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Abstract

A regional agronomic diagnosis was implemented to identify factors responsible for low values of Grain Protein Content (GPC) in a network of 35 organic winter wheat fields in South-Eastern France. The influence of water nutrition, radiation and temperature, weed density at flowering, nitrogen (N) status of crop at flowering and variety type were studied. Two statistical methods were used successively: classical linear regression and a mixing model approach based on a weighted sum of all possible linear combinations of explanatory variables. GPC was significantly related to variety type, crop N status and weed density. An analysis of variance showed that weed density was related to soil type and nitrogen supply.
Introduction

French organic wheat production is characterized by low and variable Grain Protein Content (GPC). For instance, in South-Eastern France, the GPC ranged from 7.6 to 16.2% grain dry matter (DM). Moreover, 39% of the fields presented a GPC under the threshold for breadmaking (10.5% grain DM) (David et al., 2007). This results in a decline in prices as well as disqualification or discounting of grain batches when GPC does not reach this threshold. Taylor et al. (2001) and David et al. (2005) have shown that low and variable organic wheat yields are explained by several limiting factors: nitrogen (N) deficiency, water shortage, weeds, pest and disease pressure or compacted soil structure. The purpose of this study was (i) to assess whether these limiting factors can explain GPC variability across site-years, using two statistical methods and (ii) to determine the characteristics of the cropping systems in which limiting factors arise. 
Materials and methods 

We studied a field network within the Rhône-Alpes region (South-Eastern France), the French region with the highest amount of organic cereal collected. A two-step regional agronomic diagnosis method was implemented (Doré et al., 1997) to identify: (i) the agronomic and environmental factors for GPC variability and then (ii) the characteristics of cropping systems associated with these limiting factors.
Field network
A network of 35 fields belonging to 23 farmers and involving 9 varieties was studied over 6 years (between 1993 and 2006). Fields displayed a wide range of environmental conditions (soil type, temperature, radiation, and water availability) and cropping systems (crop rotation and fertilization management). Crop management varied according to variety type (VT), classified according to baking quality grade: superior (BPS) or improved (BAF), previous crop (PC: cereals, oilseed, legumes or other crops), sowing date (SD: before or after the 10th of November), nitrogen supply (NS: amount of N applied in kg ha-1) and weed control (WC: number of weeding operations).
Measurements and analytical procedures

The soil texture (ST: determined by granulometric analysis) and organic matter content (OM) were determined by sampling 10 soil cores to a depth of 30 cm. Daily weather data (mean temperature, rainfall, radiation and evapotranspiration) were recorded nearby each field. At maturity, GPC was determined from four samples per field (0.25 m² each). Four indicators of limiting factors were measured. Water shortage from flowering to maturity (WS) was estimated from a dynamic water balance to evaluate the incidence of water availability on nitrogen and biomass accumulation in the grains (Gate, 1995). Photothermal quotient (PQ) (ratio of mean daily solar radiation by mean temperature) was calculated for the 30-day period prior to flowering knowing its effect on kernel number (Fischer, 1985). Weed density at flowering (WD) was also considered, knowing its negative effect on grain yield (Cousens, 1985; David et al., 2005). Finally, the nitrogen nutrition index, which is the ratio between the actual aerial and the critical N content (Justes et al.,1997), was calculated at flowering (NNI), knowing its effect on GPC (Justes et al., 1997) and grain yield (David et al., 2005).

Statistical analysis
Statistical analyses were performed using the statistical program R (version 2.5.1, 2007) (Ihaka and Gentlemen, 1996). First, K being the number of explanatory variables (here, VT, NNI, WD, WS and PQ), 2K possible models, relating GPC to these variables, were fitted to the data by classical linear regressions. Then, the 32 fitted models were weighted by AIC (Akaike’s criteria) and summed, leading to a new model mixing all the possible linear models according to their quality of fit (Burnham and Anderson, 2002). Finally, an analysis of variance was performed to identify the crop management techniques and the environmental conditions associated with the limiting factors selected in the linear models.

Results
GPC ranged between 7.8 and 13.9% grain DM within the given field network and the limiting factors indicators displayed contrasted values (Table 1). The values of the different indicators were not significantly correlated (results not shown).
Tab. 1: Ranges of GPC and explicative variables within the field network.
	
	GPC (% DM)
	Variety type [VT]
	Crop nitrogen status [NNI]
	Weed density [WD] 
(plants m-2)
	Water shortage [WS] (mm)
	Photothermal quotient [PQ] (kJ°C-1)

	Min Value
	7.8
	BAF or BPS
	0.27
	0
	193
	0.6

	Max Value
	13.9
	
	0.71
	567
	0
	1.6


Identification of limiting factors

A linear regression with all the indicators was fitted (Table 2) (R²=0.68 and RMSE=0.851). Variety type had a very significant effect on GPC: BPS wheat types had lower GPC than BAF wheat types. Significant effects were also found for the crop N status and weed density (Table 2), but not for photothermal quotient and water shortage. 
Tab. 2: Results of the linear regression explaining GPC with all 5 explicative indicators.
	
	Estimate
	Std. Error
	t value
	Pr(>|t|)

	Intercept
	7.919
	1.177
	6.727
	2.21e-07

	VT (BPS)
	-2.099
	0.346
	-6.067
	1.33e-06

	NNI
	4.711
	1.484
	3.175
	0.00354

	WD
	0.006
	0.002
	3.055
	0.00480

	PQ 
	0.667
	0.629
	1.065
	0.29571

	WS 
	0.002
	0.003
	0.676
	0.50432


The 32 tested models were ranked according to their AIC values. The five best ones (with the lowest AIC) were found to involve VT, NNI and WD systematically (Table 3) while PQ and WS were involved in two of these models (Table 3).

Tab. 3: AIC, R² adjusted, R² and RMSE (Root Mean Square Error) of the 5 best models
	Tested model
	AIC
	Weight
	R²
	RMSE

	GPC = α0 + α1VT + α2NNI + α3WD
	99.9
	0.388
	0.66
	0.874

	GPC = α0 + α1VT + α2NNI + α3WD + α4PQ
	100.6
	0.268
	0.67
	0.858

	GPC = α0 + α1VT + α2NNI + α3WD + α4WS
	101.4
	0.180
	0.66
	0.868

	GPC = α0 + α1VT + α2NNI + α3WD + α4PQ + α5WS
	102.1
	0.130
	0.68
	0.851

	GPC = α0 + α1VT + α2WD
	107.4
	0.009
	0.55
	1.001


Mixing model
The mixing model provided a good quality of fit (R²=0.67 and RMSE=0.860). Its equation is: GPC=8.62-2.10*VT-0.0005*WS+0.005*WD+4.49*NNI+0.27*PQ. The probability that the explanatory variables have an effect on GPC is, for a given variable, equal to the sum of the weights of the models, among the 32 fitted models, including the variable of interest. These probabilities are equal to 1.00, 0.978, and 0.984 for VT, NNI and WD respectively. They are much lower for WS and PQ, 0.320 and 0.413, respectively, but are not negligible. Thus, an effect of WS and PQ on GPC cannot be excluded, though the tests were not significant for these two variables.
Effects of crop management on limiting factors

David et al. (2005) have evidenced significant correlation between NNI and preceding crop. Consequently, the incidence of PC, NS and OM in soil on NNI at flowering was tested. The analysis of variance of our data showed no significant effect of these variables. Effects on weed density at flowering of PC, NS, WC, SD and ST were tested. Analysis of variance showed effect of NS (at 10%) and ST (at 1%) on WD.
Discussion
Variety type, which is a crop descriptor, had a strong effect on GPC. Negative effect of BPS could be explained by the fact that BAF varieties were bred in order to increase GPC. Nitrogen nutrition index at flowering and weed density at flowering had a positive effect on GPC. Positive effect of NNI at flowering on GPC is in accordance with the findings of Justes et al. (1997). David et al. (2005) showed that weed density had a negative effect on kernel number. Moreover, a decrease in kernel number generally leads to nitrogen concentration in grains, thereby increasing GPC. Positive effect of weed density on GPC in our case is thus in line with those previous results. The results obtained by the mixing model approach confirmed the strong effects of NNI and VT and led to a slightly better quality of fit (RMSE=0.860) compared to linear regression (RMSE=0.851). The interest of this approach is that all the explanatory variables are included in the final model. Low parameter estimates were given to the variables which did not have a strong effect on GPC (i.e. WS and PQ). In the near future, we will evaluate the ability of this approach to accurately predict GPC values. No effect of crop management on NNI at flowering was found. It could be explained by variable nitrogen efficiency: N supply (total amount of N applied by the farmers) did not completely match available N for the crop. Effect of ST on WD is consistent with previous results (David et al., 2005). Positive effect of NS on WD could be explained by an improved nitrogen uptake by weeds when nitrogen supply is higher.
Conclusions 
This regional agronomic diagnosis clearly demonstrated the effect of variety type, nitrogen nutrition index, and weed density at flowering on GPC and it confirmed the benefits of using mixing model methods in agronomy. The identification of the characteristics of the cropping system that most influence GPC will help people involved in drafting technical adaptations to increase and stabilize GPC in organic winter wheat.
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