Supplementary Material:

Electronic annex
Using a sensitivity analysis of a weed dynamics model to develop sustainable cropping systems. I. Annual interactions between crop management techniques and biophysical field state variables
1 Additional details on the structure of the AlomySys model
Figure 1 shows the different life-stages of Alopecurus myosuroides Huds. in AlomySys. Table 1lists the effects of the different cropping system components on these life-stages.
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Figure 1. Life-stages (plants/m²) of Alopecurus myosuroides Huds. simulated in AlomySys 
 ADDIN EN.CITE 

(Colbach et al. 2006a; 2006b; Colbach et al. 2007; Colbach et al. 2010b)
 with the effects of weed state variables (plants/m², seed age) and soil conditions ((soil). All variables are calculated daily, except spikelets per inflorescence, the rate of spikelets with a viable seed and seed production, which are only calculated when mature plants are killed (e.g. harvest, mowing etc.).
Table 1. Effects of cropping system on the blackgrass life-cycle (density and timing of stages) as simulated by AlomySys  
 ADDIN EN.CITE 

(Colbach et al. 2006a; 2006b; Colbach et al. 2007; Colbach et al. 2010b)
.

	Cropping system 
	Intermediate effect
	Effect on blackgrass

	Tillage (including post-sowing mechanical weeding)
	Soil structure
	Soil compaction increases mortality of germinated seeds

	
	Soil movements 
= f(soil structure)
	Seed burial decreases germination and increases pre-emergent mortality due to insufficient seed reserve 

Seeds on soil surface germinate badly because of insufficient seed-soil contact

Germinated seeds close to soil surface often die because the top soil dries faster

Exposure of imbibed seeds to light if inverting tool

	
	
	Triggering of germination flush if the soil is tilled in moist conditions

	
	
	Destruction of germinated seeds, seedlings and plants

	
	
	

	Crop
	Choice of cultivation techniques
	See effects of techniques

	
	
	Blackgrass emergence is higher in winter crops than in spring crops as the latter are sown when seed dormancy is highest.

	
	
	Yield components (plant survival, tillers/plant, heads/tiller, flowers/head, seeds/flower) are usually higher in winter vs. spring crops but flowering and maturation is faster in spring crops

	
	
	Seed return to soil seed bank is reduced by crop canopies in multi-annual crops (e.g. grassland, permanent living mulch)

	
	
	

	Sowing date
	Crop emergence date
	The earlier the weed seedlings emerge relative to the crop, the better they survive

	
	Date of last tillage
	The later the last tillage, the more weed seeds have germinated already and are killed by the tillage

	
	
	

	Sowing density
	Crop density
	Increases weed seedling mortality

	
	
	

	Herbicides
	
	Weed mortality = f(active ingredient, conditions)

Weed mortality decreases with plant density, seed depth (for root-acting herbicides) and weed stage

	
	
	Decreases tillering on surviving plants

	
	
	

	Mowing
	
	Destroys tillers; plants survive if seed maturity has not yet started; they produce less seeds if cut more than twice

	
	
	

	Nitrogen fertiliser
	
	Increases flowers/head

	
	
	Increases primary dormancy; germination of newly produced seeds is spread of a longer period

	
	
	

	Manure
	Increases available nitrogen at short-term and long-term
	See nitrogen fertilizer. Affects the weed in the current and in future crops

	
	
	Adds non-dormant seeds to the surface layer of the seed bank

	
	
	

	Harvest
	
	Destruction of all plants

	
	
	Addition of newly produced seeds to seed bank

	
	
	

	All
	Increase soil compaction via wheel traffic
	Increases mortality of germinated seeds


Yield loss in cereals increases with weed plant density at crop harvest according to Doyle et al. (1986).
2 Randomization of input variables

Options for crop management variables were chosen randomly from ranges sufficiently large to comprise yet non-existing or rare but potentially interesting management strategies (e.g. very early sowing of summer crops to avoid summer weed emergence, cash crops sown into perennial crop cover, high-frequency tillage) as well as odd situations resulting from organisational or climatic "accidents" (e.g. very late crop sowing, very low crop densities or herbicide efficiencies). However, the possible ranges were kept realistic; for instance, winter crops could not be sown in spring, possible nitrogen fertilizer depended on crop types etc. 
First, random and successive choice of proportions of cereals, non-cereals and multi-annual crops in the rotation, the residual proportion being made of unsown setaside (Table 2). Then, for each year, random choice of cereals, other annuals and perennials, using crop type proportions as probabilities, except that multi-annuals were excluded during the last two years of the simulation. Moreover, the first (to maximise initial weed infestation) and the last years of the simulation (when weed infestation was analysed as a function of crop management) were always winter wheat (as the most favourable crop for the studied weed species). If for year N, a multi-annual was chosen, then the years [N, N+D] were cultivated continuously with this crop, the duration D of multi-annual crops being chosen randomly in [2,6 years]. 
Most crop management techniques were randomized, using the same range of variation and probabilities as for winter wheat (Table 3). Sowing dates depended on the crop and were different from the winter wheat ranges (Table 4). Moreover, if the previous crop harvest occurred later than the earliest possible sowing date, the latter was fixed at one day after the previous crop harvest; if the previous crop harvest occurred later than the latest possible sowing date, the latter was fixed at two days after the previous crop harvest. Table 5 shows ranges for choosing sowing densities. For harvesting dates and mineral nitrogen, see Table 6 and Table 7, respectively. 
Two additional techniques can be used in crops other than the last winter wheat. First, catch crops can be grown prior to spring crops only (Table 8). In that case, tillage dates other than for the last operation were not chosen as for winter wheat (Table 3) but in [previous harvest, catch crop sowing] and [cash crop sowing - 30, cash crop sowing], with uniform probability. The catch crop destruction mode was not randomized explicitly; if a tillage operation or a herbicide spreading occurred after the catch crop (during the month preceding sowing), these were was supposed to destroy the catch crop; otherwise, the latter was assumed to be destroyed by frost.
Table 2. Rotation types and composition and their range of possible values for random choice

	Rotation characteristics
	Possible range of variation
	Probability [0,1]

	Proportion of
	
	

	   Cereals (pcereals)
   Other annual crops (pother)

   Multi-annual crops (pmulti)
	[0,1]

[0,1-pcereals]
[0,1-pcereals-pother]
	Uniform

	   Unsown setaside (psetaside)
	=1-pcereals-pother-pmulti
	Calculated

	
	
	

	Cereals
	{Winter wheat, winter barley, spring barley}
	pcereals

	Other annual crops
	
	

	   Legume crops
	{Winter pea, spring pea, soybean, winter clover, spring clover, winter feverole, spring feverole, winter lupine, spring lupine}
	pother

	   Other crops
	{Winter oilseed rape, sugar beet, potato, maize, sunflower, sorghum, linseed}
	pother

	Multi-annual crops
	{Winter lucerne, spring lucerne, winter clover, spring clover, grassland, pasture}
	pmulti


Sown setaside was considered as annual or multi-annual crop, depending on its duration. 

Table 3. Crop management techniques in winter wheat and their range of possible values for random choice

	Management technique
	Possible range of variation
	Probability

	Straw burial
	{yes
, no}
	Uniform

	
	
	

	Number of tillage operations
	[0, 7]
	{0.05, 0.10, 0.20, 0.30, 0.20, 0.10, 0.04, 0.01}

	Tillage tools
	Mouldboard ploughing, covercrop, chisel, roll, rotavator, spring tine, power harrow, uniform 5-cm-deep, uniform 10-cm-deep, harrow
	0.50 for ploughing
, 0.10 for other tools


	Tractor speed at tillage
	[2, 6 km/h] for mouldboard ploughing, [4, 12 km/h] for other tools 
	Uniform

	Mouldboard ploughing characteristics
	Depth in [15,30 cm], width in {30, 35, 40, 45 cm}, skim-coulter vs. none with depth in [1, depth ploughing/3] and width in [depth skim-coulter+3, 2*depth skim-coulter]
	Uniform with restrictions: depth/width in [0.40, 0.85], skim-coulter width < width-1

	Harrowing depth
	[2, 9 cm] 
	Uniform

	Timing of last tillage
	{prior to sowing date, sowing date}
	{0.25, 0.75}

	Date of last tillage if prior to sowing
	 [sowing date -7, sowing date[
	Uniform

	Date of other tillage
	[previous harvest, last tillage]
	Uniform

	
	
	

	Sowing date
	[1 Sept., 30 Nov.]
	Uniform

	Sowing density
	[100, 500 seeds/m²]
	Uniform

	
	
	

	Herbicide before sowing
	{yes, no}
	0.50 probability for yes if no tillage, 0.10 otherwise

	Date
	[sowing date-30, sowing date]
	Uniform

	Number of herbicides after sowing
	[0, 4]
	Uniform

	Date
	[sowing date, harvest date]
	Uniform

	Efficiency
	[0, 100%]
	Uniform

	Penetration mode
	[root, leaf, both]
	Uniform

	
	
	

	Number of mechanical weeding operations
	[0, 6] if no herbicides

[0, 2] otherwise
	{0.25, 0.25, 0.25, 0.15, 0.05, 0.02, 0.03}

{0.80, 0.10, 0.10}

	Date
	[sowing date, harvest date]
	Uniform

	Tool
	Harrow, hoe
 or rotary hoe
	Uniform

	Weeded area
	[10,90%] for hoe, 100% otherwise
	Uniform

	Tilling depth
	[1,5cm] for hoe, [1,3cm] otherwise
	Uniform

	Tractor speed
	[4,8 km/h]
	Uniform

	
	
	

	Mineral nitrogen
	[20, 400 kg N/ha]
	Uniform

	
	
	

	Manure
	{yes,no}
	0.50 simulations with manure, if simulation with manure, 0.30 probability of manure before crop

	Date
	[previous harvest, sowing date]
	Uniform

	Amount
	[1,50 m³/ha]
	Uniform

	Nitrogen content
	[1,10 kgN/m³]
	Uniform

	Weed seed content
	[1,1000 ] seeds/m³
	Uniform

	Harvest date
	[1 June, 1 Aug.]
	Uniform


Table 4. Ranges of variations in sowing dates for the different crops
	Crop
	Possible sowing dates

	
	Earliest
	Latest

	Barley (spring)
	1 Feb.
	1 April

	Barley (winter)
	1 Sept. 
	30 Nov.

	Clover (spring-sown)
	1 Feb.
	1 April

	Clover (summer sown)
	Previous crop harvest
	30 Oct.

	Feverole (autumn-sown)
	1 Nov.
	29 Dec.

	Feverole (spring-sown)
	15 Fev.
	1 March

	Grassland
	Previous crop harvest
	30 Oct.

	Grass-legume mixture
	Previous crop harvest
	30 Oct.

	Linseed (spring-sown)*
	1 Feb.
	1 April

	Lucerne (spring-sown)
	1 Feb.
	1. April

	Lucerne (summer-sown)
	Previous crop harvest
	30 Oct.

	Lupine (autumn sown)
	15 Oct.
	29 Dec.

	Lupine (spring-sown)
	1 Feb.
	1 April

	Maize
	1 April
	1 June

	Oilseed rape (winter)
	Previous crop harvest
	30 Oct.

	Pea (spring)
	1 Feb.
	15 April

	Pea (winter)
	1 Nov
	29 Dec.

	Potato
	15 March
	1 May

	Sorgho
	1 April
	1 June

	Soybean
	1 April
	1 June

	Sugar beet
	1 Feb.
	1 May

	Sunflower
	15 March
	15 May

	Wheat (winter)
	1 Sept. 
	30 Nov.


Sources for these ranges were: www.prolea.com, http://www.opaba.org/fiche_technique/Fiche%20ITK%20Feverole.pdf, http://www.gnis-pedagogie.org/pages/plantaprotein/pois/18.htm, http://www.gnis-pedagogie.org/pages/plantaprotein/lupin/9.htm,  http://www.itbfr.org/, www.cetiom.fr, http://extranet.prolea.com/index.php?id=12737, http://extranet.prolea.com/index.php?id=12812, http://www.luzernes.org/pages/la_culture_semis.asp#a6, expert opinion
Table 5. Ranges of variations in sowing densities for the different crops

	Crop
	Density (seeds/m²)

	
	Lowest
	Highest

	Barley
	100
	500

	Clover
	160
	800

	Feverole (autumn-sown)
	15
	75

	Feverole (spring-sown)
	22
	110

	Grassland
	500
	2500

	Legume-grass mixture
	420
	2100

	Linseed
	250
	1250

	Lucerne
	400
	2000

	Lupine (autumn-sown)
	15
	75

	Lupine (spring-sown)
	22
	110

	Maize
	4
	16

	Oilseed rape
	31
	150

	Pea
	30
	150

	Potato
	3
	15

	Sorghum
	15
	75

	Soybean
	25
	125

	Sugar beet
	4
	20

	Sunflower
	2
	13

	Wheat
	100
	500


Source: sowing densities were chosen in [0.25∙MAX,1.25∙MAX] with MAX being the maximum adult plant density for the species in AlomySys {Colbach, 2007 #6142}.

Table 6. Ranges of variations in harvesting dates for the different crops

	Crop
	Possible harvesting dates

	
	Earliest
	Latest

	Barley (spring)
	1 June
	1 Sept.

	Barley (winter)
	1 June
	1 Aug.

	Clover
	1 July
	30 Sept.

	Feverole (autumn-sown)
	1 July
	15 Aug.

	Feverole (spring-sown)
	15 July.
	31 Aug.

	Grassland
	1 July
	30 Oct.

	Linseed
	1 July
	1 Aug.

	Lucerne
	1 July
	30 Oct.

	Lupine (spring-sown)
	1 July.
	31 Aug..

	Lupine (summer-sown)
	1 July
	31 Aug.

	Maize
	1 Sept. 
	1 Nov.

	Oilseed rape (winter)
	1 June
	1 Aug.

	Pasture
	1 July
	30 Oct.

	Pea
	30 June
	1 Aug.

	Potato
	1 July
	31 Aug.

	Sorghum
	15 Aug.
	30 Oct.

	Soybean
	1 Sept. 
	30 Oct.

	Sugar beet
	1 Sept. 
	1 Dec.

	Sunflower 
	15 Sept.
	15 Oct.

	Unsown setaside
	1 July
	30 Oct.

	Wheat (winter)
	1 June
	1 Aug.


Source: http://www.opaba.org/fiche_technique/Fiche%20ITK%20Feverole.pdf, http://www.opaba.org/fiche_technique/Fiche%20ITK%20Feverole.pdf, expert opinion.
Table 7. Ranges of variations in mineral nitrogen fertilizer for the different crops

	Crop
	Nitrogen (kg N/ha)

	
	Minimum
	Maximum

	Setaside
	0
	0

	Cereals
	20
	400

	Oilseed rape
	20
	200

	Legume crops
	0
	50

	Linseed
	20
	150

	Sorghum
	20
	120

	Sunflower
	20
	180

	Sugar beet
	20
	200

	Maize
	20
	275

	Potato
	20
	300

	Grass-legume mixture
	0
	100 per year

	Grassland
	0
	300 per year


Source: http://www.cetiom.fr/reglette/index.php?message=saisie, http://extranet.prolea.com/index.php?id=11634, www.arvalis.fr, http://extranet.prolea.com/index.php?id=12739, http://www.itbfr.org/, http://www.cipf.be/fr/azomais.php, Comité technique de la pomme de terre, expert opinion.
Table 8. Catch crop characteristics and their range of possible values for random choice
	Catch crop characteristic
	Possible range of variation
	Probability

	Catch crop
	{yes, no}
	Uniform 1

	Sowing date 2
	[previous harvest, previous harvest + 30 days]
	Uniform

	Species
	{rye, ryegrass, mustard, broad beans}
	Uniform

	Sowing density (seeds/m²)
	Rye
	[100,500]
	Uniform

	
	Ryegrass
	[500,2500]
	

	
	Beans
	[30,150]
	

	
	Mustard
	[30,150]
	

	Destruction mode
	Frost if no tillage or herbicide during the month preceding cash crop sowing, otherwise tillage or herbicide, whichever operation occurred earliest
	Determined elsewhere


1 Catch crops can only be grown before spring crops. 2 If catch crop, tillage dates other than for the last operation were chosen in [previous harvest, catch crop sowing] and [cash crop sowing - 30, cash crop sowing], with uniform probability.

Table 9. Characteristics of secondary crops (associated with or undersown below cash crop) and their range of possible values for random choice

	Secondary crop characteristic
	Possible range of variation
	Probability 

	Simulation with secondary crop
	{yes, no}
	{0.10,0.90}

	Year with secondary crop if simulation with sec. crop
	{yes, no}
	{33%1,67%}

	Type of secondary crop
	{associated, undersown2}
	Uniform

	Sowing date if associated crop
	With cash crop
	No choice

	Sowing date if undersown crop
	[1 Feb., 1 April]
	Uniform

	Associated crop species if cereal cash crop
	{pea,lupine,feverole,vicia}
	Uniform

	Associated crop species if legume cash crop
	{wheat,barley}
	Uniform

	Undersown crop species if cereal cash crop
	Clover
	No choice

	Undersown crop species if legume cash crop
	Ryegrass
	No choice

	Sowing density (seeds/m²)3
	Barley
	[1,400]
	Uniform

	
	Clover
	[1,625]
	Uniform

	
	Feverole
	[1,60]
	Uniform

	
	Lupine
	[1,70]
	Uniform

	
	Pea
	[1,100]
	Uniform

	
	Ryegrass
	[1,600]
	Uniform

	
	Vicia
	[1,500]
	Uniform

	
	Wheat
	[1,400]
	Uniform

	Harvest date if associated crop
	With cash crop
	No choice

	Harvest date if undersown crop
	[cash crop harvest, next cash crop sowing[
	Uniform


1 Secondary crops can only be grown in annual cereals and legumes. 2 Undersown crops were only allowed below winter crops. 3 Sowing densities of cash crop are reduced by 30% in case of an associated crop.

3 Analysis of additional output variables: 

3.1 Emergence timing and density

Material and methods for simulating emergence timing and density are identical to those described in the main body of the paper.

3.1.1 Simulated variations in emergence timing and density
The earliest weed plants surviving in winter wheat usually emerged around mid-August (median values, blue star in Figure 2.A). At the beginning, emergence was slow and it took until early September until 10% of the weeds had emerged (blue triangle). Half of the weed plants emerged before 30 Sept (blue square). In early November, 90% of the weeds had emerged (blue circle). These are median values. In 10% of the simulations, the earliest surviving weeds emerged before the beginning of July (red star) and most of them before mid-Sept. (red circle). Conversely, in another 10% of the simulations, the emergence of surviving weeds started after mid-Sept (green star) and terminated after 1 April (green circle).

The variations were as high when analysing emergence timing relative to crop sowing date, which varied from Sept.1 to Nov. 30. In 10% of the simulations at least, all weed plants emerged before crop sowing (Figure 2.B), which would leave time to destroy a large part of them by tillage and herbicides before crop emergence. However, the surviving weeds would present a considerable competitive advantage over the later sown crop plants. In half of the simulations, nearly 50% of the weeds emerged after sowing, reducing their competitive advantage relative to the crop as well as the options for eliminating them. In less than 10% of the simulations, all or almost all weeds emerged after crop sowing. Most of these weeds emerged more than 50 days after sowing, which left them little chance of surviving and reproducing in the already established crop cover.

A. Calendar dates 
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B. Variation relative to sowing date
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Figure 2. Variation of timing of the weed emergence flush, starting with the earliest weed plant surviving in winter wheat. Emergence onset (stars) as well as dates where 10% (triangles), 50% (squares) and 90% (circles) of total emergence were reached. Lines show percentiles of dates (bottom: 10%, middle: 50%, top: 90%). 
3.1.2 Contribution of the various simulation factors

A linear regression was used for analysing emergence timing in winter wheat:
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[1]

The onset date of the surviving emergence flush was mostly explained by weather (partial R² 0f 0.29, Table 10.A) and seed bank characteristics (0.21). The effect of crop management was small (0.03) and that of the farm-specific variables (soil characteristics, tool width) negligible. Interactions between input variables played a major role (unexplained variability of 0.47). The ranking between the different AlomySys input variables was similar for the other emergence dates, except that the impact of weather and seed bank characteristics decreased with the lateness of the emergence date (i.e. late vs. early emergence date) to the advantage of crop management variables.

Analyzing emergence timing relative to sowing date instead of as calendar dates does not change the contribution of the different explanative variables except that crop management was more important for emergence onset and the date of early emergence (Table 10.B) 

When looking at the different crop management variables, tillage and mechanical weeding were the two most important variable types (Table 11). These are the techniques that mostly determine seed germination via seed burial, dormancy breaking and the stimulation of germination flushes; they also influence emergence via their effect of pre-emergent seedling mortality due to seed depth and soil compaction. Sowing date was important because it determines the position of the weed seed dormancy cycle relative to the crop cycle. The effect of harvest was due to its terminating the current weed population; any seeds germinating after harvest would be counted in the next crop's weed population. Herbicide can determine the timing of the current weed emergence flush through their killing off early emerging seedlings, thus delaying the date at which the earliest surviving seedling emerged. Manure had a slight effect of early and mid emergence by adding non-dormant seeds during the emergence flush, thus boosting additional germination in summer. Nitrogen fertilizer applied during the current winter wheat did not have any effect on emergence timing as it does not affect the soil seed bank processes, only the number and dormancy of the next weed seed rain.

Table 10. Variability in simulated weed emergence timing explained by AlomySys input variables. Partial and total R² of linear regression 
[1]
A. Emergence dates in Julian days

	AlomySys input variables
	Simulated emergence dates

	
	Onset
	Early
	Mid
	Late

	Seed bank
	0.21
	0.06
	0.05
	0.03

	Soil characteristics
	0.00
	0.00
	0.00
	0.03

	Weather series
	0.29
	0.30
	0.25
	0.12

	Tool width
	0.00
	0.00
	0.00
	0.00

	Crop management
	0.03
	0.06
	0.08
	0.18

	Unexplained variability
	0.47
	0.58
	0.63
	0.64

	
	
	
	
	

	Total R²
	0.53
	0.42
	0.37
	0.36


B. Emergence dates relative to crop sowing date

	AlomySys input variables
	Simulated emergence dates

	
	Onset
	Early
	Mid
	Late

	Seed bank
	0.18
	0.04
	0.04
	0.02

	Soil characteristics
	0.00
	0.00
	0.00
	0.03

	Weather series
	0.25
	0.21
	0.22
	0.11

	Tool width
	0.00
	0.00
	0.00
	0.00

	Crop management
	0.14
	0.15
	0.07
	0.13

	Unexplained variability
	0.42
	0.59
	0.67
	0.71

	
	
	
	
	

	Total R²
	0.58
	0.41
	0.33
	0.29


Table 11. Variability in simulated weed emergence timing explained by crop management variables. Proportion of partial R² of linear regression 
[1] due to crop management.

	AlomySys input variables
	Simulated emergence dates

	
	Onset
	Early
	Mid
	Late

	Tillage
	0.43
	0.67
	0.55
	0.51

	Sowing date
	0.05
	0.02
	0.01
	0.00

	Sowing density
	0.01
	0.00
	0.00
	0.00

	Herbicide
	0.05
	0.02
	0.15
	0.13

	Mechanical weeding
	0.24
	0.17
	0.16
	0.28

	Nitrogen
	0.00
	0.00
	0.00
	0.00

	Manure
	0.00
	0.01
	0.02
	0.00

	Harvest date
	0.21
	0.10
	0.11
	0.08


3.2 Analysis of crop yield loss

3.2.1 Contribution of the various simulation factors

Linear regression 
[1] was also used for analysing the weed-related yield loss in winter wheat harvest as a function of simulation factors. Results were very similar to those presented in the main body of the paper for surviving weed plants. For comments therefore refer to the relevant parts of the paper. Here, only the different tables are presented.
Table 12. Variability in simulated crop yield loss due to weed infestation explained by AlomySys input variables. Partial and total R² of linear regression 
[1]
A. Input variables only
	AlomySys input variables
	Simulated crop yield loss

	Seed bank
	0.56

	Soil characteristics
	0.01

	Weather series
	0.05

	Tool width
	0.00

	Crop management
	0.15

	Unexplained variability
	0.23

	
	

	Total R²
	0.77


B. Input variables and previous weed stage
	AlomySys input variables
	Simulated crop yield loss

	Previous weed stage#
	0.76

	Soil characteristics
	0.00

	Weather series
	0.01

	Tool width
	0.00

	Crop management
	0.05

	Unexplained variability
	0.18

	
	

	Total R²
	0.82


# revious stage for total emergence and seed bank before seed rain is initial seed bank, previous stages for surviving plants, mature plants and seed production are total emergence, surviving plants and mature plants, respectively.
Table 13. Variability in simulated crop yield loss due to weed infestation explained by crop management variables. Proportion of partial R² of linear regression 
[1] due to crop management.

	AlomySys input variables
	Simulated crop yield loss

	Tillage
	0.16

	Sowing date
	0.02

	Sowing density
	0.05

	Herbicide
	0.61

	Mechanical weeding
	0.15

	Nitrogen
	0.00

	Manure
	0.00

	Harvest date
	0.00


3.2.2 Effect of crop management variables on yield loss winter wheat

Linear regression 
[1] was also used to analyse crop yield loss due to weed infestation simulated by AlomySys as a function of crop management techniques. Results were very similar to those presented in the main body of the paper for weed variables, particularly surviving weed plants. For comments therefore refer to the relevant parts of the paper. Here, only the different tables are presented.
Table 14. Significant management techniques identified with linear regression 
[1] and subsequent relative variations (%) in yield loss due to weed infestation in winter wheat

A. Tillage

	Tillage variables
	Tested variation in input variable 
	Resulting variation in crop yield loss (%)

	Number of operations
	
	

	Total (if no ploughing)
	+1operation
	-4%

	Rolling
	+1operation
	+3%

	Before ploughing
	+1operation
	   

	After ploughing
	+1operation
	-3%

	
	 
	 

	Ploughing 
	yes vs. no
	-22%

	Date
	1 month delay
	   

	Speed (km/h)
	+1km/h
	   

	Depth (cm)
	+5cm
	+4%

	Inversion ratio (depth/width)
	
	   

	Skim-coulter depth (cm)
	
	   

	Skim-coulter width (cm)
	+4 cm
	-1%

	
	 
	 

	Post-ploughing tillage
	 
	 

	Date
	1 month delay
	   

	Speed (km/h)
	
	   

	Depth (cm)
	+2 cm
	   

	Tool
	Chisel
	+4%

	
	Power harrow
	+2%

	
	Spring tine
	   

	
	Rotavator
	   

	
	Uniform 5-cm deep
	   

	
	Uniform 10-cm deep
	   

	
	Covercrop
	   

	
	Roll
	   

	
	Harrow
	   

	
	 
	 

	First tillage after harvest
	 
	 

	Date
	1 month delay
	+2%

	Speed (km/h)
	
	   

	Depth (cm)
	+2 cm
	-1%

	Tool
	Chisel
	-6%

	
	Power harrow
	-7%

	
	Spring tine
	-7%

	
	Rotavator
	-8%

	
	Uniform 5-cm deep
	-8%

	
	Uniform 10-cm deep
	-6%

	
	Covercrop
	-6%

	
	Roll
	-8%

	
	Harrow
	-9%

	
	Mouldboard plough
	   

	
	 
	 

	Last tillage before sowing
	 
	 

	Date
	1 month delay
	-10%

	Speed (km/h)
	+2 km/h
	   

	Depth (cm)
	+2 cm
	-1%

	Tool
	Power harrow
	-3%

	
	Uniform 5-cm deep
	   

	
	Uniform 10-cm deep
	-8%

	
	Harrow
	   

	
	 
	 

	Aggregated tillage variables
	 
	 

	Mean time between operations (days)
	+10days
	0%

	Mean speed (km/h)
	+2 km/h
	   

	Mean depth (cm)
	+5 cm
	   


B. Crop sowing

	Sowing variables
	Tested variation in input variable 
	Resulting variation in crop yield loss (%)

	Date of last tillage (if any)
	1 month delay
	-10%

	Sowing date (if no tillage)
	1 month delay
	-4%

	Sowing date (if tillage)
	7 days delay
	+2%

	Sowing density (seeds/m²)
	+50 seeds/m²
	-1%


C. Herbicides

	Herbicide variables
	Tested variation in input variable 
	Resulting variation in crop yield loss (%)

	Number of operations 
	yes vs. no
	

	Before sowing (irrespective of tillage)
	
	-5%

	  if tillage
	yes vs. no
	   

	  if no tillage
	yes vs. no
	0%

	After sowing
	+1operation
	-8%

	
	 
	 

	Herbicide before sowing
	 
	 

	Date
	1 month delay
	   

	Number of tillage operations after herbicide
	+1 operation
	+2%

	Efficiency
	+20%
	   

	Penetration 
	via root 
	   

	
	via leaf
	   

	
	via both
	   

	
	 
	 

	First herbicide after sowing
	 
	 

	Date
	1 month delay
	-1%

	Efficiency
	+20%
	+1%

	Penetration 
	via root 
	0%

	
	via leaf
	+1%

	
	via both
	0%

	
	 
	 

	Last herbicide after sowing
	 
	 

	Date (Julian days)
	1 month delay
	   

	Efficiency
	+20%
	   

	Penetration 
	via root 
	   

	
	via leaf
	   

	
	via both
	   

	
	 
	 

	Aggregated variables
	 
	 

	Mean efficiency
	+20%
	-9%

	Time between successive operations (days)
	+ 1month
	   


D. Mechanical weeding
	Weeding variables
	Tested variation in input variable 
	Resulting variation in crop yield loss (%)

	Number of operations
	+1 operation
	   

	
	
	 

	First weeding
	 
	 

	Date
	15 days later
	   

	Speed (km/h)
	+2km/h
	   

	Depth (cm)
	+1cm
	   

	Weeded area
	+10%
	   

	Tool
	Harrow
	+3%

	
	Hoe
	+1%

	
	Rotary hoe
	-4%

	
	 
	 

	Last weeding
	 
	 

	Date
	15 days later
	-1%

	Speed (km/h)
	+2km/h
	   

	Depth (cm)
	+1cm
	+3%

	Weeded area
	+10%
	   

	Tool
	Harrow
	15%

	
	Hoe
	   

	
	Rotary hoe
	   

	
	 
	 

	Aggregated variables
	 
	 

	Mean depth (cm)
	+1cm
	+2%

	Mean weeded area
	+10%
	-2%

	Mean speed (km/h)
	+2km/h
	-1%

	Time between operations
	+ 15 days
	   


G. Other variables

	Management variables
	Tested variation in input variable 
	Resulting variation in crop yield loss (%)

	Nitrogen fertilizer (total kg N/ha)
	+30 kg N/ha
	0%

	
	 
	 

	Manure
	yes vs. no
	+3%

	Nitrogen amount
	10
	   

	Weed seed amount
	+1000 seeds/m²
	0%

	Number of tillage operations after manure
	+1operation
	-1%

	Type of manure#
	Type A
	   

	
	Type B
	   

	
	Type C
	   

	
	 
	 

	Harvest date
	15 days delay
	+1%


#Type A is cattle, sheep, goat and horse manure; type B is cattle slurry, pig and straw-rich poultry manure, type C is pig and poultry slurry as well as straw-poor poultry manure. Empty cells indicate variables not significant at alpha = 0.05. Relative variations are calculated from regression parameters δi as 10δ·v-1, where v is the tested factor variation.
 

4 Analysis of additional input variables

4.1 Effect of seed bank characteristics on weed infestation in winter wheat
Linear regression 
[1] was also used for analysing all output variables as a function of seed bank characteristics. Table 15 shows the seed bank characteristics presenting a significant effect on weed infestation and yield loss as well as the probable reasons for these effects.

A few general conclusions:

· variations were similar for total plants, mature plants and seed production in winter wheat though variations were usually largest for weed seed production. Significant effects were also most frequent for seed production.

· the variations in surviving seed bank (prior to the new seed rain) were usually opposite to those in plants, indicating that effects were due to seed germination (rather than pre-emergent growth) and that most seed germinations were productive, i.e. resulted in emerged seedlings.

· only a few changes in seed bank characteristics increased both emerged plants in crops and surviving seeds (e.g. delayed seed maturity date). These were due to a reduction in fatal summer germination.

Table 15. Significant seed bank characteristics identified with linear regression [1] and subsequent relative variations (%) in weed infestation in winter wheat
	Seed bank characteristics 
	Input 
variation 
tested 
in 
regression 
[2]
	Resulting variation in weed infestation
	Explanation

	
	
	Crop 
yield 
loss
	 Total 

density
	Mature plants
	Seed production
	Seed 
bank 
before seed 
rain
	

	Total seed density (seeds/m²)
	+200 seeds/m²
	+5%
	+18%
	+16%
	+31%
	+46%
	More viable seeds

	Proportion of fresh seeds
	+10%
	+2%
	+9%
	+8%
	+11%
	-9%
	Young seed germinate and emerge better

	Maturity date of fresh seeds
	1 month delay
	   
	   
	   
	   
	+4%
	Less fatal summer germination

	Age (days) of old seeds
	+ 1 year
	0%
	   
	   
	   
	   
	

	Nitrogen availability during seed production of fresh seeds
	+30kg N/ha
	0%
	-1%
	-1%
	-2%
	0%
	Shortens germination flush and decreases elongation potential

	  Idem for old seeds
	+30kg N/ha
	0%
	-1%
	-1%
	-3%
	+1%
	

	Water deficit during seed production of fresh seeds
	+200mm
	0%
	   
	   
	-1%
	   
	Decreases primary dormancy and increases germination speed leading to more summer germination

	  Idem for old seeds
	+200mm
	0%
	-1%
	-1%
	-1%
	0%
	

	Duration of crop where fresh seeds were produced 
	+30days
	0%
	+1%
	+1%
	   
	+1%
	Advances germination onset after stimulation

	  Idem for old seeds
	+30days
	   
	   
	   
	   
	-2%
	

	Crop and weed density in crop where fresh seeds were produced
	+100 plants/m²
	0%
	+2%
	+2%
	+1%
	0%
	Increases elongation potential

	  Idem for old seeds
	+100 plants/m²
	+1%
	+2%
	+2%
	+4%
	   
	

	Mean seed weight (g) of fresh seeds
	+0.0008g
	+3%
	   
	   
	+22%
	-2%
	Increases germination speed and elongation potential

	  Idem of old seeds
	+0.0008g
	+4%
	   
	   
	+27%
	-4%
	

	Standard-deviation of seed weight (g)
	+0.0003g
	   
	+5%
	+4%
	   
	   
	Increases proportion of heavy seeds that emerge from deep layers

	  Idem of old seeds
	+0.0003g
	   
	+2%
	+2%
	   
	   
	

	Proportion of old seeds in
	 
	 
	 
	 
	 
	 
	

	Top layer
	+10%
	-1%
	-5%
	-4%
	+6%
	-7%
	Seeds on soil surface often die before establishment but produce more seeds because they emerge earlier. The deeper seeds are buried, the less they germinate and emerge.

	1-4 cm depth
	+10%
	+1%
	   
	   
	+11%
	-7%
	

	5-9 cm depth
	+10%
	+1%
	   
	   
	+9%
	-8%
	

	Below 9 cm
	+10%
	-1%
	-8%
	-7%
	   
	   
	

	Time spent in moist conditions by old seeds  (°C days)
	+3650°C days
	-1%
	-3%
	-3%
	-6%
	+1%
	Increases secondary dormancy

	Proportion of old, light-stimulated seeds
	ns
	   
	   
	   
	   
	   
	Proportion usually close to 100%


Empty cells indicate variables not significant at alpha = 0.05. Relative variations are calculated from regression parameters δi as 10δ·v-1, where v is the tested factor variation.

4.2 Effect of soil texture and other characteristics
The same linear regression 
[1] as for seed bank characteristics was used to analyse the effect of soil texture (Table 16). Effects of soil characteristics were similar for all output variables (contrary to the effects of seed bank characteristics). Indeed, soil texture influenced seed burial and pre-emergent seedling mortality rather than germination. Fragmentation of soil structure is thus more important in clayey vs. sandy soils, leading to better seed burial and less germination, thus improving seed bank survival. Simultaneously, there is less pre-emergent seedling loss of germinated seeds, resulting in a higher plant density and reproduction.
Table 16. Significant soil characteristics identified with linear regression [1] and subsequent relative variations (%) in weed infestation in winter wheat
	Soil characteristics
	Input variation 
tested in 
regression 
[1] 
	Resulting variation in weed infestation

	
	
	Crop yield loss
	 Total density
	Mature 

plants
	Seed production
	Seed bank before seed rain

	
	
	
	
	
	
	

	Soil texture
	Clay
	-2%
	   
	   
	-12%
	   

	
	Silty clay
	   
	+8%
	+8%
	   
	+7%

	
	Sandy clay
	-8%
	-14%
	-13%
	-36%
	-6%

	
	Clayey silt
	-6%
	-17%
	-15%
	-31%
	   

	
	Silt
	+3%
	+17%
	+10%
	   
	+6%

	
	Sandy silt
	-8%
	-19%
	-18%
	-39%
	-4%

	
	Sand
	   
	   
	   
	   
	   

	
	Silty sand
	-4%
	   
	   
	   
	   

	
	Clayey sand
	   
	   
	   
	   
	   

	
	
	
	
	
	
	

	Other variables
	
	
	
	
	
	

	Gravel content (%)
	+20%
	   
	   
	   
	   
	   

	Soil depth (cm)
	+20cm
	+1%
	+2%
	+2%
	+5%
	+2%


Empty cells indicate variables not significant at alpha = 0.05. Relative variations are calculated from regression parameters δi as 10δ·v-1, where v is the tested factor variation.
4.3 Effect of previous weed stage

To study the correlation between a weed stage and its preceding stage (e.g. surviving plants as a function of emerged plants, mature plants as a function of surviving plants etc.), the previous weed stage was added to linear regression 
[1]. It appeared that there is more room for manoeuvre between seed bank and emergence, between emergence and survival stages or between maturity and seed production stages (partial R² below 0.76, Table 17) than between survival and maturity stages (partial R² = 0.89) or even worse, between successive seed banks (0.96). 
Table 17. Variability in simulated weed output variables explained by AlomySys input variables and the preceding weed stage. Partial and total R² of linear regression 
[1] completed with the density of the previous weed stage.
	AlomySys 
input 
variables
	Simulated output variables (weeds/m²)

	
	Total 
emergence
	Surviving 
plants
	Mature 
plants
	Seed 
production
	Seed bank 
before seed rain

	Previous weed stage#
	0.74
	0.76
	0.89
	0.73
	0.96

	Soil characteristics
	0.00
	0.00
	0.00
	0.01
	0.00

	Weather series
	0.03
	0.01
	0.00
	0.02
	0.00

	Tool width
	0.00
	0.00
	0.00
	0.00
	0.00

	Crop management
	0.07
	0.05
	0.01
	0.09
	0.01

	Unexplained variability
	0.16
	0.18
	0.09
	0.15
	0.03

	
	
	
	
	
	

	Total R²
	0.84
	0.82
	0.91
	0.85
	0.97


# Previous stage for total emergence and seed bank before seed rain is initial seed bank, previous stages for surviving plants, mature plants and seed production are total emergence, surviving plants and mature plants, respectively. 

5 Identification of biophysical field state variables influencing weed infestation, in interaction with crop management techniques

5.1 Multi-variate regressions for ranking and identifying major variables

To identify biophysical field state variables interacting with different operation, the date of the analysed operation was removed from the linear regression 
[1] (including all crop management variables, even non-significant ones). The residuals of this regression were then analysed as a function of biophysical variables describing the field at the day of the operation, i.e. the number of days, the cumulated thermal time and the cumulated rainfall from harvest or sowing until the day of the operation, soil moisture and soil structure immediately prior to the operation, as well as weed density and stage on the operation day (hence regression [2]), using the REG procedure with the FORWARD option to identify those indicators most correlated to the relative variation in weed infestation, i.e. the residuals of regression 
[1]. This analysis was only carried out for weed seed production, this being the output variables most discriminating input variables.
Table 18 shows significant variations in relative weed seed production as function of the different tested indicators for the various crop management techniques to be optimized. The best indicators were then studied further for each technique in each section to determine optimum values and optimize additional choices (e.g. tools).
Table 18. Interaction of crop management techniques with biophysical field state variables. Graphs show the relative variation in weed seed production (blue line) as a function of the tested indicators. The red line indicates a zero variation.
	A. Tillage
	Ploughing 
	Post-ploughing
	First tillage
	Last tillage

	Total R²
	0.0044
	0.0031
	0.0023
	0.0130

	Days to sowing
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	Cumulated rainfall since harvest
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	Moist tilled layers
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	Weed density at operation
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The number of days, thermal time since harvest (or since ploughing for post-ploughing tillage) and weed foliar stage prior to the operation were not significant at alpha = 0.05.

B. Sowing date (Total R² = 0.0012)
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	C. Mechanical weeding
	First weeding
	Last weeding

	Total R²
	0.0171
	0.0286

	Days since sowing
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	Thermal time since sowing
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	Weed density at operation
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	Weed foliar stage at operation
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The cumulated rainfall from sowing to the day of operation and the number of moist tilled layers were not significant at alpha = 0.05.
	D. Herbicides
	First spraying
	Last spraying

	R²
	0.0864
	0.1331

	Thermal time since sowing
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	cumulated rainfall since sowing
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	weed density at operation
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	Weed foliar stage at operation
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The number of days from sowing to operation day was not significant at alpha = 0.0

5.2 Optimization graphs

Here are presented additional graphs for optimizing timing and choices of crop management techniques which cannot be found in the main body of the paper.

5.2.1 Tillage dates
5.2.1.1 Cumulated rainfall
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y = 0.0754 + 0.000246∙x - 1.71∙10-6∙x² + 3.0∙10-9∙x3 - 0.0551∙log10(x+1) 
R²= 0.0019
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y = 0.0667 - 0.00219∙x + 2.07∙10-5∙x² - 4.16∙10-8∙x3 - 0.0295∙log10(x+1) 

R²= 0.0044
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y = 0.0525 + 0.000244∙x + 4.33∙10-8∙x² - 1.40∙10-10∙x3 - 0.0475∙log10(x+1) 
R²= 0.0008
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Figure 3. Indicator for optimizing tillage dates. Relative weed seed production in winter wheat as a function of cumulated rainfall from previous harvest (or from ploughing in the case of post-ploughing) to operation day (continuous line = regression, dashed lines = 95% confidence interval) for ploughing (A), post-ploughing (B), first (C) and last tillage (D) prior to wheat sowing. Results of regression 
[2].

5.2.1.2 Soil moisture at tillage
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y = 0.0332 - 0.0117∙x + 0.000459∙x² - 7.21∙10-6∙x3 + 0.0429∙log10(x+1)

R²= 0.00056
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Figure 4. Variation of weed seed production as a function of soil moisture prior to tillage (continuous line = regression with, dashed lines = 95% confidence interval) for the first (A) and last tillage operations (B) prior to winter wheat.

5.2.1.3 Thermal time since previous harvest
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Figure 5. Variation of weed seed production as a function of thermal time (base 0°C) from previous harvest to the first tillage (continuous line = regression with, dashed lines = 95% confidence interval) prior to winter wheat.

5.2.2 Herbicides

5.2.2.1 Thermal time
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R²= 0.0175
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Figure 6. Indicator for optimizing herbicide spraying dates. Relative weed seed production in winter wheat as a function of thermal time (base 0°C) from crop sowing to operation day (continuous line = regression with, dashed lines = 95% confidence interval) for first (A) and last herbicide applications (B) in winter wheat. Results of regression 
[2].

5.2.2.2 Cumulated rainfall
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Figure 7. Indicator for optimizing herbicide spraying dates. Relative weed seed production in winter wheat as a function of cumulated rainfall from crop sowing to operation day (continuous line = regression with, dashed lines = 95% confidence interval) for first (A) and last herbicide applications (B) in winter wheat.

5.2.2.3 Weed foliar stage
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Figure 8. Variation of weed seed production as a function of weed foliar stage prior to herbicide spraying (continuous line = regression with, dashed lines = 95% confidence interval) for the first (A) and last herbicide applications (B) in winter wheat.

5.2.3 Mechanical weeding
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Harrow:

y = -0.231 - 0.00102∙x + 2.98∙10-7∙x² + 0.323∙log10(x+1)


Hoe:
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Figure 9. Indicator for optimizing mechanical weeding dates and tools. Relative weed seed production in winter wheat as a function of weed density on the operation day (continuous line = regression with, dashed lines = 95% confidence interval) for first (A) and last weeding operation (B) in winter wheat.

5.2.4 Ploughing vs. no ploughing
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Figure 10. Variation of weed seed production in ploughed and un-ploughed winter wheat as a function of weed density in the previous crop (continuous line = regression with, dashed lines = 95% confidence interval). Results of regression [5] of main body of paper, R² = 0.162.
5.2.5 Choice of ploughing depth
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Figure 11. Variation of weed seed production in deeply (19 cm and more) and superficially ploughed winter wheat as a function of weed density in the previous crop (continuous line = regression with, dashed lines = 95% confidence interval). Results of regression [5] of main body of paper, R² = 0.134.

5.2.6 Tillage frequency
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Figure 12. Variation of weed seed production in frequently (2 operations and more) and rarely tilled winter wheat (1 operation only) as a function of the ratio of the weed densities in the previous relative vs. pre-previous crop (continuous line = regression with, dashed lines = 95% confidence interval). Results of regression [6] presented in main body of paper, R² = 0.010.

6 Additional references

Doyle C. J., Cousens R. & Moss S. R. (1986) A model of the economics of controlling Alopecurus myosuroides Huds. in winter wheat. Crop Protection 5:143-150.

Weed foliar stage (leaves/plant)








� Only after cereals.


� Only one per crop.


� Only the last four tools can be used for last tillage before sowing or at sowing.


� Sowing density is decreased by 25%
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