indicators based on phenological phases. Climate change regularly makes the news. Changes in the mean and variability of temperature can impact crop processes such as growth and development. The first objective of the study was to assess the beginning of flowering in pea. The second one was to selected ecoclimatic indicators characterizing climate risk for a pea crop. Observation of differences and similarities amongst the 20 regions, the 25 years and the three varieties could be made through statistical analysis. Ton conclude, the approach of ecoclimatic indicators to assess climate risk for pea promising but further work is needed to improve its suitability.

Résumé: L'objectif de mémoire de fin d'étude réalisé à l'INRA-Dijon était de caractériser le risqué climatique actuel de la culture du pois en France. Pour cela, la méthode récente d'indicateurs écoclimatiques a été adaptée au pois, et estimer le risqué climatique sur la croissance et le développement. La première a consisté à la simulation des dates de stades clés du cycle de développement du pois, dont la date de floraison. Ensuite, des indicateurs écoclimatiques spécifiques à la culture du pois ont été créés grâce une collaboration avec des chercheurs. Une analyse statistique de ces résultats a permis de mettre en avant des différences, mais aussi des limites à la démarche. Des perspectives ont été formulées à l'issue de ce stage afin de pouvoir améliorer cette méthode très prometteuse.
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