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Camelina [Camelina sativa (L.) Crantz] is an emerging oilseed crop combining both industrial and agronomic advantages. Camelina seed yield, oil and protein contents, and fattyacid composition, vary across genotypes, environments, and agricultural practices. However, no studies have been conducted to identify and rank major limiting factors explaining yield and quality variations under on-farm conditions. Camelina performance was measured on 39 experimental strips corresponding to five camelina crop management routes (grown as an intercrop or sole crop), implemented in nine farmers' fields across northern France in 2017 and 2018. The ranking of candidate limiting factors, defined a priori from scientific literature, was carried out using a model mixing method based on the Akaike Information Criterion.

Main limiting factors of camelina yield (ranging from 62 to 2585 kg ha -1 ) were nitrogen crop

Introduction

Camelina (Camelina sativa (L.) Crantz) is an oilseed crop increasingly studied due to its original seed composition and the diversity of its uses [START_REF] Chaturvedi | Camelina sativa: An Emerging Biofuel Crop[END_REF][START_REF] Righini | The bio-based economy can serve as the springboard for camelina and crambe to quit the limbo[END_REF]. Camelina is characterized by high contents of seed oil (between 30 and 40 %), polyunsaturated fatty acids (PUFA, higher than 50%), and mono-unsaturated fatty acids (MUFA, around 30 %) [START_REF] Belayneh | Extraction of omega-3-rich oil from Camelina sativa seed using supercritical carbon dioxide[END_REF]. Main fatty acids (FAs) are linolenic (C18:3, 28-50.3%), linoleic (C 18:2, 16-22.4%), oleic (C18:1, 14.9-18.8%), and ecosenoic (C20: 1, 11.6-17.5%) acids (Popa et al., 2017). As camelina seeds are also rich in protein, camelina seed meal contains up to 40 % crude protein, after oil extraction (Zubr, 2003a). Camelina has been widely investigated as feedstock for biofuels (biodiesel or renewable jet fuel) because of its oil properties [START_REF] Campbell | Camelina (Camelina sativa (L.) Crantz): agronomic potential in Mediterranean environments and diversity for biofuel and food uses[END_REF][START_REF] Mohammad | Production of Multiple Biofuels from Whole Camelina Material: A Renewable Energy Crop[END_REF]Mohammed et al., 2017b;[START_REF] Neupane | Nitrogen source and rate effects on grain and potential biodiesel production of camelina in the semiarid environment of northern Nevada[END_REF][START_REF] Tabatabaie | A regional scale modeling framework combining biogeochemical model with life cycle and economic analysis for integrated assessment of cropping systems[END_REF]. However, there are several other uses reported for camelina oil, meal, or specific compounds, such as human food, feed, or chemical derivatives [START_REF] Berti | Camelina uses, genetics, genomics, production, and management[END_REF][START_REF] Waraich | Camelina sativa", a climate proof crop, has high nutritive value and multiple-uses: A review[END_REF]. Therefore, camelina can be considered as a flex crop, i.e. a crop with multiple uses (food, feed, fuel, fibre, and industrial materials), which allows farmers to adapt themselves to market opportunities [START_REF] Borras | The rise of flex crops and commodities: implications for research[END_REF]. For instance, camelina oil has been identified as a possible source of polyols and consequently, as an alternative to castor oil, widely used in commercial applications [START_REF] Omonov | Camelina ( Camelina Sativa ) oil polyols as an alternative to Castor oil[END_REF].

Moreover, camelina meal can either be used in fish diet [START_REF] Yildiz | The effects of fish oil replacement by vegetable oils on growth performance and fatty acid profile of rainbow trout: Re-feeding with fish oil finishing diet improved the fatty acid composition[END_REF] or as raw material for bio-adhesive production [START_REF] Zhu | Bio-Based Wood Adhesive from Camelina Protein (a Biodiesel Residue) and Depolymerized Lignin with Improved Water Resistance[END_REF].

Besides its wide range of potential uses, camelina has many agronomic advantages [START_REF] Berti | Camelina uses, genetics, genomics, production, and management[END_REF][START_REF] Putnam | Camelina: a promising low-input oilseed[END_REF][START_REF] Vollmann | Improvement of Camelina sativa, an underexploited oilseed[END_REF]. Camelina is a short lifecycle crop with low water and nutrient requirements, and has shown tolerance to some common pests and diseases of the Brassicaceae family [START_REF] Hunsaker | Water use, crop coefficients, and irrigation management criteria for camelina production in arid regions[END_REF]Mohammed et al., 2017a;[START_REF] Séguin-Swartz | Diseases of Camelina Sativa (false flax)[END_REF][START_REF] Soroka | Present and Potential Impacts of Insects on Camelina and Crambe[END_REF]. Consequently, camelina has been grown successfully in diverse environments across the world with reported seed yields ranging from 400 to 3300 kg ha -1 [START_REF] Berti | Camelina uses, genetics, genomics, production, and management[END_REF]. Hence, camelina, as a crop suited to low-input managements and marginal lands, and with multiple uses, is clearly a good candidate to address several current environmental and production challenges of agriculture [START_REF] Murphy | Camelina (Camelina sativa)[END_REF][START_REF] Sindelar | Winter oilseed production for biofuel in the US Corn Belt: opportunities and limitations[END_REF][START_REF] Zanetti | Challenges and opportunities for new industrial oilseed crops in EU-27: A review[END_REF].

Camelina seed yield, oil and protein contents, and FAs composition have been shown to vary across genotypes [START_REF] Gesch | Influence of genotype and sowing date on camelina growth and yield in the north central US[END_REF] and environments, i.e. climatic and soil conditions [START_REF] Vollmann | Agronomic evaluation of camelina genotypes selected for seed quality characteristics[END_REF]Zubr, 2003a;[START_REF] Zubr | Effects of growth conditions on fatty acids and tocopherols in Camelina sativa oil[END_REF]. Other studies showed that all these agronomic traits are affected by the interaction of genotype with environment [START_REF] Obour | Camelina Seed Yield and Fatty Acids as Influenced by Genotype and Environment[END_REF][START_REF] Zanetti | Agronomic performance and seed quality attributes of Camelina ( Camelina sativa L. crantz) in multi-environment trials across Europe and Canada[END_REF]. Camelina performance is also affected by several agricultural practices such as sowing date or rate [START_REF] Berti | Seeding date influence on camelina seed yield, yield components, and oil content in Chile[END_REF][START_REF] Gesch | Sowing date and tillage effects on fall-seeded camelina in the northern corn belt[END_REF][START_REF] Urbaniak | The effect of seeding rate, seeding date and seeder type on the performance of Camelina sativa L. in the Maritime Provinces of Canada[END_REF], irrigation [START_REF] Hunsaker | Camelina water use and seed yield response to irrigation scheduling in an arid environment[END_REF], nitrogen and sulphur fertilisation (Jiang et al., 2016[START_REF] Jiang | Camelina yield and quality response to combined nitrogen and sulfur[END_REF][START_REF] Wysocki | Camelina: seed yield response to applied nitrogen and sulfur[END_REF], and harvest time [START_REF] Walia | Winter camelina seed yield and quality responses to harvest time[END_REF]. However, no studies have been conducted to understand camelina performances variability in on-farm experiments, which could provide useful information to improve management practices [START_REF] Meynard | L'évaluation et la conception de systèmes de culture pour une agriculture durable[END_REF]. Initially developed to understand the variations in crop yield on a regional scale [START_REF] Doré | A diagnostic method for assessing regional variations in crop yield[END_REF]), the regional agronomic diagnosis has been enlarged to include crop quality factors and to be applied to on-farm experimental network [START_REF] Casagrande | Factors limiting the grain protein content of organic winter wheat in south-eastern France: a mixed-model approach[END_REF][START_REF] Dejoux | Evaluation of environmentally-friendly crop management systems based on very early sowing dates for winter oilseed rape in France[END_REF][START_REF] Doré | Methodological progress in on-farm regional agronomic diagnosis[END_REF]. In practice, the agronomic diagnosis aims to identify and rank major limiting factors of the crop performance and to understand the impact of the agronomic practices on these limiting factors, thus making it possible to modify them to improve performance (Loyce and Wery, 2006).

The objectives of this study were: (i) to describe the variability of camelina seed yield and composition (oil, protein and FAs) across a multi-environment on-farm experimental network in northern France, and (ii) to identify and rank the major causes of this variability, mobilising 92 the methodological framework of the agronomic diagnosis. 93

Materials and methods

The on-farm experimental network

The experimental network corresponded to five camelina crop management routes, tested in several farmers' fields in 2017 and 2018. Fields were located within an area of 1000 km 2 in northern France (Oise department), ranging from 49.4 to 49.7°N latitude, and 2.86 to 3.13°E longitude, and covered the three main soil types of the region (deep loamy, moderately deep sandy, and shallow calcareous soils, previously described in [START_REF] Leclère | Controlling weeds in camelina with innovative herbicide-free crop management routes across various environments[END_REF]). The area was characterized by an oceanic climate with mean annual temperature and cumulative rainfall respectively equal to 11 °C and 681 mm over the 1981-2010 period. To mimic onfarm conditions, we used an experimental design in strips without replicates, comprised of thirty-nine experimental strips of 2500 m 2 each and spread into 9 environments (Table 1).

The two crop management routes SD and DD corresponded to camelina in pure stand, sown at 4 and 8 kg ha -1 respectively. The three others corresponded to camelina (sown at 4 kg ha -1 ) intercropped with spring pea (Pisum sativum L.) sown at a half of the advised rate for sole crop (CP), or with spring barley (Hordeum vulgare L.) sown at a half (CB_50), or at a quarter (CB_25) of the advised rate for sole crop (Table 1). The variety used for camelina was Calena. A pre-emergence herbicide (Novall®: 400 g.l -1 metazachlor + 100 g.l -1 quinmerac) was applied on the SD crop management route only. Based on the balance sheet method, which determines the N rate to be applied, by comparing soil nitrogen supply to the crop's nitrogen requirements during the growing season [START_REF] Meynard | Fertilisation azotée des cultures annuelles de plein champs[END_REF], the experiments did not receive any N fertilisation; nor did they receive irrigation, fungicides, or insecticides, linked to camelina hardiness. The previous crop was winter wheat for all sites, except for Mortemer in 2017 for which previous crop was linseed. Trials were sown by the farmers on the 16 th of March in 2017 and on the 23 rd of March in 2018, using traditional seed drill (row spacing: 15 cm). For intercrops, a cross seedling was performed, with barley or pea rows sown perpendicular to the direction in which camelina had been sown (sowing depth: 1cm for camelina, 2-3cm for barley and pea). For both years, trials were harvested on the 17 th of July, date at which all the crops (camelina, pea and barley) had reached maturity 2.2. Data collection Six plots of 0.5 m 2 were randomly sampled all along each strip at camelina flowering and maturity stages (respectively stages 65 and 85 on the BBCH scale; [START_REF] Martinelli | Phenological growth stages of Camelina sativa according to the extended BBCH scale[END_REF]. At both dates, the aerial dry biomass (g m -2 ) of each species (weeds, camelina, pea, and barley) was measured by weighing the samples after a period of 48h of drying at 80°C. At maturity stage, camelina, pea, and barley samples were threshed, and seeds were weighed to measure the yield of each species (pYield, kg ha -1 ). Sub-samples of all grown species were sent to analysis to determine nitrogen concentration (%) in the whole plants at flowering and in seeds and straws separately at maturity.

Based on these measurements, we calculated the amount of soil-derived nitrogen absorbed by the crops grown in mixture with camelina (NDFS for Nitrogen Derived From Soil, KgN ha -1 ) using the following equations:

(1) = ℎ * ! " " ! ! % (2) $ = % ℎ * ! " " ! ! % & -()*
where ()* is the amount of nitrogen resulting from the symbiotic N2 fixation (KgN ha -1 ) and estimated using the relation established by Naudin et al. (2011) based on different pea intercropping experiments (R 2 = 0.86):

()* = 0.0215 × 1 ℎ -0.6986
Camelina crude seed protein content (%) was calculated by multiplying nitrogen concentration in camelina seeds by 6.25 (ISO 16634-2:2016, https://www.iso.org). Subsamples of camelina seeds were also used to measure oil content (%) and to determine the fatty acids (FA) profile, using solvent extraction method and gas chromatography [START_REF] Puttick | Overexpression of a FAD3 desaturase increases synthesis of a polymethylene-interrupted dienoic fatty acid in seeds of Arabidopsis thaliana L[END_REF]. Based on this analysis, the content of each group of FA (PUFA, MUFA and SFA respectively poly, mono-unsaturated FA, and saturated FA) was calculated (%). At maturity, on each strip, three sub-plots of 60 m 2 in which no plants had been previously collected, were mechanically harvested with an experimental combine harvester to measure, after manual separation of the grains of each species, using a sieve, the mechanical yield of camelina (mYield, kg ha -1 ) corresponding to the yield that could be obtained under on-farm conditions.

Eight soil cores (0 to 90 cm depth) were collected on each strip prior to sowing, on February, 22 nd in 2017 and March, 5 th in 2018. Each core was cut into three layers (0-30, 30-60 and 60-90 cm), and soil inorganic nitrogen (kgN ha -1 ) was measured for each layer. The total soil inorganic nitrogen prior sowing (0-60cm) was obtained by summing the results of the two first layers. In addition, soil analyses were performed to determine particle size and chemical composition (pH, CaCO3, available P and K, total nitrogen and carbon, and organic matter).

Based on these measurements, the amount of inorganic nitrogen available for crops from sowing to camelina flowering (NSOIL, kgN ha -1 ) was estimated as follows:

567 = 8 ! + :ℎ + : + : ;< where 8 ! is the total soil inorganic nitrogen measured prior sowing (0-60cm), :ℎ the amount of nitrogen derived from the mineralisation of humus (kgN ha -1 ), : is the amount of nitrogen derived from the mineralisation of the previous crop residues, and : ;< is the amount of nitrogen derived from the mineralisation of the cover crop residues, calculated using the COMIFER equations [START_REF] Comifer | Calcul de la fertilization azote. Guide méthodologique pour l'établissement des prescriptions locales[END_REF].

Finally, for each site, local daily weather data, i.e. minimal, maximal, and mean temperatures (Tmin, Tmax, and Tmean, °C), rainfall (RR, mm), and evapotranspiration (ETP, mm), were extracted from a database of Meteo France (https://donneespubliques.meteofrance.fr/). Soil characteristics and weather data for the 9 site-year combinations are summarised in Table 2.

Indicators for limiting factors

Based on scientific literature and field observations, candidate indicators explaining the variability of camelina performance were defined a priori. Yield was assumed to be impacted by nitrogen, water, downy mildew, and hail, whereas oil and protein contents were assumed to be affected by nitrogen, water, downy mildew, and grain filling duration, and PUFA and MUFA contents by nitrogen, water, grain filling duration, and high temperatures [START_REF] Cappelli | Development of a process-based simulation model of camelina seed and oil production: A case study in Northern Italy[END_REF][START_REF] Hergert | Irrigation response and water productivity of deficit to fully irrigated spring camelina[END_REF][START_REF] Jiang | Camelina yield and quality response to combined nitrogen and sulfur[END_REF][START_REF] Vollmann | Variation in Resistance of Camelina (Camelina sativa [L.] Crtz.) to Downy Mildew (Peronospora camelinae Gaum.)[END_REF][START_REF] Zubr | Effects of growth conditions on fatty acids and tocopherols in Camelina sativa oil[END_REF].

Indicator for nitrogen crop status

The Nitrogen Nutrition Index (NNI) has been identified as a reference indicator of the crop nitrogen status [START_REF] Lemaire | Use of the Nitrogen Nutrition Index for the Analysis of Agronomical Data[END_REF]. It corresponds to the ratio between the measured nitrogen concentration and the critical nitrogen concentration, estimated with the crop biomass and the critical curve of the species considered [START_REF] Sadras | Quantifying crop nitrogen status for comparisons of agronomic practices and genotypes[END_REF].

NNI values over 1 indicate a non-limiting crop nitrogen status, while NNI values below 1 indicate that growth is limited by N supply. The lower the NNI value, the higher the nitrogen stress. As no critical nitrogen curve for camelina has been established yet, the NNI for camelina was calculated using the critical dilution curve of oilseed rape [START_REF] Colnenne | Determination of a Critical Nitrogen Dilution Curve for Winter Oilseed Rape[END_REF],

which is a species close to camelina [START_REF] Cappelli | Development of a process-based simulation model of camelina seed and oil production: A case study in Northern Italy[END_REF]. NNI was calculated at flowering stage.

Indicator for water stress

The indicator for water stress (WS) was calculated from a dynamic water balance between the sowing date and the harvest date. WS equals to 1 indicates that no water stress occurred during the period considered. When WS is lower than 1, the lower the WS value, the higher the water stress.

WS was estimated over the entire growing period for yield, and over the grain filling period for seed quality. WS corresponded to the average between sowing date (or flowering stage)

and harvest date of a daily stress coefficient (Ks (d), dimensionless) calculated as follows [START_REF] Itier | Measurement and Estimation of Evapotranspiration[END_REF]:
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where ?@ D * is the maximal soil water content (mm), i.e. the soil water content at field capacity, estimated for each location with a pedotransfer function (Bruand et al. 2004), and ?@ -1 is the soil water content on day d-1 (mm).

The daily soil water content (SWC, mm) was calculated using the following equation:

?@ = ?@ -1 + N -O8N
where ?@ is the soil water content (mm) on the day d, N is the amount of rainfall on day d (mm), and O8N is the actual evapotranspiration on day d (mm) and calculated by:

O8N = = P =" P O8Q
where O8Q is the potential evapotranspiration on day d (mm) obtained with weather data, and =" is a cultural crop coefficient (dimensionless) depending on crop development. For the intercrops, =" was estimated by weighting the cultural crop coefficient of each species with its relative importance in the total biomass of the mixture calculated at flowering stage and harvest date (Table 3). Kc values for pea and barley were those proposed by the FAO [START_REF] Allen | Crop evapotranspiration-Guidelines for computing crop water requirements-FAO Irrigation and drainage paper 56[END_REF], and were extracted from [START_REF] George | Measurement and simulation of water-use by canola and camelina under cool-season conditions in California[END_REF] for camelina (Table 3).

At sowing, the soil water content was assumed to be equal to the maximal soil water content, as no water deficit was noticed during the winter.

Indicators for yield loss due to mildew and hail

In 2018, symptoms of downy mildew (caused by Peronospora camelinae) were observed on camelina (Figure 1a). The incidence and severity of this disease at harvest (MILDEW, %)

were assessed by calculating the ratio between the number of diseased pods and the total number of pods on ten plants for each replicate, and then by averaging them for each strip.

On the 12 th of July 2017, a hailstorm occurred on the three sites located in the south of the area. This climatic incident caused an opening of pods (Figure 1b). Similarly to downy mildew, an indicator to assess the pod opening due to hailstorm (HAIL, %) was thus used: the ratio between the opened pods and the total number of pods on ten plants for each replicate was calculated, and then averaged for each strip.

Indicator for grain filling duration

Cumulative Growing Degree Days (CGDD) of the grain filling period were calculated for each site-by-year combination as follows:

@R = ∑ R T U T V ( WX )UY Z[ Y > R T ≥ 0 \ !ℎ R T = ]D)U ^_]D * ^-8 a Z
where n is the harvest date, R T is the growing degree days of the day d, 8 T is the minimal temperature of the day d (°C), 8 P T is the maximal temperature of the day d (°C), and 8 a Z is the base temperature for camelina, i.e. 5 °C [START_REF] Gesch | Influence of genotype and sowing date on camelina growth and yield in the north central US[END_REF].

Indicator for high temperature stress

High temperatures, greater than 25°C, have been reported to affect camelina seed FA composition [START_REF] Rodríguez-Rodríguez | Characterization of the morphological changes and fatty acid profile of developing Camelina sativa seeds[END_REF][START_REF] Zubr | Effects of growth conditions on fatty acids and tocopherols in Camelina sativa oil[END_REF]. This possible thermal stress was assessed by the number of days between flowering and harvest with maximal temperatures higher than 25 °C, as proposed for the indicator of winter wheat [START_REF] Brancourt-Hulmel | A Diagnosis of Yield-Limiting Factors on Probe Genotypes for Characterizing Environments in Winter Wheat Trials[END_REF][START_REF] Lecomte | L'évaluation expérimentale des innovations variétales. Proposition d'outils d'analyse de l'interaction génotype -milieu adaptés à la diversité des besoins et des contraintes des acteurs de la filière semences[END_REF].

Data analysis

Data were analysed through a three-step approach adapted from the on-farm regional agronomic diagnosis [START_REF] Doré | A diagnostic method for assessing regional variations in crop yield[END_REF][START_REF] Doré | Methodological progress in on-farm regional agronomic diagnosis[END_REF]. All the statistical analyses were run with the R software (version 3.5.1.).

Step 1

The variability of seven variables of interest (camelina yield and seed oil, protein, PUFA, MUFA, linolenic (ALA), and linoleic (LA) contents) across the experimental network was described. The two-by-two relationships between these variables were studied using linear regression models.

Step 2

Candidate indicators of each variable of interest (see 2.3.) were ranked using an AIC-based model mixing method (Burnham and Anderson, 2002) to identify major limiting factors, as it has been previously proposed to analyse wheat grain protein content and Miscanthus x giganteus yield variability [START_REF] Casagrande | Factors limiting the grain protein content of organic winter wheat in south-eastern France: a mixed-model approach[END_REF][START_REF] Lesur-Dumoulin | Analysis of young Miscanthus × giganteus yield variability: a survey of farmers' fields in east central France[END_REF]. The package MMIX (Morfin and Makowski, 2009) was used. More precisely, the principle of the AIC-based model mixing method is as follows:

(1) First, each variable of interest is related to candidate explanatory variables (limiting factors) using a linear regression model.

(2) Then, all the possible linear combinations of the explanatory variables are fitted and both the Akaike Information Criterion (AIC) value [START_REF] Akaike | A new look at the statistical model identification[END_REF] (3) Finally, the relative importance value of each explanatory variable (w+(x)) is estimated by summing the Akaike weights of all the models tested in which the variable x occurred. The higher the w+(x) value, the higher the importance of the variable x, meaning that the variable x has a high probability to be in the best model.

In addition, bootstrapping was used to assess the stability of the model mixing method used regarding the dataset [START_REF] Prost | Comparison of stepwise selection and Bayesian model averaging for yield gap analysis[END_REF]. To do so, the bootFreq function of the package MMIX was used. A total of 1000 bootstraps were generated from the initial dataset by sampling data with replacement [START_REF] Efron | An Introduction to the Bootstrap[END_REF], and the AIC-based model mixing method was applied for each bootstrap sample. As a result, for each explanatory variable, four values were computed: the frequency of selection across the bootstrap samples, the mean value of the parameter across the bootstrap samples, the standard deviation of the estimated parameter value across the bootstrap samples, and the mean value of the variable weights.

Step 3

When it was relevant, the effects of environmental conditions and crop management routes on major limiting factors identified in the previous step were analysed using multiple regression models. More precisely, for each major limiting factor, possible effects of environmental conditions or crop management routes were expressed through quantitative variables in order to be tested statistically. For instance, based on literature and field observations, incidence and severity of downy mildew infection at harvest were assumed to be affected by weather conditions and especially cumulative rainfall and mean air temperatures [START_REF] Desai | Brassica juncea powdery mildew epidemiology and weatherbased forecasting models for India -a case study[END_REF][START_REF] Vellios | POWDERY MILDEW (ERYSIPHE CRUCIFERARUM) INFECTION ON CAMELINA (CAMELINA SATIVA) UNDER MEDITERRANEAN CONDITIONS AND THE ROLE OF WILD MUSTARD[END_REF], but also by the amount of (i) camelina biomass (as indicator for the dispersion potential of the disease, [START_REF] Fitt | Dispersal of foliar plant pathogens: mechanisms, gradients and spatial patterns[END_REF], (ii) intercrop species biomass (as indicator for blocking effect, [START_REF] Boudreau | Diseases in Intercropping Systems[END_REF], and (iii) weeds biomass (as an indicator of the development of the vegetative cover, [START_REF] Wisler | Interactions between weeds and cultivated plants as related to management of plant pathogens[END_REF].

Results

Camelina performance across the experimental network

Camelina yield from experimental plots (pYield) varied from 62 to 2585 kg ha -1 with higher yields in 2017 than in 2018, and the lowest yields for the CB_50 and CB_25 crop management routes (Figure 2). For the intercrops, pea yield (also from experimental plots) varied from 449 to 2153 kg ha -1 , and barley yield from 753 to 5310 kg ha -1 , with higher yields for the CB_50 than for the CB_25 (Figure 2). Camelina mechanical yield (mYield) varied from 77 to 2080 kg ha -1 and was highly related to pYield (p <0.001, R 2 =0.94) (data not shown). As a result, all the analyses were run on pYield (named as camelina yield hereafter).

No significant correlation was found between camelina yield and oil or protein content (Figure 3a). However, camelina yield was slightly positively correlated to MUFA (R 2 =0.11, p < 0.05) (Table 4).

Oil and protein contents reached average values of 41.7 and 24.1% respectively, and ranged from 36.6 to 46.5%, and from 20.9 to 28.1% respectively. A significant negative correlation was found between these two variables (R 2 =0.44, p < 0.001) (Figure 3b). Protein content was also slightly negatively correlated to MUFA and LA contents, and positively correlated to PUFA and ALA contents (Table 4).

PUFA and MUFA contents respectively varied from 52.1 to 58.5 % (mean = 55.8 %), and from 31.6 to 37.9 % (mean = 34.3 %). A strong negative correlation between PUFA and MUFA contents was found (p<0.001, R 2 =0.98) (Table 4). In 2017, camelina oil was characterised by a high content in MUFA and a low content in PUFA, and conversely in 2018 (Figure 3c).

Finally, ALA content varied from 30.9 to 37.8 % and was negatively correlated to LA content (Figure 3d). This negative correlation thus explained the positive correlation between PUFA and ALA, and the negative one between PUFA and LA (Table 4).

Based on these relationships, the AIC-based model mixing method was run for camelina yield, oil content, PUFA content, and ALA content in order to identify their major limiting factors.

Major limiting factors of camelina yield and seed quality

Overall, the ranks of the limiting factors were preserved after bootstrap (Table 5), and the frequency of selection across the bootstrap samples of all the limiting factors was equal to 1, meaning that the results of the analyses were quite stable regarding the dataset. Major limiting factors, i.e. with a relative importance value equal or close to 1, differed from one variable to another (Table 5).

For yield, limiting factors with the higher probability to be in the best model were nitrogen status at flowering (NNI) and pod loss due to mildew (MILDEW), with relative importance values equal to 1 before and after bootstrap (Table 5). Both factors had significant effect on yield (p-values <0.001), and together explained 69% of the yield variability observed. NNI varied from 0.27 to 0.79 and was positively related to yield (Figure 4). The higher NNI values were observed for the crop management route SD, and the lower ones for the camelina-barley intercrops (CB_50 or CB_25) (Figure 4). In 2018, mildew significantly reduced yield with a percentage of diseased pods ranging from 6 to 98% depending on site and crop management route (Figure 4). In the present study, neither water stress during the entire growing period, nor pod loss due to hail were identified as major limiting factors explaining yield variations.

Both factors had indeed a low probability to be in the best model (Table 5), and no significant effect on yield.

For oil content, both mildew and cumulative growing degree-days during the grain filling period were identified as factors with high probability to be in the best model (w+= 0.82 and w+= 0.7 after bootstrap respectively) (Table 5). Both factors had significant effects on oil content (p<0.001 and p = 3.31×10 -2 respectively), but they only explained 21% of the variability observed. Overall, oil content slightly increased with longer grain filling period but decreased in 2018 because of downy mildew (Table 5). Neither nitrogen status nor water stress during the grain filling period were identified as major limiting factors for oil content, as their relative importance values were around 0.5 (Table 5).

The same limiting factors were observed for both PUFA and ALA contents (Table 5). Both variables were mainly affected by cumulative growing degree-days during grain filling, high temperatures, and in a less extend by water stress. More precisely, 88% of the PUFA content variability was explained with these three variables (p<0.001 for the three factors) and 80% for the ALA content (p<0.001 for CGDD and HIGH TEMPERATURES, and p= 0.03 for WATER STRESS). PUFA and ALA contents were positively correlated to CGDD during grain filling period, thus explaining the difference between 2017 and 2018 previously described (Table 5, Figure 5). However, a high number of days with maximal temperature above 25 °C appeared to significantly reduce PUFA and ALA contents (Figure 5). Finally, on average, higher PUFA and ALA contents were observed in situations with water stress indicator equal to 1, i.e. without water stress (data not shown).

Effects of environmental conditions and crop management routes on major limiting factors

Among the candidate limiting factors, four of them, namely nitrogen crop status (NNI), downy mildew, duration of grain filling period (CGDD), and high temperatures, appeared to impact significantly camelina seed yield and/or quality across the on-farm experimental network. As CGDD and high temperatures were indicators directly dealing with climatic conditions, they were not investigated further.

As no nitrogen fertilisation was applied, NNI at flowering stage was assumed to be affected by (i) the amount of available inorganic nitrogen in the soil (NSOIL, kgN ha -1 , defined in the section 2.2), (ii) the amount of nitrogen uptake by the other species (barley, pea and/or weeds) at flowering stage, and (iii) water stress between sowing and flowering. For barley and pea, the amount of nitrogen uptake corresponded to NDFS (KgN ha -1 , defined in the section 2.2.).

For weeds, total weed biomass at flowering (varying from 1 to 272 g m -2 depending on the crop management routes, the experimental site and the year) was used as an indicator because we did not measure nitrogen concentration in weeds. The four-factor regression model tested (R 2 =0.57, Table 6) showed that NNI was significantly correlated with N uptake of the crops grown with camelina, the quantity of available inorganic nitrogen in the soil, and water stress.

No significant effect of weed biomass was found (Table 6). More precisely, NDFS ranged from 5 to 80 kg N ha -1 , and was negatively correlated to NNI (Figure 6). Intercrop with pea resulted in higher camelina NNI than intercrop with barley because of lower amount of soilderived nitrogen absorbed by pea than barley, resulting from the symbiotic N2 fixation.

Conversely, lower NNI were observed for camelina-barley intercrop due to the high amount of nitrogen uptake by barley, except when the quantity of available inorganic nitrogen in the soil was high (Figure 6). NNI was positively correlated to NSOIL and to the indicator of water stress (Table 6) meaning that high amount of nitrogen in soil and no water stress (WATER STRESS = 1) induced higher NNI.

Incidence and severity of downy mildew infection at harvest date appeared to be significantly affected by weather conditions before flowering and by weed biomass at flowering. More precisely, the percentage of diseased pods was positively correlated to cumulative rainfall between sowing and flowering and weed biomass, both explaining together 74 % of the variability observed. Drier weather conditions in 2017 (79 mm (±10) of cumulated rainfall between sowing and flowering on average over the five locations) than in 2018 (140 mm (±19) on average over the four locations) thus explained the absence of disease in 2017. In addition, no significant effect of camelina or intercrop species biomass was found (data not shown). Finally, in 2018, early abundance of weeds induced higher level of diseased pods.

Discussion

Camelina performance variability as an opportunity to develop flexible and adaptive value-chains

The range observed for camelina yields in our network was consistent with previous values reported for the variety Calena except for the low-yielding camelina-barley intercrops. Urbaniak et al. (2008b) found Calena to reach yields between 906 and 2568 kg ha -1 in a multienvironment trial in Canada. Without considering CB_50 and CB_25 crop management routes, camelina yield varied from 270 to 2585 kg ha -1 , which is close to the range of yields reviewed in [START_REF] Berti | Camelina uses, genetics, genomics, production, and management[END_REF] across seven different countries (400 to 3300 kg ha -1 ). Thus, our on-farm network was successful in exploring some variability, which is useful, in a scientific perspective, to perform an agronomic diagnosis, and then help farmers to reduce this variability by understanding major causes [START_REF] Doré | A diagnostic method for assessing regional variations in crop yield[END_REF]Loyce and Wery, 2006).

Seed quality was also consistent with previous data. [START_REF] Zanetti | Agronomic performance and seed quality attributes of Camelina ( Camelina sativa L. crantz) in multi-environment trials across Europe and Canada[END_REF] obtained a mean oil content of 41.8 % in a multi-year-location-variety study across Europe and Canada, which is quite similar to the average value we observed in our study (41.7%). In several studies comparing various genotypes, negative genetic correlations between oil and protein contents had been previously observed [START_REF] Gugel | Agronomic and seed quality evaluation of Camelina sativa in western Canada[END_REF][START_REF] Zanetti | Agronomic performance and seed quality attributes of Camelina ( Camelina sativa L. crantz) in multi-environment trials across Europe and Canada[END_REF] and explained by the competition for carbon and energy during the biosynthesis of fatty acids and amino acids [START_REF] Gehringer | Genetic mapping of agronomic traits in false flax (Camelina sativa subsp. sativa)[END_REF]. Here, considering only one genotype, we observed a negative phenotypic correlation, even if the coefficient of correlation was lower than for the genetic correlations in the other studies (respectively r=-0.91 and r=-0.84), suggesting an impact of the environmental conditions on this relation as mentioned by Zubr (2003b). Finally, the negative relationships between PUFA and MUFA, or ALA and LA, observed in our study, have been shown to be the consequence of the relative order of the biosynthesis of the fattyacids in the developing seeds [START_REF] Obour | Camelina Seed Yield and Fatty Acids as Influenced by Genotype and Environment[END_REF][START_REF] Voelker | Variations in the Biosynthesis of Seed-Storage Lipids[END_REF].

For years, the strategy adopted by the advisors and collectors was to standardize yield and seed quality, in a given supply area, through the use of inputs. But today, the emergence of diversifying flex-crops, with multiple uses, within a context of climate change leading to an increased inter-annual variability, suggests the implementation of a "sustainable commercialisation", defined by [START_REF] Jordan | Sustainable commercialization of new crops for the agricultural bioeconomy[END_REF] as a "coordinated innovation process that integrates a new crop into the agriculture of a region, while intentionally addressing economic, environmental and social sustainability challenges via multi-stakeholder governance". In our case study, although contrasting performance was observed between 2017 and 2018, both situations were suitable for a commercial valorisation. Indeed, high level of production combined with oil characterised by a low PUFA/MUFA ratio, i.e. with good properties for industrial uses [START_REF] Rodríguez-Rodríguez | Characterization of the morphological changes and fatty acid profile of developing Camelina sativa seeds[END_REF], as in 2017, could be considered to satisfactorily supply an industrial outlet (chemicals or biofuels). On the contrary, low yield but combined with oil rich in omega 3 (ALA), i.e. with high nutritional value [START_REF] Waraich | Camelina sativa", a climate proof crop, has high nutritive value and multiple-uses: A review[END_REF], as in 2018, would be more adapted to a high-value market (human food or family pet feed). Therefore, in this perspective of "sustainable commercialisation", this inter-annual variability of camelina performances in northern France would argue for the development of a flexible local value-chain in which the uses of camelina would be adapted each year regarding yield and seed quality (Parada et al., 2018). Such kind of coupled innovations [START_REF] Meynard | Designing coupled innovations for the sustainability transition of agrifood systems[END_REF], will probably require the design of early indicators useful for industrialists to predict, from field measurements, camelina seed quality, and thus future uses, as it has been proposed for the management of the harvest of malting barley at the supplying area scale (Le Bail, 1997).

Contribution of the agronomic diagnosis to include camelina in cropping systems of northern France

Camelina yield has been shown to respond to nitrogen up to 200 kg ha -1 (Jiang and Caldwell, 2016;[START_REF] Solis | Camelina seed yield response to nitrogen, sulfur, and phosphorus fertilizer in South Central Chile[END_REF]. In our study, without nitrogen fertilisation, yield varied with nitrogen crop status (NNI), which variations were explained by the amount of inorganic nitrogen available in the soil, as previously reported by [START_REF] Wysocki | Camelina: seed yield response to applied nitrogen and sulfur[END_REF]. Soils in the area of the present study are known to have different capacities in mineral nitrogen supply related to their physico-chemical composition and depth [START_REF] Begon | Les sols du département de l'Oise. CNRA[END_REF]. In addition, several studies have shown the impact of legume, whether cash or cover crop, on the inorganic nitrogen availability for the following crop [START_REF] Coombs | Legume cover crop management on nitrogen dynamics and yield in grain corn systems[END_REF][START_REF] Li | Effects of contrasting catch crops on nitrogen availability and nitrous oxide emissions in an organic cropping system[END_REF][START_REF] Reckling | A cropping system assessment framework-Evaluating effects of introducing legumes into crop rotations[END_REF][START_REF] Stagnari | Multiple benefits of legumes for agriculture sustainability: an overview[END_REF]. Therefore, the choice of both soil type and previous crop or cover crop should be considered to introduce camelina in cropping systems, and design low-input management of camelina with satisfying quantitative and qualitative performance.

Our results confirmed the impact of temperatures on camelina seed quality, thus explaining seed quality variations observed across locations, as already mentioned in previous studies [START_REF] Berti | Seeding date influence on camelina seed yield, yield components, and oil content in Chile[END_REF][START_REF] Vollmann | Agronomic evaluation of camelina genotypes selected for seed quality characteristics[END_REF]. Here, we specifically showed a significant effect of the number of days with maximal temperature above 25°C on ALA content. With the current climate change, the frequency of periods of heat may widely increase (IPCC, 2018). For instance, in the study area, the number of years, for which there were more than 20 days at a maximal temperature above 25°C during grain filling period, increased from 2 to 5 respectively between the decades of 1996-2005 and 2006-2015 (long term weather data extracted from the on-line platform CLIMATIK for the Estrées-Mons meteorological station, 49.875°N -3.031°E). In their recent study, [START_REF] Righini | Shifting sowing of camelina from spring to autumn enhances the oil quality for biobased applications in response to temperature and seed carbon stock[END_REF] suggested that shifting camelina sowing from spring to autumn in Italy could be a way to enhance oil quality. In a context of climate change, delaying camelina sowing during the autumn or summer could be an efficient way to avoid these periods of heat occurring in the late spring. More widely, diversifying the way of introducing camelina (as spring, summer, or winter crop) in cropping systems could also contribute to increase the resilience of the developing camelina valuechain [START_REF] Lin | Resilience in Agriculture through Crop Diversification: Adaptive Management for Environmental Change[END_REF]. Indeed, growing camelina as second crop in France has been shown to reach satisfactory yields (between 600 to 2500 kg ha -1 ) to sustainably supply a local biorefinery [START_REF] Leclère | Growing camelina as a second crop in France: A participatory design approach to produce actionable knowledge[END_REF]. However, further research would be needed to assess the impact of delayed sowing on camelina seed quality, and more widely on the major limiting factors identified in this study for such management conditions. For instance, performance of genotypes known to have higher mildew resistance than Calena [START_REF] Vollmann | Variation in Resistance of Camelina (Camelina sativa [L.] Crtz.) to Downy Mildew (Peronospora camelinae Gaum.)[END_REF] should be investigated, as downy mildew has been shown to be a major limiting factor of camelina yield and oil content, and as it was impacted by weather conditions [START_REF] Gesch | Influence of genotype and sowing date on camelina growth and yield in the north central US[END_REF][START_REF] Schillinger | Camelina: planting date and method effects on stand establishment and seed yield[END_REF].

Contribution of the agronomic diagnosis to design camelina crop management routes suited to northern France

The agronomic diagnosis is a key step to re-design crop management routes because it contributes to identify problems and thus potential levers to overcome them (Loyce and Wery, 2006). In the case of camelina in northern France, the diagnosis of camelina yield and seed quality highlighted three topics that should be addressed to design highly-effective spring camelina crop management routes: (i) nitrogen management, especially for the intercrops with cereals, to limit competition, (ii) weed management to limit nitrogen competition and downy mildew development, and (iii) varietal choice to be better suited to environmental conditions.

In our network, all camelina NNI values were lower than 1, with a majority of values between 0.4 and 0.6, thus suggesting nitrogen deficiency in all situations. However, [START_REF] Wysocki | Camelina: seed yield response to applied nitrogen and sulfur[END_REF] suggested that the amount of nitrogen needed to achieve optimum yield would be lower for camelina than for other spring oilseed species. Thus, these absolute values of camelina NNI should be improved by calculating them with a dedicated critical curve for camelina and not with the oilseed rape one. Therefore, it is likely that real camelina NNI values were higher than the calculated ones, questioning the need of nitrogen in camelina pure stand crop management routes (SD or DD). Studies on how camelina responds to nitrogen are numerous, but results appear fluctuating in term of nitrogen rate required to achieve maximum seed yield (from 45 to 200 kg N ha -1 depending on growth conditions) [START_REF] Berti | Camelina uses, genetics, genomics, production, and management[END_REF][START_REF] Righini | The bio-based economy can serve as the springboard for camelina and crambe to quit the limbo[END_REF]. Therefore, the design and the assessment of nitrogen fertilisation strategies adapted to local conditions will need further research. It should be especially useful to estimate the nitrogen needs of camelina and to determine the critical dilution curve, which are two indicators useful to quantify crop nitrogen status and reason nitrogen fertilisation [START_REF] Sadras | Quantifying crop nitrogen status for comparisons of agronomic practices and genotypes[END_REF]. The establishment of a critical dilution curve requires data collection at different crop stages [START_REF] Flénet | The critical N dilution curve for linseed (Linum usitatissimum L.) is different from other C3 species[END_REF][START_REF] Zhao | Determining of a critical dilution curve for plant nitrogen concentration in winter barley[END_REF]. Therefore, additional studies on how camelina responds to nitrogen all along the crop cycle are needed, as the numerous studies previously mentioned are mainly providing data at harvest. In the case of the intercrops, it could be also useful to identify optimal NNI value for camelina to be reached in order to maintain a good balance between the two crops [START_REF] Bedoussac | Dynamic analysis of competition and complementarity for light and N use to understand the yield and the protein content of a durum wheatwinter pea intercrop[END_REF].

Weeds did not appear to have a significant effect on camelina NNI, while it is well known that weeds are a major limiting factor of crops because they compete for resources, including nitrogen [START_REF] Oerke | Crop losses to pests[END_REF][START_REF] Sardana | Role of competition in managing weeds: An introduction to the special issue[END_REF][START_REF] Yaduraju | Weeds in Indian Agriculture: Problems and prospects to become self sufficient[END_REF]. We assume that including weed biomass instead of weed nitrogen uptake (kg N ha -1 ) in our model might have minimized the effect of weeds on camelina NNI and thus on camelina yield. However, in 2018, weeds appeared to impact both camelina yield and oil content by increasing downy mildew. Weeds were previously mentioned as a factor favouring fusarium head blight (caused by Fusarium graminearum) in wheat (Teich and Nelson, 1983). According to the authors, weeds might have increased water or nitrogen stress of wheat or modified the crop environment (e.g. by inducing a microclimate). [START_REF] Wisler | Interactions between weeds and cultivated plants as related to management of plant pathogens[END_REF] also mentioned that weeds could interact with pathogen management in several ways. A previous study on this experimental network showed that camelina-pea and camelina-barley intercrops significantly reduced weed biomass compared to camelina grown in pure stand [START_REF] Leclère | Controlling weeds in camelina with innovative herbicide-free crop management routes across various environments[END_REF].

Therefore, designing camelina intercrops with legumes or cereals could be promising to limit the effect of downy mildew on camelina performance through the reduction of weeds. In addition, even if it was not statistically shown by our results, blocking effect (diminution of downy mildew dispersion) was observed in the CP and CB crop management routes in two sites over four in 2018, arguing even more in favour of developing such systems.

Varietal choice is a key element mobilized by farmers to adapt their agricultural practices to their local environmental conditions, and even more in a context of climate change [START_REF] Macholdt | Importance of variety choice: Adapting to climate change in organic and conventional farming systems in Germany[END_REF][START_REF] Parent | Maize yields over Europe may increase in spite of climate change, with an appropriate use of the genetic variability of flowering time[END_REF]. In the case of camelina in northern France, the use of a camelina variety with a shorter cycle duration could be an interesting lever to avoid high temperatures during the grain filling period. Lack of availability of improved varieties, as a consequence of strategic choice of breeders focusing on major crops [START_REF] Parenty | How to organize plant breeding to favor crop's diversification ?[END_REF], has been shown to hinder the introduction of diversifying crops into cropping systems [START_REF] Meynard | Socio-technical lock-in hinders crop diversification in France[END_REF]. Therefore, in the context of a "sustainable commercialisation", defined previously (see 4.1), this diagnosis also could be a useful tool to enhance and design breeding programs on camelina.

Conclusion

While unstable, oil, protein and fatty-acid contents reached satisfactory levels, suitable for camelina commercialisation. Except for the intercrop with barley, yields were also satisfying and in accordance with previous values reported in experimental stations. Camelina yield was mainly affected by nitrogen crop status and downy mildew, while camelina seed quality was mainly affected by environmental conditions. More widely, this study contributes to better understand agronomic and environmental factors affecting camelina performance under onfarm conditions. These findings should be thus useful to design sustainable and innovative camelina cropping systems and value-chains. q q q q q q q q q 0 1000 2000 3000 4000 5000
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Pea or barley plot yield (kg ha -1 ) Camelina plot yield (kg ha -1 Table 2: Main soil characteristics and weather conditions during the growing period for the nine site/year combinations of the experimental network. Experimental site are named by a three-letter code corresponding to the corresponding to the municipality where the field was located: AMY for Amy (49.655°N, 2.825°E), AUT for Autrêches (49.444°N, 3.126°E), GUR for Gury (49.570°N, 2.799°E), MOU for Moulin-sous-Touvent (49.456°N, 3.072°E), MOR for Mortemer (49.570°N, 2.680°E), RET for Rethondes (49.417°N, 2.939°E). Soil texture, amount of CaCO3, and total soil inorganic nitrogen prior sowing are results from soil analyses. Maximal soil water content was estimated with a pedotransfer function (Bruand et al. 2004). Growing period corresponds to the period between sowing and harvest, thus varying between years. RR = Cumulative rainfall during the growing period (mm); ETP = Cumulative evapotranspiration during the growing period (mm). 

  and the Akaike weight (wk) are computed for each combination (mixAIC function of the MMIX package). The Akaike weight is calculated with the following equation (Burnham and Anderson, 2002): \ b = cd.e fgh i cfgh jkl ∑ cd.e fgh i cfgh jkl m ino where \ b is the Akaike weight obtained for the model Mk, corresponding to the k th combination of explanatory variables (among the n possibilities), p6@ b is the Akaike Information Criterion computed for this same model Mk, and p6@ qrs is the minimal value of AIC obtained across the n model tested.

Figure 1 :

 1 Figure 1: a) Symptoms of downy mildew observed on camelina at the end of flowering in 2018 (Location: Gury), and b) opening of pods due to hailstorm in 2017 (Location: Rethondes).

Figure 2 :

 2 Figure 2: Camelina yield (kg ha -1 ) as a function of pea or barley yield (kg ha -1 ) for the thirty-nine experimental strips. Values for yield are those from the experimental plots (pYield). Shape and symbols size respectively represent the crop management route and the year. SD: Camelina single density, DD: Camelina double density, CP: Camelina/Pea intercrop, CB_25 and CB_50: Camelina/Barley intercrop with barley respectively at 25 and 50% of the advised sowing rate for pure crop.

Figure 3 :

 3 Figure 3: Camelina yield (kg ha -1 ) and oil, protein, PUFA, MUFA, ALA, and LA contents (%) in camelina seeds across the experimental network: relationships between (a) camelina plot yield and oil content, (b) oil and protein contents, (c) PUFA and MUFA contents, and (d) ALA and LA contents. Shape and symbols size respectively represent the crop management route and the year. SD: Camelina single density, DD: Camelina double density, CP: Camelina/Pea intercrop, CB_25 and CB_50: Camelina/Barley intercrop with barley respectively at 25 and 50% of the advised sowing rate for pure crop. PUFA = polyunsaturated fatty acids, MUFA= monounsaturated fatty acids, ALA = α-linolenic acid, LA = linoleic acid.

Figure 4 :

 4 Figure 4: Camelina yield (kg ha -1 ) as a function of Nitrogen Nutrition Index of camelina at flowering (NNI, unitless) and pod loss due to mildew (%). Symbols shape and size respectively represent the crop management route and the year. Colour gradient represents pod loss due to downy mildew: green corresponds to the lowest values and red to the highest ones. SD: Camelina single density, DD: Camelina double density, CP: Camelina/Pea intercrop, CB_25 and CB_50: Camelina/Barley intercrop with barley respectively at 25 and 50% of the advised sowing rate for pure crop.

Figure 5 :

 5 Figure5: Linolenic content (%) as a function of grain filling duration (°Cd) and high temperatures. Symbols shape and size respectively represent the crop management route and the year. Colour gradient represents the number of days with maximal temperature above 25°C: blue tones correspond to lower values (<17 days), green tones to intermediate values (between 17 and 20 days), and red-pink tones to higher values (>20 days). SD: Camelina single density, DD: Camelina double density, CP: Camelina/Pea intercrop, CB_25 and CB_50: Camelina/Barley intercrop with barley respectively at 25 and 50% of the advised sowing rate for pure crop.

Figure 6 :

 6 Figure6: Nitrogen Nutrition Index (NNI) as a function of the amount of uptake nitrogen by the intercrop species at flowering stage (NDFS, kgN ha -1 ) and the total nitrogen available in soil (Nsoil, kg N ha -1 ). Symbols shape and size respectively represent the crop management route and the year. Colour gradient represents Nsoil: blue and green tones correspond to lower values (<75 kg N ha -1 ), yellow-orange tones correspond to intermediate values (between 75 and 115 kg N ha -1 ), and red tones to higher values (>115 kg N ha -1 ). SD: Camelina single density, DD: Camelina double density, CP: Camelina/Pea intercrop, CB_25 and CB_50: Camelina/Barley intercrop with barley respectively at 25 and 50% of the advised sowing rate for pure crop.

  camelina sown at Single Density (4 kg ha -1 ) 5 AMY, AUT, MOU, MOR, RET 4 AMY, AUT, GUR, MOU DD -Pure camelina sown at Double Density (8 kg ha -1 ) 5 AMY, AUT, MOU, MOR, RET 4 AMY, AUT, GUR, MOU CP -Camelina (4 kg ha -1 ) intercropped with spring Pea (100 kg ha -1

Table 1 : Description and location of the thirty-nine experimental strips.

 1 Each location is identified by a three-letter code corresponding to the municipality where the field is located: AMY for Amy (49.655°N, 2.825°E), AUT for Autrêches (49.444°N, 3.126°E), GUR for Gury (49.570°N, 2.799°E), MOU for Moulin-sous-Touvent (49.456°N, 3.072°E), MOR for Mortemer (49.570°N, 2.680°E), RET for Rethondes (49.417°N, 2.939°E). The field used to set the trial within a same municipality differs across years (for instance AMY in 2017 corresponds to a different field than AMY in 2018).

Table 3 : Kc values for camelina, pea and barley and equations used for Kc calculation for the intercrops.

 3 Kc_ini is for the period during sowing and fifteen days before flowering, Kc_max is for the period between -15 and +15 days around flowering and Kc_end is for the period between 15 days after flowering until harvest. KcC = Kc value for camelina, KcI= Kc value for the intercrop (Pea or Barley), MSc_flo = Measured aerial dry matter of camelina at flowering, MSc_harv= Measured aerial dry matter of camelina at harvest, MSi_flo = Measured aerial dry matter of the intercrop species (pea or barley) at flowering, MSi_harv = Measured aerial dry matter of intercrop species (pea or barley) at harvest.

		Camelina Barley Pea	Camelina intercropped with barley or pea
	Kc_ini	0.28	0.3	0.5	+	×	+	+	×
	Kc_max	0.43	1.15	1.15	+	×	+	+	×
	Kc_end	0.2	0.25	0.3	+	×	+	+	×
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indicates that no significant relationship was found between the two variables. 2 Depending on the variable, WATER STRESS is calculated either over the entire growing period (for yield), or over the grain filling period (for oil, PUFA, and ALA contents). 

Variables of interest