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Résumé
FlorSys (Colbach et al., 2008; Gardarin et al., 2012; Munier-Jolain et al., 2013; Colbach et al., 2014a) est un modèle de recherche simulant une parcelle cultivée virtuelle à un pas de temps journalier sur plusieurs années, permettant d'évaluer les performances de systèmes agricoles en termes de contrôle de la flore adventice, de maintien de la production agricole et de préservation de la biodiversité fonctionnelle, et ce pour l'ensemble des systèmes agricoles et des régions françaises de grandes cultures (Figure 1). Florsys est actuellement paramétré pour 25 espèces adventices fréquentes et avec des caractéristiques biologiques variées. 

L'utilisateur fournit en entrée la liste détaillée (cultures, variétés, dates, outils, densités, doses, réglages, etc.) des opérations culturales appliquées au cours des différentes années, les caractéristiques pédoclimatiques de la parcelle (texture du sol, latitude, flore potentielle régionale). Il est aussi nécessaire de renseigner des fichiers météo (température, rayonnement, précipitation, évapotranspiration) journwaliers sur plusieurs années.

Ce modèle est la synthèse de nombreux travaux sur le fonctionnement des adventices. Il permet de représenter, quantifier et combiner les effets de l'ensemble des techniques culturales sur les états du milieu et des plantes adventices et cultivées présentes dans cette parcelle virtuelle. Le cœur de FlorSys est un cycle de vie générique appliqué aux espèces annuelles adventices et aux espèces cultivées, avec une représentation en 3D du couvert « culture-adventice ». Les entrées du modèle jouent sur les stades de développement (semences viables, dormantes et germées, etc.) et sur les processus (photosynthèse, respiration, croissance, phénologie, étiolement) du cycle de vie des adventices et des cultures, avec un pas de temps journalier. À maturité, les semences produites par les adventices sont ajoutées au stock semencier et un rendement est estimé pour la culture.

L'effet de chaque technique culturale est décomposé en effets individuels qui interagissent avec les états du milieu et des semences et plantes. Par exemple, le travail du sol enfouit et remonte des semences et, dans le même temps, favorise la levée des dormances et stimule des germinations ; il détruit aussi les plantules. Cette approche permet non seulement de prédire des effets moyens (exemple : le retard de semis réduit la levée adventice) mais aussi leur variabilité (exemple : le retard de semis n'est efficace que dans 57-64% des années suivant les régions) et peut même identifier les conditions de succès (exemple : retarder après le 31 octobre lors d’automnes humides) (Colbach et al., 2005; Colbach et al., 2014a).

L'ensemble des variables du cycle de vie (semences et plantes de différents stades et états) est disponible en sortie pour les adventices et les cultures, à l'échelle journalière et en 3D. Pour faciliter l'évaluation des systèmes de culture, ces nombreuses variables sont traduites en indicateurs de leurs impacts sur la production agricole et la biodiversité (Figure 1). Ces indicateurs ont été développés avec des agriculteurs et des écologues (Mézière et al., 2015). 
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[bookmark: _Ref472607947]Figure 1. Structure schématique de FlorSys (Nathalie Colbach © 2017)



Overview
FlorSys is a virtual field on which cropping systems can be experimented and a large range of crop, weed and environmental measures estimated. The structure of FlorSys is presented in previous papers (Gardarin et al., 2012; Munier-Jolain et al., 2013; Colbach et al., 2014b; Colbach et al., 2014d; Munier-Jolain et al., 2014; Mézière et al., 2015; Colbach et al., 2017c). 

Input and output variables
Overview
The input variables of FlorSys consist of 
· a description of the simulated field (daily weather, latitude and soil characteristics, field size); 
· all the simulated crops and management operations in the field, with dates, tools and options; 
· the initial weed seed bank

Details
[bookmark: _Ref514338126]Field map sample
Dimensions of field map sample:
· dimx is the dimension of field map sample in EW direction (cm)
· dimy is the dimension of field map sample in NS direction (cm)

· dimxvox is the dimension of field map sample in EW direction (in voxels)
· dimyvox is the dimension of field map sample in NS direction (in voxels)

· width is the dimension of field map sample perpendicular to crop rows (in number of voxels)
· length is the dimension of field map sample parallel to crop rows (in number of voxels)

· sizevox is the size of the voxel (cm), i.e. the 3D grain of the canopy representation

For more details, see section 5.1.2.

The initial weed seed bank
The initial weed seed bank is either measured on soil samples or, more feasible, estimated from regional flora assessments (Colbach et al., 2016). The initial seed-bank present at the onset of the simulation is described by the seed density for each weed species in each soil layer. The model distinguishes recently shed seeds ("young" seeds) and seeds produced in previous crops ("old" seeds). To take into account the vertical variations in temperature and moisture in soil (Forcella et al., 2000), the seed bank is divided into 30 layers of 1 cm. At the onset of a simulation starting at seed maturity, the young seeds are all located in the top layer on soil surface while older seeds may be located in any layer.
For more details, see section 3.2.

The initial seed bank usually lists different weed species. If the aim is to simulate herbicide resistance, then different populations can be considered for each weed species (section 11.1).



The model structure

Principle
The input variables influence the annual life cycle which applies to annual weeds and crops, with a daily time-step. Pre-emergent stages (surviving, dormant and germinating seeds, emerging seedlings) are driven by soil structure, temperature and water potential. Post-emergent processes (e.g. photosynthesis, respiration, growth, etiolation) are driven by light availability and air temperature. At plant maturity, weed seeds are added to the soil seed bank; crop seeds are harvested to determine crop yield (in t/ha and in MJ/ha). FlorSys is currently parameterized for more than 30 frequent and contrasting annual weed species (Table 1).
Caution. The present manual is not up to date for the nitrogen submodels. 22/02/2022

[bookmark: _Ref491679229]Table 1. Weed species simulated in FlorSys (updated 22/02/2022)Caution, this is not up to date
	Weed species
	EPPO code
	Potential emergence season

	
	
	

	
	
	

	Abuthilon theophrasti
	ABUTH
	Mid May
	Late Aug

	Alopecurus myosuroides
	ALOMY
	Mid Sep
	Early Apr

	Amaranthus retroflexus
	AMARE
	Early May
	Late Jul

	Ambrosia artemisiifolia
	AMBEL
	Mid Mar
	Late May

	Avena fatua
	AVEFA
	Early Oct
	Mid Mar

	Capsella bursa-pastoris
	CAPBP
	Late Feb
	Late Oct

	Chenopodium album
	CHEAL
	Early Apr
	Late Jun

	Datura stramonium
	DATST
	Early May
	Early Jul

	Digitaria sanguinalis
	DIGSA
	Early May
	Late Jul

	Echinochloa crus-galli
	ECHCG
	Late Apr
	Late Jul

	Galium aparine
	GALAP
	Early Oct
	Late Mar

	Geranium dissectum
	GERDI
	Mid Aug
	Mid Oct

	Juncus bufonius
	IUNBU
	
	

	Lolium multiflorum
	LOLMU
	
	

	Matricaria perforata
	MATIN
	Early Sep
	Early Apr

	Mercurialis annua
	MERAN
	Early Apr
	Mid Jun

	Panicum miliaceum
	PANMI
	Late Apr
	Late Jul

	Phelipanche ramosa*
	PHERA
	
	

	Poa annua
	POAAN
	Early Sep
	Mid May

	Polygonum aviculare
	POLAV
	Early Mar
	Early Jun

	Fallopia convolvulus
	POLCO
	Mid Mar
	Mid Jun

	Persicaria lapathifolia
	POLLA
	
	

	Polygonum maculosa
	POLPE
	Mid Mar
	Mid Jun

	Ranunuculus sardous
	RANSA
	
	

	Senecio vulgaris
	SENVU
	Late Feb
	Early Nov

	Sinapis arvensis
	SINAR
	
	

	Solanum nigrum
	SOLNI
	Early May
	Early Sep

	Sonchus asper
	SONAS
	Early Mar
	Late Jun

	Stellaria media
	STEME
	Early Sep
	Early Jun

	Veronica hederifolia
	VERHE
	Early Oct
	Early Mar

	Veronica persica
	VERPE
	Late Sep
	Mid Mar

	Viola arvensis
	VIOAR
	
	


* parasitic plant, see section 9

Daily processes and life stages
From seedling to seed production, FlorSys is based on an individual-based representation of the 3D canopy, with a daily simulation of each process (Figure 2, ). Each day, the model predicts crop and weed emergence from crop or weed seeds and from hydro-thermal conditions (section 3). In case of multi-annual crops (e.g. lucerne, ryegrass), plantlets can also be the offspring of vegetative older plants (section xxx). 
The newly emerged plants are placed onto a 3D field map, either randomly with a uniform or aggregated distribution (weeds) (section 3.3.9) or depending on the sowing pattern (crops) (section 4.1). Each plant is represented as a cylinder whose dimensions depend on plant height and diameter and into which plant leaf area is distributed vertically (section 5.1). The canopy is discretized into cubic volume cells ("voxels"), and the photosynthetically active radiation (PAR) incident in each voxel of the 3D canopy is calculated from the daily radiation above the canopy and the leaf area in each voxel. The PAR is converted with ecophysiological functions into newly accumulated biomass which makes plant cylinders grow in height and diameter (section 5.3). Plant morphology also depends on past shading which makes plants etiolate to avoid shading (section 5.2). 
When plants reach maturity, biomass is converted into seed production (section 5.3). Weeds disperse their seeds to the surface layer of the soil seed bank, either as soon as seeds are mature (dehiscent species), at crop harvest (tall species) or at plant death (indehiscent species). Weed export by harvest combine was neglected. Crop seeds are usually all exported during harvest operations though a small proportion of seeds can be lost and give rise to crop volunteers in later years. 
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[bookmark: _Ref330279322]Figure 2. Simplified description of the FlorSys model (Colbach et al., 2014d). Each day weed plants can emerge from the seed bank; after crop sowing, crop plants emerge from the sown crop seeds. Emerged plants are placed onto the 3D map and represented as a cylinder inside which their leaf area is distributed. Depending on incident radiation, PARi is predicted in each voxel of the 3D canopy and converted into new biomass which makes plant cylinders increase in height and diameter. At plant maturity, plant biomass is converted into seed production. Seeds are either all added to the surface layer of the seed bank (weeds) or mostly exported during the harvest operation (crops) (Copyright 2013 Nathalie Colbach).
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[bookmark: _Ref269471012]Figure 3. Life-stages (plants/m²) of annual weeds simulated in FlorSys (Gardarin et al., 2012; Munier-Jolain et al., 2013; Colbach et al., 2014d; Munier-Jolain et al., 2014) with the effects of weed state variables (e.g. Plants/m², Seed age), soil conditions (e.g. soil) and daily weather variables (e.g. PARi). All variables are calculated daily. Black arrows ([image: ]) indicate losses through mortality.


Output variables
Each state variable of the annual life-cycle (Figure 3) is available as output. In addition, 


Model parameters
Weed species are either described by their model parameter, if available, or a series of species traits and characteristics  that are used to estimate any missing model parameters (section 14).

1.1 Domain of validity
For evaluation (validation) results, see section 10.3 in HowToRunFLORSYS.docx.

Pedoclimatic conditions
16/05/2024
The current version considers:
· Plant-plant competition for light outside the polar regions,
· Effect of water stress only concerns pre-emergent growth, except if the water-competition submodel is activated
· Effect of nitrogen only concerns the submodel estimating take-all disease in cereals, except if the nitrogen-competition submodel is activated

In addition:
· Tropical conditions might be badly simulated

Cropping systems
The current version was developed for
· Cropping systems of temperate European conditions,
· Systems with occasional or systematic tillage,
· Annual crops (even though a few perennials are included),
· Annual weeds

The current crop and weed species
See EPPOcodes sheet in ParametersSpeciesFLORSYS.xlsx




[bookmark: _Ref514328353]From weed seed to weed seedling 
(Gardarin A., Dürr C. & Colbach N. (2012) Modeling the dynamics and emergence of a multispecies weed seed bank with species traits. Ecological Modelling 240, 123-138, http://dx.doi.org/10.1016/j.ecolmodel.2012.05.004.)

This section applies to weeds (and crop volunteers only). Crop emergence is described in section 4.


The basic structure 

The model is based on a daily simulation of each process (Figure 4). This basic structure is the same as the previous weed emergence model AlomySys developed by our team (Colbach et al., 2006a; Colbach et al., 2006b). Each day, the model simulates seed bank mortality. The surviving seeds can acquire or lose dormancy according to the season and part of the non-dormant seeds can germinate, depending on light stimulation and soil climate. The hypocotyl (or epicotyl followed by a first leaf, in case of monocotyledons) develops from the germinated seed, depending on soil climate. Those germinated seeds that are neither buried too deeply nor impeded by soil clods, succeed in emerging during the following days, depending on soil climate, structure and seed depth. Tillage is the main driving forcing variable as it determines (i) soil structure, (ii) the depth of seeds via burial or excavation, and (iii) the ability of seeds to germinate through light exposure. Soil climate is also important as it influences soil structure and triggers germination; in addition, germination and pre-emergent growth rates increase with temperature and soil water potential. These different steps are described in the following sub-sections.

All the processes related to within-species variability in parameters, accounted for in the monospecific model, were removed in this multispecific model. These processes comprise (i) the effects of seed production conditions (photoperiod, water deficit) on the amount of dormant seeds, (ii) the effect of seed weight and the nitrogen amount available to the mother-plants on germination speed, and (iii) the effect of seed age and weight, as well as plant density and the amount of nitrogen available in the field where the seeds were produced on the maximum shoot elongation. Moreover, the role of important rainfall for triggering the germination (lixiviation of germination-inhibiting substances) was not kept because it is not considered as a major factor for stimulating germination in most species (Benech-Arnold et al., 2000).

[image: ]
[bookmark: _Ref320640187]Figure 4. Relationships between the different kinds of variables used by the FLORSYS model to predict weed emergence. The state variables (underlined) are modified by external input variables (in italics) using previously published models (in upper case letters) (Gardarin et al., 2012). 

[bookmark: _Ref297108543]
[bookmark: _Ref514759955]The weed seed bank as starting point
The weed seed bank considers for each weed seed species, each soil layer and each seed age class the number of seeds /m² and the proportion of these seeds stimulated by light.

The daily processes
Effect of tillage
Soil structure
Soil structure is described by a clod-size distribution, giving the proportion of different soil clod types. These result from combining clod size and the structural porosity of the seedbed. Each time the soil is tilled, clod sizes and porosity are modified by (a) fragmentation due to the tillage tool, modifying clod-size distribution, and by (b) compaction due to the tractor wheels (based on Chatelin et al., 2005). Soil structure depends also on soil texture and is modified by climate. Compaction due to tractor wheels occurring during any other operation (e.g. sowing, harvesting) are also taken into account. The intensity of both compaction and fragmentation depends on soil water content and equipment characteristics.

[bookmark: _Ref514329408]Seed movements
Tillage moves soil and seeds and the degree of burial depends on the tillage implement. In the present model, a matrix equation is used to estimate these seed movements (Appendix A, Eq. [1]), with the seed movement matrix depending on the tillage implement but not on the weed species or the seed type (young vs. old, light-stimulated vs. unstimulated). During mouldboard ploughing, the soil expands during ploughing and the final soil surface is not smooth. During the next tillage operation, the soil then settles until the soil surface has reached its initial level again (Eq. [2]).
Natural seed burial (by gravity or by earthworms) was  not taken into account because soil tillage is predominant in European cropping systems and is thus the main factor modifying seed depth in cropped fields. 
For the effects of the different tools, see section 10.2.3.

Light stimulation
Soil-inverting tillage operations (mouldboard plough, spading power harrow, rotavator, disks) in moist conditions briefly expose the moved seeds to light, thus activating a phytochrome receptor (Eq. [3]), which contributes to the release of dormancy and stimulates germination. A seed is considered as moist when the water potential in the original soil layer is above the species base water potential for germination. Light stimulation can also occur anytime for imbibed seeds located on soil surface (Eq. [4]).

[bookmark: _Ref514331840]Seed mortality
Daily in situ seed mortality (Eq. [5]) includes any seed disappearance caused by age, diseases or microscopic predators, but excludes any seed bank decrease due to germination which is calculated separately (section 3.3.5). Predation due to birds, rodents or beetles etc. is considers immediately after seed rain (section 8). The annual seed mortality rate awa (seeds∙seeds-1∙year-1) is determined for each seed age class a and for each weed species w. The annual mortality rate can exceed 1, indicating that the species loses its seeds in less than one year. 
For estimating mortality parameters, see section 14.2.2.
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Figure 5. Weed seed viability with seed age for five contrasting weed seed species. Symbols show measurements and lines regressions fitted to estimate annual seed mortality rates. (Gardarin et al., 2010b)

[bookmark: _Ref257969006]Seed dormancy
Seasonal dormancy
The proportion of non-dormant seeds varies with season. At maturity, the seeds of most species present a primary dormancy (Eq.[6] ) which gradually disappears over time (Eq. [7]). After a period of low dormancy (Eq. [8]), secondary dormancy sets in (Eq. [9]) and again disappears (Eq. [10]). The intensity of dormancy as well as the dates of dormancy onset and end, vary with the species.
Dormancy variations are defined by four dates: dates of dormancy induction onset TIOw and end TIEw as well as dormancy release onset TROw and end TREw (all in Julian days). For estimating parameters, see section 14.2.3. The proportion of non-dormant seeds (in seeds·seeds-1) varies between minimal and maximal values which depend on seed age (young or old). For estimating parameters, see section 14.2.4.

Light stimulation
Regardless of the season, the proportion of seeds able to germinate varies depending on a previous light exposition (Eq. [11]). The intensity of the light stimulation (or inhibition) effect on seed germination depends on each species photosensitivity and varies with seed age. For estimating parameters, see section 14.2.5.

Effect of seed depth on germinability
In addition, the deeper the seeds are buried in soil, the less they germinate (Eq. [12]). Conversely, seeds located on soil surface see their germination decreased because of bad seed-soil contact necessary for seed imbibition (Eq. [13]). The rate of non-dormant seeds also decreased with soil water potential (Eq. [14]).For estimating parameters, see section 14.2.6.

[bookmark: _Ref297668980]Effect of soil water potential on germinability
The rate of non-dormant seeds also decreased linearly with soil water potential (Eq.[14]). The germinability of a large number of species was shown to be affected by drought (Gardarin et al., 2010c). Consequently, the proportion of germinable seeds was made to decrease with the relative difference between the actual water potential and the species base water potential for germination (see section 14.2.7 for its estimation).
The effect of waterlogging, which could reduce germination because of anaerobic conditions, was not considered because the majority of cropped field is drained in case of water excess. Moreover, such conditions generally occur in winter when temperatures are too low to allow germination.
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Figure 6. Représentation schématique des cycles de dormance de trois espèces adventices, indiquant les niveaux de dormance primaire (DP), dormance secondaire (DS) et non-dormance (ND), avec les dates de début de levée () et d'induction () de dormance (basé sur Gardarin and Colbach, 2015) (Nathalie Colbach © 2017)

[bookmark: _Ref514330561]Germination 
Conditions triggering germination 
Germination is triggered when tillage is performed in a moist soil (Eq. [15] in Appendix A), or when precipitations moisten a dry soil layer (Eq. [16]). Germination is also stimulated when mature weed seeds are shed on a moist soil (Eq. [17]). Usually, moist vs. dry conditions alternate more frequently on soil surface than in deeper layers. A soil is considered as moist when soil water potential exceeds the base value for the simulated species (see next section for the estimation of base water potentials).

[bookmark: _Ref298248823]Hydro-thermal time since germination triggering
The effect on germination of soil temperature and water potential in each soil layer is integrated via the accumulation of hydrothermal time since germination triggering, calculated as the equivalent of thermal time spent in optimal moisture conditions (Eq. [18]). Soil dryness cuts off germination (Eq. [19]). These two effects depend on the species base temperature and water potential for germination. See section 14.2.7 for parameter estimation.

[bookmark: _Ref514333003]Germination dynamics
Each day d, the number of germinated seeds of a given species germinated since the previous day is calculated as a function of cumulated hydrothermal time (Eq.[20]), distinguishing young vs. old seeds as well as seeds having received or not a light activation. The germinated seeds are taken out of the viable seed bank. The three germination parameters, xg0wpd (lag-time in °C∙days from germination triggering to first germination), xg50wpd (time in °C∙days from germination triggering to 50% of germinated nondormant seeds) and bgwpd (adimensional shape parameter), are computed at the onset of each germination flush to calculate the germination progress (and can thus be considered as dynamic parameters).
The three germination parameters were calculated from three seed traits and species characteristics:
If the seed lipid content (lipidw, g·g-1) is lower that 30%:
xg0wpd = exp[3.56 - 0.18·ln(pNDwapld) - 0.39·ln(basew+2) - 0.23·ln(lipidw)  - 0.30·ln(samw)]
xg50wpd = exp[4.45 - 0.25·ln(pNDwapld) - 0.79·ln(basew+2) - 0.29·ln(lipidw)]		
vg50wpd = exp[-4.77 + 1.07·ln(pNDwapld) + 1.53·ln(basew+2) + 0.50·ln(lipidw)]		
Else:
xg0wpd = exp[3.56 - 0.18·ln(pNDwapld) - 0.39·ln(basew+2) - 1.19·ln(lipidw)  - 0.30·ln(samw)]	
xg50wpd = exp[4.45 - 0.25·ln(pNDwapld) - 0.79·ln(basew+2) - 0.86·ln(lipidw)] 		
vg50wpd = exp[-4.77 + 1.07·ln(pNDwapld) + 1.53·ln(basew+2) + 0.56·ln(lipidw)] 		

pNDwapld is the proportion of non-dormant seeds of species w, seed age class a, photo-stimulation status p, seed depth l on day d. samw is the seed area per mass for species w (mm² ∙ mg-1, seed area in two dimensions being measured by image analysis, (Gardarin et al., 2011) and lipidw its seed lipid content (g·g-1). vg50wpd (seeds·seeds-1·°C-1·days-1) is the rate of germinated seeds per unit time at xg50wpd and is the derivative of the germination curve at mid-germination (see Eq.[20]). Thus, the remaining parameter bgwpd can be calculated from this derivate and from the other parameters:
bgwpd = 2 · vg50wpd · (xg50wpd - xg0wpd) / (pNDwapld · ln 2)
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	[bookmark: _Ref514335676]Figure 7. Germination can be triggered by sowing (crop seeds only, yellow seeds), seed rain (weed seeds only, brown seeds), rain on dry soil or tillage in moist conditions; seeds on soil surface and deeply buried seeds germinate badly (A). Germinated seeds produce a shoot growing toward soil surface; heavier seeds produce longer shoots and roots (B). Seedlings can die before emerging if they are buried too far from soil surface, if the soil dries after germination and the root is too short to reach deeper moister layers, or if the shoot is blocked by large soil clods (C).




[bookmark: _Ref514333008]Pre-emergent growth
Thermal time since germination
The effect of soil temperature on pre-emergent growth is integrated via the thermal time since germination calculated for each soil layer and weed species (Eq. [22]), using the same base temperature than for germination. See section 14.2.7 for parameter estimation.

[bookmark: _Ref297108621]Pre-emergent shoot and root elongation
Pre-emergent shoot and root elongation is driven by thermal time (Eq. [23] and [24]). It occurs in darkness in the soil until the shoot reaches soil surface, and depends on seed reserves. The shoot is either a hypocotyl (dicotyledons) or an epicotyl followed by the first leaf (monocotyledons). The growth of the shoot and the root depends on the three parameters used in Eq. [23] and [24], i.e. their maximal length, the time necessary to reach mid-elongation and a shape parameter. See section 14.2.9 for parameter estimation.

[bookmark: _Ref514333555]Pre-emergent mortality
Several causes drive pre-emergent seedling mortality in FlorSys. The major ones are summarized in Figure 7.C.

Insufficient shoot length
Part of the germinated seeds die without emerging because they are buried too deeply, i.e. their maximum shoot elongation (section 3.3.6.2) is shorter than the growth path from the seed to soil surface (Eq.[26]). The length of the growth path increases with the frequency and size of soil clods (Eq. [25]).

Insufficient elongation speed
Any seeds that have germinated more than two months earlier and have not yet emerged die without issue (Eq. [28]). This cause of mortality though rarely applies as the previous cause of mortality usually has already eliminated the seedlings with prolonged pre-emergent growth.

Drought
15/03/2022
The soil can dry after germination and if the seedling root only crosses dry soil layers, the germinated seeds die without emerging. Or, in other words, if there is not at least one layer between the seed layer and the layer reached by the tip of the root presenting a water potential exceeding the species base value for germination, then all the relevant germinated seeds die (Eq. [29]). This is applied during the two days following germination.

[bookmark: _Ref514334461]Soil compaction
The remaining seedlings grow toward the soil surface but part of them remains blocked below soil clods. The probability of being blocked increases with seed depth and soil compaction and depends on the species (Eq. [30]). The unblocked seedlings will emerge. 
Four parameters are necessary to drive this equation: ßw (mortality rate on soil surface in intermediate soil structure, in seedlings∙seedlings-1,), ßfine_earthw (variation in mortality in case of fine-earth soil structure, in seedlings∙seedlings-1,), ßcompactedw (additional mortality in case of compacted soil structure, in seedlings∙seedlings-1) and yw (increase in mortality with seed depth, in seedlings∙seedlings-1∙mm-1). For parameters, see section 14.2.10.

[bookmark: _Ref514333558]Emergence dynamics
The number of seedlings emerging on day d is the sum of all surviving germinated seeds of any soil layer and germination date that have reached soil surface (Eq. [31]). 

[bookmark: _Ref514759473]Place weed plants on the field
As the 3D canopy model considers individuals (section 5), the emerged weed densities are converted into numbers of plants to be placed onto the field map (Eq. [2] in Table 2). If the number of individuals to emerge in a given day on the simulated field is lower than 1, it is treated as a probability for determining whether a single plant emerges today [3]. The weed plants are then placed randomly onto the 3D map, either with a uniform distribution [4] or in patches whose radii increase with species plant height, with one patch per species [5]. 

Further options for placing weed plants in patches are available, e.g. identical patch sizes, increasing numbers of patches etc. But the uniform distribution and height-sized patches are the two most commonly used options. The latter increases intraspecific competition to the detriment of interspecific competition, the former does the opposite. If the number of patches is fixed, a patch distribution underestimates weed densities in large fields as the fixed number of patches limits weed propagation.

Residual seedlings that were not placed because their density was too low to produce one individual for the field were kept for the next day [6][2]. If local weed plant density at the new plant's location is too high, self-thinning occurs and the new plant dies [7]. 

[bookmark: _Ref514761733]Table 2. Equations relating state variables describing weeds when placing weed plants in FlorSys. References and explanations refer to existing functions and models introduced into FlorSys after possible adaptation. For explanations on input variables see Table 3
	Eq.
	When
	Process
	Equation
	Explanation

	[1] [bookmark: _Ref326766115]
	d 
	Emergence
	dEsd = f(field history, weather) (Appendix B)
	dEsd = weed density (plants/m²) emerging on day d (Appendix B)

	[2] [bookmark: _Ref326767175]
	d 
	Placing plants
	nPsd = floor(dEsd ∙ dimmx ∙ dimmy + nREs)
	nREs = residual seedlings that have not yet been placed on the field map (plants∙map-1)

	[3] [bookmark: _Ref326767258]
	d 
if nPsd < 1
	Placing plants
	prob = random(0,1)
if prob < nPsd   then nPsd = 1
	

	[4] [bookmark: _Ref326767324]
	d i{1,nPsd}
	Placing plants
	Uniform distribution
   Psi(x) = random(0, dimvx)
   Psi(y) = random(0, dimvy)
	

	[5] [bookmark: _Ref364692572]
	
	
	Patchy distribution
  If i=1  PCs(x) = random(0,dimvx) and PCs(y) = random(0,dimy)
  distance = Gaussian(0,Hmaxs)
  angle = random(0,2π)
   Psi(x) = PCs(x) + cos(angle) · distance   
   Psi(y) = PCs(y) + sin(angle) · distance
	PCs(x,y) = coordinates of patch centre
Hmaxs = Maximum possible plant height (cm∙plant-1)

	[6] [bookmark: _Ref326767466]
	d
	Placing plants
	nREs = dEsd ∙ dimmx ∙ dimmy - nPsd
	

	[7] [bookmark: _Ref347847860]
	d=demergence
	Self-thinning
	if nPd(x,y)/vox/10000 > 10000    then Psi(x,y) dies  and  nPds = nPds – 1
	nPd(x,y)=number of weed plants in voxel (x,y)
vox=voxel edge size (cm)


d=day, s=species, i=individual, g=gap 
Variables starting with n are number of individuals in the field map, with d are density of individuals (individuals/m²), with p are probabilities, with r are rates.
random(min, max) draws a random number in [min, max]
gaussian(mean,standard-deviation) draws a random number in a normal distribution
min(x1, x2) returns the smaller values of x1 and x2
field history consists of past management operations and weather as well as the resulting weed infestation and seed production


[bookmark: _Ref514762097]Table 3. Input variables of the FlorSys model driving weed plant location
	Input variable
	Symbol
	Options or units

	Simulated field map
	
	

	Field dimensions
	dimmx , dimmy
	m

	Field dimensions
	dimvx , dimvy 
	voxels

	Voxel edge size
	vox
	cm






[bookmark: _Ref514760690]Crop emergence

The present section describes the steps for predicting crop emergence based on Gardarin's model for weeds (Gardarin et al., 2012).

[bookmark: _Ref514343276]Place crop seeds on field map sample (day of crop sowing)
Principle
When the user chooses broadcast sowing for a crop, the seeds are distributed randomly (with a uniform probability) in the simulated field sample and placed on soil surface. In case of row-sown crops, the sown seeds are placed in rows, the number of rows depending on the interrow distance chosen by the user. For instance, cereals and oilseed rape are usually sown in closer rows (e.g. 12 cm) than maize, sugar beet or potato (e.g. 50 to 80 cm). Interrow width is often increased in systems using mechanical weeding. The number of seeds placed in a given sowing row results from sowing density and interrow distance; the placement pattern depends on the seeding machinery, with precision drills placing seeds evenly and grain bulk seeders resulting in greater variability. Rows can be orientated either North-South or East-West.
Crop associations of two or more crops can be broadcast or row-sown; in the latter case, the user decides to sow them either in separate strips or rows, or in mixed rows. Successive sowing operations in an existing canopy are also possible, either broadcast or sown in rows. In the latter case the relative position of the new crop rows to existing crop rows must be chosen. 

Orientate crop sowing lines relative to the sun
Dimensions of field map sample (section 2.1.2.1):
· dimx is the dimension of field map sample in EW direction (cm)
· dimy is the dimension of field map sample in NS direction (cm)
· width is the dimension of field map sample perpendicular to crop rows (in number of voxels)
· length is the dimension of field map sample parallel to crop rows (in number of voxels)

	Sowing orientation NS
	Sowing orientation EW

	x
y
dimy
dimx
width
length


	x
y
dimy
dimx
length
width




Figure 8. crop row position in the field depending on the orientation chosen by the use (NW or EW) and field map dimensions (chosen by the user)

[bookmark: _Ref514338267]Number of crop rows
The  number of crop rows results from the width of the field map sample (input variable) and interrow width (input variable):
   //nb_rows = width * sizevox / interrowWidth
   //calculation as floats and then integer floor value is kept
   //there must be at least one crop row

Width in number of voxels
Sizevox = edge of voxel (in cm) = 3D grain of 3D representation of canopy
interrowWidth in cm

[bookmark: _Ref514338298]Number of seeds per crop row
The number of seeds per crop row results from the sowing density (input variable, section 2.1.2.1) and the number of crop rows (state variable, section 4.1.3)
   //nbSeedsPerRow = sowingDensity * dimx * dimy/nb of sowing rows
   //calculation as floats and then integer floor value is kept
   //there must be at least one seed per row

sowing density in seeds/m²
dimx and dimy: dimensions of field map sample in m

[bookmark: _Ref258314126]Theoretical distance between crop plants on sowing row
The theoretical distance between crop plants on sowing row depends on the length of the field plan map (input variable, section 2.1.2.1) and the number of plants per row (state variable, section 4.1.4)
   //distancePlantsOnRow = length * sizevox / nbPlantsPerRow
   //calculation as floats and then integer value is kept

distancePlantsOnRow: in cm
length = size of the field plan map in the direction of crop rows (in voxels
sizevox = size of the voxel (resolution), in cm

[bookmark: _Ref470955436]Place seeds on field map sample
Place all the seeds on the map (determine row, x and y coordinates)

Row number (deterministic choice)
      row=(int)floor((float)i/(float)crop_mg[crop].sowing.nbPlantsPerRow);

Coordinates relative to crop rows
coord┴rows
coord||rows

coord┴rows (coordinate perpendicular to crop rows) is chosen in a normal distribution centered on crop row and standard-deviation of interrow width (input variable).
coord||rows (coordinate parallel to crop rows) is chosen in a normal distribution, with mean distance between plants = theoretical distance between crop plants on row (chapter 4.1.5) and standard-deviation of plant distance (input variable)

Coordinates relative to the sun
The coordinates perpendicular and parallel to crop rows are then transformed into coordinates relative to the sun, i.e. x in the EW direction and y in the NS direction.

Particular situations
This was the simple case of a single row-sown crop.

[bookmark: _Ref470955470][bookmark: _Ref514338807]Pre-emergent mortality due to soil structure
Rate
Pre-emergent crop seedlings blocked by soil clods, as function of soil structure and seed depth. Other causes of mortality are implemented later.

mortalityRate = 1 - exp( -exp(beta + soilStructureEffect + gamma * log(depth*10)));

beta, soilStructureEffect and gamma are species-dependent parameters (section 14.2.10).

[bookmark: _Ref470955472]Locations of emergence failure
Principle
With aggregated probability: the number of future holes in the crop canopy can range from 1 to a maximum resulting from the mortality rate times the number of sown seeds. For each hole, the number of seeds dying without emerging is drawn randomly between zero and the remaining number of seeds to kill, with a normal distribution. The first holes usually comprise a smaller number of dead seeds than the last one; the last hole comprises all the remaining dead seeds and can be quite large.

Details
- calculate the number of seeds dying without emerging as
nbSeedsToKill = floor(nbSeedsPerRow * nbCropRows * mortalityRate)

- calculate the maximum number of holes to create in the crop canopy nbHolesCanopy
draw a random number in [1, nbSeedsToKill] = NbHoles
there must at least be one hole

- calculate the mean number of dead seeds per hole 
meanDeadSeedsPerHole = nbSeedsToKill/nbHolesCanopy

- for each hole h from 0 to <NbHoles (as long as there remain seeds to kill)
· draw a random location in field map sample (x,y)
· searchRadius = 0
· nbKilledSeedsPerHole = 0
· nbSeedsToKillPerHole is chosen randomly in [1, nbSeedsToKill] with a normal distribution (mean= meanDeadSeedsPerHole, standard-deviation= meanDeadSeedsPerHole/2), except for the last hole which comprises all remaining seeds to kill, if any.
· as long as the target number of seeds to kill per hole has not yet been reached
· for all future plants of the field map sample (that are not yet dead)
	calculate distance to hole centre
	if distance <= search radius kill seed
	nbKilledPlants++
	nbSeedsToKill--
	if nbKilledSeedsPerHole = nbPlantsToKillPerHole  break plant loop
· increase search radius by sizevoxel and start checked all living seeds again until the target number of dead seeds is reached.
The actual number of holes is usually lower than the initially calculated number of holes as for some holes, the chosen nbSeedsToKillPerHole is nil.

The potentially dying seeds are considered UNGERMINATED_WILL_DIE.

Examples
Examples: Coordinates are in number of voxels (here 10 cm)
	OSR
sown seeds = 156
mortality rate = 0.07
number of seeds to kill = 10
maximum number of holes = 6
list of actual holes: 
4 holes with 1 dead seed
1 hole with 2 dead seeds
1 hole with 4 dead seeds
2 holes are contiguous, resulting in one large hole and 4 small holes
	[image: ]

	WW
sown seeds = 1272
mortality rate = 0.08
number of seeds to kill = 101
maximum number of holes = 45
list of holes
19 holes with 1 one dead seed
19 holes with 2 dead seeds
4 holes with 3 dead seeds
2 holes with 4 dead seeds
1 hole with 24 dead seeds
The actual number of holes is only 5 because:
- some holes are contiguous
- several plants coexist in many locations because of the large voxel size (10 cm)
	[image: ]

	WW with smaller voxel size (5 cm)
43 listed holes, 1 with 17 dead seeds and the remaining with dead seeds ranging from 1 to 4 seeds. On the figure, 32 actual holes.
	[image: ]

	WW with tiny voxel size (2 cm)
44 listed holes, 1 with 21 dead seeds and the remaining with dead seeds ranging from 1 to 4 seeds. On the figure, actual holes.
	[image: ]



From crop sowing to end of emergence
At crop sowing
At crop sowing
· Seeds are placed on the simulated field sample and coordinates are attributed to each seed (section 4.1.6),
· The seeds that will eventually die because to soil compaction are chosen (sections 4.1.7 and 4.1.7.2), their status is put to UNGERMINATED_WILL_DIE
· The status of the remaining seeds is UNGERMINATED
· The calculation of germination and emergence is triggered (CALCULATION_HAS_STARTED)
· HTTsinceSowing since sowing is put to zero (°C MPa days MPA-1)

Daily, after crop sowing, as long as there remain ungerminated seeds
Steps
1. increase hydrothermal time since sowing from soil temperature and water potential
2. calculate cumulated germination probability since sowing
3. for each ungerminated seed, draw random number and compare to probability to decide whether seed has germinated. If hydrothermal since sowing exceeds thrice the time to mid-germination and the seed has still not germinated, it is declared dead.
4. for each germinated seed, calculate root length and determine drought-related death. Seeds that have germinated more than 30 days ago, die without emerging
5. for each surviving germinated seed, calculate time since germination and time to reach soil surface and determine whether the seed has emerged
6. Among the potentially emerging seedlings, those chosen during crop sowing to eventually die because of soil compaction during emergence (section 4.1.7) now die. The choice is made during crop emergence to aggregate dying seedlings as soil compaction is not distribution uniformously in a field
7. When the first plant of today emerges, add a new cohort to crop table. 
8. Add each newly emerged plant to today's cohort
9. Determine whether there remain germinated (living) but unemerged seeds
10. Initialize plant and cohort variables (thermal time, initial leaf area etc)

Details
Increase hydrothermal time since sowing from soil temperature and water potential
Hydrothermal time (°C MPa days MPA-1) for the crop seed lot is increased if soil temperature and water potential at the depth where the crop seeds are located exceed the species base values for germination (baseTemperature °C, baseWaterPotential MPa, section 14.2.7). It is actually a thermal time corresponding to optimal water potential.
optimalWaterPotential = 0;
	if (i_soilWatpot[depth]      >baseWaterPotential 
	&&  i_soilTemperature[depth] >baseTemperature)
        HTTsinceSowing += (i_soilTemperature[depth] -baseTemperature)
                       *  (i_soilWatpot[depth]      -baseWaterPotential)
                       /  (optimalWaterPotential    -baseWaterPotential);
i_soilTemperature[depth] and i_soilWatpot[depth] are daily mean soil temperature and water potential at depth cm. Temperatures in °C, water potential in MPa.
HTTsinceSowing hydrothermal time since sowing (°C MPa days MPA-1) for the crop seed lot

Cumulated germination probability since sowing
Cumulated germination probability germinationProba is nil if hydrothermal time since sowing is less than the germination lag x0, and increases with hydrothermal time otherwise:
float germinationProba = 0;
if (HTTsinceSowing >x0)
     germinationProba =nonDormantMaximum[YOUNG_SEEDS]
                      * (1 - exp(- log(2)
                      * pow( (HTTsinceSowing -x0)
                      /      (x50            -x0),b)));

Seeds located on soil surface germinate less well
        if (depth == 0)
            germinationProba *=reductionSurface;

The deeper the seeds are buried, the less well they germinate
        //---effect of seed depth on dormancy rate
        else
            germinationProba *= (1.0 -reductionDepth*depth);

Species-dependent parameters:
· Driving germination dynamics (section 14.2.8)
· x0: germination lag (°C MPa days MPA-1), time from sowing until first germinated seed
· x50: mid-germination timing (°C MPa days MPA-1), time from sowing until 50% seeds have germinated
· b: germination shape parameter
· effect of seed depth (section 14.2.6)
· reductionSurface: germination rate (seed seed-1) of seeds located on soil surface compared to seeds buried at 1 cm
· reductionDepth: reduction in germination rate per additional cm depth (seed seed -1 cm-1)

Decide for each seed whether it germinates
For each ungerminated seed (UNGERMINATED or UNGERMINATED_WILL_DIE), draw random number and compare to probability to decide whether seed has germinated.            UNGERMINATED_WILL_DIE are seeds that will die because of soil compaction during pre-emergent growth. Their fate was determined during the sowing operation to ensure that compaction-related mortality is aggregated (section 4.1.7). If seeds germinate, their status is changed (GERMINATED or GERMINATED_WILL_DIE) and the thermal time since germination TTsinceGermination is initialized at zero.

            if (cropEmergence[iP].status == UNGERMINATED
            ||  cropEmergence[iP].status == UNGERMINATED_WILL_DIE)
            {
                //---draw a random number in [0,1]
                tirage = florsys::ran1();

                //---if random number < germination probability
                //---then the seed germinates today
                if (tirage <= germinationProba)
                {
                    if (cropEmergence[iP].status == UNGERMINATED)
                        cropEmergence[iP].status = GERMINATED;
                    else if (cropEmergence[iP].status == UNGERMINATED_WILL_DIE)
                        cropEmergence[iP].status = GERMINATED_WILL_DIE;
                    cropEmergence[iP].TTsinceGermination = 0;
                }//if (tirage <= germinationProba)
If hydrothermal since sowing exceeds thrice the time to mid-germination and the seed has still not germinated, it is declared dead.
               if (HTTsinceSowing > 3 * refParameters.x50)
                    cropEmergence[iP].status = DEAD;

Drought-related death
For each germinated seed, calculate root length and determine drought-related death. Drought-related death can only occur during the two days following germination

Germinated seed are GERMINATED, GERMINATED_WILL_DIE,. WILL_DIE are seeds that will die because of soil compaction during pre-emergent growth. Their fate was determined during the sowing operation to ensure that compaction-related mortality is aggregated.
The seeds have germinated only today are not considered (TTsinceGermination > 0).                This condition is necessary to avoid drought-related mortality on germination day because root length is still nil. This condition is not necessary for weeds where TT is increased before calculating root length
            if (cropEmergence[iP].status == GERMINATED
            ||  cropEmergence[iP].status == GERMINATED_WILL_DIE)
            {
               if(cropEmergence[iP].DaysSinceGermination <= 2
                &&cropEmergence[iP].TTsinceGermination > 0)
                {
Root length is calculated from thermal time since germination and from species-dependent parameters (section 14.2.9). 
· max: maximum pre-emergent root length during heterotrophic growth (mm)
· r50: thermal time (°C) to produce a root length of max/2
· rb: shape parameter
   rA = log(2)/pow(r50,rb);
   rootLength = max * (1.0 - exp(-rA*pow(TTsinceGermination,rb)));

If all soil layers crossed by the root are dry, then the germinated seeds die without emerging
death = true;
for (iLL=iLLL;iLL<std::min(NB_SOIL_LAYERS,iLLL+std::max((int)1,(int)rootLength));iLL++)
//max(1, ... is necessary to look at least at the layer where the seed is located                   
 {
                        if (i_soilWatpot[iL] >baseWaterPotential)
                        {
                            death = false;
                            break;
                        }
                    }  

                }
                else death = false;


                if (death)
                        cropEmergence[iP].status = DEAD;


                Seeds that have germinated more than 30 days ago, die without emergiing
                if (cropEmergence[iP].DaysSinceGermination > 30)
                {
                    cropEmergence[iP].status = DEAD;
                    death = true;
                }

 Time needed to emerge
For each surviving germinated seed, calculate time since germination and compare to time needed to reach soil surface and determine whether the seed has emerged. It is calculated from today's soil temperature (°C) at the depth were the seeds are located and the species base temperature (°C)

                if(!death)
                {
                    //---increase thermal time since germination
                    if (i_soilTemperature[depth] >baseTemperature)
                        cropEmergence[iP].TTsinceGermination
                            += i_soilTemperature[depth] -baseTemperature;

    //---thermal time necessary for reaching soil surface
    //---also eliminates germinated seeds that are buried too deeply for their shoot to reach soil surface
    //seeds are assumed to be located at the bottom of the 1-cm-thick layer
    //thus depth is increased by 1 relative to the layer number (which starts counting at 0)

Species dependent parameters (section 14.2.9)
· max = maximum shoot elongation during heterotrophic growth (mm)
· l50 = thermal time (°C days) to produce a shoot of max/2;
· lb = shape parameter

   //---if the shoot is to short to reach soil surface
   //---emergence time is indefinite
   max = max/10.0; //to convert from mm (unit of shoot length model) into cm (unit of seed depth)
   if (growthPath >= max)
   {
      necessaryTT = INFINITE;
   }
   else
   {
      necessaryTT = l50 * pow(log(1.0-growthPath/max)/log(0.5), 1.0/lb);
   }

 Pre-emergent mortality due to soil compaction
Among the potentially emerging seedlings (TTsinceGermination > necessaryTT), those chosen during crop sowing to eventually die because of soil compaction during emergence (GERMINATED_WILL_DIE, NEARLY_DEAD_WILL_DIE) now die. The choice is made during crop emergence to aggregate dying seedlings as soil compaction is not distributed uniformously in a field

                    if (cropEmergence[iP].TTsinceGermination > necessaryTT)
                    {

                        if (cropEmergence[iP].status == GERMINATED_WILL_DIE
                        ||  cropEmergence[iP].status == NEARLY_DEAD_WILL_DIE)
                        {
                            cropEmergence[iP].status = DEAD;
                        }
                    }

Determine whether there remain germinated (living) but unemerged seeds
            if (refCropDyn.cropSeedMap.cropEmergence[iP].status == UNGERMINATED
            ||  refCropDyn.cropSeedMap.cropEmergence[iP].status == GERMINATED)
                thereRemainLivingUnemergedSeeds = true;


[bookmark: _Ref514771350]The particular case of perennial crops
(Colbach N., Cordeau S., Garrido A., Granger S., Laughlin D., Ricci B., Thomson F. & Messéan A. (2018) Landsharing vs landsparing: How to reconcile crop production and biodiversity? A simulation study focusing on weed impacts. Agriculture, Ecosystems & Environment 251, 203-217, https://doi.org/10.1016/j.agee.2017.09.005.)

The FlorSys life-cycle was modified to allow vegetative regrowth of multi-annual plants: when a multi-annual plant reaches its maximum possible plant height and width, an off-spring is created and placed randomly at the outer rim of the parent plant. In addition to seeds, each plant can only produce one vegetative off-spring per year, and the life-span of an individual plant originating from a seed or from regrowth was limited to three years. This is the average given for multi-annual grass and legume forage crops (GNIS, 2007).

[bookmark: _Ref514761146]From plantlet to seed production
This section applies to both crop and weed plants.

[bookmark: _Ref514422675]The 3D light distribution model
(Munier-Jolain N. M., Guyot S. H. M. & Colbach N. (2013) A 3D model for light interception in heterogeneous crop:weed canopies. Model structure and evaluation. Ecological Modelling 250, 101-110, http://dx.doi.org/10.1016/j.ecolmodel.2012.10.023.)

Variables and parameters in Appendix D.

Principle
The crop:weed canopy is represented in 3D, with an individual representation of each crop and weed plant. Plants are represented as cylinders (Figure 9.A). The canopy is discretized with voxels (Figure 9.B). Depending on plant location and leaf area, the leaf area in each voxel is determined (Figure 9.C). When the sun is at the zenith, the light trickles down along successive voxel layers; the more leaf area is in a voxel, the less light is transmitted (Figure 9.B). When the sun is lower at the horizon, part of the light is transmitted laterally (Figure 9.D).

	
A
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	[image: ]B

	
C
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[bookmark: _Ref514424094]Figure 9. Principle of the light distribution model (Munier-Jolain et al., 2013). Plants are represented as a cylinder (A). The canopy is discretized with voxels (B). The leaves of several plants can be included in a voxel (C). If the sun is not at the zenith, the light trickles downward at an angle (D).



[bookmark: _Ref514425254]Canopy representation
The field can be simulated in total, or a representative sub-sample can be chosen (e.g. 4 by 4 m²). The 3D canopy is discretized into cubic volume cells ("voxels") (Figure 10.A). The voxel edge size (e.g. 2∙cm, resulting into a voxel of 2∙2∙2 cm³) is chosen by the model user at the onset of a simulation. The location of each voxel is identified by two horizontal coordinates, x and y, and the vertical coordinate z; all coordinates being expressed in number of voxels from the field origin. 

Each plant in this canopy is spatially described as a vertical cylinder with the (x,y) coordinates noting its position and several geometric variables: height (in number of voxels), width (in number of voxels), total leaf area (cm²) and vertical distribution of the leaf area along the plant height (Figure 10.B). The volume of the cylinder, the leaf area and its distribution depend on plant morphology and its shading response (sectino 5.2

The number of canopy layers is determined by the height of the tallest plant and the voxel edge size (hence "vox"). A new equation for allocating the leaf area of a given plant to the different canopy layers along the plant height was proposed here for FlorSys which simulates annuals instead of trees (see example of Figure 11). This equation was built in order to pass through (0,0) and (1,1) and allow for both symmetric and dissymmetric leaf distributions while still only requiring two parameters:


[bookmark: OLE_LINK1][bookmark: OLE_LINK7]  				[ 1 ]
where TLAi (cm²) is the total leaf area of the plant i, CLAiz (cm²) is the cumulated leaf area from the soil surface to the relative height RHiz (voxvox-1), with RHiz=z/PHi. with PHi the plant height (vox) and z the distance from soil surface (vox). RH50 (voxvox-1) is the relative height where CLA=0.5∙TLA, and b (adimensional) is proportional to the slope at RH50. The higher RH50, the more the leaf area is concentrated towards the top of the plant. The lower b, the more evenly the leaf area is distributed along the plant height; the higher b the more leaves are concentrated around RH50. This function is an S-shaped function constrained to make it pass through points (0, 0) (cumulated leaf area nil at soil surface) and point (1, 1) (cumulated leaf area = total plant leaf area at the top of the plant). The function only includes two parameters, both presenting a biological interpretation.

[bookmark: OLE_LINK10]The leaf area LAiz = CLAiz-CLAi z-1 [ 2 ] within a layer located at height z is evenly distributed among the voxels of the layer included in the plant cylinder, disregarding any anisotropy along or across rows (Figure 10.A). The canopy results from associating the various plant cylinders, which can overlap; each voxel can be either empty or occupied by one or more plants (Figure 10.A).

A. Discretization of the canopy 
[image: ]
B. Representing a plant
	[image: ]
	[bookmark: _Ref313525858]Figure 10. Representation of the 3D canopy in FlorSys (Munier-Jolain et al., 2013). The canopy is divided into voxels up to the height of the tallest plant and along West-East and South-North coordinates; it is the association of different plant cylinders which can overlap; each voxel can be either empty or comprise a variable leaf density originating from one or more plants (A). Each plant is represented by a cylinder and occupies a number of voxels; the leaf area (the darker the voxel, the more leaf area it comprises) in each voxel storey is determined by equation [1] and the leaf area of a given storey is distributed evenly among the voxels of this storey (B) 
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[bookmark: _Ref313526277]Figure 11. Methodology for measuring the parameters for representing vertical leaf area distribution of plants. A: example of a lateral photography of a canopy plant; B: results of the image analysis, showing the cumulated relative leaf area (CLA/LA) as a function of the relative height RH (circles: observations, line: fitting of eq. [1]).
[bookmark: _Ref514766176]Light availability 
Light on canopy top. The photosynthesis-active radiation PARix y zmax perceived by the top voxels Vx y zmax of the canopy is:
[bookmark: OLE_LINK3][bookmark: OLE_LINK12]PARix y zmax = (1-albedo) ∙ propPAR∙radiation						[ 3 ]
with the albedo for a vegetative canopy equal to 0.05, and the proportion of photosynthesis-activve radiation propPAR=0.48 (Varlet-Grancher et al., 1989). radiation is the daily global incident radiation (Jm-²).

Light transmitted to the underlying voxels. Beer's law (Monsi and Saeki, 1953, 2005) is used to simulate light extinction in the canopy and was modified here to account for a plant mixture inside a voxel. The PAR transmitted by any voxel Vxyz is:

[bookmark: OLE_LINK16][bookmark: OLE_LINK8]							[ 4 ]
where PARixyz is the incident PAR arriving on top on any voxel Vxyz, ki is the extinction coefficient (also called absorption rate per unit leaf density by Chave, 1999) for plant i, and LAixyz (cm² leaf/cm² soil) is the leaf area of plant i located in Vxyz. Equation Erreur ! Liaison incorrecte. is first applied to the voxels located on top of the canopy, with PARixymax as input. The PARtxyz transmitted out of the top voxel storey is then the incident PAR for the underlying storey. When the sun is directly above the canopy, all PARtxyz is transmitted to Vxyz-1, i.e. the voxel located immediately below Vxyz. However, in Europe, the sun is never at the zenith and quite often much lower on the horizon. Therefore, only 1-p is transmitted from Vxyz to Vxyz-1; the remaining proportion p of PARtxyz is transmitted to the four neighbour voxels of Vxyz-1 (Figure 12). For a given voxel Vxyz, the incident PAR received from the five overlying voxels thus is:
       PARixyz  = (1-p)PARtxyz+1
		+ pnpPARtxy+1z+1
		+ pepPARtx+1yz+1
		+ pspPARtxy-1z+1
[bookmark: OLE_LINK5][bookmark: OLE_LINK11]		+ pwpPARtx-1yz+1							[ 5 ]
where pd is the proportion of laterally transmitted PARt received by Vxyz from direction d, with d=n  (North), e (East), s (South) or w (West).

[bookmark: _Ref514422364][image: ]Figure 12. Light transmission from a voxel Vxyz to the underlying neighbour voxels in FlorSys. Vxyz-1 receives 1-p of the PARtxyz transmitted out of Vxyz; Vsxz-1z-1, Vwx-1yz-1, Vnxy+1z-1, and Vex-1yz-1 receive the proportions pn∙p, pe∙p, ps∙p and pw∙p of PARtxyz, respectively. Parameters p, pn, pe, ps and pw depend on the position of the sun according to seasons. Azimuth A is the angle of the sun's position at a given time of the day relative to the North.



Variation in lateral transmission with season and latitude. The proportion of vertically transmitted light 1-p (where p is the proportion of laterally transmitted light) was approximated as the amount of light received when the sun exceeds the solar height h=45° relative to the amount of sunlight received from sunrise to sunset, or more simply the amount of light received from noon to when the sun descends to h=45° relative to the amount of light received from noon to sunset:

[bookmark: OLE_LINK2][bookmark: OLE_LINK9]	 							[ 6 ]
energy(H1,H2) is the amount of solar energy received in the afternoon from hour angle H1 until H2. The hour angle is the time of the day expressed in ° instead of hours; Hnoon=0, Hh45 is the time when the sun is at solar height h=45° and Hsunset the time at sunset. The latter two vary with the latitude  (°) and the declination S (°) of the sun relative to the earth which varies with the seasons (see electronic annex). energy(H1,H2) is calculated by integrating solar energy E(H) (W/m²) received at hour angle H from hour angle H1 to H2 (Campbell and Norman, 1998) and equation [6] becomes:

[bookmark: OLE_LINK4]							[ 7 ] 
These calculations are only valid for latitudes outside the polar regions.

Variation in lateral transmission with voxel orientation. The principle for lateral light transmission was adapted to account for the sun being frequently low on the horizon, resulting into a strong anisotropy in light availability. The light transmitted laterally will be distributed among the four neighbour voxels of the underlying layer, depending on azimuth A (Figure 12). For instance, in the Northern temperate latitudes, if the sun rises at A  135°, sets at A  225°, then the proportion of laterally light transmitted from the South to the North ps=1. If the sun rises at A < 135° and sets at > 225°, then ps is the proportion of solar energy received during the time the sun is in [A=135°, A=225°] and below solar height h=45° relative to the total daily energy received when the sun is below h=45°; or using the principle of equation [6], the energy received from the time the sun descends below h=45 (i.e. hour angle Hh45) to the time the sun exceeds A=225° (i.e. HA225) relative to the energy received from Hh=45 to sunset (Hsunset):

								[ 8 ] 
If the sun is never below h=45° when in [A=135°, A=225°], then ps=0. The same principle is used to calculate the proportion of laterally transmitted light from the North to the South, but using azimuths A=-45° and A=+45° as delimiters. The remaining proportions, pe and pw are identical and equal to half of the remaining laterally transmitted light:

									[ 9 ] 



[bookmark: _Ref514424364]Plant morphology and shading response

(Munier-Jolain N. M., Collard A., Busset H., Guyot S. H. M. & Colbach N. (2014) Modelling the morphological plasticity of weeds in multi-specific canopies. Field Crops Research 155, 90-98, http://dx.doi.org/10.1016/j.fcr.2013.09.018.)
(Colbach N., Moreau D., Dugué F., Gardarin A., Strbik F. & Munier-Jolain N. (2020) The response of weed and crop species to shading. How to predict their morphology and plasticity from species traits and ecological indexes? European Journal of Agronomy, https://doi.org/10.1016/j.eja.2020.126158)
[bookmark: _Ref318192562]

[bookmark: _Ref485888228]Principle
When plants emerge in a previously bare field, they are not shaded by neighbours and they are still too small to self-shade (Figure 13.A). In that case, their growth is only limited by the photosynthetically active radiation (PAR) absorbed by their leaf area and temperature. If plants emerge under an existing canopy, they are shaded by older and taller plants (Figure 13.B). The larger their leaf area, the more they self-shade, i.e. leaves at the bottom of the plant are shaded by leaves at the top of the plant. The growth of each plant now not only depends on the plant's leaf area but also on how much light reaches this leaf area, and thus how the plant's leaf is located in space relative to other plants.

[image: ][image: ]A
B

[bookmark: _Ref485416145]Figure 13. Schematic representation of recently emerged plants in a previously bare field (A) and below an established canopy (B)


Munier-Jolain et al (2014) proposed to describe plant morphology as a series of variables describing plant volume and leaf area distribution inside this volume. Each variable could be predicted from a parameter describing the potential plant morphology in unshaded conditions, as well as the response of the variables in case of shading (Table 4). This principle was formalized as follows:

[1] Variableps = potential values ∙ exp(mus∙ shading indexp)

Where Variableps is the variable value for plant p of species s, potential values is the potential value of species s in unshaded condition, mus is the response of species s to shading for the variable, and shading indexp is the shading of plant p since it emerged. potential values and mus are parameters that depend on the species but also on plant stage. The shading index of plant p on day d is the average shading perceived by the plant since its emergence, with recent shading having more effect than earlier shading:
[2] 

Where Spd' is the shading received by plant p on each day d' from emergence to day d. For details on how this was calculated in canopies in field experiments, see Munier-Jolain et al (2014). For details on how this was calculated for isolated plants in our garden plots, see Colbach et al (Colbach et al., 2020).
The following sections explain the biological significance of the parameters listed in Table 4.

	[image: ]
	Figure 14. Variation in specific leaf area (SLA) of oilseed rape in December 2014 depending on shading (SI) since plant emergence (Munier-Jolain et al., 2014). Line shows fitted non-linear equation SLA = 107 exp(1.07 SI) and symbols are observations from different shading conditions.





[bookmark: _Ref485415013]Table 4. FlorSys parameters for early growth, potential plant morphology and species response to shading {Colbach, 2020 #17443;Munier-Jolain, 2014 #16095}
	Parameter name
	Relative advance of growth stage at the time of parameter measurement
	Unit
	Range

	A. Potential morphology (morphology variables in unshaded conditions)

	SLA0
	Specific Leaf Area (leaf area vs leaf biomass)
	cm2∙g-1
	[0;∞]

	LBR0
	Leaf biomass ratio (leaf biomass vs total above-ground biomass)
	none
	[0;1]

	HM0
	Specific (allometric) plant height or height biomass ratio 
(height vs. total above-ground biomass ratio)
	cm∙g-1
	[0;∞]

	b_HM
	Shape parameter b for specific plant height
(sensitivity of plant height to plant biomass)
	none
	]0;∞]

	WM0
	Specific (allometric) plant width or width biomass ratio
(width vs. total above-ground biomass ratio)
	cm∙g-1
	[0;∞]

	b_WM
	Shape parameter b for specific plant width 
(sensitivity of plant width to plant biomass)
	none
	]0;∞]

	RLH0
	Median relative leaf height 
(relative plant height below which 50% of leaf area are located)
	cm cm-1
	[0;1]

	b_RLH
	Shape parameter for leaf distribution along plant height
	none
	]0;∞]

	B. Response to shading (variation in morphology variables with shading intensity) 

	SLA_mu
	Response of specific leaf area to shading
	none
	[-∞;∞]

	LBR_mu
	Response of leaf biomass ratio to shading 
	none
	[-∞;∞]

	HM_mu
	Response of height biomass ratio to shading
	none
	[-∞;∞]

	WM_mu
	Response of width biomass ratio to shading 
	none
	[-∞;∞]

	RLH_mu
	Response of median relative leaf height to shading
	none
	[-∞;∞]
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	[bookmark: _Ref497982114]Figure 15. Variation in potential morphology parameters and shading response parameters with plant stage for 25 weed and 33 crop species x varieties (Colbach et al., 2020). Boxes show 25%, 50% and 75% percentiles, whiskers are located at 1.5 IQR from the boxes, with IQR the distance between the first and third quantiles; dots show outliers. For the meaning of the parameters, see Table 4



Specific leaf area SLA
The specific leaf area (SLA) is the efficiency for producing a large leaf area from a given leaf biomass. It is measured here from the total leaf area of the plant relative to its total leaf biomass, including petioles. A high SLA indicates thin large leaves, a low SLA means thicker smaller leaves (Figure 16). In the FlorSys species, SLA varies more than a 100-fold over species and stages (Table 5).

	High SLA
	Low SLA
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[bookmark: _Ref485459650]Figure 16. Schematic representation of leaves with contrasting specific leaf areas (Colbach et al., 2020).

[bookmark: _Ref485459679]Table 5. Minimum, mean and maximum values of parameter values for all stages and species currently in FlorSys (Colbach et al., 2020)
A. Potential values in unshaded conditions
	
	Specific leaf area SLA (cm²)
	Leaf biomass ratio LBR (g/g)
	Specific plant height HM (cm/g)
	Shape parameter b_HM (no unit)
	Specific Shape parameter plant width WM (cm/g)
	b_WM (no unit)
	Median relative leaf height RLH (cm/cm)
	Shape parameter b_RLH (no unit)

	min
	10
	0.00
	1.20
	0.00
	0.82
	0.02
	0.20
	0.24

	mean
	176
	0.70
	33
	0.30
	63
	0.39
	0.50
	6.21

	max
	1204
	1.00
	838
	0.99
	3464
	1.70
	0.81
	58.08



B. Response to shading
	
	Specific leaf area SLA_mu (no unit)
	Leaf biomass ratio LBR_mu (no unit)
	Specific plant height HM_mu (no unit)
	Specific Shape parameter plant width WM_mu (no unit)
	Median relative leaf height RLH_mu (no unit)

	min
	-0.56
	-0.73
	-0.72
	-2.09
	-1.00

	mean
	0.48
	-0.01
	0.43
	0.27
	0.01

	max
	1.72
	1.39
	2.27
	1.87
	1.39



Leaf biomass ratio LBR
The leaf biomass ratio (LBR) is the part of the above-ground biomass that the plant attributes to leaves. It is the ratio of the total leaf biomass (including petioles) vs the total above-ground biomass. A high LBR indicates a leafy plant, a low LBR a stemmy plant (if flowering and seed production have not yet started) (Figure 17). In FlorSys species, LBR varies from 0 (no leaves) to 1 (only leaves) (Table 5).

	High LBR
	Low LBR
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[bookmark: _Ref485459740]Figure 17. Schematic representation of plants with contrasting leaf biomass ratios (Colbach et al., 2020).

[bookmark: _Ref485463610]Specific plant height HM and its shape parameter b_HM
Principle
The specific plant height (HM) is the plant height to the above-ground biomass. It is estimated by fitting a linear regression to logn-transformed plant height vs logn-transformed above-ground biomass (Figure 18). Specific plant height HM is the exp-transformed constant, the slope is the shape parameter b_HM. The shape of the equation was chosen by Munier-Jolain et al (Munier-Jolain et al., 2014) (section 5.1.2) who analysed plant morphology in different shading conditions over time. 

	[image: ]
	[bookmark: _Ref485459477]Figure 18. Fitting a linear regression logn(height, in cm) = a + b logn(biomass, in g/plant) to plant height vs above-ground plant biomass for plants growing in unshaded conditions. Example of Sinapis arvensis on December 6 (Munier-Jolain et al., 2014). Specific plant height HM (cm/g) is exp(a), shape parameter b_HM (no unit) is b. The different symbols represent different shading conditions (see Munier-Jolain et al for details)




Specific plant height HM
The higher HM, the taller the plants are for a given biomass (Figure 19, Figure 20). Specific plant height varies enormously over all stages and species included in FlorSys, from approximately 1 cm per g above-ground biomass, to more than 800 cm per g (Table 5).

	High HM
	Low HM
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[bookmark: _Ref485459992]Figure 19. Schematic representation of plants with contrasting specific plant heights (Colbach et al., 2020).

	[image: ]
	[bookmark: _Ref485459998]Figure 20. Sensitivity of plant height to specific plant height HM. Min, mean and max values of HM are those of Table 5 (Colbach et al., 2020)


Shape parameter for specific plant height b_HM
The shape parameter b_HM determines the difference in height efficiency between light and heavy plants. The lower b_HM, the more efficient light plants are compared to heavy plants. If b_HM = 1, plants produce the same height relatively to a given biomass (Figure 21, Figure 22). If b_HM < 1, light plants produce more height relative to their biomass than heavy plants. Or, in other words, if b_HM < 1, light and heavy plants can have the same height. b_HM is never > 1 (Table 5).

	b_HM = 1
	b_HM < 1
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[bookmark: _Ref485462872]Figure 21. Schematic representation comparing light and heavy plants of species with contrasting shape parameters for specific plant heights (Colbach et al., 2020).


	[image: ]
	[bookmark: _Ref485462873]Figure 22. Sensitivity of plant height to shape parameter of specific plant height b_HM. Min, mean and max values of b_HM are those of Table 5 (Colbach et al., 2020)





Specific plant width WM and its shape parameter b_WM
The principles are the same as for specific plant height (section 5.2.4).


Leaf area distribution along plant height (RLH, b_RLH)
Median relative leaf area height RLH
Median relative leaf area height RLH is the relative plant height below which 50% of the plant's leaf area are located (Figure 23). In the current FlorSys species, RLH varies from 0.20 (bottom-heavy plant with most leaves concentrated at the bottom of the plant) to 0.81 (top-heavy plant with most leaves at the top of the plant) (Table 5, Figure 25).

	[image: ]RLH

	[bookmark: _Ref485464156]Figure 23. Distribution of relative cumulated leaf area (cm²/cm²) along relative plant height (cm/cm). Example of a Sinapis arvensis plant in a field experiment (Munier-Jolain et al., 2014). The non-linear equation (line) fitted to the observations (dots) can be found in section 5.1.2



	[image: ]
	Figure 24. Sensitivity of leaf area distribution along plant height to median relative leaf height RLH. Min, mean and max values of RLH are 0.20, 0.50 and 0.75 (Colbach et al., 2020)





	RLH = 0.30
	RLH = 0.50
	RLH = 0.70
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[bookmark: _Ref485467021]Figure 25. Schematic representation of leaf distribution along plant height for plants with contrasting relative leaf height values (Colbach et al., 2020).


Shape parameter b_RLH
The significance of the shape parameter b_RLH is more complicated. It is proportional to the part of the leaf area at RLH height. If RLH is 0.50, then b_RLH = 1 means that leaves are distributed homogeneously along plant height, b_RLH > 1 means that leaves are toward the middle of the plant, and b_RLH < 1 means that leaves are at the plant's extremities (Figure 26). If RLH is higher (e.g. 0.75), a b_RLH=1 means that half of the leaves are distributed homogeneously in the top quarter of the plant, and the rest in the bottom three quarter of the plant. If RLH is less than 1 (e.g. 0.25), the inverse distribution applies. High and low b_RLH values still indicate leaves concentrated at RLH and the plant extremities, respectively.
The plants with the highest b_RLH are also those with the highest RLH values (Figure 27), indicating that plants whose leaves are all at the bottom (picture at the very left of Figure 26) did not occur. Except for one species at one stage, b_RLH actually always exceeds 1 in the species included in FlorSys. 


	RLH = 0.20
	RLH = 0.50
	RLH = 0.75
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[bookmark: _Ref485468424]Figure 26. Schematic representation of leaf distribution along plant height for plants with contrasting shape parameter b_RLH values, depending on relative leaf height RLH values. Max, mean and min b_RLH values are those of Table 5. Red crosses indicate the combinations that are not observed in the current FlorSys species (Colbach et al., 2020)


	[image: ]
	[bookmark: _Ref485468922]Figure 27. Variation of the shape parameter for leaf area distribution b_RLH (no unit) with median relative leaf height RLH (cm/cm) for all stages and weed species currently included in FLorSys (Colbach et al., 2020)



Response parameters to shading 


Table 6. Schematic representation of parameter response to shading (Colbach et al., 2020)
	
	Positive response parameter mu

	
	[image: ]
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	Reason for response to shading

	SLA
	[image: ]
	[image: ]
	Increase light interception area with thinner larger leaves

	LBR
	[image: ]
	[image: ]
	Increase light interception area by increasing leaf biomass to the detriment of stem biomass

	HM
	[image: ]
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	Reach light by increasing plant height

	WM
	[image: ]
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	Avoid shade cast by neighbour by growing laterally

	RLH
	[image: ]
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	Reach light by moving leaf area toward the top

	
	Negative response parameter mu

	
	[image: ]
	[image: ]
	Reason for response to shading

	SLA
	No negative values in our experiments

	LBR
	[image: ]
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	Reach light by increasing stem length

	HM
	Rare

	WM
	Rare

	RLH
	Rare





[bookmark: _Ref514759624]Plant growth and development
(Colbach N., Collard A., Guyot S. H. M., Mézière D. & Munier-Jolain N. M. (2014) Assessing innovative sowing patterns for integrated weed management with a 3D crop:weed competition model. European Journal of Agronomy 53, 74-89, http://dx.doi.org/10.1016/j.eja.2013.09.019.)


This section describes the steps executed daily by the model from the emerged plant to seed production (Appendix E), depending on the input variables chosen by the user (Appendix H). Model variables and parameters are listed in Appendix F and Appendix G, respectively.


Plant emergence
The emergence submodel (sections 3 and 4) predicts, for each day, the density of newly emerging plants of each species, depending on past field history (management operations, weed infestations) and weather. As the 3D canopy model considers individuals, these densities are converted into numbers of plants to be placed onto the field map (section 3.3.9 and 4.1.6).

[bookmark: _Ref514771768]Phenology
02/12/2019
Basic function
Each day after emergence, the phenology submodel calculates the thermal time since emergence for each emergence cohort, using the specific base temperature [22], and deduces the phenological stage each plant has reached [23]. The number of degree-days to reach flowering depends on when the vegetative stage is reached to account for the effects of photoperiod and/or vernalisation on the duration of the plant life-cycle.

[bookmark: _Ref90571966]Corrective function improving weed flowering dates
12/2/2019 updated 16/12/2021
As the FlorSys evalution showed that flowering started to early at Southern latitudes France (Colbach et al., 2016), a corrective function was introduced into FlorSys to tackle this problem. The basic principle of the FLorSys phenology remains as follows: each day after emergence, the phenology submodel calculates the thermal time since emergence for each emergence cohort, using the specific base temperature (eq. [22] in Table 7), and deduces the phenological stage each plant has reached [23]. The number of degree-days to reach flowering depends on when the vegetative stage is reached to account for the effects of photoperiod and/or vernalisation on the duration of the plant life-cycle. These thermal time for the length of the vegetative period were based on field measures and expertise from Burgundy. 

In addition, we developed a simple corrective function to keep weeds from flowering too early. This applies if the latitude is in ]-46°, + 46°[. Each time a plant present the thermal time needed to trigger flowering onset, the function check whether the day is included in the range of possible flowering dates [9]. If this is not the case, the thermal time is put back to the previous day's value.

[bookmark: _Ref22131922]Table 7. Equations relating state variables describing weeds in the FlorSys phenology submodel. For explanations on parameters and input variables, see Table 8 and Table 9
	Eq.
	When
	Process
	Equation
	Explanation

	Phenology s

	[8] 
	d,i
	Thermal time
	

	TTEdsi= thermal time since emergence (°C∙day)
Td= average daily air temperature (°C)
TbaseDs= development base temperature (°C)

	[9] [bookmark: _Ref22132995]
	d,i
If |latitude| < 46°
	correction
	If TTEd-1si [ttes vegetative, ttes flowering[
and TTEdsi > ttes flowering
and d[dflos, dmats[
then TTEdsi = TTEd-1si
	dflos and dmats are, respectively the earliest observed flowering date and the latest observed onset of maturity of species s

	[10] 
	d,i
	Stages
	if TTEdsi <  ttes plantlet
then p = cotyledon
if TTEdsi  [ttes plantlet, ttes vegetative[
then p = plantlet
if TTEdsi  [ttes vegetative, ttes flowering[
then p = vegetative
if TTEdsi  [ttes flowering, ttes onsetdiss[
then p = flowering
if TTEdsi  [ttes onsetdiss, ttes enddiss[
then p = disseminating
if TTEdsi > ttes enddiss                             then Pdsi dies  and nPds = nPds - 1
	ttesp= thermal time (°C∙days) from emergence to onset of stage p depending on emergence season 



[bookmark: _Ref22131531]Table 8. List of species parameters used in the FlorSys phenology submodel, ranked alphabetically. 
	Symbol
	Meaning and unit
	Source

	dflos
	Earliest observed flowering date (Julian day)
	DECID'HERB (Munier-Jolain et al., 2005)

	dmats
	Latest observed onset of maturity (Julian day)
	

	TbaseDs
	Development base temperature (°C)
	(Guillemin et al., 2013)

	ttes plantlet
	Thermal time from emergence to onset of plantlet stage (°C∙days)
	DECID'HERB (Munier-Jolain et al., 2005)

	ttes vegetative
	Thermal time from emergence to onset of vegetative stage, depending on month of onset (°C∙days)
	

	ttes flowering
	Thermal time from emergence to onset of flowering (°C∙days)
	

	ttes onsetdiss
	Thermal time from emergence to onset of dissemination (°C∙days)
	

	ttes enddiss
	Thermal time from emergence to end of dissemination (°C∙days)
	



[bookmark: _Ref22131547]Table 9. Input variables of the FlorSys phenology submodel
	Input variable
	Symbol
	Options or units

	Average air temperature on day d
	Td
	°C

	Latitude of location
	
	°






[bookmark: _Ref514765105]Growth
Updated 21/02/2022
[bookmark: _Ref96356522]Light and shade response
Each day, the light availability submodel (section 5.1) (Munier-Jolain et al., 2013) calculates the incident PAR and the absorbed PAR averaged over each plant, depending on radiation, plant morphology, species extinction coefficients as well as latitude and solar height (eq. [24] in Appendix E). The plasticity submodel (section 5.2) (Munier-Jolain et al., 2014) computes a shading index accounting for the past and current shading experienced by each plant [25] and then determines the effect of this shading on the current plant morphology [27]. Some morphology variables only depend on species and plant stage [28].

Growth without plant-plant competition for light
When plants are still small and shading negligible, plant leaf area increases exponentially with thermal time since emergence [30], and biomass is deduced from leaf area and plant morphological parameters varying with phenological stage [31] etc. Above-ground biomass is separated into leaf and stem biomass. Plant height and width are deduced from above-ground biomass [32] but cannot exceed species maximum values [34]. If above-ground biomass would result in larger dimensions, above-ground biomass, leaf and stem biomass as well as leaf area are rescaled [33] to correspond to the maximum acceptable dimensions. Climbing weed species cannot grow taller than the crop canopy and cannot shrink below their height at emergence [35]. If leaf area is less than the voxel area in recently emerged plants, plant width cannot exceed voxel edge size [36]. Plant width cannot exceed either length or width of the simulated field sample [37].

Once above-ground biomass exceeds a threshold, the current root biomass ratio is calculated from yesterday's total plant biomass (sum of above and below-ground biomass), the species root biomass ratio and a shape parameter [39]; this ratio cannot exceed maxRBR. At plant emergence, as no previous biomass values are available, the equation was tweeked to use only today's above-ground biomass to calculate the root biomass ratio [38]. In the FlorSys version including plant-plant competition for nitrogen, this ratio also depends on the plant's nitrogen-nutrition status (section 7).

[image: ]
[bookmark: _Ref10196503][bookmark: _Toc22029742]Figure 28: Root biomass as a function of total plant biomass and nitrogen stress index for six species of crops and weeds under different shading and nitrogen stress conditions during the vegetative stage. Each data point represents a plant, each coloured symbol a species. The species root biomass ratio RBRs and the associated shape parameter b_RBRs are, respectively, the intercept and slope of this regression (here fitted for all species for illustrative purposes). For each day and plant, the actual root biomass ratio are calculated from the total plant biomass {taken from \Pointurier, 2021 #17773}.

Today's root biomass ratio is then used to calculate today's root biomass [40]. If the root-system dimensions calculated by the RScone (root-system dimension submodel) from plant age, soil temperature and structure do not allow as much biomass as calculated from the root biomass ratio, then the lower value provided by RSCone is used instead.

Growth when plants compete for light
When shading increases, Beer-Lambert's law is used at the voxel level (Monsi and Saeki, 1953, 2005): biomass accumulated through photosynthesis is calculated from absorbed light and temperature [42]. Biomass loss through respiration increases with existing biomass and doubles for every additional 10°C temperature; it is calculated separately for above-ground and below-ground compartments [43]. The difference between photosynthesis and respiration is then used to determine today's plant biomass [44].

If plants have not yet started to flower or if the species is a perennial, today's root biomass ratio is calculated from the total plant biomass, the species root biomass ratio and a shape parameter [45]. Today's ratio is then applied to the newly produced biomass, the resulting biomass is added to the plant's root biomass and the biomass lost by below-ground respiration subtracted [47].

If annual plants have started to flower, their root biomass ratio is nil [46], no biomass is added to the root system, and biomass lost through both above-ground and below-ground respiration is subtracted [47]. Today's root biomass ratio is then used to calculate today's root biomass [48]. If the root-system dimensions calculated by the RScone (root-system dimension submodel) from plant age, soil temperature and structure do not allow as much biomass as calculated from the root biomass ratio, then the lower value provided by RSCone is used instead.

Above-ground biomass is then calculated by subtracting root biomass from total plant biomass [49], and plant height and width are deduced [50]. These cannot exceed the species maximum values [51]. Climbing weed plants cannot grow taller than the crop canopy and cannot shrink below their height at emergence [52]. If above-ground biomass would result in dimensions exceeding the species maximum values, above-ground biomass and root biomass are rescaled to correspond to the maximum acceptable dimensions [53]. Leaf biomass, stem biomass and leaf area are deduced from above-ground biomass, using the morphology variables calculated in section 5.3.3.1 (also see section 5.2).

Plant mortality
When respiration exceeds photosynthesis over long periods, plant biomass can decrease and become too low to be viable, resulting in plant death [55]. This is more frequent when part of the above-ground biomass was destroyed by frost (section 5.6.2) or mowing etc (section 10.8).

Reproduction
Once a plant has reached the dissemination stage, seed biomass is deduced from plant biomass, "harvest index" (i.e. seed vs. total above-ground biomass ratio) and time since dissemination onset; the seed number is computed as a function of the species seed weight [56]. Total produced seed biomass cannot shrink from one day to another [57] (though the actual seed biomass remaining on a dehiscent plant shrinks). Seed biomass is converted into number of seeds per plant, using seed weight [58].

Return to the soil seed bank
In deshiscent weed species, the newly produced seeds are added to the soil seed bank (surface layer, young seeds) daily, after adding over all plants and converting to seeds per m² [59]. Non-dehiscent weed plants add all their seeds produced to date when they die, either through old age or because of a management operation (tillage, herbicides, mowing, harvesting….) [60]. The same can happed to crop seeds, if the user entered a non-zero seed loss rate for the harvest operation (section 10.8) [61].

[bookmark: _Ref90558216]Regrowth after destruction of above-ground biomass
15/12/2021
(Only for root-inlusive FlorSys version. This is now the standard version)
(also see section 10.8)

Regrowth after biomass loss occurs after frost (section 5.6) or mowing and similar operations (section 10.8). The pre-damage biomass is kept in memory ([13] in Table 10). If a previous pre- damage biomass is already stored, the maximum of both will be kept [15][13]. This variable was initialized at -1 at plant emergence [11]. In the FlorSys daily loop, frost damage is calculated before photosynthesis-respiration-growth-regrowth, damage due to mowing etc after these processes [14]. If the plant is actually damaged (i.e., if the above-ground biomass decreases), the calculation mode for growth is switched to LIGHT COMPETITION if this is not already the case [15].

During the days after plant damage, the plant remobilizes biomass from the root system to the above-ground compartments. As during any usual day without remobilization, the new biomass due to photosynthesis is calculated from intercepted light, temperature and species characteristics [16], and the plant biomass lost through respiration is determined from the biomass in the different compartments and temperature [17]. Remobilization is then formalized by attributing all the biomass loss to the below-ground compartment and all the biomass gain to the above-ground compartment [19].

Remobilization stops when one of the following two conditions is verified [21]:
· The current root biomass drops below the theoretical root biomass ratio times total plant biomass. The theoretical root biomass ratio is calculated daily depending on total plant biomass, species and stage. It decreases down to zero after flowering onset [18] in annual species, which means that remobilization also stops rapidly.
· The current above-ground biomass exceeds the pre-damage above-ground biomass
The end of remobilization is indicated by putting the pre-damage biomass to -1.


[bookmark: _Ref90558674]Table 10. Comprehensive list of equations relating state variables during post-damage regrowth in FlorSys, with d=day, s=species, i=individual. 
	Eq.
	When
	Process
	Equation
	Explanation

	On particular days

	[11] [bookmark: _Ref90558852]
	s,i
On plant emergence
	Emergence
	ABMpredsi = -1
	ABMpredsi= above-ground biomass before damage (frost, mowing etc) (g∙plant-1)

	[12] 
	s,i
If frost
	Pre-damage biomass
	ABMpredsi = max(ABMd-1si, ABMpred-1si)
(d-1 for ABM because frost before growth in the daily loop)
	ABMsci = above-ground plant biomass

	[13] [bookmark: _Ref90558656]
	s,i
If mowing
	Pre-damage biomass
	ABMpredsi = max(ABMdsi, ABMpred-1si)
(d for ABM because mowing after growth in the daily loop)
	

	[14] [bookmark: _Ref90562101]
	s,i
If frost or mowing
	Plant damage
	ABMdsi and RBMdsi after damage, see section 5.6 for frost, section 10.8 for mowing and similar operations
	RBMdsi = below-ground (root) biomass (g∙plant-1)

	[15] [bookmark: _Ref90562089]
	s,i
If ABMdsi < ABMpredsi
	Switch calculation mode of plant growth
	Growth modedsi = LIGHT COMPETITION
	Growth mode = RGR (exponential growth driven by temperature and initial leaf area) or LIGHT COMPETITION (driven by intercepted light and temperature), see section 5.3.3

	Each day

	[16] [bookmark: _Ref90562398]
	d,s,i
	Photosynthesis
	BMpsdsi from eq [25], Appendix E
	BMpsdsi = biomass accumulated by photosynthesis (g∙plant-1)

	[17] [bookmark: _Ref90562453]
	d,s,i
	Respiration
	BMrdsi from eq [26], Appendix E
	BMrsdsi = biomass lost through respirtation (g∙plant-1)

	[18] [bookmark: _Ref90562748]
	d,s,i
	Growth
	RBRdsi from eq [45] in Appendix E
	RBRdsi = root biomass ratio

	[19] [bookmark: _Ref90562533]
	d,s,i
If ABMpredsi > 0
	Growth with remobilization
	RBMdsi = RBMd-1si - BMrdsi
ABMdsi = ABMd-1si + BMpsdsi
	RBMdsi = below-ground (root) biomass (g∙plant-1)

	[20] 
	d,s,i
If ABMpredsi < 0
	without remobilization
	Usual growth functions of section 5.3.3
	

	[21] [bookmark: _Ref90562669]
	d,s,i
If ABMpredsi > 0
	End of remobilization
	If RBMdsi < RBRdsi  (ABMdsi + RBMdsi)
or if ABMdsi > ABMpredsi
ABMpredsi = -1
	




[bookmark: _Ref514768798]Return to seed bank
Seed rain to soil seed bank occurs as soon as seeds have matured in case of dehiscent species; the seeds produced during the current day are added to the young-seed class of the surface layer [59]. Indehiscent species add their seeds to soil seed bank only when plants are killed by any cultural operation (e.g. harvest, tillage) or dying of old age [60]. Weed export by harvest combine was neglected. Crop plants can lose part of their seed production to soil surface where they result in volunteers; the remaining seeds are exported as harvest production (with a calculation of yield) and the plants die. 


Integrating the effect of cropping system components
The virtual field must be defined, i.e. its dimensions, the voxel size for canopy discretization and its pedoclimatic conditions. The latter consist of:
· average daily air temperature which drives plant phenology [22], photosynthesis [41] and respiration [43],
· daily radiation which determines available PAR and past shading [24][25], 
· the latitude of the location which determines the seasonal variation in available PAR.

The most important component of the sowing strategy is the crop and variety choice which determines all growth and development parameters (Appendix G). It also limits the range of possibilities for the other cropping system components:
· the crop sowing date which drives the crop emergence date relative to the weed emergence date, and thus the possible advantage the crop gains over the weeds,
· the crop sowing depth also influences emergence timing and can decrease the crop emergence rate, thus increasing the risk of canopy gaps,
· the remaining sowing variables (density, pattern, interrow width, row orientation) determine the position of the crop plants and their number, and thus the light availability and shading to neighbour plants (i.e. other crop plants as well as weed plants),
· the harvest date determines when maturation is cut off in crop plants as well as in weed plants taller than the mowing height of the harvest operation,
· the harvest seed loss determines the yield reduction and whether a crop species gives rise to crop volunteers in subsequent crops.
Crops can be sown sequentially, i.e. the previous crop has already been harvested when the next one is sown. Crops can also be associated (several crops and/or variety are sown and harvested at the same time) or sown into an existing canopy.


[image: C:\Mes Documents\Documents Nathalie\Articles\EnCours\FLORSYSmodèlePostLevée\Modele\Figure2A.tif]
[image: C:\Mes Documents\Documents Nathalie\Articles\EnCours\FLORSYSmodèlePostLevée\Modele\Figure2B.tif]
[bookmark: _Ref329009009]Figure 29. Output maps simulated by FlorSys. Example of a barley crop sown with the reference scenario and infested by four large STEME plants in December. Barley plants are still small; their irregular height is the result of several emergence flushes. Cylinders and circles show the maximum extension of plants (Copyright 2013 Nathalie Colbach)
A. 3D view of the simulated field sample. 
B. Bird's view: the small grid cells show the voxel size of 7 cm; the large grids consist of 10 by ten voxels; the whole field consists of 60 x 60 voxels = 4.20 x 4.20 m².
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[bookmark: _Ref514771833]Competition for nitrogen
Coming soon

[bookmark: _Ref90558130]Frost damage
Colbach N. & Pointurier O. (2018) Adapting the FLORSYS model to Northern German conditions - Final project report. INRA, Dijon, France, 12 p.

Colbach N., Collard A., Guyot S. H. M., Mézière D. & Munier-Jolain N. M. (2014) Assessing innovative sowing patterns for integrated weed management with a 3D crop:weed competition model. European Journal of Agronomy 53, 74-89, http://dx.doi.org/10.1016/j.eja.2013.09.019

Pointurier, O., Moreau, D., Pagès, L., Caneill, J., and Colbach, N. (2021). Individual-based 3D modelling of root systems in heterogeneous plant canopies at the multiannual scale. Case study with a weed dynamics model. Ecological Modelling 440, 109376. doi: https://doi.org/10.1016/j.ecolmodel.2020.109376


[bookmark: _Ref514333307]Protection again frost damage by snow cover
FlorSys uses daily weather data as inputs to predict soil climate, plant phenology and frost damage. A new function was added to predict the amount of snow covering the soil and its insulating effect from these weather inputs as in Jégo et al. (Jégo et al., 2014).(2014). The daily snowfall is predicted from the daily amount of rain and minimum and maximum temperatures. The snow cover on a particular day is the amount of snow accumulated over past days minus the amount of snow that has melted during the day. Minimum and maximum temperatures driving biological and physical processes in FlorSys are then corrected according to the insulating effect of the snow cover which depends on its depth (the thicker the snow cover, the more it insulates). The amount of rain of the day entering the soil is also corrected as the amount of precipitation minus the amount of snowfall plus the amount of melted snow.

Corrected temperatures and precipitation are then used to predict soil climate and frost damage on plants depending on plant heights compared to the snow cover depth. If a plant is totally snow-covered, corrected temperatures approximating within-snow temperatures are used to predict biomass reduction due to frost. On the contrary, if the plant is higher than the snow cover, snow surface temperature is used. Plant mortality due to frost is calculated from corrected temperatures whatever the plant height assuming that even a partial snow cover prevent the plant from dying (Jégo, personal communication). Snow surface temperature is used instead of air temperature because it is generally lower than air temperature (Raleigh et al., 2013) and calculations from air temperature may underestimate frost damages above snow cover (Castel, personal communication). Snow surface temperature is approximated by the dew point temperature (Raleigh et al., 2013) which is calculated from the minimum air temperature (Brisson et al., 1998; Brisson et al., 2002; Brisson et al., 2003). 

The snow cover model was parameterized with data from the literature. Three models were tested in Jégo et al. (2014) and were calibrated for different regions in the world (Thorsen et al., 2010; Trnka et al., 2010; Jégo et al., 2014). The model of Trnka et al. (2010) was chosen because it was parameterized with data from Hohenau (Austria) where snow depth dynamics are very similar to Rostock (see Appendix I). Snow depth was used as a criterion because it determines the snow cover behaviour (freezing, melting, compaction…) (Castel, personal communication, Niu et al., (2011)). 
Equations are in Appendix I1.

[bookmark: _Ref90455262]Biomass loss and plant mortality
Updated 15/12/2021
[bookmark: OLE_LINK6]If the minimum daily temperature perceived by the plant descends below both the species and the plant's frost sensitivity threshold, the plant's biomass is reduced linearly with frost intensity. If the perceived temperature descends even further, plants start to die, with a probability increasing linearly with frost intensity. The surviving plants' frost sensitivity threshold is decreased to 5°C below the current minimum temperature; this reduced sensitivity remains for a month. For many species, sensitivity thresholds vary with plant stage. Generally, as for cultivated species, weed plants are most sensitive at cotyledon stage and again during the reproductive stage; they are least sensitive during plantlet and vegetative stages (Roberts, 1979; Fowler et al., 1999). 

The perceived temperature is the air temperature for above-ground biomass and plant mortality on snowless days, the air temperature accounting for snow cover otherwise. For below-ground biomass, the soil temperature averaged over the soil layers located above the plant's root-system depth are used.

The pre-frost biomass is kept in memory. If a previous pre-frost biomass is already stored, the maximum of both will be kept. This information will be used for post-fort plant regrowth including remobilization from below-ground biomass (see section 5.3.4).

Equations on biomass reduction and plant mortality are in Appendix J.

Damage to flowers
03/07/2023
Based on expertise (Christophe Lecomte (Lecomte et al., 2003; Castel et al., 2017)), a further function was added to the frost-damage submodel to make flowers die in case of frost. Once a cohort has started to flower, a minimum day temperature below TF1 (temperature setting off biomass loss) kills off all flowers. Plants will only die if temperature drops below TF2 but they will not produce seeds.

Existing seeds are not affected but no more seed biomass is produced.




[bookmark: _Ref96347522] Root system
21/02/2022

The root-system submodel RSCone was developed by Olivia Pointurier and since 2018, all FlorSys versions include root systems. If needed, this submodel can though be switched off but this needs a specific exe produced on demand by the FlorSys developers.

Principle
The simulation of root systems in FlorSys has been described by Pagès et al (Pagès et al., 2020) and Pointurier et al (Pointurier et al., 2021). From daily inputs detailing allocation of biomass to roots, soil constraint on root growth and soil temperature in each soil layer, RSCone predicts the root-system dimensions of a plant daily, together with the distribution of root biomass and root lengths. The root system is depicted in three dimensions, as a cylinder on top of a spilled cone, inside which root density is distributed (Erreur ! Liaison incorrecte.). The dimensions of the root-system envelop grow over time and are limited by soil compaction and low temperatures. Root biomass is calculated by confronting the biomass demand from roots, which is determined by the root-system dimensions, to the biomass supply given as input. 

Root biomass is then distributed into each soil layer within the root-system envelop, assuming a homogeneous distribution within each layer and a linear decrease with depth, from a maximal value at soil surface down to 0 at the root-system tip. Root-length density is determined by multiplying root-biomass density by the specific root length (SRL).



[image: ]
[bookmark: OLE_LINK15]Figure 30. 3D representation of an individual plant in FlorSys. Above-ground plant part is represented as a cylinder with biomass and leaf area distributed homogeneously inside each disc. Below-ground plant part is a cylinder on top of a spilled cone with biomass and root lengths distributed homogeneously inside each disc.

The daily steps for simulating the root system
Plant age
The post-emergent root system starts to grow from the moment a seed germinates, and all RSCone timing parameters are given in optimal days since germination. FlorSys useds the time since plant emergence (eq. [22] in Table 26 in Appendix 17.7) and we readjusted the relevant RSCone timing parameters to time since emergence [23]. RSCone durations are expressed in optimal days, and there are recalibrated in FlorSys to account for the season of emergence of the plant [24]. We considered that the season of emergence giving the shortest life-cycle duration in FLORSYS reflects plant development under optimal temperature and thus correspond to the RSCone durations. A plant emerging at a different season has a longer life cycle in FlorSys and the ratio of this longer duration to the minimum duration was used to lengthen the RSCone root-stage durations. The effect of soil temperature on root-system expansion was included in the rSoildls variables reflecting structural and thermal constraints in the soil (see section 6.2.2).
The timing of root-system stages influences both the root-system expansion [31][32] and its root density Erreur ! Source du renvoi introuvable.Erreur ! Source du renvoi introuvable..

[bookmark: _Ref16177545]Effect of soil limiting factors on root growth 
Root-growth limitation by soil compaction was calculated from soil structure. In FLORSYS, soil structure is predicted for the top three 10-cm soil layers, as the proportion of soil clods distinguished by their degree of compaction and the process they were formed (section xxx) (Roger-Estrade et al., 2004). Types bΔ and cΔ are the most compact and block root growth. Contrary to cΔ clods, bΔ clods are partially fragmented so they do not completely block root growth. Stones (whose proportion in the soil is given as an input in FLORSYS) are assumed to have the same effect as cΔ clods on root growth in the top soil layers (up to 30 cm depth). 
Equation [25] was based on these assumptions. Root growth is reduced proportionally to the proportion of stones, bΔ and cΔ soil clods in the soil. Only half the proportion of bΔ soil clods was considered in this equation to roughly take into account that they do not completely block root growth. This sum was divided by 1+stone proportion to fit into [0,1], as the clod proportions are given by FlorSys relatively to total soil volume disregarding stones. 
This soil compaction was then transformed into a corrective coefficient depending on three parameters (CONTRDAMAX, DASEUILHAUT, DASEUILBAS) borrowed from the STICS crop model (Brisson et al., 1998; Brisson et al., 2002; Brisson et al., 2003) (Erreur ! Liaison incorrecte.). The result was multiplied by a species parameter pens reflecting the species ability to penetrate the soil (capped to [0,1]).
As soil structure is not predicted below 30 cm in FLORSYS, soil constraint in deeper soil layers was predicted from soil variables at 30 cm depth [26]. But only cΔ soil clods were considered, to mimic the "shadow" of the plough pan which often hinders root growth (Jacques Caneill, pers. comm.).

[image: ]
[bookmark: OLE_LINK13]Figure 31. Effect of soil compaction on the corrective coefficient 

Another corrective coefficient was calculated to account for the impact non-optimal temperatures on root-system expansion [27]. This function uses two species parameters, base temperature and optimal temperature (see example in Erreur ! Liaison incorrecte.). As soil structure and temperature are not predicted below 30 cm in FLORSYS, soil constraint in deeper soil layers was predicted from soil variables at 30 cm depth [26][28]. The equations were the same as more superficial layers
The effects of soil compaction and temperature were then combined to get the total soil constraint growth in each layer [29].


[image: ]
[bookmark: OLE_LINK14]Figure 32. Effect of soil temperature on the corrective coefficient, example with a species base temperature of 6°C and an optimal temperature of 15°C

[bookmark: _Ref96347334]Potential root-system dimensions (disregarding soil constraints)
The total depth of the root system is the distance from soil surface to the peak of the spilled cone (Erreur ! Liaison incorrecte.). In non-limiting conditions (i.e. no soil compaction, optimal soil temperature, non-limiting root biomass provision), the potential root-system depth Dpotd solely depends on plant age for a given species [30]. Similar equations are used to calculate potential lateral extent [31] and the depth of the cylinder-shaped part of the of root system [32], which are also driven by plant age alone (and species-specific parameters).

Actual root-system dimensions (accounting for soil constraints)
The effect of the environmental constraints are calculated over the potential root depth [33], and this average reduction coefficient is applied to reduce root-system dimensions proportionally [34][35][36]. As soil constraint was applied to the entire root system every day in RSCone (and not only to new roots), it could happen that a sudden high soil constraint (for example compaction due to tractor wheels on a wet soil or a drop in temperature) could dramatically shrink the root system from one day to another. We added a condition to prevent such root system shrinkage because it was unrealistic, apart in case of frost (see section 5.6).
Finally, eq. [36] calculates the root-system lateral extent for the different layers of the spilled cone (Erreur ! Liaison incorrecte.).

[bookmark: _Ref21697538]Biomass allocation to roots
See section 5.3

Remobilization from root
See section 5.3.4

Root-system biomass
Actual biomass is the minimum between the potential and the actual provided biomass [40]. The ratio of these two biomasses (rPhotod) is then used to determine the day's actual root biomass density, accounting for insufficient photosynthesis [41]. Potential root-system biomass is calculated from actual root-system dimensions [38][39].
Insufficient biomass provision to roots from photosynthesis does not affect root-system dimensions. Indeed, insufficient resources primarily limit the emission and elongation of fine roots rather than those of primary root axes, which define the shape and size of the root-system envelope. 

Root-length density
Specific root length varies with species and plant age [42]. It is used to transform root biomass density in each leayer into root length density [43].




[bookmark: _Ref96356502]Plant-plant competition for nitrogen
Coming soon.








[bookmark: _Ref96435482]Seed predation
Coming soon.




[bookmark: _Ref96435364]Parasite submodel PheraSys

Coming soon.



The effect of management practices

[bookmark: _Ref514771842]Overview

The principle is the same for all management techniques. The effect of each technique is decomposed into individual effects (e.g. seed movements, soil structure, light penetration, dormancy breaking, germination triggering, plant uprooting, plant burial for tillage and mechanical weeding) and these effects depend on technical options (e.g. tillage depth and tractor speed), environmental conditions (e.g. soil moisture) as well as weed and crop characteristics (e.g. clade and plant stage).
Table 11. Effects of cropping system components on the weed life-cycle (density and timing of stages) as simulated by FlorSys. The effect of other management techniques (e.g. nitrogen) is not yet implemented
	Cropping system component (crops and management techniques)
	Intermediate effect
	Effect on weeds

	Tillage (including post-sowing mechanical weeding) (section 10.2)
	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; addition of newly produced seeds to seed bank if mature plants are killed

	
	
	

	Crop species and variety (including undersown, associated and temporary crops)
	Choice of cultivation techniques
	See effects of techniques

	
	Sowing season
	Selects weed species that are non-dormant at sowing season

	
	Light availability in canopy
	Shading reduces photosynthesis and thus biomass accumulation and results in etiolation

	
	
	

	Sowing date (section 10.3.2)
	Crop emergence date
	The earlier the weed plants 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 (section )
	Reduces light availability in canopy
	Shading reduces photosynthesis and thus biomass accumulation and results in etiolation

	Sowing pattern (section 10.3.1)
	Variability in light availability in canopy
	Irregular sowing leads to canopy  gaps where weeds grow and reproduce better

	
	
	

	Herbicides (section 10.4)
	Efficiency = f(active ingredient, technicity)
Efficiency decreases with canopy density, seed depth (for root-entering herbicides) and weed stage
	Foliar herbicides kill emerged plants, root-entering herbicides kill unemerged and emerged plants whose seeds are close to soil surface, pseudo-root herbicides (entering via the shoot tip) kill emerging seedlings; root-entering and pseudo-root herbicides persist and act during several days.
Addition of newly produced seeds to seed bank if mature plants are killed and germination flush if soil is moist

	
	
	

	Mowing & harvesting operations (section 10.8)
	
	Cuts plants and reduces biomass; the older the plants at mowing and the less biomass remain, the more plants die; addition of newly produced seeds to seed bank if mature plants are killed and germination flush if soil is moist

	
	
	

	Mineral fertilization (section 10.6.1)
	Adds nitrogen to soil
	Adds mineral nitrogen to soil (only for FLORSYS-N versions), reduces plant-plant competition for nitrogen, favours nitrophilic species over oligotrophic species

	
	
	

	Manure (and other organic fertilizers) (section 10.6.2)
	Adds layer on soil surface
	Improves germination of surface seeds, slightly decreases germination and emergence of buried seeds

	
	
	Adds seeds to soil seed bank

	
	
	Modifies soil microflora  impact on cereal take-all disease and indicator of yield loss due to take-all in cereals

	
	Adds nitrogen and organic matter to soil
	Adds nitrogen and organic matter to soil (only for FLORSYS-N versions), reduces plant-plant competition for nitrogen, favours nitrophilic species over oligotrophic species

	
	
	

	Irrigation (section 10.7)
	Increases soil moisture and water potential
	Triggers weed seed germination if applied after drought
Makes germination and emergence faster
Interacts with techniques whose effects depends on soil moisture (tillage, mechanical weeding, soil compaction)

	
	
	

	All (except irrigation)
	Increase soil compaction via wheel traffic
	Increases mortality of germinated seeds



[bookmark: _Ref107497162]Tillage and mechanical weeding
24/07/2018
Tillage is any soil-disturbing operation carried out before (or with) crop sowing to empty the weed seed bank, destroy weeds and prepare the crop seed bed; mechanical weeding occurs after crop sowing to destroy weeds. Strip till occurs before or with crop sowing and tillage is limited to the future crop rows.
Several variables are used to describe these operations: their date, tool (e.g. harrow, mouldboard plough, hoe...), tractor speed, tillage depth and, the tilled area (e.g. interrow only vs whole field for mechanical weeding, future crop row for strip till) see example in table xxx.

Which areas are tilled
19/02/2020
Updated 04/08/2022

Pre-sowing tillage
· Usually the whole field is tilled
· Exception = strip-till: only the future crop row is tilled. The tilled area is located relatively to the future position of the next crop sowing following the tillage operation. The width of the tilled trip depends on the proportion of tilled area entered by the user. For instance, if 10% of tilled area is indicated and interrow width will be 30 cm, then the tilled strips will be 3 cm wide. The precision will depend on the voxel edge size: the larger the latter, the less precise the position of the tilled strip and the number of uprooted weeds (section 10.2.5)

Post-sowing tillage is cosidered to be mechanical weeding. Three options are available:
· The whole field is tilled, usually with HERSE_ETRILLE, to minimize crop damage
· Only the interrow is tilled, usually with BINEUSE or HOUE_ROTATIVE which are much more aggressive than the HERSE_ETRILLE in uprooting and destroying weeds (and crop plants). HOUE_ROTATIVE can be applied to the whole field and positioned so that the plants on the crop row are not uprooted. However, these plants (including the crop plants) can be damaged.
· Only the row is tilled. This is experimental.


Soil structure
24/07/2018
Each time the soil is tilled, two processes are modelled in FlorSys (Colbach et al., 2006b): (a) fragmentation due to the tillage tool, modifying clod-size distribution, and (b) compaction due to the tractor wheels, modifying clod-size distribution and structural porosity. These two characteristics are also modified by climate, for instance the alternation of dry/moist and frozen/unfrozen conditions. Compaction occurring during harvesting and sowing was also taken into account. The intensity of both compaction and fragmentation depends on soil water content and equipment characteristics.

We used the "soil" sub model of DECIBLE (Chatelin et al., 2005) to describe these processes. It distinguishes three layers (0-10, 10-20 and 20-30 cm) of which the structure is regarded as an evolutionary matrix of unit states, altered by farming operations and weather. Each simulated day, the soil structure is described in each layer by a combination of units from 13 structure classes. Twelve of them were obtained from the combination of four classes of clod-size distribution (O for optimum, b and B for blocks, or C for compacted) with three classes of internal clod structural porosity type ( high internal porosity,  +  high porosity and cracks,  very compacted with very low porosity A 13th class was added (named fine earth), corresponding to an extreme degree of fragmentation, without clods (Manichon and Roger-Estrade, 1990). At each operation (tillage, sowing or harvesting), depending on soil water content, each unit structure is (or is not) modified. The soil structure in each soil layer predicted by this sub-model then influences two further processes in the model: the seed transfers during ploughing (section 10.2.3.1) and pre-emergent seedling mortality (section 3.3.7.4).

[bookmark: _Ref514329952]Mechanical weeding is supposed to be too shallow to have an effect on soil structure. However, tractor wheels can compact the soil. In case of strip till, the proportion of fragmented soil is multiplied by the proportion of the tilled field area. Compaction by tractor wheels during strip till is independent of the proportion of tilled area as it depends on the width of the tool, and not on the width of the tilled strip.


[bookmark: _Ref98252544]Seed movements
7/24/2018
Several different cases are considered:
(1) Mouldboard ploughing, with or without a skim-coulter,
(2) Superficial tools, either with discs or with tines,
(3) Rolling,
(4) Other cases
(5) Combination of the previous cases,
Seed movements in the first two cases depend on soil structure. The process-based models are used to compute the transfer of the weed seeds between the sub-layers of the tilled horizon during tillage, working with 1-cm thick layers. After tillage, the proportion of points of a layer f coming from a layer i was determined for each couple of layers (i, f). These proportions correspond to transfer coefficients afi quantifying the relative seed movements from an initial layer i to a final layer f. Thus, if n is the total number of sub-layers, xit the number of weed seeds in the ith sub-layer before tillage, and xft+1 the number of weed seeds in the fth sub-layer after tillage, we have: 

 									(2)

Cases (3) and (4) directly propose these matrixes based on expert knowledge or empirical measurements. Case (5) combine seed movement matrixes corresponding to individual tools to mimic the effect of a more complex tool. These seed movement matrixes are used in the seed-to-seedling submodel (section 3.3.1.2).
In case of operations concerning only a part of the field area (mechanical weeding in interrow, strip till), seed movements are reduced by the proportion of tilled area p:

							(2)


[bookmark: _Ref520200927]Mouldboard ploughing
[bookmark: _Ref514328395]Without a skim-coulter
(Colbach N, Roger-Estrade J, Chauvel B, Caneill J (2000) Modelling vertical and lateral seed bank movements during moulboard ploughing. Eur J Agron 13:111-124)

To model the seed displacement during ploughing, the representation of the furrow movement during ploughing shown in Figure 33 was used. In the plane perpendicular to the direction of the plough, the furrow of soil cut by the mouldboard plough follows the movement described by Figure 33. This movement comprises two successive rotations of the furrow and ceases when the furrow is settled on the previously rotated furrow (Figure 33.A). The inclination angle between the furrow and the plough pan only depends on ploughing width and depth, i.e. the sine of this angle equates the ratio of tillage depth to width. Actually, the furrow breaks up during this movement and partially falls on the plough pan. This phenomen is modelled by Roger-Estrade (Roger-Estrade, 1995; Roger-Estrade et al., 2000a; Roger-Estrade et al., 2000b) by separating the furrow into slices which slide downwards until they reach the plough pan (Figure 33.B). The number of slices depends on the mechanical soil behaviour: it is low in case of poor fragmentation when the ploughed soil is dry or compacted; and it increases with the fragmentation of the soil, when ploughing occurs in good moisture conditions and/or when the ploughed soil is uncompacted. Using this relationship, it is possible to calculate the final vertical and lateral co-ordinates of any point of the furrow as a function of its co-ordinates before ploughing and of ploughing depth and width as well as soil structure.

[image: ]
[bookmark: _Ref514328102]Figure 33. Soil movement during ploughing according to Roger-Estrade (Roger-Estrade, 1995; Roger-Estrade et al., 2000a; Roger-Estrade et al., 2000b) explained as a succession of a rotation of the whole furrow (A), followed by a breakup into slides and their translation, with the number of slides decreasing with soil compaction (B) (Colbach et al., 2000)

[bookmark: _Ref514328399]With a skim-coulter
(Roger-Estrade J, Colbach N, Leterme P, Richard G, Caneill J (2001) Modelling vertical and lateral weed seed movements during moulboard ploughing with a skim-coulter. Soil Tillage Res 63:35-49)

Seed movements during mouldboard ploughing with a skim-coulter are based on the same principle as those during ploughing without a skim-coulter (section 10.2.3.1.1), except that a part of the seeds initially on soil surface are directly moved to the plough plan (Figure 34). According to Hénin et al. (1969), the skim-coulter acts as a small plough body placed in front of the main one. It cuts a small part of the furrow slice, located near the soil surface. This part is rotated and projected down to the furrow bottom. Then, the rest of the furrow slice cut and moved by the main plough body, covers the part buried by the skim-coulter. Consequently, this implement is very efficient for burying weed seeds and seedlings, crop residues and volunteers, and organic fertilisers. 

Figure 34 represent these movements in a plane perpendicular to the direction of motion of the plough. The grey part of the furrow slice corresponds to the part cut by the skim-coulter. This soil volume is here represented as a rectangle of which the width depends on the characteristics of the skim-coulter, and the depth on the settings of the plough and the skim-coulter. The rotation of the main part of the furrow slice ceases when it lies against the previous rotated furrow slice. 

The furrow slice breaks up during its rotation: part of the soil slides towards the furrow bottom while the soil from the upper part of the rotated furrow slice crumbles into the void created by the skim-coulter. After the rotation was completed, the furrow slice and the part cut by the skim-coulter were divided into slivers which slide downwards until they reach the furrow bottom (arrow 1 in Figure 34a), while the upper part of the furrow slice was moved to the void created by the skim-coulter (arrow 2 in Figure 34a). This was done in a way that insured that the top of the slivers were at the same height (Figure 34b). On the example of Figure 34b, the furrow slice was divided into three slivers which corresponds to what would happen in a compact soil structure. The degree of fragmentation occurring during ploughing is modelled through the choice of the number of slivers. The greater the degree of fragmentation, the greater the number of slivers. For a given texture, the degree of fragmentation depends mainly (i) on the cohesion and water content of the soil during ploughing, and (ii) on the characteristics of the ploughing itself, speed, ploughing width and depth (Coulomb et al., 1993). 

This model allows the determination of the co-ordinates of any individual point within the furrow slice after ploughing, as a function of its co-ordinates before this operation, the ploughing characteristics and soil structure (via the number of translation slivers). If (x1, y1) are the initial co-ordinates of a point of the furrow slice (e.g. the point A in Figure 34b), and (x’1, y’1) the final co-ordinates of this point after ploughing, then the lateral displacement (LD, cm) of A was defined as follows.

		LD = x’1 - x1									(1)

However, in weed demography, the depth at which the seed is buried (rather than the lateral displacement of the seed) is crucial. Consequently, the model was evaluated relative to the final vertical co-ordinate of the point instead of its vertical displacement (e. g. y’1 - y1). These variables depend on the characteristics of the plough (ploughing width Pw, and skim-coulter width Sw), on the ploughing and skim-coulter depths (Pd and Sd), and on the number of slivers chosen for the representation of the degree of fragmentation of the furrow slice (N). 

[image: ]
[bookmark: _Ref514328799]Figure 34. Representation of the movement of the soil during ploughing. A1, A2, A3, A4, and B1, B2, B3, B4 are the successive positions of points A and B during the furrow slice movement: Rotation (a), then translation of the slivers in case of a soil compacted (b) or uncompacted (c) before ploughing. Sd and Sw are the depth and width of the skim-coulter. Pd and Pw are the depth and width of the plough. [image: ]  = part of the furrow slice cut by the skim-coulter; [image: ]  = part of the furrow slice replaced in the void created by the skim-coulter.

[bookmark: _Ref514328374]Superficial tillage
(Colbach N, Busset H, Roger-Estrade J, Caneill J (2014) Predictive modelling of weed seed movement in response to superficial tillage tools. Soil Tillage Res 138:1-8)

The conceptual model (Colbach et al., 2014b) is represented in Figure 35. Tillage is assumed to mix soil and seeds, concentrating aggregates larger than 2 cm toward soil surface whereas weed seeds and fine earth congregate below. There is thus a seed-free layer whose thickness (x0) depends on initial soil structure and water content as well as tillage type and depth. The less the tillage operation fragments the soil and the deeper the operation, the larger is x0. 
Weed seeds that were initially (i.e. just before the tillage operation) close to soil surface are relocated by tillage between x0 and tillage depth xtillage depth. Initially buried seeds tend to stay deeper. They are therefore relocated between x0+a0∙xinitial depth and xtillage depth, where a0 is the effect of initial seed depth on the shallowest possible burial depth after tillage.
In case of vigorous inverting operations (such as those performed by disc harrows) which are better at moving initially buried seeds toward soil surface, seeds are buried less deeply and are thus relocated between x0+a0∙xinitial depth and xtillage depth – af∙xinitial depth, where af is the effect of tillage tool (vigorously inversting vs. other) on maximum burial depth, depending on initial seed depth.
These processes are translated into equations to predict the cumulated proportion of seeds p(xfinal depth) as a function of the seed depth xfinal depth after tillage (Table 12).


= Seeds initially on soil surface 
= Seeds initially deeply buried
= Soil clod
= Fine earth
A. Before tillage



Tillage depth
Seed-free layer
B. After non-fragmenting tillage



Tillage depth
Seed-free layer
C. After highly fragmenting tillage

[bookmark: _Ref514327472]Figure 35. Proposed conceptual model for weed seed movements during tillage. Tillage concentrates soil aggregates mostly toward soil surface whereas weed seeds and fine earth are concentrated below. Seeds initially on soil surface are distributed over a larger layer than initially buried seeds which remain deeper (Nathalie Colbach 2013 ) (Colbach et al., 2014b)



[bookmark: _Ref356033349]Table 12. Conceptual model for seed movement during tillage with superficial tools based on the principle shown in Figure 35
A. Equations for predicting the cumulated proportion of beads as a function of bead depth (Colbach et al., 2014b)
	Input variables for the seed movement model
	In the weed dynamics model

	Tillage tool
	
	Input variable

	Tillage depth (cm)
	xtillage depth
	Input variable

	Proportion of fine earth after tillage
	pfine earth
	Predicted by a soil structure submodel

	Initial seed depth (cm)
	xinitial depth
	Predicted by previous simulations



	Equations
	
	

	Thickness of the seed-free layer
	x0 = b1∙pfine earth + b2∙ xtillage depth

	Effect of tillage on maximum burial depth
	If tillage tool = discs then af > 0 else af = 0

	Cumulated proportion of seeds p as a function of final seed depth xfinal depth
	If xfinal depth < x0+a0∙xinitial depth
	then p = 0

	
	Else if xfinal depth < xtillage depth - af∙xinitial depth
	
then p =

	
	Else
	p = 1


Parameters b0, b1, b2, a0 and af are explained below.

B. Parameter values 
	Parameters for describing cumulated bead proportions after tillage
	Estimate
	Standard-error

	Effect of the proportion of fine-earth on the thickness of the seed-free top layer (cm)
	b1
	-0.959
	0.197

	Effect of tillage depth on the thickness of the seed-free top layer (cm∙cm-1)
	b2
	0.342
	0.00672

	Effect of initial seed depth on the shallowest possible burial depth after tillage (cm∙cm-1)
	a0
	0.135
	0.00685

	Effect of tillage tool (discs vs. other) on maximum burial depth, depending on initial seed depth (cm∙cm-1)
	af
	0.164
	0.00787


.

Rolling
Rolling assumes that all seeds formerly located in soil surface are transformed to the underlaying layer. 

Other cases
Seed movement matrixes for spading, deep power harrow (> 12 cm), deep flexible tine (> 12 cm), deep rotary hoe (> 12 cm) and deep chisel (rigid-tine > 12 cm) were taken from (Cousens and Moss, 1990).
Superficial power harrow, flexible tine, rotary hoe and chisel are modelled according to section 10.2.3.2.

Combining different tools
Olivia
Coming soon

Tillage effects on seed bank depends on soil moisture
Objective = control harmful weeds
· Optimize tillage date
· False seed bed  empty weed seed bank
 till in moist conditions
· Prepare soil for crop sowing  limit weed emergence
 till in dry conditions
· Optimize tillage depth  
· False seed bed  empty weed seed bank
 till superficially
· Prepare soil for crop sowing  limit weed emergence
 till deeply and/or invert soil

	A
	[image: ]

	B
	


	C
	


	D
	



Figure 36. Variability of tillage effect on germination with soil moisture.

[bookmark: _Ref520200938]Weeding
03/05/2024
Each operation (1) uproots germinated seeds and emerged plants and (2) covers them with soil. The resulting mortality rate of the weeds and the decrease in growth of the surviving weeds then depends on whether the plants were uprooted and/or covered. These functions were based linear regressions of Kurstjens' laboratory data based on a sandy soil, working with a grass and a broadleaved species (Kurstjens and Perdok, 2000; Kurstjens et al., 2000). Rolling has no effect on seedlings and plants.

Uprooting and survival
03/05/2024
"Aggressive" tools (e.g. mouldboard plough, power harrow,...) and hoeing uproot all emerged plants located in the tilled area (e.g. interrow only for a hoe, the whole field for a pre-sowing operation) (equations [1] and [2] in Table 13). For the remaining tools (e.g. harrow...), the probability of being uprooted increases with soil water potential, tractor speed and tillage depth; it is higher for grass vs. broadleaved species for small plants and the opposite for large plants; for both, it decreases with plant size (equation [3] in Table 13, see section 10.2.5.3 for sensitivity analysis). For each emerged weed plant located in the tilled field sample, a number is randomly chosen in [0, 1] (i.e., a random probability); if this number is below puprooting, the plant is uprooted. 
The probability of survival decreases with tractor speed, soil dryness, tillage depth and plant height; it is close to 1 for non-uprooted and considerably lower for uprooted plants (equation [4] in Table 13, figures in electronic annex). Again, a random probability is drawn in [0,1] for each weed plant and compared to the probability of survival to decide whether the plant survives or not. Dead plants are then eliminated from the field sample (section 2.1.2.1).
The same equations are used to calculate the proportion of uprooted and surviving germinated seeds, with a zero plant height as the seedlings have not yet emerged, except that hoeing does not uproot any seeds. In contrast to emerged plants, seeds are not treated individually; the number of surviving germinated seeds is directly calculated by combining the uprooting and survival probabilities with the proportion of tilled area (equation [9] in Table 13).

Covering by soil and subsequent growth reduction
03/05/2024
For each surviving plant is then calculated the proportion of leaf area covered with soil, distinguishing again between aggressive (whole plant covered) and other tools (plants partially covered). In the latter case, coverage increases with tillage depth, tractor speed and soil dryness; it is lower for broadleaved vs. grass species, except for very large plants, and decreases with plant size (equation [6] in Table 13). The leaf coverage is calculated for each surviving weed plant and then used to calculate its variation in biomass after vs. before the operation. Biomass decreases with soil dryness, plant size and leaf coverage, particularly for uprooted plants whereas untouched plants are mostly undamaged [7]. There is no effect on unemerged, germinated seeds.
	The rate of variation of biomass is then applied to both above-ground and below-ground biomass of the plant [8].



[bookmark: _Ref285525328]Table 13. Effect of tillage and mechanical weeding on weeds as a function of operation characteristics, environmental conditions and plant size predicted with linear regressions based on data from  (Kurstjens and Perdok, 2000; Kurstjens et al., 2000). Hypotheses are based on expert knowledge.
	Eq
	Predicted variables
	Equation
	Additional 
parameter values
	Explained variability

	Probability of uprooting

	[1] [bookmark: _Ref165629404]
	"Aggressive" tools
	puprooting=1
	
	Hypothesis

	[2] [bookmark: _Ref165629411]
	Hoe
	puprooting= plant height
	0  = 0
>0 = 1
	Hypothesis

	[3] [bookmark: _Ref165629427]
	Other tools (except rolling)
	loge(puprooting+1) 
= taxa
+ 0.0187  water potential
+ 0.0403  speed
+ 0.00886  depth
+ßtaxaplant height
	grass    = 0.270
broadleaf=0.115
ßgrass      = - 0.00856 
ßbroadleaf= - 0.00495
	R² = 0.59

	Probability of survival

	[4] [bookmark: _Ref165629443]
	Probability of survival
	psurvival	
= state 
- 0.178  loge (speed)
+ßstate  loge (-water potential)
+state  loge (depth)
+state  loge (plant height+1)
	uprooted     = 1.513
non-uprooted = 1.049
ßuprooted       =-0.0992
ßnon-uprooted=-0.0244
uprooted       =-0.158
non-uprooted=0
uprooted       =-0.216
non-uprooted=-0.0338
	R² = 0.80

	Proportion of leaf area covered with soil

	[5] 
	"Aggressive" tools
	pcovered=1
	
	Hypothesis

	[6] [bookmark: _Ref165629513]
	Other tools (except rolling)
	pcovered
= taxa
+ 0.231  loge (depth)              
+ 0.501  loge (speed)                  
+ 0.0193  loge (-water potential)
+ßtaxa loge (plant height+1)
	grass    = -0.0558                
broadleaf=-0.345
ßgrass      = - 0.0787
ßbroadleaf= - 0.0125
	R² = 0.48

	Biomass variation

	[7] [bookmark: _Ref165629533]
	Rate of variation
	loge(vbiomass)
= state
- 0.0786  loge (plant height+1)               
- 0.0334  loge (-water potential)
- 0.444  loge (pcovered+1)
	uprooted      = -0.224
non-uprooted =   0.367
	R² = 0.42

	[8] [bookmark: _Ref165629563]
	Application to biomasses
	ABM'dsi = vbiomass · ABMdsi
RBM'dsi = vbiomass · RBMdsi
	
	

	Proportion of surviving germinated seeds

	[9] [bookmark: _Ref165629488]
	Proportion of surviving germinated seeds
	pseeds 
= ptilled  (puprooting        psurvival if uprooted                 
           + (1- puprooting)  psurvival if non-uprooted)   
+ (1- ptilled) 1
	Logic


If necessary, predicted variables are capped to keep them in [0, 1]. Water potential is the mean soil water potential over the tilled layers prior to operation (MPa), speed is the tractor speed during operation (m/s), depth is the tillage depth (mm), plant height is the height of a given weed plant prior to operation (mm) and is nil for germinated but unermerged seeds. Aggressive tools are mouldboard plough, power harrow, rotavator, spading, discs, chisel, spring tine, rotary hoe; other tools are unpowered harrows and other very superficial tools working at less than 5 cm.

[bookmark: _Ref165627508]Sensitivity analysis
Probability of uprooting

[image: ]
Figure 37. Effect of operation characteristics, environmental conditions and weed plant size on the probability of uprooting of grass (blue lines) and broadleaved weed species (red lines) by a non-aggressive tillage or mechanical weeding tool. Nominal values are water potential = -0.5 MPa, tractor speed = 12 km/h, tillage depth = 3 cm, plant height = 4.5 cm.


Probability of survival
[image: ]
Figure 38. Effect of operation characteristics, environmental conditions and weed plant size on the probability of survival of uprooted (blue lines) and non-uprooted weed plants (red lines) by a non-aggressive tillage or mechanical weeding tool. Nominal values are water potential = -2 MPa, tractor speed = 12 km/h, tillage depth = 3 cm, plant height = 4.5 cm.


Leaf area covered by soil
[image: ]
Figure 39. Effect of operation characteristics, environmental conditions and weed plant size on the proportion of leaf area covered with soil of grass (blue lines) and broadleaved weed species (red lines) by a non-aggressive tillage or mechanical weeding tool. Nominal values are water potential = -0.5 MPa, tractor speed = 4 km/h, tillage depth = 2 cm, plant height = 7 cm.


Biomass reduction
[image: ]
Figure 40. Effect of environmental conditions, weed plant size and the proportion of leaf area covered with soil on the biomass reduction of uprooted (blue lines) and non-uprooted weed plants (red lines) by a non-aggressive tillage or mechanical weeding tool. Nominal values are water potential = -3 MPa,  plant height = 10 cm, and leaf coverage = 1.




Sowing

[bookmark: _Ref107497124]Sowing patterns
(Colbach N., Collard A., Guyot S. H. M., Mézière D. & Munier-Jolain N. M. (2014) Assessing innovative sowing patterns for integrated weed management with a 3D crop:weed competition model. European Journal of Agronomy 53, 74-89, http://dx.doi.org/10.1016/j.eja.2013.09.019.)


Sowing patterns (crop and variety choice, row vs broadcast, row orientation, interrow, density, sowing precision) affect crop plant location (section 4.1), subsequent light penetration into the canopy (section 5.1) and thus plant growth and seed production (section 5.2).

Crop types
Primary crops
Primary crops (commercial crop, cash crop, harvested crop) are any crops that are sown and harvested to be sold or used on the farm. This comprises grain crops, root crops and grasslands.

Temporary crops
Temporary crops (catch crops, cover crops during fallow etc) are sown after the sowing of a primary crop and the following primary crop, usually lasting only a few months. In FlorSys, grassland and sown setaside (i.e. mandatory non cereal crops in the 1990 and 2000) are considered as primary crops. Temporary crops are usually destroyed by tillage, herbicides or frost.
Primary crop
Primary crop
Temporary crop
S
HA
S
T
HE

S = sowing, HA = harvest, HE = herbicide, T = tillage

[bookmark: _Ref262735068]Secondary crops
Secondary crops are sown below the canopy of the primary crop canopy. They are usually left to continue their growth after the harvest of the primary crop. They can be destroyed before the sowing of the next primary crop by tillage, herbicides or frost. Or the next primary crop can be sown into the still living secondary crop which can though be reduced by herbicides and other means.
Primary crop
Primary crop
Secondary crop
S
HA
S
T
HE
S

Primary crop
Primary crop
Secondary crop
S
HA
S
HE
S

S = sowing, HA = harvest, HE = herbicide, T = tillage

Associated crops
Associated crops comprise two primary crops that will both be harvested. In FlorSys, we consider that these can be either sown together or one after the other. Similarly, both can be harvested together or one after the other.
Primary crop
Primary crop
Pimary crop
S
HA
S
S
HA

Primary crop
Primary crop
Pimary crop
S
HA
S
S
HA

Primary crop
Primary crop
Pimary crop
S
HA
S
S
HA

Primary crop
Primary crop
Pimary crop
S
HA
S
S
HA

S = sowing, HA = harvest, HE = herbicide, T = tillage

Various cases of sowing patterns
Single crops
	NS row sowing
	EW row sowing

	[image: ]
	[image: ]

	Orientation = NS
Number of sown_crops = 1
sowing_density = 100 (seeds/m²) ; interrow_width = 30 cm 
	Row_orientation=WE
Number_of_sown_crops=1, interrow width = 20 cm, lag of first row to field edge = 10 cm


	Broad-cast sowing
	

	[image: ]
	

	Number_of_sown_crops=1
BROADCAST, sowing density = 400
	



Crop mixtures in a single sowing operation
	Row-sown 50-50 crop mixture
	Row-sown 50-25-25 crop mixture

	[image: ]
	[image: ]

	Orientation = NS
Number of sown_crops = 2
C1 : sowing_density = 92 ; interrow_width = 60 
C2 : sowing_density = 92 ; interrow_width = 60 

	Orientation = NS
Number of sown_crops = 3
C1 : sowing_density = 120 ; interrow_width = 60 
C2 : sowing_density = 60 ; interrow_width = 60 
C3 : sowing_density = 60 ; interrow_width = 60 



Separate sowings (same date or different dates)
	Mixture of a row-sown and a broadcast
	Two crops in separate rows in a 50-50 ratio

	[image: ]
	[image: ]

	Orientation = WE
Number of sown_crops = 2
C1 : sowing_density = 100 ; interrow_width = 30 
C2 : BROADCAST ; sowing_density = 150

	Orientation = NS
Number of sown_crops = 2
C1 : sowing_density = 50 (seeds/m²) ; interrow_width = 60; 1 row / 2
C2 : sowing_density = 50 (seeds/m²) ; interrow_width = 60; 1 row / 2

	Two crops in separate rows in a 1-2 ratio
	Three crops in separate rows in a 1-2-1 ratio

	[image: ]
	[image: ]

	Orientation = NS
Number of sown_crops = 2
C1 : row = NEW ; sowing_density = 50 ; interrow_width = 60; 1 row / 3
C2 : row = NEW ; sowing_density = 100 ; interrow_width = 60; 2 rows / 3
	Orientation = WE
Number of sown_crops = 3
C1 : sowing density = 20 ; interrow_width = 60 ; 1 row / 4
C2 : sowing density = 40 ; interrow_width = 60 ; 2 rows / 4
C3 : sowing density = 20 ; interrow_width = 60 ; 1 row /4

	Three crops in non-equidistant rows
	

	[image: ]
	

	Three sowing operations, each with the same interrow but with a different lag for the first row (0, 20 or 30 cm)
	



Combining several options
Crops 1 and 2 are sown in a single operation, crop 3 in another, and crops 4 and 5 in a third one. All three operations can be carried on the same day or at different days. The effect of a late sowing operation on an earlier sown crop will be ignored.
[image: ]
Orientation = NS
Number of sown_crops = 5
C1 : sowing density = 30 ; interrow_width = 30 
C2 : sowing density = 30 ; interrow_width = 30 
C3 : BROADCAST ; sowing_density = 50
C4 : sowing density = 15 ; interrow_width = 30 
C5 :; sowing density = 15 ; interrow_width = 30

[bookmark: _Ref107497107]Sowing date


Sowing depth




[bookmark: _Ref107497090]Herbicides
(Colbach N., Fernier A., Le Corre V., Messéan A. & Darmency H. (2017) Simulating changes in cropping practices in conventional and glyphosate-resistant maize. I. Effects on weeds. Environmental Science and Pollution Research 24, 11582-11600, dx.doi.org/10.1007/s11356-017-8591-7.)

Input variables
Input variables for describing a herbicide application are: commercial product, application date and rate, as well as spraying condition (optimal, sub-optimal, bad) resulting from the farmer's technical ability and availability (e.g. cattle farmers can be too busy tending their stock to spray in optimal weather conditions). Commercial product names were preferred to active ingredients to facilitate model use for advisors and farmers.

Herbicide types and data base
Data on herbicide efficacy on sensitive weed species (alternatively, botanical family or taxa) were collected for different herbicide rates and plant stages (pre-emergent, cotyledon, plantlet, vegetative and later) from expert opinion (Christian Gauvrit) and literature (Mamarot and Rodriguez, 2003) and compiled into a data base (section A.4 online). The data base also lists herbicide persistence in soil.

Herbicides were labeled as "foliar", "root", "pseudo-root" and "systemic" according to their routes of uptake, to their behavior in plants and to their practical use, as described in the Pesticide Manual (Tomlin, 2006) and the Pesticide Properties Database (http://sitem.herts.ac.uk/aeru/ppdb/en/index.htm). “Foliar” herbicides (e.g. 2,4-D) are predominantly absorbed by the shoots and consequently are applied post-emergence. "Root" herbicides (e.g. isoproturon) are predominantly absorbed via the soil, mainly by the roots. They can be applied at pre-emergence, but also at early post-emergence. “Pseudo-root” herbicides (e.g. diflufenicanil) have low soil mobility. Consequently, after application they remain in the superficial layers of the soil. They are mainly absorbed while the young plants emerge and cross the soil layer were the herbicide is present. They are applied pre-emergence, but also at early post-emergence. "Systemic" herbicides (e.g. sulfonylureas) are mobile in the plants. 

[bookmark: koc]The above-described properties were consistent with the physico-chemical properties of the compounds, such as log Kow (oil-water partition coefficient) and pKa for the behaviour in plants, according to the rules established by Briggs and Bromilow (Briggs et al., 1987; Rigitano et al., 1987; Briggs and Bromilow, 1994). Concerning behaviour in the soil, agreement was checked against Koc (Soil Organic Carbon-Water Partitioning Coefficient) values, compounds with high a Koc exhibiting a "pseudo-root" behaviour (Rutherford et al., 1992).

[bookmark: _Ref90569123]Formalization in FlorSys
Foliar herbicides affect all emerged weed plants present on the day of spraying in the sprayed area. For each plant of the 3D canopy, a survival probability is calculated and compared to a number drawn randomly in [0,1] to determine survival or mortality of the plant. The survival probability [A8][footnoteRef:2] depends on (1) the theoretical efficacy (mortality rate) of the sprayed herbicide, resulting from the applied active ingredient, the weed species and plant stage [A1], (2) the sprayed dosage which proportionally increases relative herbicide efficacy [A2], (3) the spraying conditions which can reduce herbicide efficacy [A2] but also cancel out the effect of reduced dosage effect [A3]; (3) the reduction of the herbicide amount landing on the weed because the surrounding canopy limits herbicide penetration ("umbrella" effect,[A6]), an effect which is assumed to be correlated to light penetration into the canopy (Kim et al., 2011); (4) the systemicity of the herbicide, i.e. the efficacy of systemic herbicides solely depends on whether the plant received any herbicide droplet [A7], irrespective of the amount. Conversely, for non-systemic herbicides, efficacy depends on the amount of droplets received.  [2:  Numbers between brackets, e.g. [A1], refer to equations listed in Appendix M.] 


The effect of root herbicides on emerged weed plants [A13] differs from the effect of foliar herbicides insofar as (1) only plants with seeds located in the upper three soil cm are concerned as herbicide diffusion in the soil is limited, (2) plant mortality increases linearly with increasing herbicide dosage [A10], and (3) the "umbrella" effect is calculated with the relative light incidence on soil surface [A16]. Root herbicides also affect germinated seeds that have not yet emerged on the day of spraying. The survival probability [A14] is calculated as for emerged plants, but (1) using the theoretical herbicide efficacy for unemerged seedlings, and (2) multiplying it by a corrective factor to account for the decrease in herbicide concentration with depth [A12]. As seeds are not represented individually in FlorSys, the survival probability is multiplied with the number of germinated seeds before spraying to obtain the number of surviving germinated seeds.

Root herbicides persist in the soil after spraying and also kill newly germinating seeds during that period [A24]. Herbicide concentration decreases over time [A21], resulting in a survival probability for newly germinating seeds increasing with the time since spraying. Herbicide persistence is reduced by tillage, particularly inverting and/or deep operations [A22].

Pseudo-root herbicides only affect emerging seedlings, both on the day of spraying [A17] and as long as the herbicides persist in the soil [A25]; neither emerged plants nor unemerged germinated seeds are affected [A18][A19]. Otherwise, the effect is similar to that of root herbicides in terms of reduced herbicide dosage [A15], "umbrella" effect [A16] and persistence [A21]. Any tillage operation cancels the herbicide persistence [A23].

Commercial products can consist of several active ingredients presenting different uptake and action modes. However, the herbicide data base lists comprehensive efficiencies, without discriminating ingredients or action modes. FlorSys first calculates the plant mortality corresponding to each mode and weed stage, and then uses the maximum of both mortalities to determine plant survival probability [A20].

Sensitivity analysis
[bookmark: _Ref428281646]Weed plant survival after applying a foliar herbicide
Herbicide efficiency linearly decreases with dosage relative to the full regulatory dosage. The only exception are foliar herbicides applied in optimal conditions; their efficiency only decreases when the relative dosage drops below 25% (green line in Figure 41). The efficiency of relative dosages in suboptimal conditions (blue line) is intermediate between optimal conditions and bad conditions (red line, with a linear relation between dosage and efficiency).

[image: ]
[bookmark: _Ref428281549]Figure 41. Effect of herbicide dosage (relative to full regulatory dosage) and spraying conditions (optimal = green lines, sub-optimal = blue lines, low = red lines) on weed plant survival after applying a foliar herbicide in FlorSys. Theoretical herbicide efficiency was 100% and there was no canopy intercepting herbicide droplets.

Weed survival after applying a herbicide entering via the roots
	[image: ]
	Figure 42. Effect of weed seed depth on weed (plant and germinated seed) survival after applying a root- herbicide. Theoretical herbicide efficiency was 100% and there was no canopy intercepting herbicide droplets.




Herbicide data base 
Variables
The FlorSys herbicide efficiency data base was collated from literature (Mamarot and Rodriguez, 2003) and expert opinion, with the following variables for each product:
· Commercial product (e.g. Round up), including products no longer authorized in France, to allow "historical" simulations (e.g. for model evaluation),
· Active ingredient (e.g. glyphosate),
· Systemicity (yes or no),
· "Root" herbicide (yes or no),
· "Pseudo-root" herbicide (yes or no),
· "Foliar" (yes or no),
· Dosage (e.g. 3 l/ha),
· Persistance (in days),
· Target species, either species name (e.g. CHEAL, WHEAT), genus (e.g. CHEXX), taxa (DICOT weeds or MONOCOT weeds), or all weed and crop species (ALL),
· Theoretical efficiency (in [0,1]), proportion of killed plants or biomass reduction, with the possibility to discriminate according to plant stage.

What if the required herbicide rate is not listed?
If the herbicide dosage required by the simulated cropping-system file is not listed in the data base for a target weed, FlorSys estimates the efficiency from efficiencies listed for other application rates of the same herbicide brand and target weed (see section 10.4.4.1). 

What if a weed species is not listed for a given herbicide?
If a weed species is not listed for a given herbicide brand at any dosage, FlorSys checks whether information is available for the botanical family (e.g. VERXX for VERHE), the taxa (e.g. dicotyledonous species for VERHE) or all species (ALL), and then uses this information. If none of this information is available, a zero efficiency is assumed.

Patch spraying
19/2/2020
Based on (Maillot et al., in preparation)

Site-specific spraying can only be used with foliar herbicides (or multi-entry herbicides).

[bookmark: _Ref325381106]Input variables particular to the submodel
The spraying system
The following inputs must be given for each site-specific spraying (Figure 43)
· width of spraying (in cm)
· when to start spraying before a plant and when to stop spraying after a plant (in cm), with different values possible for before and after.
· width of spray
Crop plant
Weed
Direction of tractor
before
after

[bookmark: _Ref17292920]Figure 43. The three input variables determining the site-specific spraying system in FlorSys. The dark yellow area delimits the sprayed section, depending on the width of spraying, as well as the pre and post-plant spraying distances ("before" and "after"). 

[bookmark: _Ref17295832]Weed detection
Another set of inputs determines
· whether there are different zones in terms of weed detection (Figure 44). If no crop has yet been sown the whole field is considered as INTERROW, if the crop was broadcast, the whole field is considered as ROW zone.
· the weed detection rates for each detection zone, weed species and plant diameter,
· the rate of crop plants falsely identified as weeds

Distance to INTERFACE
Distance to INTERROW
ROW with detection rate rateROW
INTERFACE with detection rate rateINTERFACE
INTERROW with detection rate rateINTERROW


[bookmark: _Ref17293044]Figure 44. Example with three detection zones in the site-specific spraying submodel of FlorSys

[bookmark: _Ref321391004][bookmark: _Ref320621203]Herbicide application
[bookmark: _Ref17296811]Which weeds are sprayed
Only weeds that have emerged on the day the herbicide is applied can be sprayed in the patch spraying submodel of FlorSys. To be sprayed, a weed plant must either be detected, or located close to a detected plant (Figure 45). The probability that a weed is detected depends on:
· The weed species,
· The plant size, resulting from past plant and field history,
· The zone (if any) in which the weed plant is located (Figure 44). 
The position of the crop plants depends on the sowing pattern chosen by the user whereas weeds are placed stochastically in patches (section Erreur ! Source du renvoi introuvable.). The precision of the locations also depends on the size of the voxel which is used to discretized the canopy. 
Crop plants can be erroneously detected as weeds. 

width of spray
Crop plant
Weed
before
after
Direction of tractor

[bookmark: _Ref17296017]Figure 45. Undetected weeds can be sprayed. The dark yellow area delimits the sprayed section, depending on the width of spraying, as well as the pre and post-plant spraying distances ("before" and "after"). The weed plant marked with a cross is not detected but sprayed anyway because close to a detected weed.

[bookmark: _Ref510606261]Spray position
Spraying is not centered on the weed and there is no overlapping of spray patches (Figure 46). The tractor always advances in the direction of crop rows. During summer fallow, the tractor is assumed to move along the direction of the future crop tows. Theoretically, weed plants located at the edge of a sprayed section (e.g. lower left corner on Figure 46) would not receive as much herbicide as those located in the middle of a patch spray. This (and the effect on mortality rate) is neglected in FlorSys.
width of spray
Crop plant
Weed
Direction of tractor

[bookmark: _Ref429385072]Figure 46. Position of the sprayed sections relatively to the detected weed plants.

The length (but not the width) of the sprayed section increases with plant size (Erreur ! Source du renvoi introuvable.. Three input variables are needed (section 10.4.6.1).
width of spray
Crop plant
Weed
Direction of tractor
before
after


Figure 47: Determining the size of the sprayed section from weed-plant diameter and the properties of the spraying system (which are inputs)

[bookmark: _Ref17297422]Field map of sprayed section
Each time a site-specific treatment is applied in a FlorSys simulation, a loop is run on all weed plants to
· Determine in which detection zone (if any) the plant is located, depending on its distance relatively to the nearest crop row,
· Deterministically calculate the detection rate from the plant's location (inside a detection zone), species and size (section 10.4.6.2.1),
· Stochastically decide whether the plant is detected by comparing a random number from [0,1] to the detection rate,
· If plant is detected, delimit the sprayed section depending on the plant's location and size  as well as the spray location (section 10.4.6.2.2).
Similarly, another loop is run over all crop plants to
· Deterministically calculate the erroneous detection rate from the plant's location (inside a detection zone), species and size (section 10.4.6.2.1),
· Stochastically decide whether the crop is erroneously detected as a weed plant by comparing a random number from [0,1] to the error rate 
· If crop plant is detected as a weed, delimit the sprayed section depending on the plant's location and size as well as the spray location (section 10.4.6.2.2).

There is no overestimation of the sprayed area as patches cannot overlap even if detection weeds are close (Figure 48).

Crop plant
Weed
Direction of tractor

[image: ] will be counted as [image: ], and not as [image: ]+[image: ]
[bookmark: _Ref17298330]Figure 48. Principle of managing potentially overlapping sprayed sections in FlorSys.

Weed plant mortality
Effect on emerged plants
Once the field map of sprayed sections has been determined (section 10.4.6.2.3), a second loop is run over all emerged weed plants to
· Deterministically determine whether the plant is sprayed, depending on whether it is located inside a sprayed section. Undetected weeds close to detected ones can thus be sprayed (Figure 45). 
· Deterministically calculate the survival probability of the sprayed, depending on
· weed species and stage
· the sprayed herbicide product, 
· herbicide dosage, 
· herbicide type (systemic or not)
· the farmer's level technicity and equipment
· canopy density
· Stochastically decide whether the plant survives by comparing a random number from [0,1] to the survival probability.
The last two steps are the same as for any herbicide applied over the whole field (section Erreur ! Source du renvoi introuvable.). Crop plants are assumed not be affected by site-specific herbicide treatments.

[bookmark: _Ref321390720]Effect on un-emerged seedlings
If the applied herbicide also presents pseudo-root or root-penetrating properties, the relative sprayed field area X is calculated from the spray map (section10.4.6.2.3). A proportion X of ungerminated seedlings is then affected, following the formalization of section Erreur ! Source du renvoi introuvable..
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[bookmark: _Ref107496993]Mineral and organic fertilization


[bookmark: _Ref107497051]Mineral nitrogen



[bookmark: _Ref107497062]Manure & other organic fertilizer types
30/06/2022

Which inputs are needed?
FlorSys accepts different types of organic fertilizer: BOVINE_MANURE, OVINE_MANURE, POULTRY_MANURE, RUBBISH_COMPOST, GREEN_WASTE_COMPOST, SEWAGE_COMPOST, NON_PROCSSED_SLUDGE, LIMED_SLUDGE, PHYSIOCHEMICAL_SLUDGE, VINASSE, GROUND_HORN, PORCINE_LIQUID_MANURE, BOVINE_LIQUID_MANURE, FEATHER_FLOUR

In addition to the application date, the user choses 
· the amount (t fresh matter per ha) 
· the mineral nitrogen content (kg N / t fresh matter)
· the weed-seed content (via an input file, or NO_WEED_SEEDSif no weed seeds)

Impacts of organic fertilizer on germination and emergence
The spreading of the organic fertilizer adds a thin layer onto the soil surface. This improves the soil-seed contact for weed seeds (or crop seeds) that are located on soil surface, and thus their germination (section 3.3.5). If this occurs during fallow and if the weed seeds are imbibed, this results in a "false-seed bed" effect, i.e. the weed seeds germinate and emerge at a time where they do not compete with a cash crop and have little chance of reproducing, thus reducing the weed seeds in the soil that could potentially emerge later in cash crops.

The addition of the thin layer also increases the distance that emerging seedlings have to grow from the seed to the soil surface (section 3.3.7). This slightly reduces their chance of emergence. However, as the added layer is usually thin, this does not have a noticeable effect in simulations.

Weed seed immigration into the field
If the organic fertilizers include weed seeds, these are added to the soil seed bank. Organic fertilizer can thus be a source of new species or new population, e.g. herbicide resistant populations (section 11.1.1.3). The new seeds are added to the surface layer of the weed seed bank.

Impacts of take-all disease of cereals
The nitrogen content of the organic fertilizer and the proportion of NH4 of this nitrogen influence the soil microflora, among which bacteria that are antagonisitc to cereal take-all disease caused by Gaeumannomyces graminis var. tritici. FlorSys considers one indicator of cereal yield loss due to this disease (section 13.2.1).

Impacts on available soil nitrogen
These impacts only occur for the FLORSYS-N version considering nitrogen stress and plant-plant competition for nitrogen (section 7). In that case, the various organic fertilizers increase organic matter and nitrogen in the soil. Nitrogen dynamics in the soil are modelled by the STICS soil submodel {Brisson, 2009 #17092;Brisson, 2003 #5403}.

Table 14. List of organic residues and their corresponding default praameters for the nitrogen-dynamics submodel taken from STICS and introduced into FlorSys
[image: ]
[image: ]


[bookmark: _Ref107497007]Irrigation







[bookmark: _Ref90455288]Harvest, mowing, cutting, residue shredding, topping

What are the differences between these operations?
19/02/2020
Harvest is any operation that exports part of the crop plants and kills all crop plants. Mowing or cutting are operations that export part of the crop plants but leave them alive to produce new biomass. In FlorSys, the last mowing operation in a grassland before tilling the soil for the next crops is considered to be a harvest, terminating the grassland crop before moving on to the next crop. Mowing or cutting can also leave the cut biomass in the field.
Residue shredding ("broyage") are operations carried out after crop harvest to chop the residues left by previous crops. In FlorSys, they are assimilated to mowing or cutting with a cutting height of 0 cm. There are no seed movements in the soil.
Topping ("écimage") are mowing operations carried out during crop growth to cut any weeds taller than the crop canopy. In FlorSys, they cut any weed plant taller than the tallest crop plant at the height of the tallest crop plant. If the crop has not yet started to flower, the mowing occurs 15 cm below the tallest crop plant, cutting only the weed plants, not the crop plants.

[bookmark: _Ref514772045]Effect on plant growth and development
Updated 14/12/2021

Initial version (root-less FlorSys):
Colbach N., Cordeau S., Garrido A., Granger S., Laughlin D., Ricci B., Thomson F. & Messéan A. (2018) Landsharing vs landsparing: How to reconcile crop production and biodiversity? A simulation study focusing on weed impacts. Agriculture, Ecosystems & Environment 251, 203-217, https://doi.org/10.1016/j.agee.2017.09.005.)

Current version (root-inclusive FlorSys)
Pointurier, O., Moreau, D., Pagès, L., Caneill, J., and Colbach, N. (2021). Individual-based 3D modelling of root systems in heterogeneous plant canopies at the multiannual scale. Case study with a weed dynamics model. Ecological Modelling 440, 109376. doi: https://doi.org/10.1016/j.ecolmodel.2020.109376.


Principle
Updated 16/12/2021
When a field or grass strip is mown, cut plants (whether annual or multi-annual) produce new shoots if they have not yet started to produce seeds (Colbach et al., 2018). Their flowering and maturation are delayed compared to uncut plants, and their biomass accumulation through photosynthesis is reduced because of leaf-area loss. However, below-ground biomass is remobilized to increase above-ground biomass faster and to make up for lost leaf area. 

These processes are management differently in the different FlorSys versions, depending on whether FlorSys simulates the root systems of plants (section 10.8.2.2) or not (10.8.2.3).

[bookmark: _Ref96413427]FlorSys version including root systems (standard version)
22/02/2022
Caution. This algorithm is not yet totally ready for perennial species

If the plant is an annual and has started to produce seeds, it will die (eq. [2] in Erreur ! Liaison incorrecte.). Dehiscent species have already added their seeds to the soil seed bank, non-dehiscent species do it now [3].

The pre-damage biomass is kept in memory; if a previous pre- damage biomass is already stored (due to prior mowing operations, frost damage etc), the maximum of both will be kept [4]. This variable was initialized at -1 at plant emergence [1]. The calculation mode for growth is switched to LIGHT COMPETITION for cut plants if this is not already the case [5].

Plant height is reduced to the cutting height [6]. Only the leaf area below the cutting height remains [7]. Total above-ground biomass, leaf biomass and stem biomass are adjusted relatively to the reduction in leaf area; seed biomass is nil [8] (and root biomass remains unchanged). If above and below-ground biomass are zero, the plant dies [9]. Plant width is recalculated for surviving plants, from their above-ground biomass and shading history; this width cannot exceed the maximum width of the species [10].

If plants have started to flower, the degree of how far the plant has progressed in the flowering stage is calculated from thermal time since emergence and compared to a random probability; if the latter is lower than the former, the plant dies [12]. The surviving plants are shifted into a new emergence cohort (even though the emergence date is not made to chance) whose thermal time since emergence is reduced by half the mimum duration of the vegetative stage (whose duration varies with the season when the plant reaches this stage); the new thermal time is then used to determine whether the plant is put back into vegetative stage (the usual case) or stays at the flowering stage (rare) [13].

During the days after plant damage, the plant remobilizes biomass from the root system to the above-ground compartments. As during any usual day without remobilization, the new biomass due to photosynthesis is calculated from intercepted light, temperature and species characteristics [14], and the plant biomass lost through respiration is determined from the biomass in the different compartments and temperature [15]. Remobilization is then formalized by attributing all the biomass loss to the below-ground compartment and all the biomass gain to the above-ground compartment [17].

Remobilization stops when one of the following two conditions is verified [18]:
· The current root biomass drops below the theoretical root biomass ratio times total plant biomass. The theoretical root biomass ratio is calculated daily depending on total plant biomass, species and stage. It decreases down to zero after flowering onset [16] in annual species, which means that remobilization also stops rapidly.
· The current above-ground biomass exceeds the pre-damage above-ground biomass
The end of remobilization is indicated by putting the pre-damage biomass to -1.
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[bookmark: OLE_LINK17]Table 15. Submodel for remobilization from below-ground plant reserves after mowing in FlorSys with roots. Species s, emergence cohort c, individual i, day d, state variables, species parameters, input variables. Caution. This table is not up to date for perennials
	
	Timing
	Process
	Variable names

	
	Emergence day
	
	

	[1] [bookmark: _Ref96435733]
	s,i
On plant emergence
	ABMpredsi = -1
	ABMpredsi= above-ground plant biomass before damage (frost, mowing etc) (g∙plant-1)

	
	Mowing day
	Plant death
	

	[2] [bookmark: _Ref96435810]
	d=dmowing
s,i 
If Hdsi > Hmowing
If stagedsi ≥ MATURATION
and s = annual
	Plant si dies 
NPsc = NPsc – 1 with i  c
Stagedsi calculated in eq [23] in section 17.3, also see section 5.3.2
	Hdsi = plant height (cm)
stagedsi = plant stage 
NPsc = number of plants in cohort c
dmowing = date of mowing operation
Hmowing = cutting height of mowing operation

	[3] [bookmark: _Ref96435846]
	
	If s = dehiscent, new seeds have already been added to seed bank (eq. [59] in section 17.3)
If s = non-dehiscent, calculate seed production (eq. [56][57][58] in section 17.3) and add to seed bank [60]
	

	
	Mowing day
	Plant biomass and size reduction
	

	[4] [bookmark: _Ref96435895]
	d=dmowing
s,i
If Hdsi > Hmowing
If stagedsi < MATURATION 
or s = perennial
	ABMpredsi = max(ABMdsi, ABMpredsi)
	ABMdsi = above-ground plant biomass

	[5] [bookmark: _Ref96436009]
	
	Growth modedsi = LIGHT COMPETITION
	Growth mode = RGR (exponential growth driven by temperature and initial leaf area) or LIGHT COMPETITION (driven by intercepted light and temperature), see section 5.3.3

	[6] [bookmark: _Ref96436038]
	
	Hdsi = Hmowing
	

	[7] [bookmark: _Ref96436056]
	
	LApostdsi = 

Morphology and shade-response variables (RLHdsi, b_RLHdsi) from eq [27][28] in sections 17.3 and 5.2
	LAdsi and LApostdsi = plant leaf area (cm²/plant) before and after cutting
RLHdsi = median relative leaf area height (relative plant height below which 50% of the plant's leaf area are located) (cm/cm)
b_RLHdsi = unevenness of leaf area distribution (if 1, homogeneous distribution; the larger b, the more leaf area is concentrated around RLHdsi

	[8] [bookmark: _Ref96436111]
	
	ABMdsi = ABMdsi  (LApostdsi / LAdsi)
LBMdsi = LBMdsi  (LApostdsi / LAdsi)
StBMdsi = StBMdsi  (LApostdsi / LAdsi)
SeBMdsi = 0
	LBMdsi = plant leaf biomass (g/plant)
StBMdsi = plant stem biomass (g/plant)
SeBMdsi = plant seed biomass (g/plant)

	[9] [bookmark: _Ref96436186]
	
	If ABMdsi = 0 and RBMdsi = 0
then plant si dies and NPsc = NPsc - 1
	RBMdsi= plant root biomass (g/plant)

	[10] [bookmark: _Ref96436246]
	
	Wdsi = WMdsi · ABMdsib_WMdsi · exp(mu_WMdsi · CSIdsi)
Wdsi = min (Wdsi, Wmaxs)
Morphology and shade-response variables (WMdsi, b_WMdsi, mu_WMdsi) from eq [27][28] in sections 17.3 and 5.2
CSIdsi = f(rPARid'i with d' varying from dem to today) (see section 5.1)
	Wdsi = plant width (cm)
Wmaxs = max species plant width (cm)
WMdsi = width biomass ratio (cm/g)
b_WMdsi = sensitivity of plant width to plant biomass (no unit)
mu_WMdsi = Response of width biomass ratio to shading (no unit)
CSIdsi = cumulated shading index received since plant emergence 

	[11] 
	
	
	

	
	Mowing day
	Plant stage reduction  cohort c becomes cohort c'
	

	[12] [bookmark: _Ref96438031]
	d=dmowing
s,i
If Hdsi > Hmowing
If stagedsi = FLOWER 
	coef_flowerdsi = (TTsc – TTflosc) / (TTmatsc – TTflosc)
with i  c
proba = random(0,1)
if proba < coef_flowerdsi then plant si dies 
TTsc calculated in eq [22] in section 17.3, also see section 5.3.2
	coef_flowerdsi = coefficient of flowering advancement
TTsc = thermal time since emergence, determines when plant changes stages 
TTflosc and TTmatsc = thermal time from emergence needed for cohort c to reach flowering onset and maturity onset, respectively

	[13] [bookmark: _Ref96438210]
	
	TTsc' = TTsc – TTveg_mins / 2 with i  c
If TTsc' < TTflosc then stagesc' = VEGETATIVE
Else if TTsc' < TTmatsc then stagesc' = FLOWER
i  c'

	TTveg_mins = minimum duration of vegeative stage

	
	Any day
	Photosynthesis and respiration
	

	[14] [bookmark: _Ref96438225]
	d,si,i
	BMpsdsi from eq [25], Appendix E
	BMpsdsi = biomass accumulated by photosynthesis (g∙plant-1)

	[15] [bookmark: _Ref96438239]
	
	BMrdsi from eq [26], Appendix E
	BMrsdsi = biomass lost through respirtation (g∙plant-1)

	[16] [bookmark: _Ref96438309]
	
	RBRdsi from eq [45] in Appendix E
	RBRdsi = root biomass ratio

	
	After mowing for cut plants
	Growth with remobilization
	

	[17] [bookmark: _Ref96438260]
	d,s,i
If ABMpredsi > 0
	RBMdsi = RBMd-1si - BMrdsi
ABMdsi = ABMd-1si + BMpsdsi
	RBMdsi = below-ground (root) biomass (g∙plant-1)

	[18] [bookmark: _Ref96438271]
	
	If RBMdsi < RBRdsi  (ABMdsi + RBMdsi) 
or if ABMdsi > ABMpredsi
ABMpredsi = -1
	

	
	Uncut plants (or regrown plants)
	Growth without remobilization
	

	[19] 
	d,s,i
If ABMpredsi < 0
	Usual growth functions of section 5.3.3
	





[bookmark: _Ref96413434]Root-less FlorSys version
In FlorSys, this remobilization after mowing increases with species remobilization efficiency, biomass prior to mowing (as a proxy for root biomass which is not yet predicted in FlorSys) and daily air temperature. Remobilization decreases when plants start to flower, and stops when they start to mature. Once plant biomass exceeds the biomass prior to mowing, remobilization stops. Cutting height determines which plants are affected.

[bookmark: _Ref461535707]Each plant p belongs to an emergence cohort c consisting of all the plants of species s that have emerged on the same day. To date, only above-ground plant biomass is predicted in FlorSys. The following subsections describe (1) how plants are cut during mowing, resulting in above-ground biomass loss as well as a reduction in plant size and leaf area, and (2) how they grow after mowing, both via photosynthesis from their reduced leaf area, and via remobilization from below-ground plant reserves. 

NB. The initial root-less FlorSys version described by (Colbach et al., 2018) used the pre-mowing above-ground plant biomass as a proxy. 

[bookmark: _Ref514771675]Inputs and state variables
30/11/2019
Each mowing, cutting or harvest operation is characterized by the following input variables:
· Date tmowing,
· Height Hmowing (cm),
· Mode, i.e. the mown biomass is exported or left in the field,
· Rate of crop seed loss (seeds/seeds).
Shredding operations only need date as input. The other are automatically determined by FlorSys: Height Hmowing is 0, mode is left in the field, crop seed loss is 100%.
Topping operations only need date as input. The other are automatically determined by FlorSys: Height Hmowing is the the height of the tallest crop plant on the day of the operation, mode is left in the field, crop seed loss is 100%.

Crop and weed species are characterized by the following species traits:
· Remobilization coefficient remobs (g g-1 °C -1)
· Shortest possible duration of vegetative stage TTvegs (°C days)
· Efficiency of photosynthesis εbs (g MJ-1)
· Respiration coefficients for leaves, stems and seeds, respectively, rls, rts and rss (g carbohydrates / g dry matter)

Crop and weed cohorts are characterized by the following daily state variables, for each species s and emergence cohort c:
· Plant stage stagesc, in {COTYLEDON,PLANTLET,VEGETATIVE,FLOWER,MATURATION}
· Thermal time since cohort emergence TTsc (°C days)
· Plant density Psc (plants/m²)
· Specific plant width in sunny conditions W0sc (cm/g)
· Specific leaf area in sunny conditions LA0sc (cm²/g)
· Sensitivity of specific plant width to shading µwsc (no unit)
· Sensitivity of specific leaf area to shading µlsc (no unit)
· Shape parameter for plant width bsc (no unit)
· Thermal time from cohort emergence to flowering onset TTflosc (°C days)
· Thermal time from cohort emergence to maturation onset TTmatsc (°C days)

Crop and weed plants are characterized by the following daily state variables, for each species s, emergence cohort c and plant p:
· Plant height Hscp (cm)
· Above-ground plant biomass Bscp (g)
· Above-ground plant biomass before mowing BMscp (g)
· Total leaf area LAscp (cm²)
· Leaf area between soil surface and height h LAscp(h) (cm²)
· Leaf biomass LBscp (g)
· Stem biomass TBscp (g)
· Seed biomass SBscp (g)
· Shading index, i.e. cumulated shading since plant emergence SIscp (PAR/PAR), predicted by 3D light interception submodel (Munier-Jolain et al., 2013)
· Biomass produced by photosynthesis Phscp (g)
· Biomass lost through respiration Rscp (g)
· Photosynthetically active radiation absorbed by plant PARascp (MJ), predicted by 3D light interception submodel (Munier-Jolain et al., 2013)

Steps
When a field is mown, plants that are smaller than the mowing height are not affected. All plants that have started to mature and are taller than the mowing height, die (eq. [20] in Table 16). 

Younger plants that exceed the mowing height have their current above-ground biomass stored in other variables for future calculation, and then reduced [21]. All biomass variables (total above-ground, leaves, stems) are multiplied by the plant leaf area below mowing height relative to their total leaf area. Seed biomass remains nil as the plants have not yet started to mature.

Plant size is also adapted [22]: plants are now no taller than the mowing height, and their width and leaf area are reduced, depending on their new biomass and past shading conditions. For details on shading effects, see section 5.2. 

If the cohort has started to flower, the stage of the cut plants regresses [23], subtracting half the minimum duration of the vegetative stage from the time since the cohort emerged. This adjusted thermal time is compared to the time needed to start flowering or maturing to adjust cohort stage if necessary. These cut and regressed plants constitute a new cohort as their phenology will be delayed compared to uncut plants having emerged on the same day. For details on phenology, see section 5.3.2.

On any day, plants produce biomass through photosynthesis [24], depending on the light intercepted by the plant, the conversion efficiency of the species and the air temperature. They also lose biomass, depending on their relative amounts of leaves, stems and seeds, as well as on temperature [25]. The difference between the two is the daily biomass production due to plant metabolism; it can be negative when respiration exceeds photosynthesis [26]. For details on light interception, photosynthesis and respiration, see 5.3.3.

Cut plants can also produce biomass through remobilization from below-ground biomass during the days following mowing. This additional biomass is proportional to the plant biomass prior to mowing (as a proxy for plant root biomass which is not yet predicted in FlorSys) and to air temperature relative to the species base temperature [27]. Remobilization decreases when plants have started to flower and stops when they start to mature [28] (Figure 49). Moreover, the smaller the biomass due to remobilization gets relative to the one accumulated through metabolism, the faster is decreases [29] (Figure 50). The new plant biomass is the sum of the old one, the biomass accumulated via metamobolism and the one due to remobilization [30]. If the biomass becomes negative or lower than 10% of the maximum biomass reached during plant life, then the plant dies [32]. For other causes of plant mortality, see sections 5.3.5, 5.5 and 10.1. If the new plant biomass exceeds the biomass prior to mowing, this stored biomass will be put to zero to stop remobilization [33].

The new biomass and the past plant shading are then used to determine the new plant height, width and leaf area [34]. For details on plant growth, see previous FlorSys papers (Colbach et al., 2014d; Munier-Jolain et al., 2014).

[image: ]
[bookmark: _Ref461536439]Figure 49. Effect of plant stage on remobilization after the plant was cut by mowing or harvesting operations.


[image: ]
[bookmark: _Ref461536941]Figure 50. Gradual decrease in remobilization of cut plants when metabolism starts to take over again.
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[bookmark: _Ref514771713]Table 16. Submodel for remobilization from below-ground plant reserves after mowing in root-less FlorSys. For explanations on variable and parameter names, see section 10.8.2.3.1 (Colbach et al., 2018)
	
	Timing
	Process

	
	Mowing day
	Plant death

	[20] [bookmark: _Ref461534564]
	d=dmowing
s,c,p
If Hscp > Hmowing
If stagesc ≥ MATURATION or remobs = 0
	Plant scp dies
Psc = Psc - 1

	
	Mowing day
	Plant biomass and size reduction

	[21] [bookmark: _Ref461534866]
	d=dmowing
s,c,p
If Hscp > Hmowing
If stagesc < MATURATION and remobs > 0
	BMscp = Bscp
BMaxscp = Bscp
Bscp = Bscp · LAscp(Hmowing) / LAscp
LBscp = LBscp · LAscp(Hmowing) / LAscp
TBscp = TBscp · LAscp(Hmowing) / LAscp
SBscp = 0

	[22] [bookmark: _Ref461534898]
	
	Hscp = Hmowing
Wscp = W0sc · Bscpbsc · exp(µwsc · SIscp)
LAscp = LA0sc · LBscp · exp(µlsc · SIscp)

	
	Mowing day
	Plant stage reduction  cohort c becomes cohort c'

	[23] [bookmark: _Ref461535000]
	d=dmowing
s,c,p
If Hscp > Hmowing
If stagesc = FLOWER and remobs > 0
	TTsc' = TTsc – TTvegs / 2
If TTsc' < TTflosc then stagesc' = VEGETATIVE
Else if TTsc' < TTmatsc then stagesc' = FLOWER

	
	Any day
	Photosynthesis and respiration

	[24] [bookmark: _Ref461535802]
	d
s,c,p

	Phscp = PARascp · εbs · f(temperature)

	[25] [bookmark: _Ref461535898]
	
	Rscp = (rls · LBscp + rts · TBscp + rss · SBscp) · f(temperature)

	[26] [bookmark: _Ref461535945]
	
	Δmetabolismscp = Phscp - Rscp

	
	After mowing for cut plants
	Remobilization

	[27] [bookmark: _Ref461536117]
	d > dmowing
s,c,p
If BMscp = 0
	Δremobscp = remobs · BMscp · min(0, Td - Tbases)

	[28] [bookmark: _Ref461536185]
	
	If stagesc = MATURATION 
then Δremobscp = 0
Else if stagesc = FLOWER 
then  Δremobscp = Δremobscp · (TTmatsc – TTsc) / (TTmatsc – TTflosc)

	[29] [bookmark: _Ref461536249]
	
	If Δremobscp / Δmetabolismscp < 0.1
then Δremobscp = Δremobscp · 10 · Δremobscp / Δmetabolismscp

	[30] [bookmark: _Ref461537016]
	
	Bscp = Bscp + Δmetabolismscp + Δremobscp

	[31] [bookmark: _Ref461537057]
	
	BMaxscp  = max(BMaxscp , Bscp)

	[32] [bookmark: _Ref461537154]
	
	If Bscp < 0 or Bscp < 0.1 · BMaxscp  
then plant scp dies and Psc = Psc - 1

	[33] [bookmark: _Ref461537161]
	
	If Bscp > BMscp then BMscp = 0

	
	Any day
	Growth

	[34] [bookmark: _Ref461537206]
	d
s,c,p
	Hscp, Wscp, LAscp = f(Bscp, SIscp) 
See (Colbach et al., 2014d)





Herbicide resistance

FlorSys simulates single-gene resistance to glyphosate (Colbach et al., 2017c) as well as both target-site and non-target-site resistance to ALS inhibitors.


[bookmark: _Ref514767464]Glyphosate resistance due to a single gene
(Colbach N., Fernier A., Le Corre V., Messéan A. & Darmency H. (2017) Simulating changes in cropping practices in conventional and glyphosate-resistant maize. I. Effects on weeds. Environmental Science and Pollution Research 24, 11582-11600, dx.doi.org/10.1007/s11356-017-8591-7.)

The following sections describe the modifications carried out in FlorSys to integrate glyphosate resistance due to a single gene (Colbach et al., 2017c). If properly parameterized, any other single-gene resistance can be simulated. Single resistance usually applies to target-site resistance.
The next sections described how  weed genotype, mutation, genetic drift, genotype effects on the weed life-cycle, and interactions with cropping systems were introduced into FlorSys. Several new parameters are needed for each species: the gamete mutation rate, self-pollination rate, fitness cost and plant mortality after glyphosate application. 

Herbicide-resistant populations and their origins
Which species?
The user chooses which species can potentially acquire single-gene resistance through mutation. For glyphosate, consider all species belonging to families for which glyphosate resistance was reported, i.e. Amaranthaceae, Asteraceae and Poaceae (
Table 17). The other species are supposed not to mutate on the relevant gene.

Which genotypes?
Only glyphosate resistance resulting from a single gene is considered (Lorraine-Colwill et al., 2001; Preston and Wakelin, 2008; Nandula et al., 2013), without specifying the resistance mechanisms. The combination of a wild allele W and a mutant, resistant allele R leads to three genotypes: wild (WW), heterozygous (WR) and resistant (RR). These differ in terms of herbicide sensitivity (section 11.1.2.1) and reproductive fitness (section 11.1.2.2).

[bookmark: _Ref107497231]Origin of the mutant allele in the model
The mutant allele R can be present at the onset of a simulation. The user then indicates the density of weed seeds of each genotype in each soil layer. Mutant seeds can also arrive during a simulation through seed dispersal. Finally, W alleles can mutate to R during pollen and ovule production (section 11.1.2.3). Lethal mutations and mutation from R to W are disregarded as their frequency is negligible compared to that of W-to-R mutations and unlikely to have any effect on the output.


[bookmark: _Ref396753163][bookmark: _Toc396952901][bookmark: _Toc397097467][bookmark: _Toc397297001]
[bookmark: _Ref453353125]Table 17: FlorSys weed species that belong to botanic families including glyphosate-resistant species and that can become herbicide resistant in FlorSys.

	Botanic family
	FlorSys species
	EPPO code
	Self-pollination rate$
	Usual emergence period&

	Amanranthaceae
	Amaranthus retroflexus
	AMARE
	0.97
	
	May - July

	
	Chenopodium album
	CHEAL
	0.50
	
	April - June

	
	
	
	
	
	

	Asteraceae
	Ambrosia artemesiifolia
	AMBEL
	0.05
	(Friedman and Barrett, 2008)
	March - May

	
	Matricaria perforata
	MATIN
	0
	
	Sept - April

	
	Senecio vulgaris
	SENVU
	1
	(Muller-Schärer and Fischer, 2001)
	Feb. – Nov

	
	Sonchus asper
	SONAS
	0.97
	(Hutchinson et al., 1984)
	March - June

	
	
	
	
	
	

	Poaceae
	Alopecurus myosuroides
	ALOMY
	0
	(Naylor, 1972)
	Sept. - April

	
	Avena fatua
	AVEFA
	0.97
	(Sharma and Vanden Born, 1978)
	Oct. - March

	
	Digitaria sanguinalis
	DIGSA
	0.97
	
	May - July

	
	Echinochloa crus-galli
	ECHCG
	0.97
	(Maun and Barrett, 1986)
	April - July

	
	Panicum miliaceum
	PANMI
	0.50
	
	April – July

	
	Poa annua
	POAAN
	0.97
	(Warwick, 1979)
	Sept. - May


$ Bioflor trait data base (Klotz et al., 2002), with selfing rate fixed at 1, 0.97, 0.50, 0.03 and 0 for autogamous, facultative autogamous, mixed mating, facultative allogamous and allogamous species, respectively.
& (Gardarin et al., 2010c; Gardarin and Colbach, 2015)
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Effect of genotype on life-stage processes
The annual weed life-cycle is executed for each species and genotype. In FlorSys, most processes do not depend on genotype, e.g. seed mortality in the soil. In that case, even if total densities change (e.g. total seed density in the soil decreases), the proportions of the different genotypes for a given species remain constant. Two processes (seed production, mortality after glyphosate application) depend on weed genotype and are detailed in the following sub-sections. 

[bookmark: _Ref368585903][bookmark: _Ref428270163]Plant survival after herbicide application
Survival of susceptible plants is detailed in section10.4.3. The same principle is applied to heterozygous and homozygous mutant populations, with lower theoretical efficiencies. The user is supposed to provide these aprameters.

FlorSys already provides efficiencies for glyphosate resistance. Mutant mortality after glyphosate reported in literature varies considerably between studies, even for a given species (Collavo and Sattin, 2014; Chen et al., 2015; Okada et al., 2015). However, it is well known that very high resistance levels are never observed for glyphosate–resistant weeds, and that among the various mechanisms conferring glyphosate resistance, target-site mutations confer only weak resistance (Shaner et al., 2012; Sammons and Gaines, 2014). Consequently, plant mortality at 1080 g/ha (3 l/ha a.i. glyphosate) was set at 0.30 and 0.10 for WR and RR plants, respectively, irrespective of species. 

[bookmark: _Ref428270179]Seed production
In FlorSys, seed production, i.e. the number of newly produced seeds∙plant-1, is calculated each time mature plants shed seeds (dehiscent species) or are killed by cultural operations (indehiscent species) (section 5.3.5). The new seeds are added to the surface layer of the soil seed bank. Their number is proportional to the plant biomass and the degree of plant maturation; it decreases with increasing species seed weight [B3][footnoteRef:3]. [3:  Numbers between brackets, e.g. [B1], refer to equations listed in Appendix N.] 


The user is supposed to provide parameters to include fitness costs. For glyphosate resistance, seed production of mutant populations ([B4], [B5]) is reduced to 0.90 and 0.75 for WR and RR plants, respectively, relatively to wild plants to account for pleotropic effects of the mutant alleles, regardless of species. These values are those determined for Lolium rigidum (Neve et al., 2003). For the 25 species of our list, no data were available.

[bookmark: _Ref428270553]Genotypes of the newly produced seeds
The proportions of wild (W) and resistant (R) gametes produced by a species depend on parent genotype and gamete mutation rates (muts). The latter range from 10-5 to 10-9 depending on estimations and genes (Jasieniuk et al., 1996; Preston and Powles, 2002). The user is supposed to provide this parameter.

For glyphosate resistance, we used a mutation rate of 10-6. W gametes are produced by (1) wild (WW) flowers which produce 100% of W pollen and ovules, minus the proportion muts of gametes mutating from W to R, resulting in a probability of 1-muts for producing a W pollen grain or ovule, and by (2) WR flowers for which this probability is divided by 2 as they only have one W allele [B7]. R gametes are produced by (1) RR flowers which produce 100% of R gametes as mutation from R to W alleles is disregarded, (2) WR flowers whose gametes are 50% R and 50% W, with a proportion muts of the latter mutating from W to R, resulting in a probability of 0.5 + 0.5 muts of R gametes, and (3) by WW flowers whose gametes are all W, of which a proportion muts mutates to R [B8].

The genotype proportions of the seeds produced by outbreeding flowers are Mendelian proportions, which are then multiplied by the allogamy rate (1-selfs) and the total seed production of the species to obtain the number of seeds of each genotype [B9][B10][B11]. To calculate the genotype proportions arising from selfed flowers, Mendelian proportions are applied separately to each parental genotype. These are multiplied by the selfing rate and the seed production of the parental genotype to obtain seeds numbers which are summed for each child genotype [B12][B13][B14]. Finally, the seeds obtained by outbreeding and selfing are added [B15][B16][B17].

Model sensitivity to the new model parameters
The sensitivity analysis of simulated weed densities, mutant densities and proportions to the new model parameters was carried out. It showed that gamete mutation rate was the only new model parameter notably influencing simulation output, though its impact was tiny (partial R² = 0.01, i.e. 1% of the variability in model output was explained by the parameter). Though significant, the effects of self-pollination rate, mutant mortality due to glyphosate and mutant fitness were negligible (partial R² = < 0.01), particularly compared to those of cropping system (0.34) and weed species (0.03).


Non-target site resistance and multi-gene resistance
Coming soon.




[bookmark: _Ref514771007]Upscaling to landscape
(Colbach N., Cordeau S., Garrido A., Granger S., Laughlin D., Ricci B., Thomson F. & Messéan A. (2018) Landsharing vs landsparing: How to reconcile crop production and biodiversity? A simulation study focusing on weed impacts. Agriculture, Ecosystems & Environment 251, 203-217, https://doi.org/10.1016/j.agee.2017.09.005.)


Parallelize fields
Instead of a single field, a cluster of neighbouring fields is simulated (Figure 51). Each field is located on the simulated cluster via the coordinates of its vertices, V1(x1y1), ...Vn(xn,yn). Any number of vertices and any field shape and area are accepted. Each field is simulated via parallel runs of Florsys, depending on its particular soil texture, cultural practices and initial weed flora. Only weather is common to all fields. The area and shape of the simulated field polygon determine the rate of seeds dispersed between fields but have no effect on how seeds and plants fare inside fields.

[image: ]
[bookmark: _Ref447192793]Figure 51. Example of field cluster of four contiguous fields simulated with FlorSys, with seed dispersal among fields. Dispersal percentages are those of Amaranthus retroflexus

[image: ]
[bookmark: _Ref446772375]Figure 52. Cluster of four contiguous fields simulated with FlorSys showing the crop patterns of a soybean/maize/wheat/maize rotation at 1st year (A) and the rotational crop patterns over time (B) in the landsharing scenarios. Subscripts w and s indicate previous crops of maize (Nathalie Colbach ©2016) (Colbach et al., 2018)



Semi-natural habitats
The simulated polygon cluster can also include semi-natural habitats such as permanent grass strips required by EU legislation (EU Regulation No 1307/2013) to protect water courses from pesticide drifts, permanent flower strips to promote insect biodiversity or simply uncultivated field edges or road margins. 

In FlorSys, weeds and their contribution to biodiversity are simulated in these habitats, using the same formalisms as in arable fields. Three multi-annual species are currently parameterized for FlorSys, i.e. two legumes (Medicago sativa and Trifolium repens) and one grass species (Lolium perenne). These species are among those frequently sown by farmers in permanent grass strips (Cordeau et al., 2011). The FlorSys life-cycle was modified to allow vegetative regrowth of multi-annual plants (section 4.3).

In addition, when a field or grass strip is mown, cut plants (whether annual or multi-annual) produce new shoots if they have not yet started to produce seeds (section 10.8.2).

[image: ]
[bookmark: _Ref446781405]Figure 53. Cluster of four contiguous fields including 10% permanent grass strips and 90% crop area grown with the high-production maize monoculture cropping system (Nathalie Colbach ©2016) (Colbach et al., 2018)


[bookmark: _Ref90569164]Seed dispersal by natural vectors
The different steps
Seed dispersal among pairs of plots (fields or semi-natural habitats) was simulated following the principle developed by Colbach et al. (Colbach et al., 2001; Colbach and Sache, 2001). First, data from Thomson et al. (2011) was used to predict mean and maximum dispersal distances as a function of species traits known to influence seed dispersal distances, i.e. height from which the plant releases its seed (or plant height if unknown), seed mass and dispersal mode (equations [2] and [3] in Appendix O). These were then used to parameterise a dispersal function giving the probability that a seed lands between the mother plant and distance d, regardless of direction, using a Weibull equation [5]. This equation was derived vs. distance d, and divided by the area of the receiving disk band, i.e. the disc perimeter [6] to obtain a seed dispersal kernel that predicts the probability of a seed landing per unit area as a function of the distance from the mother plant.

For each pair of plots of a simulated field cluster, the dispersal kernel is integrated four times, for the two dimensions of the source plot and recipient plot, to obtain the proportion pSsr of seeds dispersed from a source plot s to a recipient plot r [7]. These proportions only depend on plot shapes, areas and distances and are calculated once for a given plot cluster, using the CaliFloPP algorithm developed by Bouvier et al. (2009).

This calculation was applied to all couples of source and recipient plots. Seeds that were not dispersed to neighbour fields stayed in the source field (Figure 51, [8]). Other options were considered to account for "edge" effects, i.e. the amount of seeds dispersed out of the source field depended on the number of neighbour fields (section 12.3.2). A preliminary sensitivity analysis showed that the effect of these options was negligible, particularly compared to the impact of cropping systems (Colbach et al., 2018). A further sensitivity analysis was run to assess the effect of the field cluster size, showing its effect to be negligible (biodiversity) or not significant (harmfulness, (Colbach et al., 2018)).

Each time a species produces seeds in a field during a simulation [9], the average production per m² is multiplied by pSsr to obtain the amount of seeds dispersed from plot s to plot r [10], and divided by the area of the recipient field before adding the seeds to the seed bank of the recipient field [11] from which dying and germinating seeds are also eliminated.

A further function covers seed immigration from the area outside the simulated area and is applied once a year for each species, the first time the species produces seeds. The number of seeds immigrating per m² of field is drawn in a normal distribution whose average is chosen by the user. Usually, the same species pool as for the initial seed bank is used, but different pools and densities can be used for each field.

[bookmark: _Ref479667137][bookmark: _Ref446692031]Details on the options for managing seed loss
Seed dispersal among pairs of plots (fields or semi-natural habitats) was simulated from dispersal kernels depending on species traits. First, mean and maximum dispersal distances were predicted from species traits known to influence seed dispersal distances, i.e. plant height, seed mass and dispersal mode (equations [13] and [14] in Appendix P). These were then used to parameterise a dispersal function giving the probability that a seed lands between the mother plant and distance d, regardless of direction, using a Weibull equation [16]. This equation was derived vs. distance d, and divided by the area of the receiving disk band, i.e. the disc perimeter [17] to obtain a seed dispersal kernel that predicts the probability of a seed landing per unit area as a function of the distance from the mother plant.
For each pair of plots of a simulated field cluster, the dispersal kernel is integrated four times, for the two dimensions of the source plot and recipient plot, to obtain the proportion pSsr of seeds dispersed from a source plot s to a recipient plot r [18]. These proportions only depend on plot shapes, areas and distances and are calculated once for a given plot cluster, using the CaliFloPP algorithm developed by Bouvier et al (2009).

Several options are considered to account for "edge" effects, i.e. the seed loss out of the simulated small landscape because only a small part of the seed reception area is simulated (Figure 51.A). Either the seeds are left in the source field (Figure 51.B) or they are randomly distributed over the simulated field (Figure 51.C). The former amplifies the effect of the history of the source field to the detriment of the impact of the neighbour fields; the latter assumes that the field cluster is surrounded by other fields whose history is similar to that of the field cluster but the exact location of the seed source and the vector of dispersal are unknown.

[image: ]
Figure 54. Example of field cluster of four contiguous fields simulated with FlorSys and options for managing seed loss out the simulated system (A), either by leaving the seeds in the seed-producing plot (B) or by reintroducing them randomly in the cluster (C). Dispersal percentages are those of Amaranthus retroflexus (Colbach et al., 2018)




Weed impact indicators

The many detailed weed state variables simulated by FlorSys are translated into a series of weed-impact indicators (Table 18) depicting the weed flora impact on crop production, biodiversity and the environement, using the principle developed by Mézière et al (Mézière et al., 2015).

Crop production
(Colbach N., Cordeau S., Garrido A., Granger S., Laughlin D., Ricci B., Thomson F. & Messéan A. (2018) Landsharing vs landsparing: How to reconcile crop production and biodiversity? A simulation study focusing on weed impacts. Agriculture, Ecosystems & Environment 251, 203-217, https://doi.org/10.1016/j.agee.2017.09.005.)

To make yields of different crop species comparable, yields were transformed into energy production by multiplying them by their energy content (see details in Lechenet et al., 2014). 

Weed harmfulness 
[bookmark: _Ref107496763]Harmfulness for crop production
(Mézière D., Petit S., Granger S., Biju-Duval L. & Colbach N. (2015) Developing a set of simulation-based indicators to assess harmfulness and contribution to biodiversity of weed communities in cropping systems. Ecological Indicators 48, 157-170, http://dx.doi.org/10.1016/j.ecolind.2014.07.028.)
(Mézière D., Lucas P., Granger S. & Colbach N. (2013) Does integrated weed management affect the risk of crop diseases? A simulation case study with a grass weed and a soil-borne cereal disease. European Journal of Agronomy 47, 33-43, http://dx.doi.org/10.1016/j.eja.2013.01.007.)
(Colbach N., Bockstaller C., Colas F., Gibot-Leclerc S., Moreau D., Pointurier O. & Villerd J. (2017) Assessing broomrape risk due to weeds in cropping systems with an indicator based on a simulation model. Ecological Indicators 82, 280–292, dx.doi.org/10.1016/j.ecolind.2017.05.070.)
(Colbach N. & Cordeau S. (2018) Reduced herbicide use does not increase crop yield loss if it is compensated by alternative preventive and curative measures. European Journal of Agronomy 94, 67-78, https://doi.org/10.1016/j.eja.2017.12.008.)

Two indicators assess the weed harmfulness for crop production, i.e. crop yield loss and harvest pollution by weed debris (Mézière et al., 2015). A third indicator assesses harvesting problems due to green weed biomass blocking the combine. A fourth indicator, i.e. field infestation by weed biomass during crop growth, assesses sociological harmfulness and reflects the farmer's worry of being thought incompetent by his peers even there is no effect on yield loss. These indicators were developed in interaction with farmers (Mézière et al., 2015).
To include the risk of future yield loss due to the current year's weed infestation, the ratio of weed biomass vs crop biomass at crop flowering onset was added (Colbach and Cordeau, 2018).

Two additional indicators assess whether favour other crop bioagressors, (1) a soil-borne pathogen causing take-all disease in cereals (Mézière et al., 2013; Mézière et al., 2015), and (2) the parasitic plants Phelipanche ramosa frequent and harmful in oilseed rape (Colbach et al., 2017a).

Harmfulness for humans
Coming soon: allergy indicator
Weed contribution to biodiversity
(Mézière D., Petit S., Granger S., Biju-Duval L. & Colbach N. (2015) Developing a set of simulation-based indicators to assess harmfulness and contribution to biodiversity of weed communities in cropping systems. Ecological Indicators 48, 157-170, http://dx.doi.org/10.1016/j.ecolind.2014.07.028.)

Five biodiversity indicators reflect the contribution weeds make to biodiversity (Mézière et al., 2015). The two first focus on wild plant diversity, i.e. weed species richness, and weed species equitability (Pielou's index, which ranges from 0 to 1, when all the species of communities present the same abundance). Three others assess the role of weeds as food resources for three types of major organisms in the agro-ecosystems, i.e. weed seeds on soil surface in autumn and winter to feed field birds, lipid-rich seeds on soil surface in summer to feed carabids, and weed flowers in spring and summer to feed domestic bees. 

Coming soon: food offer for other pollinators

Weed contribution to reducing environemental impacts
Coming soon

Sustainability indicators at the system scale
22/06/2023
(Cavan N., Omon B., Dubois S., Toqué C., Van Inghelandt B., Queyrel W., Colbach N. & Angevin F. (2023) Model-based evaluation in terms of weed management and overall sustainability of cropping systems designed with three different approaches. Agricultural Systems 208, 103637, https://doi.org/10.1016/j.agsy.2023.103637)

Three indicators were co-designed with farmers and advisors to evaluate a cropping system at the cropping-systm scale to see how well weeds are managed at the multi-annual scale {Cavan, 2023 #18588}.
Weed-infestation peaks are defined as years with a weed/crop biomass ratio at crop flowering onset exceeding 1.01 (corresponding to a 50% grain yield loss, {Colbach, 2018 #17407}) and exceeding the previous year's ratio. Based on this the three following indicators are calculated 


   //Probability of peaks = number of peaks divided by number of "management periods" = lines in indicators.prn
    //Mean peak lenghts = sum of individual peak lengths divided by number of peaks
    //Non-sustainability = sum of peak length divided by number of management periods
    //Division by number of periods is needed to make comparable indicator values from simulations with differet lengths
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[bookmark: _Ref514773868]Table 18. Synopsis of the indicators calculated from weed flora outputs predicted by the FlorSys model. Indicators are calculated for each cropping season, i.e. from harvest of the previous crop to harvest of current crop (Mézière et al., 2015; Colbach et al., 2017a). 
	Indicator
	Description
	Equation
	Variables 

	Crop production

	Yield 
loss
	Crop yield loss due to crop:weed competition for light (%)
	/Y0
	Y and Y0=crop yield in weedy and weed-free simulations with the same cropping system (g·m-²)

	Harvest 
pollution
	Pollution of crop seed harvest by weed seeds and plant fragments (no unit), not calculated for grass crops, root crops and silage maize.
	
	Si, Bi =seed biomass and  weed biomass produced by plants taller than harvester cutter bar (g·m-²)
Bc=crop biomass at harvest (g.m-²)
Y=crop yield 
αic, βic = coefficients of harvest pollution by weed seeds or green biomass

	Production activity

	Harvesting 
difficulty
	Technical problems induced by weeds at harvest.
	
	Bi, Bc =fresh weed biomass and crop biomass taller than harvester cutter bar at harvest (g·m-²)


	Farmer's field perception

	Field 
infestation
	Daily weed biomass in the field averaged sowing date to harvest date (t.ha-1.day-1)
	
	Bid=fresh weed biomass of i on day d (t·ha-1)
D=number of days 

	Pest increase due to weeds

	Disease risk
	Additional crop yield loss due to increase in take-all disease in cereals caused by grass weeds (%)
	AD= 
	YLD and YLD0 = crop yield loss due to disease in respectively weedy and weed-free simulations of the same cropping system. Output from TAKEALLSYS linked to FLORSYS with an interaction model (Mézière et al., 2013)

	Parasite risk
	Risk of crop infection by parasitic plant Phelipanche ramosa due to weeds
	-α · Iseed_bank_decline 
+ β · Iincrease_crop_infection 
+ γ · Itot_stim · Irepro
	Iseed_bank_decline is the risk of total parasite germination stimulated by weeds and is estimated from above-ground biomass of weeds that belong to parasite-stimulating species and that have not yet flowered, averaged over cultural campaign
Iincrease_crop_infection is the risk of parasite germination stimulated by weeds during host crops and is estimated from above-ground biomass of weed plants that belong to parasite-stimulating species and have not yet flowered, averaged over host crop season
Iparasite_reproduction is the product of the risk of parasite germination stimulated by weeds, and the risk of parasite seed production of weeds, the latter being estimated from above-ground biomass of weeds that belong to parasite-susceptible species and reached maturity
α, β and γ are positive parameters


Weed species i  {1,...S} with S the species richness. For indicators with log in the formula, 0.0001 was added to account for nil values. A +4 constant was added to indicators using a log10(y+0.0001) transformation to ensure that indicator values ≥ 0.

[bookmark: _Ref514760177]Parameterization
The originality of the present FlorSys model is the adaptation of this monospecies model structure to a multi-specific weed flora. The user can either introduce parameter values measured for different weed species or a series of easy-to-measure traits and characteristics that are used by FlorSys to estimate the different model parameters. The weed flora can thus be represented either by an association of actual weed species or by a weed trait combination.
To establish trait-parameter relationships, parameters and traits were experimentally measured for a range of contrasting species, and our dataset was enlarged with a few literature data obtained in similar experimental conditions. Then, linear regressions were established, linking parameters to traits (or to expert knowledge), based on biological hypotheses of the underlying processes. The estimation of the different model parameters is detailed in the relevant process sections and is summarized in Table 19.

How to estimate parameters
09/11/2020

Detailed list of parameters and their origin in Where to find parameter values sheet in ParametersSpeciesFLORSYS.xlsx. The content of the sheets must be copied to the *.par and *.dat parameter files
The following sheets/parameter files must be filled in, depending on the version
	Sheet/Parameter file
	Version
	Default location of FlorSy input files

	A. Species choice (InputFLORSYS.xlsx)

	Species.dat
	All
	Fields\DefaultField

	B. Life-cycle parameters (ParametersSpeciesFLORSYS.xlsx)

	Morphological_parameters.par
	All
	Parameters/Species

	seed_bank_parameters.par
	All
	Parameters/Species

	Growth_parameters.par
	All
	Parameters/Species

	root_parameters.par
	All
	Parameters/Species

	MatchSpecies.dat
	All
	Parameters\miniSticsC\crop

	Ncompetition_parameters.par
	With Nitrogen-competition submodel
	Parameters/Species

	PHERASYS.par
	If simulating Phelipanche ramosa
	Parameters/Species

	predation.par
	With predation submodel
	Parameters/Species

	Fitness.par
	If simulating herbicide resistance
	Parameters/Species

	Mutation.par
	If simulating herbicide resistance
	Parameters/Species

	C. Weed-impact parameters (ParametersIndicatorsFLORSYS.xlsx)

	PouvoirCalorifique
	If interested in Energy yield indicator
	Parameters/Species

	NuisibiliteTriageBiomNonGraines
	If interested in harvest pollution indicator
	Parameters/Species

	NuisibiliteTriageGraines
	If interested in harvest pollution indicator
	Parameters/Species

	RegimeOiseaux
	If interested in bird food indicator
	Parameters/Species

	RegimeCarabes
	If interested in carabid food indicator
	Parameters/Species

	ValeurPollinique
	If interested in pollinator food indicators
	Parameters/Species

	Ellenberg
	If interested in nitrate leaching indicator
	Parameters/Species

	PhelipancheCrop
	If interested in parasite-risk indicator
	Parameters/Species

	PhelipancheWeed
	If interested in parasite-risk indicator
	Parameters/Species

	PollenAllergyRisk
	If interested in allergy risk indicator
	Parameters/Species


*.par files can also be located in the simulation directory. They then take precedence over the default files for this simulation.

Nota bene: even if you chose the easier methods for estimating parameters (sections 14.1.1,14.1.2,14.1.3,14.1.4), collect as much information as possible on the species and try to find values for as many parameters possible. The more you fill in the species-parameter files, the better the prediction quality will be.

[bookmark: _Ref485287286]The easy way: choose a similar proxy for your new species
If the species that you want to simulate in not included in FlorSys, you can choose a proxy among the existing species (see instructions on SpeciesEquivalency.par in manual).

[bookmark: _Ref47021460]Combine different species into a new species
Based on expertise from comparative ecology, you can decide to use seed bank parameters from species A, morphological parameters from species B, growth parameters from species C, indicator parameters from species D etc to create your new species N. Simply copy the existing species line and attribute the new species' name in the various parameter files.

[bookmark: _Ref47021462]Estimate potential morphology and shading reponse from virtual experiments (STICS simulations)
09/11/2020
Several parameters (potential morphology, species response to shading, section 14.3 & 14.4) of several crop species in FlorSys were estimated from simulations run with STICS (Brisson et al., 1998; Brisson et al., 2002). A few indications on how to run these simulations:

Il faut faire des simulations avec stics
· avec une densité très très faible pour simuler le non ombré de nos parcelles jardinées (distance au moins > 2 x la hauteur des plantes)
· avec une densité très très élevée pour avoir des situations fortement ombrées
· simuler ces situations avec différentes séries météo (ou une année météo optimale, sans stress hydrique ni thermique)
· prendre un itk optimal pour éviter tous les stress (rajouter de la fertilisation azotée + irrigation) ou bien faire tourner stics en mode "sans stress"
En sortie, il faut avoir pour chaque jour
· la température du jour
· hauteur et envergure (diamètre) des plantes
· la surface foliaire
· la biomasse des feuilles, tiges, organes reproducteurs
· stade. 
Il faut analyser ces valeurs comme les mesures d'expérimentations (section 14.3 & 14.4).

[image: ]
Figure 55. Principe de l'envergure d'une plante
In addition, some STICS parameters can be used directly as FlorSys parameters (e.g. extinction coefficient, frost sensitivity).

[bookmark: _Ref47021464]Use functional relationships
30/07/2020

The latest FlorSys version is able to estimate most parameters from easily measured species traits and characteristics, expert opinion and trait data bases. However, these relationships might be specific to temperate species.

In that case, the following information is required for each species:

	Trait/characteristic
	Explanation
	Needed for 

	
	
	crops
	weeds

	(BMsem/BMplante)max
	Maximum ratio of seed BioMass / BioMass at the end of life cycle (harvest index)
	yes
	yes

	paramètre_courbure
	Shape parameter b of log-log relationship between above-ground total plant biomass and seed biomass: seed biomass = a + b log(total biomass)
	
	yes

	BaseTemperature
	Base temperature for germination
	yes
	yes

	C4orC3
	C4 or C3 species
	yes
	yes

	climbing
	Climbing plant
	yes
	yes

	dehiscence
	Seed dehiscence, during disseminating stage, or only at plant death (natural, crop harvest, tillage etc)
	
	yes

	dioecious_species
	If 1, only female flowers produce seeds
	yes
	yes

	Seed_release_height
	Relative height at which seeds are located on weed plants
	
	yes

	EpigealOrHypogealPreemergentGrowth
	EPIGEAL or HYPOGEAL pre-emergent growth
	yes
	yes

	EllenbergL
	Ellenberg indicator for light, 1=shade-loving, 9=light-loving
	yes
	yes

	EllenbergN
	Ellenberg indicator for soil pH, 1=acidophile, 9=basidophile. If unavailable, functions are available to estimate from Landolt or other information
	yes
	yes

	EllenbergR
	Ellenberg indicator for nitrogen
	yes
	yes

	Epsi_b
	Efficacité de conversion biologique, notée εb, en g MS / MJ de PAR absorbé
	yes
	yes

	k_coef
	Extinction coefficient
	yes
	yes

	LDMC [mg/g]
	Leaf dry matter content
	Yes* 
	yes

	Legume crop?
	Is the species a legume crop?
	yes
	yes

	LipidContent 
	Seed lipid content
	Yes
	yes

	LNC(mg/g)
	Leaf nitrogen content
	Yes*
	yes

	max_height
	Maximum plant height
	yes
	yes

	max_width
	Maximum plant diameter
	yes
	yes

	MaxLifespan(months)
	Maximum plant lifespan of annuals
	yes
	yes

	MinLifespan(months)
	Minimum plant lifespan
	yes
	yes

	Perennial_regrowth
	Only for perennial crop species. If 1, new plants appear next to adult plants. Put zero otherwise
	yes
	yes

	PlantGrowthForm
	Plant growth form (see 14.1.4.1)
	yes
	yes

	SeasonalType
	Emergence season of species (used, among others, to estimate frost sensitivity)
	yes
	yes

	Frost sensitivity parameters
	t_freez_cot[1] t_freez_cot[2] t_freez_cot[3] t_freez_seedl[1] t_freez_seedl[2] t_freez_seedl[3] t_freez_veg[1] t_freez_veg[2] t_freez_veg[3] t_freez_flower[1] t_freez_flower[2] t_freez_flower[3]
	yes
	

	SeedArea
	Seed area
	
	yes

	SeedCoatThickness
	Seed coat thickness
	
	yes

	seedShape
	Seed shape
	yes
	yes

	SeedWeight
	Weight of one seed
	yes
	yes

	T_base
	base temperature for development (or germination if not available)
	yes
	yes

	Taxa
	Clade, monocot or dicot)
	yes
	yes

	Thermal time for different stages
	Thermal time (degree-days) for duration of cotyledon, plantlet, vegetative, flowering, maturation stages (can be estimated for weeds from observations in Phenologie_levee_adventices_Antoine Gardarin.xlsx)
	yes
	yes

	Usual emergence season
	(only needed if base temperature and dormancy timing unknown. Functional relationship will only work in Burgundy)
	
	yes


* but default available

The more additional parameter/trait values you introduced into the parameter files for the new species, the better the prediction quality will be.

Further parameters are needed to calculate the weed-impact indicators (ParametersIndicatorsFLORSYS.xlsx, section 14.8).

[bookmark: _Ref95401997]Plant growth forms
10/02/2022
Raunkiaer's growth form was not relevant here as all studied weeds belong a single class, i.e. Therophyte. Consequently, four growth classes were proposed, inspired by the work of Fried et al (Fried et al., 2009):
· Prostrate: plants whose shoots and leaves lie on soil surface and rarely grow erect.
· Rosette: plants with a circular arrangement of leaves, with all the leaves at a similar height, or plants whose internodes along the stem are extremely shortened, bringing the leaves closer together. Inflorescences are erect.
· Erect: plants whose shoots are sufficiently robust to grow vertically from early ages onwards, and above-ground vegetative biomass is distributed along the whole plant height
· Climbing or twining: plants whose internodes elongate during development. Twining plants twine around neighbours whereas climbing plants attach to neighbours with tendrils (transformed leaves) to support their growth. 


The hard way: measure all parameters (good luck!)
Types d'expérimentations menées pour mesurer des paramètres:
· STOCK = Enfouissement de sacs de semences sur le terrain pendant 2 ans + déterrement régulier + mesure de germination (manip BOITE) + dissection (Gardarin et al., 2010b; Gardarin et al., 2011; Gardarin and Colbach, 2015) 
· BOITE = mise en germination de semences dans des boîtes de germination placées en enceinte climatisée + comptage régulier (tous les 1-2 jours pendant la période la + intense) des germinations pendant 1-2 mois + dissection (Gardarin et al., 2010c; Gardarin et al., 2011; Guillemin et al.)
· POT = mise en germination à différentes profondeurs dans des pots remplis de terre + déterrement après 1-2 semaines + comptage de germination + dissection (Gardarin et al., 2012)
· LEVEE = semis de semences germées dans des pots + mesure destructrice régulière des pousses et racines pendant 2-3 semaines (Gardarin et al., 2010a)
· SIMPLE = expérimentation virtuelle avec le modèle SIMPLE paramétrés à partir des paramètres de la manip MOTTES (Gardarin et al., 2010a)
· MOTTES = placement de semences sous des mottes de différentes tailles en conditions contrôlées + mesure destructrice des mortalités pré-levée (Gardarin et al., 2010a)
· CONVOYEUR = pot de plantes en convoyeur + photos tous les jours + mesures destructrices de surfaces foliaires tous les x jours (Colbach et al., 2020)
· OMBRAGE = plantes en parcelles jardinées au soleil et à l'ombrage + mesures destructrices de surface foliaire, biomasse, morphologie tous les x jours (Colbach et al., 2020)
· PHENO = semis à différentes dates au cours de l'année puis notation des stades (plantule, végétation, floraison, maturité) (Colbach et al., 2007), ou bien utilisation de données d'expert (Colbach et al., 2014d) 



Pre-emergent parameters
Overview
List of parameters

[bookmark: _Ref524421396]Table 19. Species-dependent parameters in FlorSys entered by the user (except *) or estimated from species traits listed in Table 2.
	Model parameter
	Explanation and unit

	Seed mortality
	

	
	aw a (aw young, aw old)
	Annual seed mortality rate (seeds∙seeds-1∙year-1)

	Seed dormancy variations and germinability

	
	TROw
	Date of dormancy release onset (Julian days)

	
	TREw
	Date of dormancy release end (Julian days)

	
	TIOw
	Date of dormancy induction onset (Julian days)

	
	TIEw
	Date of dormancy induction end (Julian days)

	
	ndmaxw a (ndmaxw young, ndmaxw old)
	Maximum rate of non-dormant seeds (seeds∙seeds-1)

	
	ndminw a (ndminw young, ndminw old)
	Minimum rate of non-dormant seeds (seeds∙seeds-1)

	
	rpwa (rpw young, rpw old)
	Relative variation in the rate of non-dormant seeds in case of the absence of light stimulation (seeds∙seeds-1)

	
	rdw
	Relative reduction in the rate of non-dormant seeds with increasing seed depth (seeds∙seeds-1·cm-1)

	
	r0w
	Relative reduction in the rate of non-dormant seeds for seeds located on soil surface

	Seed germination

	
	basew
	Base temperature for germination (°C)

	
	ψbasew
	Base water potential for germination (MPa)

	
	xg0wpd *
	Time (°C∙days) from germination triggering to first germination 

	
	xg50wpd  *
	Time (°C∙days) from germination triggering to 50% germinated non-dormant seeds

	
	vg50wpd  *
	Rate of germinated seeds per unit time at xg50wpd,
 in seeds·seeds-1·°C-1·days-1

	
	bgwpd *
	Shape parameter (adimensional) for germination progress

	Seedling pre-emergent growth and mortality

	
	Lmaxw
	Maximum length (mm) of shoot during pre-emergent growth

	
	Rmaxw
	Maximum length (mm) of root during pre-emergent growth

	
	xl50w
	Time (°C∙days) necessary for the shoot to reach half of Lmaxw

	
	xr50w
	Time (°C∙days) necessary for the root to reach half of Rmaxw

	
	blw
	Shape parameter (adimensional) for pre-emergent shoot growth

	
	brw
	Shape parameter (adimensional) for pre-emergent root growth

	
	ßw
	Seedling mortality rate (seedlings∙seedlings-1) on soil surface in intermediate soil structure

	
	ßfine_earthw
	Additional seedling mortality (seedlings∙seedlings-1) in case of fineearth soil structure

	
	ßcompactedw
	Additional seedling mortality (seedlings∙seedlings-1) in case of compacted soil structure

	
	yw
	Increase in mortality with seed depth, in
seedlings∙seedlings-1∙ln(mm)-1

	
w = weed species, a = seed age class (young vs. old), p = photo-stimulation status (yes vs. no), d = current day.
* = dynamic parameters that cannot be entered by the user as these vary over time.



List of traits and expert knowledge used to estimate the parameters
Table 20. Species traits and expert knowledge necessary to estimate species-dependent model parameters in FlorSys
	Species trait
	Explanation and unit

	coatw
	Seed coat thickness (mm)

	diamw
	Pre-emergent shoot diameter (mm)

	lipidw
	Seed lipid content (g·g-1)

	massw
	Mean seed dry mass (mg)

	samw
	Seed area per mass (mm²∙mg-1)

	shapew
	Seed shape index (mm²·mm-2)

	taxaw
	Taxa (monocotyledon or dicotyledon)

	teow
	Usual date of onset of emergence (in ten-day periods numbered from Jan. 1, with [1 Jan., 10 Jan.[ being teow =1 etc.)

	teo_springw
	Usual date of onset of emergence for the spring emergence flush (in ten-day periods numbered from Jan. 1, with [1 Jan., 10 Jan.[ being teow =1 etc.)

	teew
	Usual date of end of emergence (in ten-day periods numbered from Jan. 1, with [1 Jan., 10 Jan.[ being teow =1 etc.)

	
w = weed species




[bookmark: _Ref514331542]Weed seed mortality in the soil
For effects on weed dynamics, see section 3.3.3.

Measurements in experiments
· STOCK = Enfouissement de sacs de semences sur le terrain pendant 2 ans + déterrement régulier + mesure de germination (manip BOITE) + dissection (Gardarin et al., 2010b; Gardarin et al., 2011; Gardarin and Colbach, 2015) 

Estimate from functional relationships
Mortality rate parameters decrease with increasing seed coat thickness coatw (mm) which contributes to protect the embryo from external aggressions (Gardarin et al., 2010b):
aw young = exp[ -4.63 - 0.80 · ln(coatw) ]			R² = 0.24
aw old 	= exp[ -7.23 - 1.67 · ln(coatw) ]			R² = 0.62
The thickness of the seed coat, including the tegument, the fruit coat and possibly the remnants of floral pieces, can be measured on seed Xray images.


[bookmark: _Ref514331897]Weed seed dormancy timing
For effects on weed dynamics, see section 3.3.4. 

Measurements in experiments
· STOCK = Enfouissement de sacs de semences sur le terrain pendant 2 ans + déterrement régulier + mesure de germination (manip BOITE) + dissection (Gardarin et al., 2010b; Gardarin et al., 2011; Gardarin and Colbach, 2015) 
· BOITE = mise en germination de semences dans des boîtes de germination placées en enceinte climatisée + comptage régulier (tous les 1-2 jours pendant la période la + intense) des germinations pendant 1-2 mois + dissection (Gardarin et al., 2010c; Gardarin et al., 2011; Guillemin et al.)

Estimate from functional relationships
Dormancy timing parameters are estimated from the usual dates of onset teow and end of emergence teew observed over 30 years in Dijon, Burgundy (Gardarin and Colbach, 2015). These dates, provided by expert knowledge, are given in number of ten-day periods since Jan. 1 (with the period from 1st Jan. to 10th Jan. being teow = 1 etc.):
TIOw = -174.3 + 16.0 · teew				R² = 0.69
TIEw = -79.0 + 14.8 · teew				R² = 0.68
TROw = 160.2 + 15.7 · teow				R² = 0.79
TREw = -138.6 + 15.8 · teow				R² = 0.75
If these equations return values below 1 or above 365, then the dates are increased or decreased by 365, respectively.


[bookmark: _Ref514332040]Weed seed dormancy levels
For effects on weed dynamics, see section 3.3.4. 

Measurements in experiments
· STOCK = Enfouissement de sacs de semences sur le terrain pendant 2 ans + déterrement régulier + mesure de germination (manip BOITE) + dissection (Gardarin et al., 2010b; Gardarin et al., 2011; Gardarin and Colbach, 2015) 
· BOITE = mise en germination de semences dans des boîtes de germination placées en enceinte climatisée + comptage régulier (tous les 1-2 jours pendant la période la + intense) des germinations pendant 1-2 mois + dissection (Gardarin et al., 2010c; Gardarin et al., 2011; Guillemin et al.)

Estimate from functional relationships
Consequently, there are four proportions, ndminw young, ndminw old, ndmaxw young and ndmaxw old, which are estimated from seed shape index (shapew, mm²·mm-2, i.e. variance of the relative seed dimensions, (Thompson et al., 1993)), seed coat thickness (coatw, mm) and seed dry mass (massw, mg). Elongated seeds are less dormant than spherical ones, possibly because they tend to remain on the soil surface and low dormancy may have been selected for germinating before being predated. Dormancy also increases with seed mass and seed coat thickness. The latter can act as a chemical and physical barrier to germination (Gardarin and Colbach, 2015): 
ndminw young 	= [ sin (0.05 + 1.34 · shapew - 2.11 ·  coatw) ]²		R² = 0.48
ndmaxw young 	= [ sin (0.89 + 1.81 · shapew - 0.06 · massw) ]²		R² = 0.38
ndminw old 	= [ sin (0.08 + 2.23 · shapew - 3.78 ·  coatw) ]²		R² = 0.58
ndmaxw old 	= [ sin (1.20 + 1.20 · shapew - 2.59 ·  coatw) ]²		R² = 0.56
If these relationships return values below 0 or above 1, then the rates are fixed at 0 and 1, respectively.  


[bookmark: _Ref514332239]Weed seed stimulation by light 
For effects on weed dynamics, see section 3.3.4. 

Measurements in experiments
· BOITE = mise en germination de semences dans des boîtes de germination placées en enceinte climatisée + comptage régulier (tous les 1-2 jours pendant la période la + intense) des germinations pendant 1-2 mois + dissection (Gardarin et al., 2010c; Gardarin et al., 2011; Guillemin et al.)

Estimate from functional relationships
No relationship with species traits or other characteristics could be found in our previous studies (Gardarin and Colbach, 2015) to estimate the photosensitivity of each species. When available, this information must therefore be collected in the literature. By default, the variation in seed germinability for young seeds kept in the dark (relatively to seeds exposed to the light) was fixed at rpw young = 0.50 for species with a positive photosensitivity, at rpw young = 2 for species with a negative photosensitivity and at rpw young = 1 for indifferent species.
Our previous studies though observed a relationship between the photosensitivity parameters of the two seed age classes (Gardarin and Colbach, 2015):
rpw old = 0.22 + 0.69 · rpw young				R² = 0.51		


[bookmark: _Ref514332454]Sensitivity of seed germination to seed depth
For effects on weed dynamics, see section 3.3.4. 

Measurements in experiments
· POT = mise en germination à différentes profondeurs dans des pots remplis de terre + déterrement après 1-2 semaines + comptage de germination + dissection (Gardarin et al., 2012)

Estimate from functional relationships
The relative variation rdw (seeds∙seeds-1·cm-1) in the rate of germinability per additional cm burial was related to the potential pre-emergent shoot length Lmaxw (section xxxx). The longer the potential shoot, the less germination decreased with increasing seed depth (Gardarin et al., 2012):
rdw = exp(-Lmaxw0.33)					R² = 0.81
The relative decrease r0w in the rate of non-dormant seeds for seeds located on soil surface was fixed at 0.54, irrespective of seed traits.

[bookmark: _Ref514333054]Base temperature and water potential for germination
For effects on weed dynamics, see sections 3.3.5,3.3.5.3 and 3.3.6. 

Measurements in experiments
· BOITE = mise en germination de semences dans des boîtes de germination placées en enceinte climatisée + comptage régulier (tous les 1-2 jours pendant la période la + intense) des germinations pendant 1-2 mois + dissection (Gardarin et al., 2010c; Gardarin et al., 2011; Guillemin et al.)

Estimate from functional relationships

The base temperature basew (°C) is estimated from the usual onset period teo_springw of the species emergence in spring (Gardarin et al., 2012). The base temperature is actually correlated to the soil temperature  (°C) measured in the same region where the emergence onset date was estimated (here Burgundy, Eastern France) and averaged over 30 years for the ten-day period preceding emergence onset:

		R² = 0.79
This relationship is only valid for species emerging at least partially in spring. For any other species (strict autumn annuals), basew was fixed to 0°C. Base water potential ψbasew (MPa) is estimated from base temperature (Gardarin et al., 2010c):
ψbasew = -2.18 · (basew + 2)-0.53			R² = 0.81

[bookmark: _Ref514339401]Crop seed germination parameters
· BOITE = mise en germination de semences dans des boîtes de germination placées en enceinte climatisée + comptage régulier (tous les 1-2 jours pendant la période la + intense) des germinations pendant 1-2 mois + dissection (Gardarin et al., 2010c; Gardarin et al., 2011; Guillemin et al.)


[bookmark: _Ref514333657]Pre-emergent growth parameters
For effects on weed dynamics, see sections 3.3.6, 3.3.7 and 3.3.8. 

Measurements in experiments
· LEVEE = semis de semences germées dans des pots + mesure destructrice régulière des pousses et racines pendant 2-3 semaines (Gardarin et al., 2010a)

Estimate from functional relationships
The maximal shoot and root lengths Lmaxw and Rmaxw (mm) during pre-emergent growth are estimated from mean species seed mass (Gardarin et al., 2010a) which may be related to the amount of reserves available for heterotrophic growth:
Lmaxw = 69.9 ∙ massw0.50	    		R² = 0.95
Rmaxw =14.3 ∙ massw0.29	    		R² = 0.89

The times to mid-elongation of the shoot, xl50w, and of the root, xr50w , (°C∙days) are estimated from the maximum shoot length and the seed mass respectively (based on data from Gardarin et al (2010a):
xl50w = 44.59 + 0.40 · Lmaxw			R² = 0.55
xr50w = 21.93 ∙ massw0.33			R² = 0.64

The shape parameters of the elongation curve blw and brw (adimensional) vary little among species (Gardarin et al., 2010a) and can be considered as constant. They were respectively fixed at 2.54 and 1.38.

[image: ]
Figure 56. Estimating maximum pre-emergent shoot length from seed dry mass (Gardarin et al., 2010a).

[bookmark: _Ref514334215]Effect of soil structure on pre-emergent seedling mortality
For effects on weed dynamics, see section 3.3.7.4. 

[bookmark: _Ref514334650]Measurements in actual and virtual experiments
The four parameters driving pre-emergent seedling mortality related to soil structure cannot be measured in experiments. They can be either however be estimated from simulations with the 3D seedbed generator model SIMPLE (Dürr et al., 2001).  These virtual experiments aimed at estimating the variation in seedling mortality with seed depth, in different field soil structures and for each species (Gardarin et al., 2010a). The necessary species parameters can be estimated from experiments measuring seedling mortality for different soil clod sizes: C0buriedw and C0surfacew are the sizes (mm) of the smallest clods blocking any seedling, for clods located on soil surface or buried, respectively. aBuriedw is the increase in seedling mortality with additional clod size (seedlings∙seedlings-1∙mm-1). 

Estimate from functional relationships
The parameters necessary for the virtual experiments with SIMPLE (section 14.2.10.1) can be estimated from functional relationships. C0buriedw and C0surfacew are the sizes (mm) of the smallest clods blocking any seedling, for clods located on soil surface or buried, respectively. aBuriedw is the increase in seedling mortality with additional clod size (seedlings∙seedlings-1∙mm-1). These parameters were related to the preemergent seedling shoot diameter (diamw, mm) and species taxa, i.e. monocotyledon or dicotyledon (Gardarin et al., 2010a):
aBuriedw = exp(-1.83 - 2.38 · diamw)						
C0surfacew = 7.80 + 22.56 ∙ diamw						
If taxaw = monocotyledon:	C0buriedw = -8.3 + 29.0 ∙ diamw		
Else:				C0buriedw =  3.3 + 29.0 ∙ diamw		

The probability of a seedling being blocked under a clod decreases with the shoot diameter (related the seedling emergence force) and is higher for grasses (monocotyledons) with seedling having a sharp apex. If the shoot diameter is unknown, it can be estimated from the seed mass (Gardarin et al., 2012):
diamw = 0.49 ∙ massw0.24								

The three parameters C0buriedw, C0surfacew and aBuriedw are then used to estimate the four parameters driving pre-emergent seedling mortality due to soil structure in FlorSys, ßfine_earthw (variation in mortality in case of fine-earth soil structure, in seedlings∙seedlings-1,), ßcompactedw (additional mortality in case of compacted soil structure, in seedlings∙seedlings-1) and yw (increase in mortality with seed depth, in seedlings∙seedlings-1∙mm-1) (Gardarin et al., 2010a):
ßw 		= -3.523 - 0.018 ∙ C0buriedw + 13.418∙ aBuriedw 		
ßfine_earthw 	= -0.050 - 0.027∙ C0buriedw 					
ßcompactedw 	= 0.328 + 0.013∙ C0buriedw 					
yw 		= 0.636  - 0.010∙ C0buriedw + 0.002∙ C0surfacew 		
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Summary of functional relationships

Table 3. Synthesis of equations predicting species-dependent parameters from species traits or expert knowledge (Gardarin et al., 2012). Other columns indicate the number of species that were used for establishing these regressions as well as the p-value and R² of the statistical analysis. These species-dependent parameters are used in the model equations (see Appendix A) indicated in the last column.
	Estimation of biological parameters from traits or expert knowledge
	Number
 of species 
	p-value
	R²
	Reference
	Equations where these parameters are used

	Seed mortality
	
	
	
	
	

	
	aw young = exp[ -4.63 - 0.80 · ln(coatw) ]
	18
	4.1·10-2
	R² = 0.24
	Gardarin et al., 2010b
	5

	 
	aw old = exp[ -7.23 - 1.67 · ln(coatw) ]
	17
	2.0·10-4
	R² = 0.62
	Gardarin et al., 2010b
	5

	Seed dormancy
	
	
	
	
	

	
	Timing parameters
	
	
	
	
	

	
	TIOw = -174.3 + 16.0 · teew
	25
	< 10-4
	R² = 0.69
	(Gardarin and Colbach, 2015)
	8, 9

	
	TIEw = -79.0 + 14.8 · teew
	25
	< 10-4
	R² = 0.68
	(Gardarin and Colbach, 2015)
	9, 10

	
	TROw = 160.2 + 15.7 · teow
	25
	< 10-4
	R² = 0.79
	(Gardarin and Colbach, 2015)
	6, 7, 10

	
	TREw = -138.6 + 15.8 · teow
	25
	< 10-4
	R² = 0.75
	(Gardarin and Colbach, 2015)
	7, 8

	
	
	
	
	
	
	

	
	Rates of non-dormant seeds
	
	
	
	
	

	
	ndminw young = [ sin (0.05 + 1.34 · shapew - 2.11 ·  coatw) ]²
	12
	4.3·10-2
	R² = 0.48
	(Gardarin and Colbach, 2015)
	6, 7, 9, 10

	
	ndmaxw young = [ sin (0.89 + 1.81 · shapew - 0.06 · massw) ]²
	28
	1.9·10-3
	R² = 0.38
	(Gardarin and Colbach, 2015)
	7, 8, 9,

	
	ndminw old = [ sin (0.08 + 2.23 · shapew - 3.78 ·  coatw) ]²
	12
	1.5·10-2
	R² = 0.58
	(Gardarin and Colbach, 2015)
	6, 7, 9, 10

	
	ndmaxw old = [ sin (1.20 + 1.20 · shapew - 2.59 ·  coatw) ]²
	12
	1.8·10-2
	R² = 0.56
	(Gardarin and Colbach, 2015)
	7, 8, 9

	
	
	
	
	
	
	

	
	Effect of depth on germinability
	
	
	
	
	

	 
	rdw = exp(-Lmaxw0.33)
	7
	3.1·10-4
	R² = 0.81
	This paper
	12

	Seed germination
	
	
	
	
	

	
	Base temperature and base water potential
	
	
	
	
	

	
	
basew = 1.10 · - 2.03
	25
	< 10-4
	R² = 0.79
	Gardarin et al., 2010c
	18, 22

	
	ψbasew = -2.18 · (basew + 2)-0.53
	17
	< 10-4
	R² = 0.81
	Gardarin et al., 2010c
	18, 19, 29

	
	
	
	
	
	
	

	
	Germination dynamics
	
	
	
	
	

	
	If the seed lipid content (lipidw, g·g-1) is lower that 30%:
	
	
	
	
	

	
	xg0wpd = exp[3.56 - 0.18·ln(pNDwapld) - 0.39·ln(basew+2) - 0.23·ln(lipidw) - 0.30·ln(samw)]
	23
	< 10-4
	R² = 0.41
	Gardarin et al., 2011
	20

	
	xg50wpd = exp[4.45 - 0.25·ln(pNDwapld) - 0.79·ln(basew+2) - 0.29·ln(lipidw)]
	24
	< 10-4
	R² = 0.46
	Gardarin et al., 2011
	20

	
	vg50wpd = exp[-4.77 + 1.07·ln(pNDwapld) + 1.53·ln(basew+2) + 0.50·ln(lipidw)]
	22
	< 10-4
	R² = 0.59
	Gardarin et al., 2011
	20

	
	
	
	
	
	
	

	
	Else:
	
	
	
	
	

	
	xg0wpd = exp[3.56 - 0.18·ln(pNDwapld) - 0.39·ln(basew+2) - 1.19·ln(lipidw) - 0.30·ln(samw)]
	23
	< 10-4
	R² = 0.41
	Gardarin et al., 2011
	20

	
	xg50wpd = exp[4.45 - 0.25·ln(pNDwapld) - 0.79·ln(basew+2) - 0.86·ln(lipidw)] 
	24
	< 10-4
	R² = 0.46
	Gardarin et al., 2011
	20

	 
	vg50wpd = exp[-4.77 + 1.07·ln(pNDwapld) + 1.53·ln(basew+2) + 0.56·ln(lipidw)] 
	22
	< 10-4
	R² = 0.59
	Gardarin et al., 2011
	20

	Pre-emergent growth
	
	
	
	
	

	
	Pre-emergent shoot and root elongation
	
	
	
	
	

	
	Lmaxw = 69.9 ∙ massw0.50
	12
	< 10-4
	R² = 0.95
	Gardarin et al., 2010a
	23, 26, 27

	
	Rmaxw =14.3 ∙ massw0.29
	11
	< 10-4
	R² = 0.89
	Gardarin et al., 2010a
	24, 29

	
	xl50w = 44.59 + 0.40 · Lmaxw
	12
	1.2·10-3
	R² = 0.55
	Gardarin et al., 2010a
	27

	
	xr50w = 21.93 ∙ massw0.33
	11
	5.4·10-3
	R² = 0.64
	Gardarin et al., 2010a
	24

	
	
	
	
	
	
	

	
	Seedling sensitivity to clods
	
	
	
	
	

	
	aBuriedw = exp(-1.83 - 2.38 · diamw)
	10
	< 10-4
	R² = 0.93
	Gardarin et al., 2010a
	
intermediate parameters
used below


	
	C0surfacew = 7.80 + 22.56 ∙ diamw
	10
	< 10-4
	R² = 0.83
	Gardarin et al., 2010a
	

	
	C0buriedw = -8.3 + 29.0 ∙ diamw (if taxaw = monocotyledon)
	10
	2.3·10-3
	R² = 0.87
	Gardarin et al., 2010a
	

	
	C0buriedw =  3.3 + 29.0 ∙ diamw (else)
	10
	2.3·10-3
	R² = 0.87
	Gardarin et al., 2010a
	

	
	
	
	
	
	
	

	
	Pre-emergent mortality
	
	
	
	
	

	
	ßw = -3.523 - 0.018 ∙ C0buriedw + 13.418∙ aBuriedw 
	10
	< 10-4
	R² = 0.98
	This paper
	30

	
	ßfine_earthw = -0.050 - 0.027∙ C0buriedw 
	10
	< 10-4
	R² = 0.96
	This paper
	30

	
	ßcompactedw = 0.328 + 0.013∙ C0buriedw 
	10
	1.3·10-2
	R² = 0.61
	This paper
	30

	 
	yw = 0.636  - 0.010∙ C0buriedw + 0.002∙ C0surfacew 
	10
	< 10-4
	R² = 0.98
	This paper
	30




[bookmark: _Ref47020064]Plant morphology and shading response

For effects on weed dynamics and crop production, see section 5.2.
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List of parameters

[bookmark: _Ref485410504]Table 21. Species parameters for characterizing initial growth, potential plant morphology and response to shading. Median, minimum and maximum values over all species as well as means per crop and weed species (values of a row followed by the same letter are not significantly different at p=0.05) (Colbach et al., 2020)
	Parameter name
	Relative advance of growth stage at the time of parameter measurement
	Unit
	Median [min,max]§
	 
	 
	Variation&
	Crops
	Weeds

	A. Potential morphology (morphology variables in unshaded conditions)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	SLA0
	Specific Leaf Area (total leaf area vs total leaf biomass) - Leaf area efficiency
	cm2∙g-1
	153
	[
	10
	,
	1204
	]
	0.49
	168
	B
	187
	A

	LBR0
	Leaf biomass ratio (leaf biomass vs total above-ground biomass)
	none
	0.75
	[
	0
	,
	1
	]
	0.23
	0.7
	A
	0.69
	A

	HM0
	Specific (allometric) plant height – Height efficiency
(height vs. total above-ground biomass ratio)
	cm∙g-1
	20
	[
	1.2
	,
	838
	]
	1.08
	30
	A
	37
	A

	b_HM
	Shape parameter b for specific plant height – Heavy vs light plant efficiency
	none
	0.27
	[
	0.0005
	,
	0.99
	]
	0.55
	0.28
	B
	0.32
	A

	WM0
	Specific (allometric) plant width – Width efficiency
(width vs. total above-ground biomass ratio)
	cm∙g-1
	22
	[
	0.82
	,
	3464
	]
	2.68
	27
	B
	115
	A

	b_WM
	Shape parameter b for specific plant width – Heavy vs light plant efficiency
	none
	0.37
	[
	0.02
	,
	1.7
	]
	0.58
	0.37
	B
	0.41
	A

	RLH0
	Median relative leaf height
(relative plant height below which 50% of leaf area are located)
	cm cm-1
	0.48
	[
	0.2
	,
	0.81
	]
	0.21
	0.49
	A
	0.5
	A

	b_RLH
	Shape parameter for leaf distribution along plant height
	none
	2.7
	[
	0.24
	,
	58
	]
	0.78
	8.66
	A
	2.66
	B

	B. Response to shading (variation in morphology variables with shading intensity)
	 
	 
	 
	 
	 
	 
	 
	 
	 
	 

	SLA_mu
	Response of specific leaf area to shading
	none
	0.48
	[
	-0.56
	,
	1.72
	]
	0.36
	0.44
	B
	0.55
	A

	LBR_mu
	Response of leaf biomass ratio to shading 
	none
	-0.01
	[
	-0.66
	,
	1.02
	]
	0.19
	-0.041
	B
	0.037
	A

	HM_mu
	Response of specific height to shading
	none
	0.43
	[
	-0.53
	,
	2.27
	]
	0.39
	0.36
	B
	0.52
	A

	WM_mu
	Response of specific width to shading 
	none
	0.27
	[
	-1.53
	,
	1.87
	]
	0.31
	0.23
	B
	0.32
	A

	RLH_mu
	Response of median relative leaf height to shading
	none
	0.01
	[
	-1
	,
	1.39
	]
	0.25
	0.009
	A
	0.012
	A


§ For B and C, over all stages.
& standard-deviation/mean, except for shading response where standard-deviation because of negative values of mean close to zero
Type of experiments

Further details in the supplementary material of (Colbach et al., 2020).


Experimental conditions
The experiments are carried out in garden plots. The area is divided into four blocks. The soil is covered with a permeable opaque plastic sheet to avoid emergence of plants other than those sown for the experiment. A 3-m-high metallic cage is erected over half the area of all the blocks, and covered with a shading net to intercept at least 60% of the incident photosynthetically active radiation (PAR). Outside, only the area unshaded by the cage is used for the experiment. Temperature is measured regularly with e.g. Testo sensors (175-T1) placed 1 m above ground and protected from the sun, with two sensors inside and two outside the cage. Incident PAR is measured every 10 minutes with quantum sensors (e.g.g. silicium sensors; Solems, Palaiseau, France) at 60, 90 and 110 cm above soil surface inside and outside the shading cage. The shading index (section 5.1.3) inside the cage is calculated as 1 – the slope of a linear regression without an intercept fitted to incident PAR inside vs. outside the cage during the experiment. Section 14.3.2.3 explains how this index was used to estimate comparable shading response parameters.
For each species or variety, seeds are sown into 4 x 4 x 4 cm peat clods (e.g. Jiffy pastilles, Puteaux SA) inside plastic seedling trays, preparing 100 clods with 2-3 seeds per clod. The clods are watered and put into lightened growth chambers at 4°C for those species that needed to be vernalized, or directly into an unheated greenhouse without artificial light. Once seedlings have reached the 2-leaf stage (stage 2 on the BBCH scale, Hess et al., 1997), superfluous plants are eliminated to keep only one plant per clod and clods are transplanted into the garden plots. Half of the plants (at least 16, if possible 32) are placed inside the shaded cage, and the other part outside, in the unshaded area. Plants are placed inside holes in the plastic sheet, with at least 50 cm between plants to avoid shading and root interference. In each experimental series, up to 10 species or varieties are tested simultaneously, with at least one plant in each block of each light treatment. In case of climbing or twining species, a circular meshed trellis is set up for each plant. The plots are regularly hand-weeded, and watered if necessary. To avoid N stress, mineral N fertiliser is added at the end of winter during the years the experiments are conducted.

Measurements
For each species or variety, four to eight plants are sampled before transplanting, and then for each light treatment at five sampling dates, i.e. 2 leaves, 4 leaves, 8 leaves for dicots or tillering for monocots, flowering onset and flowering end. Sampling dates in unshaded and shaded conditions can differ, because of lower temperature and light conditions inside the shading cage.
A lateral picture of each sampled plant is taken and analysed with e.g. Matlab scripts to determine the proportion of leaf area vs relative plant height. Then, plant height and width, leaf area and biomass are measured. For the latter two, leaves (including petioles), stems and reproductive parts are discriminated. 

[bookmark: _Ref90570209]Calculating parameters
The parameters for characterizing plant morphology and response to shading were derived from Munier-Jolain et al (2014) and are calculated for each sampling date of the garden-plot experiment as well as for one measurement of the initial-growth experiment considering the stage to be ~BBCH = 0 (section 14.4). As the latter worked with unshaded conditions, shading response was not assessed.

For each stage and species (or variety), SLA0 is calculated as the average specific leaf area over the four (or more) plants sampled in unshaded conditions. The associated shading response (SLA_mu) is the slope of logn-transformed values of both shaded and unshaded plants fitted vs the shading index, i.e. 0 in unshaded conditions and the shading index estimated from the PAR measurement inside vs outside the cage. The same approach is used for LBR0 and LBR_mu. 
For each stage and species (or variety), b_HM and HM_mu are estimated by fitting logn(plant height) = a + b_HM ·  logn (plant biomass) + mu_HM · shading intensity, using data of both shaded and unshaded plants. Parameter b_HM is then used to calculate the specific plant height HM = height/biomassb_HM for each unshaded plant, and HM0 is the average over all unshaded plants. The same principle is used for b_WM, WM_mu and WM0.
For each plant, median leaf height RLH and leaf distribution b_RLH are estimated by fitting an S-shaped non-linear regression to the relative cumulated leaf area vs relative plant height (Munier-Jolain et al., 2014). For each stage and species (or variety), RLH0 was the average over all unshaded plants, and RLH_mu is estimated by fitting logn-transformed values of all plants vs shading intensity.

Parameters are interpolated over plant stages, using the BBCH scale, and parameter values are estimated for 11 stages (from BBHC 0 to 10) for each species using local non-parametric regressions. Local regression to obtain a predicted value at a given point in the predictor space is done with a least-squares fit that uses all data points in a local neighbourhood of the given point. This method has the advantage of not assuming any general shape of the relationship between parameter and time.
Linear smoothing is used if there are less than 6 sampling dates (7 for b parameters), quadratic local polynomial otherwise. Constraints are added, based on biological knowledge: shading response at plant emergence is nil (mu = 0), monocotyledonous plants consist of only leaves at emergence (LBR0 = 1), leaves of totally mature plants are dry (SLA0 = 0, LBR0 = 0) and do not respond to shading (mu_SLA and mu_LBR=0). Additional restrictions ensure that parameter values are logical from a biological point of view. For instance, specific leaf area SLA must be > 0, leaf biomass ratio LBR must be in [0, 1] etc. Predictions are also capped by minimum and maximum measured values to avoid extremely small or large values in case of extrapolation for late stages when only a few early stages are measured.




[bookmark: _Ref486173397]Functional relationships

Table 22. Effect of species traits on morphology and plasticity parameters. Linear regressors estimated with GLMSELECT using forward selection N=672 (except mu_RLH 650). Blank cells show effects that are not significantly different from zero at p=0.05. Cells with negative and positive correlations are coloured in light red and light green, respectively. For qualitative variables, the cell with the greatest and smallest values are coloured in green and red, respectively. Empty cells show non-significant effects (Colbach et al., 2020).
	
	Species traits
	Potential morphology in unshaded conditions
	Shading response of

	
	
	Specific 
leaf area
	Leaf 
biomass ratio
	Specific 
plant height
	
	Specific plant 
width
	
	Median 
leaf height
	
	Specific leaf 
area
	Leaf 
biomass ratio
	Specific plant 
height
	Specific plant 
width
	Median 
leaf height

	[bookmark: IDX]
	
	SLA0
(cm²/g)
	LBR0
(g/g)
	HM0
(cm/g)
	
	WM0
(cm/g)
	
	RLH0
(cm/cm)
	
	SLA_mu
	LBR_mu
	HM_mu
	WM_mu
	RLH_mu

	
	
	log10(y)§
	10y
	log10(y)
	
	log10(y)
	
	y0.5
	
	none
	none
	none
	10y
	none

	[1] [bookmark: _Ref498015059]
	Weed vs crop species
	
	
	
	
	
	
	0.0734
	
	
	0.384
	
	
	

	Plant stage and plant growth form
	
	
	
	
	
	
	
	
	
	
	
	
	

	[2] [bookmark: _Ref498010418]
	Plant stage (all life, or early, mid and late life)
	
	
	
	
	
	
	0.00405
	
	
	
	0.0541
	0.388
	

	[3] 
	
	
	
	
	
	
	
	
	
	
	
	0.0709
	
	

	[4] 
	
	
	
	
	
	
	
	
	
	
	
	0.0347
	
	

	[5] [bookmark: _Ref498008346]
	Stage for prostrate species
	-0.0503
	-0.752
	-0.070
	
	
	
	
	
	0.0663
	-0.0321
	
	
	0.0274

	[6] [bookmark: _Ref498008411]
	rosette
	-0.0340
	-0.953
	-0.021
	
	
	
	
	
	0.0686
	-0.0245
	
	
	0.0285

	[7] [bookmark: _Ref498008413]
	erect
	-0.0132
	-0.843
	-0.050
	
	
	
	
	
	0.0699
	-0.0219
	
	
	0.0093

	[8] [bookmark: _Ref498008341]
	climbing or twining
	-0.0601
	-0.558
	0.022
	
	
	
	
	
	0.0682
	-0.0477
	
	
	0.0138

	[9] [bookmark: _Ref498011015]
	Prostrate plant growth
	0.100
	0.12
	0.447
	
	
	
	
	
	
	
	0.300
	
	-0.191

	[10] [bookmark: _Ref498011017]
	Rosette
	-0.124
	1.81
	0.423
	
	
	
	
	
	
	
	0.359
	
	0.169

	[11] [bookmark: _Ref498011018]
	Erect
	-0.201
	1.07
	0.645
	
	
	
	
	
	
	
	0.070
	
	0.049

	[12] [bookmark: _Ref498011019]
	Climbing or twining
	0.000
	0.00
	0.000
	
	
	
	
	
	
	
	0.000
	
	0.000

	[13] [bookmark: _Ref498013330]
	Potential plant height
	0.00106
	
	0.000910
	
	0.000780
	
	
	
	
	-0.000663
	0.00275
	-0.008
	

	[14] [bookmark: _Ref498013332]
	width
	-0.000829
	-0.00651
	
	
	
	
	
	
	
	.
	-0.00118
	
	

	Life-cycle duration
	
	
	
	
	
	
	
	
	
	
	
	
	

	[15] [bookmark: _Ref498013718]
	Perennials
	-0.170
	1.078
	
	
	
	
	0.1279
	
	-0.034
	0.376
	-0.511
	
	0.124

	[16] [bookmark: _Ref498013722]
	Winter annuals
	0
	-0.002
	
	
	
	
	0.0035
	
	-0.269
	-0.024
	-0.404
	
	0.183

	[17] [bookmark: _Ref498013724]
	Indeterminate annuals
	0
	0.722
	
	
	
	
	0.0840
	
	-0.305
	0.174
	-0.369
	
	-0.037

	[18] [bookmark: _Ref498013726]
	Summer annuals
	0
	0.000
	
	
	
	
	0.0000
	
	0.000
	0.000
	0.000
	
	0.000

	Taxonomy, N2 fixation and photosynthetic pathway
	
	
	
	
	
	
	
	
	
	

	[19] [bookmark: _Ref498015261]
	Dicot vs Monocot
	0.129
	0.877
	
	
	
	
	
	
	
	-0.145
	
	
	0.156

	[20] [bookmark: _Ref498015405]
	Non-legume C4
	-0.011
	-0.622
	
	
	0.398
	
	
	
	
	
	-0.005
	
	

	[21] [bookmark: _Ref498269862]
	Non-legume C3
	0.000
	0.000
	
	
	0.000
	
	
	
	
	
	0.000
	
	

	[22] [bookmark: _Ref498014736]
	Legume C3
	-0.463
	-1.603
	
	
	-0.612
	
	
	
	
	
	0.173
	
	

	Habitat requirements
	
	
	
	
	
	
	
	
	
	
	
	
	

	[23] [bookmark: _Ref498015591]
	Ellenberg N (nitrogen) if non-legume
	-0.065
	-0.146
	-0.0131
	
	
	
	-0.00562
	
	0.023
	-0.0131
	
	
	

	[24] [bookmark: _Ref498015964]
	Ellenberg L (light)
	
	
	-0.102
	
	-0.121
	
	
	
	-0.065
	0.0741
	-0.122
	
	-0.106

	[25] [bookmark: _Ref498016123]
	Ellenberg R (pH)
	-0.043
	
	.
	
	-0.0526
	
	0.0238
	
	
	
	-0.108
	-0.838
	

	[26] [bookmark: _Ref498016194]
	Base temperature
	0.0278
	
	0.0150
	
	
	
	-0.00318
	
	
	.
	
	
	

	[27] [bookmark: _Ref498016296]
	Base water potential
	
	
	
	
	
	
	-0.00950
	
	
	-0.0539
	
	
	

	Seed and emergence traits
	
	
	
	
	
	
	
	
	
	
	
	
	

	[28] [bookmark: _Ref498019061]
	Seed lipid content
	
	
	-0.612
	
	
	
	
	
	0.464
	.
	
	
	-0.867

	[29] [bookmark: _Ref498019227]
	Seed mass (log10)
	
	-0.236
	
	
	
	
	-0.0166
	
	
	0.0632
	-0.154
	
	-0.0849

	[30] [bookmark: _Ref508990564]
	Epigeal vs hypogeal growth
	
	
	
	
	
	
	-0.0497
	
	
	
	-0.126
	
	

	Leaf traits
	
	
	
	
	
	
	
	
	
	
	
	
	

	[31] [bookmark: _Ref498019735]
	Leaf dry matter content
	
	
	
	
	
	
	-0.000322
	
	
	-0.000726
	0.00148
	
	-0.000444

	[32] [bookmark: _Ref498019736]
	Leaf nitrogen content
	
	
	
	
	0.00303
	
	
	
	0.002
	0.00223
	
	
	

	Morphology parameters
	
	
	
	
	
	
	
	
	
	
	
	
	

	[33] [bookmark: _Ref498019490]
	Leaf biomass ratio
	
	
	-0.445
	
	
	
	
	
	
	-0.529
	
	
	

	[34] [bookmark: _Ref498019417]
	Specific plant height
	
	
	
	
	
	
	
	
	
	.
	-0.00149
	
	

	[35] [bookmark: _Ref498280832]
	Median leaf height
	
	
	
	
	
	
	
	
	
	
	
	
	-1.21

	[36] 
	R2
	0.417
	0.856
	0.255
	
	0.221
	
	0.351
	
	0.454
	0.418
	0.422
	0.094
	0.387


§ Variable transformation

[bookmark: _Ref514766436]Early growth

For effects on weed dynamics and crop production, see section 5.3.3

List of parameters

Table 23. Species parameters for characterizing initial growth. Median, minimum and maximum values over all species as well as means per crop and weed species (values of a row followed by the same letter are not significantly different at p=0.05) (Colbach et al., 2020)
	Parameter name
	RGR
	LA0

	Meaning
	Relative growth rate
	Leaf area at emergence

	Unit
	cm²∙cm-2∙°C-1 ∙day-1
	cm²

	Median
	0.0186
	0.26

	Minimum 
	0.0093
	0.01

	Maximum 
	0.0592
	3.97

	Variation&
	0.52
	1.48

	Crops
	0.0231 A
	1.194 A

	Weeds
	0.0207 A
	0.22 B



Type of experiment
Further details in the supplementary material of (Colbach et al., 2020).

Experimental conditions
Experiment are conducted in unheated greenhouses without artificial light. An experimental series can comprise 8 to 12 species, lasting for three to four weeks. As far as possible, species are tested during their usual emergence season, i.e. winter species in autumn, spring species in spring and summer species in early summer. Temperature is to be recorded regularly (e.g. every 20 minutes). Seeds are put onto filter paper inside watered Petri dishes inside growth chambers at optimal temperature and light conditions. Once germinated, seeds are planted 2 cm deep in pots (13 cm x 13 cm x 13 cm) filled with dry potting soil (NFU 44-551 consisting of peat, wood fibers and clay, with 1.2 kg/m³ of 14-16-18 NPK fertilizer and pH 6.5) over clay pebbles, with one germinated seed per pot. For each species or variety, 20 pots are to be prepared. The greenhouse is to be equipped with an automatic conveyor belt which moves the pots continuously to provide the most similar thermal and light conditions to all plants.

Measurements and statistics
The conveyor belt weights and photographes the pots daily. Water is added daily when needed to keep pots at 2.3 g water/g dry soil. Two pictures are taken from above of each plant twice a day to estimate leaf area. Two control pots without plants are added, each with a 10 cm by 10 cm green cardboard placed horizontally, which is used as a standard to calibrate the images during analysis. Leaf area is estimated from the pictures using e.g. Visilog ® (Noésis).

Every week after plant emergence, five pots are randomly sampled per species or variety and the plants are taken out to calibrate leaf area values estimated from the images. The height and width of each plant are measured with a ruler, leaf area is measured with a leaf area meter (e.g., LI-3100 Area Meter; Li-Cor, Lincoln, NE, USA) and biomass weighted after plants are dried for 48 hours at 80°C. Three weeks after emergence, the remaining 10 plants are similarly measured and weighted. The leaf area measured with the leaf area meter is used to correct the values estimated with image analysis to take account of overlapping leaves that images would not detect.

For the ten plants monitored throughout the experiment, a linear regression was fitted to the logn-transformed leaf area LAp (cm²) vs thermal time TTp (°C days, with species-specific base temperatures) since plant emergence for each plant p. The slope of this regression is the relative growth rate RGRp (cm² cm-2 °C-1 days-1) and the constant is the logn-transformed leaf area at emergence LA0p (cm²) (Storkey, 2004):
[1] [bookmark: _Ref506366466]logn(LAp) = RGRp ∙ TTp + logn(LA0p)					
Measurements taken after the end of the initial exponential growth period are discarded. The parameter values for the species or variety then are the average over all those pots for which the R² of the previous linear regression exceeded 0.66 and weighted by the inverse of the relative standard-error of each pot (i.e. se_LA0p/LA0p and se_RGRp/RGRp, with se_LA0p and se_RGRp the standard-errors estimated when fitting equation [1]). 

Functional relationships

[bookmark: _Ref498262579]Table 24. Effect of species traits on initial-growth parameters. Linear regressors estimated with GLMSELECT of SAS on 45 annual crop and weed species. Blank cells show effects that are not significantly different from zero at p=0.05 (Colbach et al., 2020)
	Explanatory traits and variables
	Analysed parameters

	
	Initial leaf area 
(cm²)§
	
	Relative growth rate (cm²/cm²/°Cdays) 

	Selection mode
	backward
	
	backward
	

	R²
	0.63
	
	0.63
	

	Number of species
	49
	
	49
	

	
	
	
	
	

	Intercept
	-2.37
	
	0.000892
	

	Initial leaf area§ (cm²)
	
	
	-0.00375
	

	Weed (instead of crop)
	-0.841
	
	
	

	Epigeal vs hypogeal species
	0.756
	
	
	

	Seed weight§ (mg/seed)
	0.445
	
	0.00348       
	

	Base temperature (°C)
	0.0641
	
	0.00249       
	


§ logn-transformed


Photosynthesis and respiration
07/02/2020

Origin of parameters:
· Experiments: parameters related to harvest index, maximum plant height and width, seed mass
· Trait data bases or botanical website: maximum plant height and width, seed mass
· Literature and other models: all other

For description of formalisms, see section 5.3.3. For lists of equations, see section 17.3

Table 25. FlorSys parameters for photosynthesis and respiration (Colbach et al., 2014c)
	Symbol
	Meaning and unit
	Source

	ks
	Species extinction coefficients
	(Gabrielle et al., 1998; Storkey and Cussans, 2007)

	T1s,T2s,T3s,T4s
	Temperature thresholds for determining photosynthesis coefficient from daily air temperature (°C)
	STICS (Brisson et al., 1998)

	εbs
	Radiation use efficiency (g∙MJ-1)
	STICS 

	crleaf, crstem, crseeds
	Coefficient of respiration for leaves, stems and seeds (species-independent)
	(Kropff and Spitters, 1992)

	rSTs
	"Harvest index", i.e. Seed vs. Total biomass ratio (g∙g-1)
	

	sSTs
	Shape parameter for relationship between seed and total biomass
	(e.g. Lutman, 2002)

	SWs
	Seed weight (g∙seed-1)
	(Gardarin et al., 2010a)

	Dmaxs
	Maximum possible plant diameter (cm∙plant-1)
	STICS (Brisson et al., 1998) for crops, unpublished data for weeds

	Hmaxs
	Maximum possible plant height (cm∙plant-1)
	


 



1.2 Plant phenology
The prediction of flowering and maturity dates is supposed to be improved soon, to include the effect of day lenght and latitude on flowering.

· PHENO = semis à différentes dates au cours de l'année puis notation des stades (plantule, végétation, floraison, maturité) (Colbach et al., 2007), ou bien utilisation de données d'expert (Colbach et al., 2014d) 


[bookmark: _Ref364681768]Estimating phenological parameters for weeds from DECID'HERB
07/02/2020
The DECID'HERB data base (Munier-Jolain et al., 2005) indicates usual dates for major stages (cotyledon, plantlet, vegetative, flowering, maturity) as a function of emergence date (see example of AMARE Erreur ! Source du renvoi introuvable.). The duration of the cotyledon stage is the cumulated degree-days averaged over all ten-day periods where this stage usually exists, e.g. for AMARE from May 1 to July 3. The same principle is used for the plantlet, flowering and maturity stages. Applied to the example of AMARE, the durations of these three stages will be the cumulated degree-days averaged of May 2 to August 1, June 3 to September 2 and July 1 to September 3, respectively. The duration of the vegetative period is more complicated because it depends on the season this stage begins. First, the duration of the vegetative stage is calculated for each emergence cohort as the sum of degree-days of all ten-day periods covered by this stage. In the present example, the duration for the May 1 cohort will be the sum of degree-days of periods May 3 to June 2. Then, the durations will be averaged over the months the cohort reached the vegetative stage. Here, this resulted into four values, for May (calculated from the May 1 cohort only), June (average of May 2, May 3 and June 1 cohorts), July and September. Cohorts that reach the vegetative stage outside the usual period (e.g. May to August for AMARE) will never flower nor mature but remain at vegetative stage until their death. Their live duration will be as long as the most long-living reproductive cohort.

This will be particularly the case of late-emerging cohorts as they will reach the vegetative stage after the latest vegetative entry date (here August). Conversely, cohorts that emerge earlier than the first DECID'HERB cohort will flower and mature approximately with this first cohort (here the May-1 cohort) as the earlier cohorts will take a lot of time to reach the vegetative stage. Indeed, winter and spring temperatures are usually below the species base temperature.

The situation is slightly more complicated in the case of winter annuals which emerge both in autumn and in spring. As winter emergence is rare, DECID'HERB does not consider these cohorts though they can occur in FlorSys, particularly in the case of mild winters. To provide for these cohorts, the duration of vegetative is extrapolated from the latest autumn and earliest spring cohorts.

[image: ]
Figure 57. Extrapolating the duration of vegetative stage for winter cohorts. Example of AVEFA. Symbols show durations estimated with DECID'HERB data base. Regression is used to estimate vegetative duration for cohorts reaching vegetative stage in January and February.
 



Frost damage
17/01/2019
The list of species parameters is given in Appendix K. Three parameters are used in Florsys for each stage, two for setting off biomass loss (TF1) and plant mortality (TF2), and a third indicating when all plants have died (TF3).
If the root submodel is activated (as in the current version), biomass is remobilized from roots to above-ground plant parts in case of frost damage.
If the snow cover submodel is activated (as in the current version), a snow cover protects plants from frost damage (section 17.4.1 in Appendix).

Crop species
17/01/2019
The three parameters are taken from STICS (Brisson et al., 1998; Brisson et al., 2002). Regardless of the stage, TF1 is put to TGEL10 from STICS (the temperature with 10% damage) and TF3 to TLETALE (the lethal temperature). At early stages (COTYLEDON and PLANTLET), TF2 = TGEL10 which results in increased plant mortality. At later stages, TF2=TGEL90 which favours biomass loss.
For some species, values were adapted to avoid total plant loss if none was observed in the field during model observation.

[bookmark: _Ref47021853]Parameters related to weed-impact indicators
30/07/2020

These parameters are included in ParametersIndicatorsFLORSYS.xlsx


	Sheet
	Meaning
	Needed per
	Method for estimating parameter value

	NuisibiliteTriageBiomNonGraines
	Risk of crop-biomass harvest being contaminated by a given weed species
	Crop!Variety x weed combination
	Estimate from weed traits and crop type. Functional relationships are in ParaTraitCorr sheet. If new crop types, use function corresponding to similar crop species

	NuisibiliteTriageGraines
	Risk of crop-grain harvest being contaminated by a given weed species
	Crop!Variety x weed combination
	

	RegimeOiseaux
	Contribution of weed species to diet of farm-land birds
	Weed species
	Estimate from weed traits. Functional relationships are in ParaTraitCorr sheet, or use value for a similar species

	RegimeCarabes
	Contribution of weed species to diet of carabids
	Weed species
	No functional relationships available. Use data bases or values for a similar species

	ValeurPollinique
	Appetance of weed species for polinators
	Weed species
	No functional relationships available. Use data bases or values for a similar species

	Ellenberg
	Ellenberg N
	Weed species
	Data base, functions available to estimate from Landolt

	PhelipancheCrop
	Sensitivity to parasite plant Phelipanche ramosa
	Crop species
	Literature. If no data is input, species is assumed to be non-host and have to effect on parasite soil infectivity

	PhelipancheWeed
	Sensitivity to parasite plant Phelipanche ramosa
	Weed species
	Literature. If no data is input, species is assumed to be non-host and have to effect on parasite soil infectivity

	PouvoirCalorifique
	Energy content of harvested plant part
	Crop species
	Literature, data bases

	PollenAllergyRisk
	
	Weed species
	Literautre, data from similar species. If no data is input, species is assumed to be non-allergenic
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Appendix: Detailed equations

From seed to seedling

Explanations in section 3.



[bookmark: _Ref297110333][bookmark: _Ref297109440]Appendix A. Comprehensive list of equations relating state variables describing weeds in FlorSys emergence model (section 3) (Gardarin et al., 2012).
	Eq.
	When
	Process
	Equation
	Explication

	         Seedbank state as modified by tillage

	[1] [bookmark: _Ref514330357]
	During tillage
w,a,p
	Seed movements
	[SB'wapfd] = [stsfi] · [SBwapid]
	SB = viable seeds/m² 
stsfi = proportion of seeds moved during tillage from initial layer i to final layer f in case of soil structure s

	[2] [bookmark: _Ref514330367]
	First post-ploughing tillage
w,a,p
	Seed movements
	[SB'wapfd] = [stsfi] · [SBwapid]
	stsfi = proportion of seeds moved during soil settlement from layer i to layer f in case of soil structure s

	[3] [bookmark: _Ref514330395]
	During soil-inverting tillage, 
w,a,l 
If ψld>ψbasew, 
If l<tillage depth
	Light stimulation
	SB'wa p=yes ld = SBwa p=yes ld + SBwa p=no ld
SBwa p=no ld = 0
	ψld = soil water potential in layer l
ψbasew = base water potential for germination of species w

	[4] [bookmark: _Ref514330415]
	If ψ0d>ψbasew
w,a
l = 0
	Idem
	Idem
	Idem

	         Seedbank mortality 

	[5] [bookmark: _Ref514330539]
	Daily
w,a,p,l
	Seed mortality
	dawa=1-(365-awa∙agewa)/(365-awa∙(agewa-1))
SB'wapld = (1-dawa)∙ SBwapld 
SBG'wapld' = (1-dawa)∙ SBGwapld' 
	agewa = age (days) of seeds
SBG = viable seeds/m² on the day of germination triggering d', before and after in situ seed mortality
dawq and awa = daily and annual seed mortality rates

	         Seed dormancy variations and effects of environmental conditions on germinability 

	[6] [bookmark: _Ref514330883]
	If d[TSSw,TROw]
w,p,l 
a=young
	Primary dormancy
	pNDwapld = ndminw young 
	pND = proportion of non-dormant seeds (seeds ∙ seeds-1) on day d
TSSw = date of seed shed 
TROw = date of dormancy release onset 
ndminw young = rate of non-dormant seeds at seed shed

	[7] [bookmark: _Ref514330892]
	If d[TROw, TREw]
w,a,p,l
	Dormancy release
	pNDwapld = ndminwa + 
(d-TROw) ∙ (ndmaxwa-ndminwa)  / (TREw-TROw) 
	TREw = date of dormancy release end 
ndmaxwa = maximum rate of non-dormant seeds 
ndminwa = minimum rate of non-dormant seeds 

	[8] [bookmark: _Ref514330903]
	If d[TREw, TIOw]
w,a,p,l
	Low dormancy
	pNDwapld = ndmaxwa
	TIOw = date of dormancy induction onset 

	[9] [bookmark: _Ref514330913]
	If d[TIOw, TIEw]
w,a,p,l
	Dormancy induction
	pNDwapld = ndminw old  + (TIEw-d) 
∙ (ndmaxwa-ndminw old) / (TIEw-TIOw) 
	TIEw= date of dormancy induction end 
ndminw old = minimum rate of non-dormant seeds for the years after seed shed

	[10] [bookmark: _Ref514330923]
	If d[TIEw, TROw]
w,a,p,l
	Secondary dormancy
	pNDwapld = ndminw old 
	

	[11] [bookmark: _Ref514330935]
	Daily
w,a,l 
p = no
	Light stimulation effect
	pND'wa no ld = rpwa ∙ pNDwa no ld
	rpwa = relative variation in the rate of non-dormant seeds in case of light stimulation.

	[12] [bookmark: _Ref514330959]
	Daily
w,a,p,l
	Seed depth effect
	If l < 1/rdw
pND'wapld = (1 - rdw ∙l)∙NDwapld
else pND'wapld = 0
	rdw = relative reduction in the rate of non-dormant seeds with increasing seed depth l

	[13] [bookmark: _Ref514330966]
	Daily
w,a,p
l = 0
	Soil surface effect
	pND'wap 0d = r0w∙pNDwap 0ld
	r0w = relative reduction in the rate of non-dormant seeds for seeds located on soil surface

	[14] [bookmark: _Ref514330973]
	Daily
w,a,p,l
If ψld < 0
	Water potential effect
	pND'wapld = pNDwapld ∙  (ψld-ψbasew)/ ψld 
	

	         Seed germination

	[15] [bookmark: _Ref514332772]
	Tillage operation
w,a,p,l
If l < tillage depth
	Germination triggering
	HTTwld = 0
SBGwapld = SBwapld
	HTT = hydro-thermal time since germination triggering (equivalent to thermal time in optimal soil water potential conditions, in °C·MPa∙days

	[16] [bookmark: _Ref514332782]
	Rain 
w,a,p,l 
If ψld > ψbasew 
and ψl d-1 ≤ ψbasew 
	Idem
	Idem
	Idem

	[17] [bookmark: _Ref514332790]
	Seed shed (if d=TSSw)
w,p,l
a = young
	Idem
	Idem
	Idem

	[18] [bookmark: _Ref514332848]
	On moist and warm days 
w,l 
If ψld > ψbasew and 
if ld>basew
	Driving germination
	HTTwld = HTTwl d-1 + (ld-basew)
∙ (ψld-ψbasew)/( ψoptimal-ψbasew)
	ψoptimal = optimal soil water potential for germination (= 0 MPa)

	[19] [bookmark: _Ref514332857]
	On dry days
w,p,l
If ψld ≤ ψbasew
	Stopping germination
	HTTwld = 0
	

	[20] [bookmark: _Ref514333108]
	Daily
w,a,p,l 
	Germination (cumulated)
	

	CG = cumulated numbers of germinated seeds since germination triggering on day d' to the current day d
xg0wd, xg50wd = time (°C∙days) from germination triggering to first germination and 50% of final germination, respectively
bgwd = shape parameter (adimensional)

	[21] 
	Daily
w,a,p,l 
	Germination (per day)
	Gwapld = CGwapldd' - CGwapl d-1 d'
SB'wapld  = SBwapld - Gwapld
	G = germinated seeds/m² during day d

	         Pre-emergent seedling growth and mortality

	[22] [bookmark: _Ref514333428]
	On warm days
w,l,d''
If ld>basew
	Driving growth
	STwldd'' = STwld-1 d'' + ld
	ST = thermal time on day d since germination on day d'' 

	[23] [bookmark: _Ref514333460]
	Daily
w,l,d''
	Pre-emergent growth
	

	L = length of shoot (mm) on day d of seed germinated on day d''
Lmaxw = maximum length (mm) of shoot during pre-emergent growth
xl50w = time necessary for the shoot to reach Lmaxw/2 (°C∙days)
blw = shape parameter (adimensional)

	[24] [bookmark: _Ref514333469]
	Daily
w,l,d''

	Idem
	

	R = length of the first root (mm) on day d of seed germinated on day d''
Rmaxw = maximum length (mm) of root during pre-emergent growth
xr50w = time (°C∙days) necessary for the root to reach Rmaxw/2 
brw = shape parameter (adimensional)

	[25] [bookmark: _Ref514333759]
	Daily
w,l
	Pre-emergent growth path
	LPld = soil structure∙10∙l
	LP = length of growth path (mm) from seed location at depth l (cm) to soil surface
soil structure = 1.02, 1.03 and 1.04 for fragmentary, intermediate and large-clod structures, respectively

	[26] [bookmark: _Ref514333749]
	Daily, for freshly germinated seeds
w,a,p,l
	Pre-emergent mortality
	If LPld > Lmaxw
Gwapld  = 0
	

	[27] 
	Daily, for freshly germinated seeds
w,a,p,l
	Time to emergence
	

	TE = thermal time necessary for the shoot to grow from layer l to soil surface (°C∙days)

	[28] [bookmark: _Ref514333800]
	Daily
w,a,p,l,d''
	Pre-emergent mortality
	If d > d'' + 60
Gwapld'' = 0
	

	[29] [bookmark: _Ref514333841]
	If d in [d'', d''+2]
w,a,p,l,d''
	Idem
	If not  l  [l, l+Rwldd''] with ψld > ψbasew
Gwapld'' = 0
	

	[30] [bookmark: _Ref514333875]
	Daily, for emerging seedlings
w,a,p,l,d''
If STwldd'' > TEwl
	Idem
	


G'wapld'' = (1 – pMwld) ∙ Gwapld''
	pM = proportion of germinated seeds blocked by soil clods
ßw = seedling mortality rate on soil surface in intermediate soil structure
ßsw = additional seedling mortality in case of fine-earth and compacted soil structures, respectively
yw = increase in seedling mortality per additional seed depth mm

	[31] [bookmark: _Ref514335810]
	Daily
w
	Emergence
	a{ young, old }
pd
l[0,29]
d''[d-60,d]
If STwldd'' > TEwl


Gwapld'' = 0
	E = seedlings/m² emerged on day d

	
w = weed species, a = seed age class (young vs. old), p = photo-stimulation (yes vs. no), l = soil layer (from 0 to 29), d = current day, d' = date of germination triggering, d'' = date of germination, s = soil structure class (fine earth, intermediate, compacted).
Variable names are explained at their first occurrence. A variable name V' refers to variable V after the application of a process (ex. seed movements).
Species-dependent parameters are in bold and are detailed in Table 1.



[bookmark: _Ref514761099][bookmark: _Ref297110438]Appendix B. List of state variables used in FlorSys emergence model (Gardarin et al., 2012)
	
	Symbol
	Meaning and unit

	Weed dynamics variables

	
	SBwapld
	Viable seeds in the seedbank (seeds·m-2)

	
	agewapld
	Age of seeds (days since dissemination)

	
	SBGwapld
	Viable seeds on the day of germination triggering (seeds·m-2)

	
	pNDwapld
	Proportion of non-dormant seeds (seeds·seeds-1)

	
	CGwapldd'
	Cumulated number of germinated seeds since germination triggering on day d' to the current day d

	
	Gwapld
	Germinated seeds during day d (seeds·m-2)

	
	Lwldd"
	Length of shoot on day d of seed germinated on day d'' (mm)

	
	Rwldd"
	Length of the first root on day d of seed germinated on day d'' (mm)

	
	pMwld
	Proportion of seedlings blocked by soil clods (seeds·seeds-1)

	
	Ewd
	Seedlings emerged on day d (seedlings·m-2)

	Soil climate variables

	
	ψld
	Soil water potential in layer l (MPa)

	
	STwldd'
	Thermal time on day d since germination on day d'' (°C·MPa·days)

	
	HTTwld
	Hydro-thermal time since germination triggering (°C·MPa·days)

	Cropping system-related variable

	
	LPld
	Length of growth path from seed location at depth l to soil surface (mm)

	
w = weed species, a = seed age class (young vs. old), p = photo-stimulation (yes vs. no), l = soil layer (from 0 to 29), d = current day.




Appendix C. List of the parameters for the seed-to-seedling submodel of FlorSys with values for six weed species (see section 3). These parameters were either measured (case of the first three previously studied species for which all parameters had been experimentally measured), or estimated from seed traits based on the functional relationships (or else from literature when data was available) (Gardarin et al., 2012).
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	Measured parameters
	
	Parameters estimated from
traits or expert knowledge

	 
	 
	Matricaria perforata
	Polygonum lapathifolium
	Amaranthus hybridus
	
	Matricaria perforata
	Polygonum lapathifolium
	Amaranthus hybridus
	Bromus 
sterilis

	Traits and expert knowledge
	
	
	
	
	
	
	

	
	seed coat thickness (mm)
	
	
	
	
	0.024
	0.102
	0.021
	-

	
	shoot diameter (mm)
	
	
	
	
	0.4
	0.52
	0.42
	0.65

	
	seed lipid content (g·g-1)
	
	
	
	
	0.19
	0.06
	0.09
	0.011

	
	seed dry mass (mg)
	
	
	
	
	0.27
	2.04
	0.38
	7.38

	
	seed area per mass (mm²∙mg-1)
	
	
	
	
	0.78
	2.44
	3.71
	1.142

	
	seed shape index (mm²·mm-2)
	
	
	
	
	0.33
	0.22
	0.08
	0.533

	
	taxa
	
	
	
	
	dicot
	dicot
	dicot
	monocot

	
	date of  emergence onset (nº of ten-day periods since 1st Jan.)
	
	
	
	
	25
	8
	13
	24

	
	date of  emergence onset in spring
	
	
	
	
	6
	8
	13
	6

	
	date of end of emergence
	
	
	
	
	10
	15
	21
	9

	Model parameters
	
	
	
	
	
	
	
	

	
	Seed mortality
	
	
	
	
	
	
	
	

	
	aw young (seeds∙seeds-1∙year-1)
	0.12
	0.10
	0.05
	
	0.19
	0.06
	0.21
	1.254

	
	aw old (seeds∙seeds-1∙year-1)
	0.46
	0.19
	0.18
	
	0.37
	0.03
	0.46
	0.004

	
	Seed dormancy and germinability
	
	
	
	
	
	
	
	

	
	ndminw young  (seeds∙seeds-1)
	0.47
	0.00
	0.05
	
	0.18
	0.02
	0.01
	0.084

	
	ndmaxw young  (seeds∙seeds-1)
	0.95
	0.88
	0.95
	
	0.99
	0.84
	0.72
	0.14

	
	ndminw old  (seeds∙seeds-1)
	0.87
	0.02
	0.09
	
	0.44
	0.03
	0.03
	14

	
	ndmaxw old  (seeds∙seeds-1)
	0.95
	0.92
	0.95
	
	1.00
	0.87
	0.90
	14

	
	TROw  (Julian days)
	133
	335
	312
	
	188
	286
	364
	172

	
	TREw  (Julian days)
	213
	62
	19
	
	256
	353
	67
	241

	
	TIOw  (Julian days)
	17
	62
	237
	
	351
	66
	162
	335

	
	TIEw  (Julian days)
	47
	190
	284
	
	69
	143
	232
	54

	
	rpw young (seeds∙seeds-1)
	1
	0.35
	1
	
	0.50
	0.50
	0.50
	104

	
	rpw old (seeds∙seeds-1)
	1
	0.76
	1
	
	0.57
	0.57
	0.57
	14

	
	Germination
	
	
	
	
	
	
	
	

	
	rdw (seeds∙seeds-1·cm-1)
	0.0089
	0.014
	0.056
	
	0.04
	0.01
	0.03
	0.004

	
	basew (°C)
	2.0
	5.8
	8.8
	
	2.28
	4.17
	9.78
	2.28

	
	ψbasew (MPa)
	-0.75
	-1.55
	-0.95
	
	-1.01
	-0.83
	-0.59
	-1.01

	
	xg0wpd (°C·j)
	Vary with dormancy level
	
	
	Vary with dormancy level

	
	xg50wpd (°C·j)
	Vary with dormancy level
	
	
	Vary with dormancy level

	
	bgwpd (adimensional)
	Vary with dormancy level
	
	
	Vary with dormancy level

	
	Pre-emergent growth
	
	
	
	
	
	
	
	

	
	Lmaxw  (mm)
	22.2
	81.5
	30.1
	
	36.3
	99.8
	43.1
	189.9

	
	xl50w (°C∙days)
	45.2
	50.1
	33.3
	
	59.1
	84.5
	61.8
	120.6

	
	blw (adimensional)
	2.56
	2.41
	1.81
	
	2.54
	2.54
	2.54
	2.54

	
	Rmaxw (mm)
	6.5
	22.2
	9.9
	
	9.8
	17.6
	10.8
	25.5

	
	xr50w  (°C∙days)
	23.0
	25.6
	10.3
	
	14.2
	27.8
	15.9
	42.4

	
	brw (adimensional)
	1.46
	1.58
	1.81
	
	1.38
	1.38
	1.38
	1.38

	
	C0surfacew (mm)
	14.9
	22.9
	17.2
	
	16.8
	19.5
	17.3
	22.5

	
	C0buriedw (mm)
	9.3
	14.7
	14.9
	
	14.9
	18.4
	15.5
	10.6

	
	aBuriedw (mm-1)
	0.073
	0.047
	0.064
	
	0.06
	0.05
	0.06
	0.034

	
	ßfine_earthw  (seedlings∙seedlings-1)
	-0.5
	-0.29
	-0.67
	
	-0.45
	-0.55
	-0.47
	-0.33

	
	ßw (seedlings∙seedlings-1)
	-3.02
	-2.64
	-3.55
	
	-2.96
	-3.23
	-3.01
	-3.26

	
	ßcompactedw (seedlings∙seedlings-1)
	0.59
	0.4
	0.55
	
	0.52
	0.57
	0.53
	0.47

	 
	yw (seedlings∙seedlings-1∙ln(mm)-1 )
	0.51
	0.57
	0.44
	
	0.52
	0.49
	0.52
	0.58

	
	
Sources of traits or for missing data: 1 Earle and Jones (1962); 2 Schroeder et al. (1974) ; 3 Kühn et al. (2004) ; 4 Andersson and Milberg (1998).





Light availability submodel

Explanations in section 5.1

[bookmark: _Ref90568940]Appendix D. List of variables and parameters of the FlorSys light availability submodel (Munier-Jolain et al., 2013)
	Notation
	Meaning
	Unit
	Domain
	Additional information

	1-p
	Proportion of PARt transmitted from Vxyz to Vxyz-1 (i.e. vertically transmitted PAR)
	
	[0, 1]
	Depends on season and latitude 

	A
	Azimuth of the sun
	°
	[0, 360]
	Sun in the North: A = 0°
Sun in the East: A = 90°
Sun in the South: A = 180°
Sun in the West: A = 270°

	b
	Slope of leaf area vs. plant height equation
	
	]0, +∞]
	Measured on plants or predicted by development/growth submodel

	CLAz
	Cumulated leaf area from soil surface to height z
	cm²
	[0, +∞]
	Equation 1 in section 5.1.2

	dimx
	Width of the simulated field area in the West-East direction
	m
	]0, +∞]
	Input variable (user's choice)

	dimy
	Length in the South-North direction
	m
	]0, +∞]
	Input variable (user's choice)

	energy(H1,H2)
	Amount of solar energy received in the afternoon from hour angle H1 until H2
	W/m²
	[0, +∞]
	Depends on season and latitude 

	H
	Hour angle: time of the day expressed as angle
	°
	[-180, +180]
	At noon, H=0
At 1 PM, H=+15° 
At 11 AM, H=-15°
At midnight, H=180°

	h
	Solar height: position of the sun above the horizon
	°
	[0, 90]
	h = 0 at sunrise and at sunset

	ki
	Extinction coefficient of plant i
	
	[0, 1]
	Parameter values can be found in Storkey and Cussans (2007) for weeds  and Gabrielle et al (1998) for oilseed rape 

	LAixyz
	Leaf area density of plant i within Vxyz
	cm²/cm²
	[0, +∞]
	Calculated from equation 2 in section 5.1.2

	LAiz
	Leaf area density of plant i in voxel layer at height z
	cm²/cm²
	[0, +∞]
	Calculated from equation 2 in section 5.1.2

	PARixyz
	PAR arriving on top of Vxyz
	J
	[0, +∞]
	Equations 3 and 5 in section 5.1.3

	PARtxyz
	PAR transmitted out of Vxyz
	J
	[0, +∞]
	Equation 4 in section 5.1.3

	PHi
	Total height of plant i
	vox
	[0, +∞]
	Measured on plants or predicted by development/growth submodel

	pe
	Proportion of laterally transmitted PAR passing to Vxyz from the East (i.e. from Vx+1yz+1)
	
	[0, 1]
	Depends on season and latitude 

	pn
	Proportion of laterally transmitted PAR passing to Vxyz from the North (i.e. from Vxy+1z+1)
	
	[0, 1]
	Depends on season and latitude 

	ps
	Proportion of laterally transmitted PAR passing to Vxyz from the South (i.e. from Vxy-1z+1)
	
	[0, 1]
	Depends on season and latitude 

	pw
	Proportion of laterally transmitted PAR passing to Vxyz from the West (i.e. from Vx-1yz+1)
	
	[0, 1]
	Depends on season and latitude 

	radiation
	Daily incident radiation
	Jm-2
	[0, +∞]
	Input variable (weather data)

	RH50
	Relative plant height below which 50% of leaf are is located
	voxvox-1
	[0, 1]
	Measured on plants or predicted by development/growth submodel

	RHiz
	Vertical coordinate relative to total plant height PHi
	voxvox-1
	[0, 1]
	RHiz=0 on soil surface, RHiz=1 on plant top

	vox
	Edge length of the voxel
	cm
	]0, +∞]
	Input variable (user's choice)

	TLAi
	Total leaf area of a individual plant i
	cm²
	[0, +∞]
	Measured in experiments or predicted by plant growth sub-model

	Vxyz
	Voxel located at (x, y, z)
	
	
	

	x
	Coordinate along West-East axis
	vox
	[0, xmax]
	If x < x', x is in the West of x'

	y
	Coordinate along South-North axis
	vox
	[0, ymax]
	If y < y', y is in the South of y'

	z
	Coordinate along height axis
	vox
	[0, zmax]
	z = 0 on soil surface

	zmax
	Height of canopy
	vox
	[0, +∞]
	Height of the tallest plant in the canopy

	δs
	Declination of the sun relative to the earth
	°
	[, ]
	


	
	Latitude
	°
	[-90, 90]
	






[bookmark: _Ref31988797][bookmark: _Ref326750927]Plant growth and development
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Explanations in section 5.3

[bookmark: _Ref514760289][bookmark: _Ref514760278]Appendix E.  Comprehensive list of equations relating state variables describing weeds in the FlorSys post-emergence submodel. References and explanations refer to existing functions and models introduced into FlorSys after possible adaptation. For explanations on parameters and input variables, see Appendix G and Appendix H
	Eq.
	When
	Process
	Equation
	Explanation

	Phenology s

	[22] [bookmark: _Ref326936542]
	d,i
	Thermal time
	

	TTEdsi= thermal time since emergence (°C∙day)
Td= average daily air temperature (°C)
TbaseDs= development base temperature (°C)

	[23] [bookmark: _Ref326936537]
	d,i
	Stages
	if TTEdsi <  ttes plantlet                           then stagedsi = cotyledon
if TTEdsi  [ttes plantlet, ttes vegetative[   then stagedsi = plantlet
if TTEdsi  [ttes vegetative, ttes flowering[   then stagedsi = vegetative
if TTEdsi  [ttes flowering, ttes onsetdiss[    then stagedsi = flowering
if TTEdsi  [ttes onsetdiss, ttes enddiss[     then stagedsi = disseminating
if TTEdsi > ttes enddiss                             then Pdsi dies  and nPds = nPds – 1
Depending on the latitude, a correction can be needed (section 5.3.2.2)
	ttesp= thermal time (°C∙days) from emergence to onset of stage p depending on emergence season 

	Light and shade response s

	[24] [bookmark: _Ref326913097]
	d,i
	Light interception
	rPARidsi = f(radiationd, Hdsi, Ddsi LAdsi RH50dsi, ks, latitude, d)
PARadsi = f(radiationd, Hdsi, Ddsi LAdsi RH50dsi, k, latitude, d)
(see section 5.1)
	rPARidsi and PARadsi = relative incident PAR and absorbed PAR (MJ) averaged over plant i, predicted by light availability submodel (Munier-Jolain et al., 2013)
LAdsi = total leaf area of plant i (cm²∙plant-1)
Hdsi = plant height (cm∙plant-1)
Ddsi = plant diameter (cm∙plant-1) 
RH50dsi = median relative leaf area distribution height (cm∙cm-1)
k = extinction coefficient

	[25] [bookmark: _Ref326913110]
	d,i
	Shading
	CSIdsi = f(rPARid'i with d' varying from dem to today) (see section 5.1)
	CSIdi = cumulated shading index received since plant emergence (Munier-Jolain et al., 2014)

	[26] 
	d,i
	Growth
	At emergence, plant growth mode = RGR
If CSIdsi≥0.05, plant growth mode = LIGHT COMPETITION
If damage by frost (section 5.6), mowing etc (section 10.8), growth mode = LIGHT COMPETITION
	Growth mode = RGR (exponential growth driven by temperature and initial leaf area) or LIGHT COMPETITION (driven by intercepted light and temperature),

	[27] [bookmark: _Ref326913083]
	d,i
	Morphology – shade response
	
 
with rmorphdsi= HMdsi, WMdsi, LBRdsi, SLAdsi or RH50dsi

with  

and 
 (see section 5.2)
	HMdsi = plant height per biomass ratio (cm/g)
WMdsi = plant width per biomass ratio (cm/g)
LBRdsi = leaf biomass ratio (g/g)
SLAdsi = specific leaf area (cm²/g)
RH50dsi = Median relative leaf height relative plant height below which 50% of leaf area are located)
sp and sp = parameters depending on phenological stage (Munier-Jolain et al., 2014)

	[28] [bookmark: _Ref96353355]
	d,i
	Morphology – shade-independent
	rmorphdsi = αsp
with rmorphdsi= b_HMdsi, b_WMdsi, or b_RH50dsi

with  
 (see section 5.2)
	b_HMdsi = sensitivity of plant height to plant biomass (no unit)
b_WMdsi = sensitivity of plant width to plant biomass (no unit)
(if zero, height or width are constant, irrespective of biomass; the larger b, the more height or width increase with biomass)
b_RH50dsi = unevenness of leaf distribution along plant height (no unit) (if 1, leaf area is distributed homogeneously, the larger b, the more leaf area is concnetrated at RMH50dsi

	Growth without competition for light s - If growth modedsi = RGR

	[29] 
	d,i
If today= emergence
	Growth
	
	LA0si = leaf area at plant emergence (cm²∙plant-1)
= average leaf area at emergnce
 = variability in initial leaf area in cm² (standard-deviation)

	[30] [bookmark: _Ref326913201]
	d,i
	Growth
	

	LAdsi = leaf area (cm²∙plant-1)
RGRs = parameter (relative growth rate after emergence in cm² per °C days per cm²)

	[31] [bookmark: _Ref96353422]
	d,i
	Above-ground biomass allocation
	LBMdsi = LAdsi / SLAdsi
ABMdsi = LBMdsi / LBRdsi
StBMdsi = ABMdsi – LBMdsi
	LBMdsi = leaf biomass (g∙plant-1)
ABMdsi = above-ground plant biomass (g/plant)
StBMdsi = stem biomass (g/plant)

	[32] [bookmark: _Ref96353528] 
	d,i
	Morphology
	

	Hdsi = plant height (cm)
Wdsi = plant width (cm)

	[33] [bookmark: _Ref96353612]
	d,i 
If Hdsi ≥ Hmaxs and Wdsi ≥ Wmaxs
	Morphology
	ABMdsi = 
LBMdsi = ABMdsi  LBRdsi
StBMdsi = ABMdsi - LBMdsi
LAdsi = min(LAdsi, LBMdsi  SLAdsi)
	

	[34] [bookmark: _Ref90632948] 
	d,i
	Morphology
	Hdsi = min(Hdsi, Hmaxs)
Wdsi = min(Wdsi , Wmaxs)
	Hmaxs and Wmaxs = parameters (maximum plant height and width, cm)

	[35] [bookmark: _Ref90632912]
	d,i
	Morphology
	If climbs = true and s=weed,
then Hdsi = min(max(canopyHeightd, HemergenceDay si), Hdsi)
	climbs = climbing species?
canopyHeightd = maximum height of crop canopy (cm)

	[36] [bookmark: _Ref96353754]
	d,i
	Morphology
	If LAdsi < vox2 and stagedsi = cotyledon,
then Wdsi = min(Wdsi, vox)
	vox = voxel edge size (cm)
stagedsi = plant stage

	[37] [bookmark: _Ref96353830]
	d,i
	Morphology
	Wdsi = min(Wdsi, dim_x, dim_y)
	dim_x, dim_y = East-West and North-South dimension of simulated field sample (cm)

	[38] [bookmark: _Ref90632913]
	d,i
If today= emergence
	Root growth
	If ABMdsi > minBM
then RBMdsi = min(RBRs       / (1 – RBRs     ), 
                               maxRBR / (1 – maxRBR)) 
                       (ABMdsi – minBM)
else RBMdsi = 0
	minBM = minimum plant biomass needed to produce roots (g/plant)
maxRBR = maximum root biomass ratio (g/g)
RBRs = species root biomass ratio (g/g)

	[39] [bookmark: _Ref96354213]
	d,i
If today > emergence
	Root growth
	If ABMdsi > minBM
then RBRdsi = min(maxRBR,
                                RBRs  (ABMd-1si + RBMd-1si – minBM)b_RBRs 
                                          / (ABMd-1si + RBMd-1si)
else RBRdsi = 0
	RBRdsi = current root biomass ratio
b_RBRs = shape parameter for allometric relationship linking root plant biomass to total plant biomass

	[40] [bookmark: _Ref96354700]
	d,i
If today > emergence
	Root growth
	RBMdsi = RBRdsi  ABMdsi / (1 – RBRdsi)
RBMpotdsi = RSCone(TTEdsi, Tsoild, Ssoild, species parameters), section 6
RBMdsi = min(RBMdsi, RBMpotdsi)
	RBMpotdsi = potential root biomass possible depending on root-system dimensions, which depend on species, plant age/stage and soil conditions

	Growth with competition for light s - If growth modedsi = LIGHT COMPETITION

	[41] [bookmark: _Ref327262533]
	d,i
	Photosynthesis
	if Td <T1s            then cpds= 0

if Td [T1s,T2s]   then 
if Td [T2s,T3s]   then cpds= 1

if Td [T3s,T4s]   then 
if Td > T4s          then cpds= 0
	cpds = coefficient of photosynthesis
T1s,T2s,T3s,T4s = temperature thresholds (°C) (Brisson et al., 1998)

	[42] [bookmark: _Ref326913285]
	d,i
	Photosyn-thesis
	BMpsdsi = PARadsi ∙ εbs   cpds
	BMpsdsi = biomass accumulated by photosynthesis (g∙plant-1)
εbs= radiation use efficiency (g∙MJ-1) 

	[43] [bookmark: _Ref326913454]
	d,i
	Respiration
	b = log10(Q10)/10
a = exp(-b  25)



	Q10 = 2, i.e. respiration doubles for each additional 10°C (Kropff and Spitters, 1992)
ABMrdsi and RBMrdsi = above-ground and below-ground biomasses lost through respiration
StBMdsi = stem biomass (g∙plant-1)
SeBMdsi = seed biomass (g∙plant-1)
crleaf, crstem, crseeds = coefficient of respiration for leaves, stems and seeds (Kropff and Spitters, 1992)

	[44] [bookmark: _Ref96355269]
	d,i
	Growth
	BMdsi = ABMd-1si +´ RBMd-1si + BMpsdsi – ABMrdsi – RBMrdsi
	

	[45] [bookmark: _Ref96355209]
	d,i
If Stagedsi < FLOWER or s=perennial
	Root growth
	If BMdsi > minBM
then RBRdsi = min(maxRBR,
                                RBRs  (BMdsi – minBM)b_RBRs / BMdsi
else RBRdsi = 0
	RBRdsi = current root biomass ratio
b_RBRs = shape parameter for allometric relationship linking root plant biomass to total plant biomass

	[46] [bookmark: _Ref96355562]
	d,i
If Stagedsi > FLOWER and s=annual
	Root growth
	RBRdsi = 0
	

	[47] [bookmark: _Ref96355456]
	d,i
	Root growth
	If Stagedsi < FLOWER or s=perennial
then RBMdsi = RBMd-1si + RBRdsi  BMpsdsi – RBMrdsi
else RBMdsi = RBMd-1si – ABMrdsi – RBMrdsi
if RBMdsi < 0 then RBMdsi = 0
	

	[48] [bookmark: _Ref96355627]
	d,i
	Root growth
	RBMdsi = RBRdsi  ABMdsi / (1 – RBRdsi)
RBMpotdsi = RSCone(TTEdsi, Tsoild, Ssoild, species parameters), section 6
RBMdsi = min(RBMdsi, RBMpotdsi)
	RBMpotdsi = potential root biomass possible depending on root-system dimensions, which depend on species, plant age/stage and soil conditions

	[49] [bookmark: _Ref326913516]
	d,i
	Above-ground biomass allocation
	ABMdsi = BMdsi – RBMdsi
if ABMdsi < 0 then ABMdsi = 0
	

	[50] [bookmark: _Ref96355744] 
	d,i
	Morphology
	

	Hdsi = plant height (cm)
Wdsi = plant width (cm)

	[51] [bookmark: _Ref96355758] 
	d,i
	Morphology
	Hdsi = min(Hdsi, Hmaxs)
Wdsi = min(Wdsi , Wmaxs)
	Hmaxs and Wmaxs = parameters (maximum plant height and width, cm)

	[52] [bookmark: _Ref96355785]
	d,i
	Morphology
	If climbs = true and s=weed,
then Hdsi = min(max(canopyHeightd, HemergenceDay si), Hdsi)
	climbs = climbing species?
canopyHeightd = maximum height of crop canopy (cm)

	[53] [bookmark: _Ref96355904]
	d,i 
If Hdsi = Hmaxs and Wdsi = Wmaxs
	Morphology
	uncorrectedABMdsi = ABMdsi
ABMdsi = 
RBMdsi = ABMdsi / uncorrectedABMdsi
	uncorrectedABMdsi = above-ground biomass before readjusting to capped plant dimensions (g/plant). Will be used to readjust below-ground biomass

	[54] [bookmark: _Ref326919903] 
	d,i
	Morphology
	LBMdsi = ABMdsi  LBRdsi
StBMdsi = ABMdsi – LBMdsi
LAdsi = min(LBMdsi  SLAdsi
                    maxLAI  Π  (Wdsi / 2)²
	maxLAI = 8, maximum possible Leaf Area Index for a plant (taken from STICS)

	Plant mortality

	[55] [bookmark: _Ref326913771]
	d,i
	Mortality
	if BMdsi < 0   then Psi dies  and  nPds = nPds – 1
	nPds = plants of species s on day d in simulated field-area sample

	Reproduction

	[56] [bookmark: _Ref326920055]
	d,i
	Seed production
	rTTDds = min[ (TTEdsi – ttes onsetdiss) / ttes enddiss , 1]

	rTTDds = relative thermal time since dissemination onset (degree of maturation)
SBRs = seed biomass ratio or harvest index (g∙g-1)
bSBRs = shape parameter for seed biomass ratio (no unit)

	[57] [bookmark: _Ref96356105]
	d,i
	Seed production
	SeBMdsi = max(SeBMdsi, SeBMd-1si)
	

	[58] [bookmark: _Ref96356179]
	d,i
	Seed production
	nSPdsi = SeBMdsi / SWs
	nSPdsi = seeds produced by plant i until day d, including fallen seeds (seeds∙plant-1)
SWs = seed weight (g/seed)

	Return to seed bank 

	[59] [bookmark: _Ref326924763]
	d
s = weed / dehiscence = yes
	Seed rain
	
dSBds0y = dSBd-1s0y +  / (dimmx ∙ dimmy) 
	dSBds0y = young seeds (< 1 year old) on soil surface (seeds∙m-2)

	[60] [bookmark: _Ref326925139]
	If (d = HDs and Hdsi > MH, or death by tillage, herbicides etc) or if TTEdsi = ttes enddiss
s = weed / dehiscence = no 
	Plant death
	
dSBds0y = dSBd-1s0y +  / (dimmx ∙ dimmy)
i,      Psi dies  
nPds = 0
	MHs = mowing height of harvest operation (cm)
HDs = harvest date

	[61] [bookmark: _Ref327262823]
	If d = HDs
s = crop
	Harvest
	
dSBds0y = dSBd-1s0y + rHLs ∙  / (dimmx ∙ dimmy)

Ys= (SeBMdsi - rHLs ∙ ∙ SWs) / (dimmx ∙ dimmy)
i,      Psi dies    
nPds = 0
	rHLs = harvest loss (seeds∙seeds-1)
Ys= crop harvest yield (g∙m-2)


d=day, s=species (weed or crop), i=individual, g=gap, p=stage 
Variables starting with n are number of individuals in the field map, with d are density of individuals (individuals/m²), with p are probabilities, with r are rates.
random(min, max) draws a random number in [min, max]
gaussian(mean,standard-deviation) draws a random number in a normal distribution
weibull(x0, x50, b, x) returns 1-exp(ln2∙((x-x0)/(x50-x0))b) 
min(x1, x2) returns the smaller values of x1 and x2
soil structure is predicted by the soil structure submodel taken from Déciblé (Chatelin et al., 2005)
field history consists of past management operations and weather as well as the resulting weed infestation and seed production




[bookmark: _Ref365887574]Appendix F. Variables (numbers, densities, probabilities, properties) describing crop and weed plants and populations in the FlorSys post-emergence submodel, ranked alphabetically
	Symbol
	Meaning and unit

	BMdsi
	Above-ground biomass of plant i of species s on day d (g∙plant-1)

	BMpsds
	Biomass produced by photosynthesis by plant i of species s on day d (g∙plant-1∙day-1)

	cpds
	Coefficient of photosynthesis of species s on day d

	CSIdsi
	Cumulated shading index received by plant i of species s from emergence to day d

	Ddsi
	Plant diameter of plant i of species s on day d (cm∙plant-1)

	dEsd
	Weed plant density of species s emerging on day d (plants/m²)

	dSBds0y
	Density of young seeds (< 1 year old) of species s on soil surface on day d (seeds∙m-2)

	Gsg(x,y)
	Coordinates of centre of canopy gap g of crop species s (voxels)

	Hdsi
	Plant height of plant i of species s on day d (cm∙plant-1)

	LAdsi
	Total leaf area of plant i of species s on day d (cm²∙plant-1)

	LBMdsi
	Leaf biomass of plant i of species s on day d (g∙plant-1)

	LNLdsi
	Leaf vs. Non-leaf biomass ratio of plant i of species s on day d (g∙g-1)

	nCGs
	Number of canopy gaps of crop species s in simulated field area (gaps∙map-1)

	nDFsdi
	Number of days since the last frost experienced by plant i of species s until day d

	nDSGs
	Number of dead seeds of species s in gap g (seeds∙gap-1)

	nPsd
	Number of plants of species s present on day d (plants/map)

	nREs
	Number of residual seedlings that have not yet been placed on the field map (plants∙map-1)

	nSPdsi
	Number of seeds produced by plant i until day d, including fallen seeds (seeds∙plant-1)

	nSs
	Number of sown crop seeds (seeds∙map-1)

	PARadsi
	PAR absorbed during day d averaged over plant i of species i (J∙cm-2)

	pEsd
	Cumulated emergence probability of crop species s on day d (plants∙plants-1)

	pMEs
	Probability for a germinated seed of crop species s to die during pre-emergent growth (seeds∙seeds-1)

	pMdsi
	Probability of plant i of species s being killed by frost on day d (plants∙plants-1)

	Psi
	Plant i of species s

	Psi(x,y)
	Coordinates of plant i of species s (voxels)

	RH50dsi
	Relative plant height of plant i of species s on day d below which 50% of the plant leaf area are located (cm∙cm-1)

	rPARidsi
	Relative incident PAR averaged over plant i of species s on day d

	rRdsi
	Biomass reduction rate by frost for plant i of species s on day d

	rTTDds
	Relative thermal time since dissemination onset of plant i of species s on day d

	rTTSds
	Relative thermal time since sowing of plant i of crop species s on day d

	SDdsi
	Specific plant diameter of plant i of species s on day d (cm∙g-1)

	SeBMdsi
	Seed biomass of plant i of species s on day d (g∙plant-1)

	SHdsi
	Specific plant height of plant i of species s on day d (cm∙g-1)

	SLAdsi
	Specific leaf area of plant i of species s on day d (cm²∙g-1)

	Ssi(x,y)
	Coordinates of seed i of crop species s at crop sowing (voxels)

	StBMdsi
	Stem biomass of plant i of species s on day d (g∙plant-1)

	Tsendsi
	Temperature below which plant i of species s becomes sensitive to frost on day d (°C)

	TTEdsi
	Thermal time from emergence of plant i of species s until day d (°C∙day)

	Ys
	Crop harvest yield of species s (g∙m-2)




[bookmark: _Ref326914640]Appendix G. List of species parameters used in the FlorSys post-emergence submodel, ranked alphabetically. 
	Symbol
	Meaning and unit
	Equation
	Source

	Phenology
	
	
	

	TbaseDs
	Development base temperature (°C)
	[22]
	

	ttes plantlet
	Thermal time from emergence to onset of plantlet stage (°C∙days)
	[23]
	DECID'HERB (Munier-Jolain et al., 2005)

	ttes vegetative
	Thermal time from emergence to onset of vegetative stage, depending on month of onset (°C∙days)
	[23]
	

	ttes flowering
	Thermal time from emergence to onset of flowering (°C∙days)
	[23]
	

	ttes onsetdiss
	Thermal time from emergence to onset of maturation (seed filling) and dissemination (°C∙days)
	[23] [56]
	

	ttes enddiss
	Thermal time from emergence to end of maturation (seed filling) and dissemination (°C∙days)
	[23] [56]
	

	
	
	
	

	Growth
	
	
	

	ks
	Species extinction coefficients
	[24]
	(Gabrielle et al., 1998; Storkey and Cussans, 2007)

	sp
	Value of morphological variable (SH, SD, LNL, SLA or RH50) on shadeless conditions for stage p
	[27]
	(Munier-Jolain et al., 2014) 

	sp
	Sensitivity of morphological variable (SH, SD, LNL, SLA or RH50) to shade at stage p
	[27]
	

	

	Average plant leaf area at emergence (cm²∙plant-1) 
	[30]
	Unpublished data

	RGRs
	Relative growth rate of young plants in shadeless conditions (°C-1day-1)
	[30]
	Unpublished data

	T1s,T2s,T3s,T4s
	Temperature thresholds for determining photosynthesis coefficient from daily air temperature (°C)
	[41]
	STICS (Brisson et al., 1998)

	εbs
	Radiation use efficiency (g∙MJ-1)
	[42]
	STICS 

	crleaf, crstem, crseeds
	Coefficient of respiration for leaves, stems and seeds (species-independent)
	[43]
	(Kropff and Spitters, 1992)

	rSTs
	"Harvest index", i.e. Seed vs. Total biomass ratio (g∙g-1)
	[56]
	

	sSTs
	Shape parameter for relationship between seed and total biomass
	[56]
	(e.g. Lutman, 2002)

	SWs
	Seed weight (g∙seed-1)
	[56][61]
	(Gardarin et al., 2010a)

	Dmaxs
	Maximum possible plant diameter (cm∙plant-1)
	[54]
	STICS (Brisson et al., 1998) for crops, unpublished data for weeds

	Hmaxs
	Maximum possible plant height (cm∙plant-1)
	[54]
	


Phenological stage p  {cotyledon, plantlet, vegetative, flowering, disseminating}; s is a crop or a weed species	.	

[bookmark: _Ref327274020][bookmark: _Ref327025389]Appendix H. Input variables of the FlorSys post-emergence submodel, excluding input specific to the weed emergence submodel
	Input variable
	Symbol
	Options or units

	Simulated field map
	
	

	Field dimensions
	dimmx , dimmy
	m

	Field dimensions
	dimvx , dimvy 
	voxels

	Voxel edge size
	vox
	cm

	
	
	

	Pedoclimatic conditions
	
	

	Average air temperature on day d
	Td
	°C

	Minimum air temperature on day d
	Tmind
	°C

	Soil temperature in layer l on day d
	Tdl
	°C

	Radiation on day d
	
	J∙cm-²

	Latitude of location
	
	°

	
	
	

	Sowing
	
	

	Crop species and variety
	All species parameters
	

	Sowing date
	SDs
	days

	Sowing density
	dSs
	seeds∙m-2

	Sowing pattern
	
	Row vs. broadcast

	Interrow width
	
	cm

	Row orientation
	
	North-South vs. East-West

	Sowing depth
	
	cm

	
	
	

	Harvest
	
	

	Harvest date
	HDs
	days

	Mowing height of harvest operation
	MH
	cm

	Harvest seed loss
	rHLs
	seeds∙seeds-1
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Frost damage

Explanations in section 5.6

[bookmark: _Ref514334562][bookmark: _Ref513375120]Snow-cover submodel

[bookmark: _Ref514763846]Appendix I. Comprehensive list of equations relating state variables in the snow-cover submodel in FlorSys, with d=day. For explanations on parameters and input variables see Appendix K and Appendix L

	Eq.
	When
	Process
	Equation
	Explanation

	[62] 
	At the beginning of the simulation
	Snow accumulation
	if Tmind ≤ TA2 then SAd = Prd 
if Tmind ≥ TA1 then SAd = 0
if Tmind  ]TA2,TA1[ 
then SAd = (1-(Tmind-TA2)/(|TA1 -TA2|))∙Prd
	SAd = daily snow accumulation (mm snow water equivalent) (Trnka et al., 2010)
Tmind and Tmaxd = minimum and maximum daily air temperature (°C)
Prd = daily precipitation (mm)
TA1 and TA2 = temperature thresholds to determine the amount of precipitation in the form of snow, with TA1 > TA2 (°C)

	[63] 
	At the beginning of the simulation
	Snow melting
	if Tmind < TM1 or if Tmind ≤ 0 and Tmaxd < TM2 then SMd = 0
if Tmind ≥ TM1 and Tmaxd ≥ TM2 
then SMd = min(SCd-1+SAd, rM∙(Tmind+|TM1|))
	SMd = daily snow melting (mm snow water equivalent) (Trnka et al., 2010)
TM1 and TM2 = temperature thresholds to determine the amount of snow melting, with TM1 < TM2 (°C)
SCd = snow cover depth (mm snow water equivalent) (Trnka et al., 2010)
rM = daily melting rate of snow (mm snow water equivalent °C-1 day-1)

	[64] 
	At the beginning of the simulation
	Snow depth
	if SCd-1 ≤ SCS then SCd = SAd - SMd
else SCd = SAd - SMd - sub
	SCS = snow cover depth above which sublimation is taken into account (mm snow water equivalent)
sub = amount of snow allowed to sublimate when conditions are met (mm snow water equivalent day-1)

	[65] 
	At the beginning of the simulation
	Insulating effect of the snow cover
	if SCd > SCI and Tmind ≤ TS1 then TminSd = TS1
if SCd > SCI and Tmaxd ≤ TS2 then TmaxSd = TS2
if SCd  [0, SCI] and Tmind ≤ TS1
then TminSd = TS1-(1-SCd/SCI)∙(|Tmind|+TS1)
if SCd  [0, SCI] and Tmaxd ≤ TS2
then TmaxSd = TS2-(1-SCd/SCI)∙(-Tmaxd)
if SCd > 0 and Tmind > TS1, TminSd = 0
if SCd > 0 and Tmaxd > TS2, TmaxSd = 0
if SCd = 0, TminSd = Tmind and TmaxSd = Tmaxd
TSd = (TminSd + TmaxSd)/2
	SCI = snow cover depth necessary to insulate efficiently crops against frost (mm snow water equivalent)
TminSd, TmaxSd and TSd = minimum, maximum and average daily air temperatures corrected to take into account the insulating effect of snow cover (°C) (Jégo et al., 2014)
TminSd, TmaxSd and TSd = minimum, maximum and average daily air temperatures corrected to take into account the insulating effect of snow cover (°C) (Jégo et al., 2014)
TS1 and TS2 = temperature thresholds to take into account the insulating effect of snow cover, with TS1 < TS2 (°C)

	[66] 
	At the beginning of the simulation
	Water budget
	PrSd = Prd –SAd + SMd
	PrSd = daily precipitation in the form of rain (mm) (Jégo et al., 2014)





Effect of temperatures
Updated 15/12/2021

[bookmark: _Ref514763872]Appendix J. Comprehensive list of equations relating state variables in the frost damage submodel in FlorSys, with d=day, s=species, i=individual. For explanations on parameters and input variables see Appendix K and Appendix L
	[bookmark: _Ref514163276]Eq.
	When
	Process
	Equation
	Explanation

	[67] 
	d,i
If Tmind <Tsendi
	Above-ground biomass reduction
	if T < TF3sp                then rRdsi =1
if T  [TF3sp,TF1sp]  then rRdsi =(T – TF1sp) / (TF3sp – TF1sp)
if T > TF1sp                then rRdsi =0

with T = TminSd                  if Hdsi < 10∙SCd, 
        T = Tmind – correcT   else
	Tsendi = temperature threshold (°C) for frost sensitivity
rRdsi = above-ground biomass reduction rate by frost
TF1sp and TF3sp = temperature thresholds (°C) depending on phenology p, with T1sp > T3sp
Tmind = minimum daily air temperature (°C)
TminSd = minimum daily air temperatures corrected to take into account the insulating effect of snow cover (°C)
Hdsi = plant height (cm)
correcT = temperature to substract to Tmind to estimate dew point temperature (°C)

	[68] [bookmark: _Ref326770650]
	d,i
If rRdsi < 1
	Above-ground biomass reduction
	ABMdsi = rRdsi∙ ABMdsi
	ABMdsi = above-ground biomass

	[69] 
	d,i
	Below-ground biomass reduction
	Use equation [32] to calculate rRRdsi
RBMdsi = rRRdsi∙ RBMdsi


	rRRdsi = root-biomass reduction rate by frost
RBMdsi = root (below-ground) biomass
T = soil temperature averaged over the soil layers that include roots of plant individual i

	[70] [bookmark: _Ref326770893]
	d,i
If Tmind <Tsendsi
	Mortality
	if TminSd < TF3sp               then pMdsi=1
if TminSd  [TF3sp,TF2sp] then pMdsi = (TminSd - TF2sp) / (TF3sp – TF2sp)
if TminSd > TF2sp               then pMdsi = 0
	pMdsi = probability of being killed by frost
TF2sp = temperature threshold (°C) depending on phenology p, with TF1sp  > TF2sp  > TF3sp

	[71] [bookmark: _Ref326770895]
	d,i
	Mortality
	prob = random(0,1)
if prob < pMdsi   then Psi dies and  nPds = nPds – 1
	prob = random probability

	[72] [bookmark: _Ref326771020]
	d,i
	Frost sensitivity
	if nDFsdi > 30    then Tsendsi =0
if TminSd < min(Tsendi, T1sp)   
then Tsendsi = TminSd - 5 and nDFsdi = 0
else nDFsdi = nDFsdi + 1
	nDFsdi = days since the last frost


d=day, s=species (weed or crop), i=individual, g=gap, p=stage 
Variables starting with n are number of individuals in the field map, with d are density of individuals (individuals/m²), with p are probabilities, with r are rates.
min(x1, x2) returns the smaller values of x1 and x2


[bookmark: _Ref514763805]Appendix K. List of species parameters used in the FlorSys frost-damage and snow-cover submodel,. For crops, parameters can differ between varieties. 
	[bookmark: _Ref514163285][bookmark: _Ref514168519]Symbol
	Meaning and unit
	Source

	correcT
	temperature to substract to minimum daily air temperature to estimate dew point temperature (°C)
	STICS

	rM
	daily melting rate of snow (mm snow water equivalent °C-1 day-1, species-independent)
	(Trnka et al., 2010)

	SCI
	Snow cover depth necessary to insulate efficiently crops against frost (mm snow water equivalent, species-independent)
	(Trnka et al., 2010)

	SCS
	Snow cover depth above which sublimation is taken into account (mm snow water equivalent, species-independent)
	(Trnka et al., 2010)

	sub
	amount of snow allowed to sublimate when conditions are met (mm snow water equivalent day-1, species-independent)
	(Trnka et al., 2010)

	TA1, TA2
	temperature thresholds to determine the amount of precipitation in the form of snow, with TA1 > TA2 (°C, species-independent)
	(Trnka et al., 2010)

	TF1sp , TF2sp , TF3sp
	Temperature thresholds for species sensitivity to frost depending on phenology p, with TF1sp > TF2sp > TF3sp (°C)
	STICS for crops, expert knowledge (Christophe Lecomte) for varieties. Three types of weeds: winter, spring and summer, based on expertise

	TM1, TM2
	temperature thresholds to determine the amount of snow melting, with TM1 < TM2 (°C, species-independent)
	(Trnka et al., 2010)

	TS1, TS2  
	Temperature thresholds to take into account the insulating effect of snow cover, with TS1 < TS2 (°C, species-independent)
	(Trnka et al., 2010; Jégo et al., 2014; Vico et al., 2014)


Phenological stage p  {cotyledon, plantlet, vegetative, flowering, disseminating}; s is a crop or a weed species




[bookmark: _Ref514763813]Appendix L. Input variables of the FlorSys frost damage and snow-cover submodel,
	Input variable
	Symbol
	Options or units

	Pedoclimatic conditions
	
	

	Average air temperature on day d
	Td
	°C

	Minimum air temperature on day d
	Tmind
	°C

	Maximum air temperature on day d
	Tmaxd
	°C

	Precipitation on day d
	Prd
	mm



[bookmark: _Ref412214431][bookmark: _Ref285547498][bookmark: _Ref355543276]
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Single-gene herbicide resistance

Explanations in section 10.4.3.

[bookmark: _Ref451502179]Appendix M. Determining the probability of survival for weed plants after spraying herbicides, based on expert knowledge on herbicide effects (Colbach et al., 2017c). 
	
	Predicted variable
	Equation

	
	A. All Herbicides
	

	[A1] [bookmark: _Ref427081911]
	Theoretical herbicide efficacy for full (regulatory) dosage
	estage = f(active ingredient, weed species, plant stage), in [0,1] (section A.3.3 in supplementary material online)

	
	
	

	
	B. Foliar herbicides
	

	[A2] [bookmark: _Ref427082018]
	Effect of spraying condition and herbicide dosage on herbicide efficacy 

	[A3] [bookmark: _Ref427082031]
	Optimal
	vdosage = 1 if sprayed dosage/regulatory dosage > 0.25
vdosage = 4 sprayed dosage/regulatory dosage otherwise

	[A4] 
	Suboptimal
	vdosage = average of values for optimal and bad conditions

	[A5] [bookmark: _Ref427082038]
	Bad 
	vdosage = sprayed dosage/regulatory dosage

	[A6] [bookmark: _Ref427082067]
	"Umbrella" effect on herbicide efficacy
	vumbrella = 0. 55 + 0.12 · logn(rPARImean/(1- rPARImean)), with  rPARImean = relative light incidence averaged over the whole plant  (Munier-Jolain et al., 2013)

	[A7] [bookmark: _Ref427082083]
	"Umbrella" effect on herbicide efficacy for systemic herbicides
	vumbrella = 0. 55 + 0.12 · logn(rPARImax /(1- rPARImax)), with rPARImax = light incidence at the top of the plant relative to the amount of light above the canopy

	
	Probability of plant survival for
	

	[A8] [bookmark: _Ref427081813]
	Emerged plants
	psurvival=1 –vumbrella vdosage estage

	[A9] 
	Germinated seeds
	psurvival=1

	
	
	

	
	C. Root herbicides

	[A10] [bookmark: _Ref428273051]
	Effect of herbicide dosage
	vdosage = sprayed dosage/regulatory dosage

	[A11] 
	"Umbrella" effect on herbicide efficacy
	vumbrella= 0. 55 + 0.12 · logn(rPARIbase /(1- rPARIbase)), with rPARIbase = is the relative light incidence at the soil surface

	[A12] [bookmark: _Ref427082179]
	Effect of herbicide dilution in soil
	vdepth = exp(ln(0.01)  seed depth2/32)

	
	Probability of survival for
	

	[A13] [bookmark: _Ref427082137]
	Emerged plants
	If seed depth > 3 cm, psurvival=1 –vumbrella vdosage estage
Otherwise,                 psurvival=1

	[A14] [bookmark: _Ref427082154]
	Germinated seeds
	psurvival=1 –vdepthvumbrella vdosage epreemergent

	
	
	

	
	D. Pseudo-root herbicides
	

	[A15] [bookmark: _Ref428273140]
	Effect of herbicide dosage
	vdosage = sprayed dosage/regulatory dosage

	[A16] [bookmark: _Ref428256642]
	"Umbrella" effect on herbicide efficacy
	vumbrella= 0. 55 + 0.12 · logn(rPARIbase /(1- rPARIbase)), with rPARIbase = is the relative light incidence at the soil surface

	
	Probability of survival for
	

	[A17] [bookmark: _Ref428256486]
	Plants emerging today
	psurvival=1 –vumbrellavsynergy vdosage epreemergent

	[A18] [bookmark: _Ref428256573]
	Older emerged plants
	psurvival=1

	[A19] [bookmark: _Ref428256575]
	Germinated seeds
	psurvival=1

	
	
	

	
	E. Herbicide with multiple uptake/action modes

	[A20] [bookmark: _Ref428265558]
	Comprehensive herbicide efficacy
	estage = max(eFoliarstage,eRootstage,ePseudo-rootstage)

	
	
	

	
	F. Effect of persisting herbicides x days after spraying

	[A21] [bookmark: _Ref427082305]
	Herbicide concentration in soil
	vtime = exp(-ln(0.2)x/persistence duration)

	
	Effect of tillage on herbicide concentration
	On the day of spraying, vtillage = 1

	[A22] [bookmark: _Ref427082337]
	Root herbicide
	At each operation tilling at > 2 cm, vtillage = vtillage  /3²

	[A23] [bookmark: _Ref428256767]
	Pseudo-root herbicide
	From the first operation onwards, vtillage = 0 

	
	Probability of survival for
	

	[A24] [bookmark: _Ref427082291]
	Newly germinating seeds (root herbicide)
	psurvival=1 – vtimevdepthvumbrella vdosage epreemergent

	[A25] [bookmark: _Ref428256534]
	Newly emerging plants (pseudo-root herbicides) 
	psurvival=1 – vtimevumbrella vdosage epreemergent


Seed depth (cm) depends on past tillage operations (see details in Colbach et al., 2000; Colbach et al., 2014b). The number of seedlings emerging today depends on seed depth, soil structure and hydrothermal conditions since germination (Gardarin et al., 2012). Predicted probability values are capped if necessary to keep in [0,1]. Persistence duration (in days) is given in the herbicide data base and depends on the herbicide. if is the proportion of soil and seeds moved from a 1-cm-thick soil layer i to layer f during tillage and depends on the tillage tool etc (Gardarin et al., 2012).


[bookmark: _Ref415555251]Appendix N. Equations for calculating seed production, mutation and genotypes of newly produced seeds in FlorSys (Colbach et al., 2017c)

	
	Variable
	Equation
	

	[B1] [bookmark: _Ref412217711]
	Biomass of plant p of species s on day d
	Bsdp = f(past cumulated light availability and shading for plant in 3D canopy, thermal time since plant emergence, species parameters)
	

	[B2] [bookmark: _Ref412218623]
	Maturation of plant p of species s on day d (proportion of mature seed biomass)
	Msdp = f(emergence season of plant, thermal time since plant emergence, species parameters)
	

	[B3] [bookmark: _Ref412218652]
	Number of seeds produced by plants of genotype WW of species s on day d 
	
SPsdWW = 
	weights = weight of one seed of species s
his = harvest index of species s
hips = shape parameter for harvest index of species s

	[B4] [bookmark: _Ref415555300]
	Number of seeds produced by plants of genotype WR of species s on day d 
	
SPsdWW = 
	fitnesssWR = variation in seed production of genotype WR of species s relative to genotype WW

	[B5] [bookmark: _Ref412218663]
	Number of seeds produced by plants of genotype RR of species s on day d 
	
SPsdWW = 
	fitnesssWR = variation in seed production of genotype WR of species s relative to genotype WW

	[B6] [bookmark: _Ref412218752]
	Total seed production
	TSPsd = SPsdWW+SPsdWR+SPsdRR
	

	[B7] [bookmark: _Ref415586244]
	Probability to produce a W ovule or pollen grain
	psdWW = 1 – muts for a WW plant
psdWR = (1 – muts)/2 for a WR plant
psdRR = 0 for a RR plant
	muts = probability of a gamete of species s mutation from W to R

	[B8] [bookmark: _Ref412217629]
	Probability to produce a R ovule or pollen grain
	qsdWW = muts for a WW plant
qsdWR = (1 + muts)/2 for a WR plant
qsdRR = 1 for a RR plant
	

	[B9] [bookmark: _Ref412218997]
	Number of seeds of genotype WW produced by allogamous reproduction
	S'sdWW = (1-selfs) (psdWW+psdWR+psdRR)2 ∙ TSPsd
	selfs = selfing rate of species s

	[B10] [bookmark: _Ref415585557]
	Number of seeds of genotype WR produced by allogamous reproduction
	S'sdWR = (1- selfs) 2 (psdWW+psdWR+psdRR)∙ (qsdWW+qsdWR+qsdRR) TSPsd
	

	[B11] [bookmark: _Ref415585562]
	Number of seeds of genotype RR produced by allogamous reproduction
	S'sdRR = (1- selfs) (qsdWW+qsdWR+qsdRR)2 ∙ TSPsd
	

	[B12] [bookmark: _Ref415586950]
	Number of seeds of genotype WW produced by selfing
	S''sdWW = selfs  (psdWW² SPsdWW
                      + psdWR² SPsdWR
                      + psdRR² SPsdRR)
	

	[B13] [bookmark: _Ref415586954]
	Number of seeds of genotype WR produced by selfing
	S''sdWR = selfs  (2 psdWW  qsdWW SPsdWW
                     + 2 psdWR  qsdWR SPsdWR
                     + 2 psdRR  qsdRR SPsdRR)
	

	[B14] [bookmark: _Ref415586957]
	Number of seeds of genotype RR produced by selfing
	S''sdRR = selfs  (qsdWW² SPsdWW
                    + qsdWR² SPsdWR
                    + qsdRR² SPsdRR)
	

	[B15] [bookmark: _Ref415587090]
	Total number of seeds of genotype WW
	SsdWW = S'sdWW + S''sdWW
	

	[B16] [bookmark: _Ref415587093]
	Total number of seeds of genotype WR
	SsdWR = S'sdWR + S''sdWR
	

	[B17] [bookmark: _Ref415587095]
	Total number of seeds of genotype RR
	SsdRR = S'sdRR + S''sdRR
	





Seed dispersal in landscape version

Explanations in section 12.3

[bookmark: _Ref514772747]Appendix O. List of equations for calculating weed seed dispersal in FlorSys at time t for each weed species w, source field s and recipient field r, from species traits, weed life-cycle variables and field coordinates (Colbach et al., 2018)
	
	When
	Equation
	Significance of inputs, parameters and state variables

	[bookmark: _Ref446692023]
	t=onset
	cdispersal mode = {0, -0.639, -0.902, 1.35, 0.981, -0.00793, -0.0312}
c'dispersal mode = {0, 0.00138, -0.672, 0.718, -0.512, -0.0698, 0.117}
for anemochory, ballochory, barochory, endozoochory, epizoochory, hydrochory, myrmecochory
	cdispersal mode and c'dispersal mode = effect of seed dispersal mode on maximum and mean dispersal distances, respectively

	[bookmark: _Ref446692059]
	t=onset
w
	log10(dmaxw)= 1.04 + 0.381 ∙ log10(PHw) - 0.102 ∙ log10(SMw) + cdispersal mode
	dmaxw and dmeanw= respectively, maximum and mean seed dispersal distances of weed species w (m)
PHw = maximum seed release height of plants of weed species w (m)
SMw = average seed mass of weed species w (mg)

	[bookmark: _Ref446692060]
	t=onset
w
	log10(dmeans)= 0.226 + 0.930∙ log10(PHs) + -0.0737∙ log10(SMs) + c'dispersal mode
	

	
	t=onset
w
	γs= 
ßs = 
	γw and ßw = parameters for f(d) function

	[bookmark: _Ref446692171]
	t=onset
w
	fw(d)=1-exp(-ßw∙dγw)
	fw(d) = probability that a seed of species w lands between mother plant and distance d, regardless of direction [0,1]

	[bookmark: _Ref446692206]
	t=onset
w
	f'w(d)=  = exp(-ßw∙dγw) ßw∙γw∙dγw-1/(2∙Π∙d)
	f'w(d) = probability that a seed of weed species w lands at point (x,y) a distance d from mother plant [0,1]

	[bookmark: _Ref446692903]
	t=onset
w
s,r/r≠s
	
pSwsr = 

with 
	pSsot = proportion of seeds of weed species w dispersed from whole plot s to whole plot r
(x,y)s and (x',y')r are all points included in source field s and recipient field r, respectively, with V1(x1,y1), …, Vn(xn,yn) and V'1(x'1,y'1), …, V'm(x'm,y'm) being the coordinates of the n and m vertices of fields s and r, respectively.

	[bookmark: _Ref447194264]
	t=onset
w, s
	
pSwss = 
	pSwss = proportion of seeds of weed species s staying in source field s

	[bookmark: _Ref446695656]
	t,w,s
	
SPwst = 
spwst = SPwst /areas
	SPwst = seeds produced by species w in plot s at time t
spwst = seeds/m² produced by species w in plot s at time t
PBwpt and stagewpt = respectively, above-ground plant biomass (g/plant) and growth stage {cotyledon,…,flowering, maturity} of plant p of species w at time t
HIw = harvest index (g seeds/g plant biomass) of weed species w
areas = area of field s (m²)

	[bookmark: _Ref446695675]
	t,w,s,r
	MSwsrt = pSwsr ∙ SPwrt
	MSwsrt = seeds of species w migrating from plot s to plot r at time t

	[bookmark: _Ref446695681]
	t,w,r
	

sbwrt = sbwrt-1 + ( - )/arear - dswrt - gswrt
	sbwrt = viable seeds/m² of species w in soil of plot r at time t
dswrt and gswrt = respectively, seeds/m² of species w of plot r dying and germinating at time t




[bookmark: _Ref514773129]Appendix P. Complete list of equations, including all options for managing "edge" effects, for calculating weed seed dispersal proportions in FlorSys at simulation onset for each weed species w, source field s and recipient field r, from species traits and field coordinates. (Colbach et al., 2018)

	
	When
	Equation
	Significance of inputs, parameters and state variables

	
	
	cdispersal mode = {0, -0.639, -0.902, 1.35, 0.981, -0.00793, -0.0312}
c'dispersal mode = {0, 0.00138, -0.672, 0.718, -0.512, -0.0698, 0.117}
for anemochory, ballochory, barochory, endozoochory, epizoochory, hydrochory, myrmecochory
	cdispersal mode and c'dispersal mode = effect of seed dispersal mode on maximum and mean dispersal distances, respectively

	[bookmark: _Ref514773637]
	w
	log10(dmaxw)= 1.04 + 0.381 ∙ log10(PHw) - 0.102 ∙ log10(SMw) + cdispersal mode
	dmaxw and dmeanw= respectively, maximum and mean seed dispersal distances of weed species w (m)
PHw = maximum plant height of weed species w (m)
SMw = average seed mass of weed species w (mg)

	[bookmark: _Ref514773664]
	w
	log10(dmeans)= 0.226 + 0.930∙ log10(PHs) + -0.0737∙ log10(SMs) + c'dispersal mode
	

	
	w
	γs= 
ßs = 
	γw and ßw = parameters for f(d) function

	[bookmark: _Ref514773677]
	w
	fw(d)=1-exp(-ßw∙dγw)
	fw(d) = probability that a seed of species w lands between mother plant and distance d, regardless of direction [0,1]

	[bookmark: _Ref514773684]
	w
	f'w(d)=  = exp(-ßw∙dγw) ßw∙γw∙dγw-1/(2∙Π∙d)
	f'w(d) = probability that a seed of weed species w lands at point (x,y) a distance d from mother plant [0,1]

	[bookmark: _Ref514773693]
	w
s,r
	
pSwsr = 

with 
	pSsot = proportion of seeds of weed species w dispersed from whole plot s to whole plot r
(x,y)s and (x',y')r are all points included in source field s and recipient field r, respectively, with V1(x1,y1), …, Vn(xn,yn) and V'1(x'1,y'1), …, V'm(x'm,y'm) being the coordinates of the n and m vertices of fields s and r, respectively.

	[bookmark: _Ref447194281]
	w, s
	
 
	pLSws = proportion of seeds of weed species w produced in plot s and lost from simulated plot cluster

	
	w, s
	If option of Figure 51.B, pSwss += pLSws
	

	[bookmark: _Ref447194272]
	w,s,r
	If option of Figure 51.C, pSwsr += apSwsr
	apSwsr are drawn in multinomial distribution (pLSws∙arealandscape, area0/arealandscape,…,arear/arealandscape, …, areaN/arealandscape)



[bookmark: _Ref96341317]Root system

[bookmark: _Ref96340347]Table 26: Equations in the FLORSYS-RSCone connection, with d: date in days, l: soil layer in cm, s: species, i: individual, c: cohort (all plants of the same species emerging on the same day). Shaded cells show equations from Pagès et al. (Pagès et al., 2020), unshaded cells show equations required for connecting both models. Parameters are in blue (see meaning in Table 27 and Table 28), inputs are in bold (see meaning in Table 29), FlorSys state variables and variables added for the connection are in black plain font (see meaning in Table 30) and RSCone variables in red (see meaning Table 31).
	N°
	When
	Process
	Equation

	Phenology 

	[bookmark: _Ref96341266]
	∀d, ∀s, ∀c

	Thermal time since cohort emergence on day d=demc
	TTEdsc =  (Colbach et al., 2014)

	[bookmark: _Ref17293496]
	∀d, ∀s, ∀c
	Converting durations of root development stages in optimal days since germination into day since emergence (considering that root system starts to grow the day of emergence)
	t0es =0
tSRLmaxes = tSRLmaxs - t0s



	[bookmark: _Ref17293523]
	∀d, ∀s, ∀c
	Calibrating root development stages from plant phenology
	tsc = ts∙ rPhenosc 
with tsc = t0cylsc or tSRLmaxesc
and ts = t0cyls or tSRLmaxes 
and rPhenosc = TTEsc death/min(TTEsc death)

	Environmental constraints on root-system growth

	[bookmark: _Ref17294716]
	∀s

	Root-growth limitation due to soil structure 
	If l ≤ 29
then rPendls = pens ∙ CONTRADAMAX 
(1 + DASEUILHAUT – DASEULBAS – (cΔdl +1/2∙bΔdl + Stone)
                                                                  / (100 + Stone)) 
/ (DASEUILHAUT – DASEULBAS)
rPendls = max(0, min (1, rPendls))

	[bookmark: _Ref17294754]
	
	
	else if l ≥ 30 and l ≤ soil depth
then rPendls = pens ∙ CONTRADAMAX 
(1 + DASEUILHAUT – DASEULBAS – (cΔd29) / (100 + Stone)) 
/ (DASEUILHAUT – DASEULBAS)
else if l > soil depth
then rPendls = 0

	[bookmark: _Ref96344634]
	∀s 

	Root-growth limitation due to soil temperature 

	If l ≤ 29
then 
If Tsoildl < Tbases
then rTsoildls = 0
else if Tsoildl < Topts 
then rTsoildls = sin(0.5∙π∙ (Tsoildl-Tbases)
/(Topts-Tbases)) 
else rTsoildls = 1

	[bookmark: _Ref17294762]
	
	
	else if l ≥ 30 and l ≤ soil depth
then rTsoildls = rTsoild29s
else if l > soil depth
then rTsoildls = 0

	[bookmark: _Ref17294796]
	∀s
	Root growth limitation due to soil constraint (temperature and structure)
	rSoildls = rTsoildls∙rPendls

	Potential root-system dimensions (disregarding soil constraints)

	[bookmark: _Ref17294915]
	∀d, ∀s, ∀c
	Potential root-system depth
	Dpotdsc = rDs ∙ tedsc 

	[bookmark: _Ref17294114]
	∀d, ∀s, ∀c
	Potential root-system lateral extent (radius of the cylinder-shaped part of root system) 
	if tedsc < Emaxs/rEs 
then ECpotdsc = rEs ∙ tedsc 
else ECpotdsc = Emaxs

	[bookmark: _Ref17294027]
	∀d, ∀s, ∀c
	Potential depth at which root-system extent (radius) is maximal (depth of cylinder-shaped part of root system) 
	If tedsc < t0cylsc 
then DCpotdsc = 0 
else DCpotdsc = (tedsc - t0cylsc) ∙rDs∙ rCDs 

	Actual root-system dimensions (accounting for soil constraints)

	[bookmark: _Ref17294947]
	∀d, ∀s, ∀c
	Environmental constraints over potential root depth
	rSoilRdsc =  with L = Dpotdsc DCpotdsc and DCdsc for subsequent use in equations [13], [14] and [15] respectively

	[bookmark: _Ref17294982]
	∀d, ∀s, ∀c
	Actual root-system depth (cannot shrink except if frost damage)
	Ddsc = Dpotdsc · rSoilRdsc
If Ddsc < Dd-1sc and Tmind > Tfrostsc
then Ddsc = Dd-1sc

	[bookmark: _Ref17294983]
	∀d, ∀s, ∀c
	Actual depth at which root-system extent (radius) is maximal (cannot shrink except if frost damage)
	DCdsc = DCpotdsc · rSoilRdsc
If DCdsc < DCd-1sc and Tmind > Tfrostsc
then DCdsc = DCd-1sc

	[bookmark: _Ref17294985]
	∀d, ∀s, ∀c
	Actual maximum root-system extent (radius) (cannot shrink except if frost damage)
	ECdsc = ECpotdsc · rSoilRdsc
If ECdsc < ECd-1sc and Tmind > Tfrostsc
then ECdsc = ECd-1sc

	
	∀d, ∀s, ∀c
	Lateral root-system extent (radius) in soil layer l
	If l < DCdsc 
then Edscl = ECdsc 
else if l < Ddsc 
then Edscl = ECdsc∙(1-  
else Edscl = 0 

	Root-system biomass

	[bookmark: _Ref15478621]
	∀d, ∀s, ∀c
	Potential biomass density per soil layer (disregarding insufficient photosynthesis but accounting for soil constraints)
	If l < DCdsc 
then RBDpotdscl = RBDmaxs
else if l < Ddsc 
then RBDpotdscl = RBDmaxs · (Ddsc – l) / (Ddsc – DCdsc)
else RBDpotdscl = 0

	[bookmark: _Ref96347022]
	∀d, ∀s, ∀c
	Potential root-system biomass (disregarding insufficient photosynthesis but accounting for soil constraints)
	If tedsc = 0 
then RBMpotdsc = 0
else RBMpotdsc = RBDmaxs ∙ 0.25∙π ∙ ECdsc² ∙ 
(3∙ DCdsc + Ddsc)

	[bookmark: _Ref96346826]
	∀d, ∀s, ∀c, ∀i
	Actual root biomass (accounting for soil and photosynthesis constraints)
	RBMdsi = min(RBMpotdsc, RBMalldsi)
If RBMpotdsc > 0 
then rPhotodsi = RBMdsi / RBMpotdsc
else rPhotodsi = 0 

	[bookmark: _Ref96346864]
	∀d, ∀s, ∀c, ∀i
	Actual root-biomass density in soil layer l (accounting for soil and photosynthesis
constraints)
	RBDdsil = rPhotodsi · RBDpotdscl

	Root-length density (accounting for soil and photosynthesis constraints)

	[bookmark: _Ref16177993]
	∀s, ∀c, ∀p, ∀i
	Specific root length
	If tedsc = 0
then srldsc = srl0s 
else if tedsc ≤ tSRLmaxesc
then srldsc = (srlmaxs – srl0s) ∙ tedsc / tSRLmaxesc + srl0s 
else srldsc = srlmaxs

	[bookmark: _Ref16178055]
	∀s, ∀c, ∀p, ∀i
	Root-length density in soil layer l
	If l ≤ Ddsc
then RLDdsil = srldsc ∙ RBDdsil 
else RLDdsil = 0
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[bookmark: _Ref96340486]Table 27: Species parameters used in FLORSYS-RSCone, with d: date in days, l: soil layer in cm, s: species, i: individual, c: cohort (all plants of the same species emerging the same day).
	Parameter
	Meaning
	Source
	Unit
	Range of variation in simulated species

	aa1s = 
	Root biomass when total plant biomass is near zero for species s
	Estimated from data on root and total plant biomass (section 3.1.3. in the article)
	g·g-1
	0.112-0.261

	a2s
	Slope of allometric relationship of root vs total plant biomass for species s
	
	no unit
	0.817-1.04

	Emaxs
	Maximum extent (radius) of the root system
	RSCone parameter
	cm
	87.9-423

	pens
	Ability of roots to penetrate the soil (from 0: no penetration, to 1: no soil constraint on root growth)
	RSCone parameter
	no unit
	0.747-1.00

	RBDmaxs
	Root-biomass density in the cylinder part of the root system,
disregarding constraints
	RSCone parameter
	g∙cm-3
	1.95∙10-5-9.85∙10-3

	rCDs
	Ratio of speed at which depth of cylinder-shaped part of root
system increase vs speed of total root-system depth increase
	RSCone parameter
	cm∙day-1 ∙(cm∙day-1)-1 (under optimal temperature)
	0.00-0.253

	rDs
	Speed at which root-system depth increases
	RSCone parameter
	cm∙day-1 (under optimal temperature)
	0.950-3.66

	rEs
	Speed at which root-system extent (radius) increases
	RSCone parameter
	cm∙day-1 (under optimal temperature)
	0.200-0.889

	srl0s
	Specific root length when roots start to grow
	RSCone parameter
	cm∙g-1
	519-19200

	srlmaxs
	Maximal specific root length
	RSCone parameter
	cm∙g-1
	1380-30700

	t0cyls
	Delay from t0s to when the cylinder part of the root system starts to grow in depth 
	RSCone parameter
	Days since t0s (under optimal temperature)
	20-365

	t0s
	Timing of root growth onset since germination
	RSCone parameter
	Days since germina-tion (under optimal temperature)
	6-7

	Tbases
	Base temperature for growth and development
	FLORSYS parameter
	°C
	

	Topts
	Optimal temperature for growth and development
	FLORSYS parameter
	°C
	

	Tfrostsc
	Temperature threshold for frost damage of cohort c
	FLORSYS parameter (details in section B.1)
	°C
	

	tSRLmaxs
	Timing of maximum specific root length (SRL) since germination
	RSCone parameter
	Days since germina-tion (under optimal temperature)
	26-49

	TTEscp
	Thermal time from emergence to onset of stage p {vegetative, flowering onset, maturity onset, death} depending on the time of emergence 
	FLORSYS parameter
	°C∙days
	


[bookmark: _Ref21698880]
[bookmark: _Ref96340498]Table 28: Species-independent parameters used in FLORSYS-RSCone.
	[bookmark: _Ref15474669]Parameter
	Meaning
	Source
	Unit

	a3
	Slope of nitrogen-stress effect on root biomass, regardless of species
	Estimated from data on root and total plant biomass (section 3.1.3. in the article)
	No unit

	crleaf, crstem, crseeds, crroots
	Coefficients for respiration of leaves, stems, seeds and roots respectively (Colbach et al., 2014)
	FLORSYS parameter
	g·g-1

	CONTRDAMAX
	Maximal root growth reduction exerted by soil constraints
	STICS parameter (=0.5)
	

	DASEUILHAUT
	= 1 / CONTRDAMAX
	

	DASEUILBAS
	= DASEUILHAUT – DASEUIL
	

	DASEUIL
	Minimum soil compaction needed to impact root-system growth
	Based on STICS parameter (DASEUILHAUT – DASEUILBAS =0.4)
	

	RBRmax
	Maximum leaf biomass ratio, i.e. maximum proportion of plant biomass allocated to roots 
	Estimated from data on root and total plant biomass (section 3.1.3. in the article)
	g·g-1




[bookmark: _Ref96340510]Table 29: Inputs of FLORSYS-RSCone.
	Parameter
	Meaning
	Unit

	Td
	Average air temperature
	°C

	Tmind
	Minimum air temperature
	°C

	Stone
	Proportion of stones in the soil
	




[bookmark: _Ref96340522]Table 30: Plant and environment state variables predicted by FLORSYS and added for connecting RSCone, with d: date in days, l: soil layer in cm, s: species, i: individual, c: cohort (all plants of the same species emerging the same day), p: stage ∈ {cotyledon, plantlet, vegetative, flowering, disseminating}.
	Variable
	Meaning
	Value
	Unit

	ABMdsi
	Aboveground biomass
	
	g∙plant-1

	ABMinisi
	Aboveground biomass of plant i before mowing or frost damage
	
	g∙plant-1

	ABMrdsi
	Aboveground biomass lost by respiration on day d
	
	g∙plant-1

	BMpsdsi
	Biomass accumulated by photosynthesis on day d
	
	g∙plant-1

	bΔdl
	Proportion of bΔ soil clods in soil layer l
	[0,1]
	

	cΔdl
	Proportion of cΔ soil clods in soil layer l
	[0,1]
	

	LBMdsi
	Leaf biomass
	
	g∙plant-1

	Nstressdsi 
	Nitrogen stress index
	Close to 0 under optimum nitrogen nutrition, positive under nitrogen deficiency, and negative under nitrogen excess (Perthame et al., submitted). 
	

	RBRdsi
	Root biomass ratio, i.e. proportion of total biomass that is allocated to roots
	Depends on total plant biomass, stress index and growth stage
	g∙g-1

	RBMalldsi
	Biomass allocated to roots by FLORSYS
	Depends on the stage, the biomass and the nitrogen stress index of the plant
	g∙plant-1

	RBMrdsi
	Root biomass lost by respiration on day d
	
	g∙plant-1

	Remobdsi
	Boolean indicating whether there is still remobilization each day following a cutting operation or a frost event
	0: no remobilization, or 1: remobilization.
	

	SeBMdsi
	Seed biomass
	
	g∙plant-1

	StBMdsi
	Stem biomass
	
	g∙plant-1

	TBMdsi 
	Total plant biomass
	Root biomass + aboveground biomass
	g∙plant-1

	tedsc
	Number of days since emergence of cohort c of species s
	
	days

	Tsoildl
	Temperature in soil layer l
	
	°C

	TTEdsc
	Age since emergence of cohort c on day d
	Depends on daily air temperature (Colbach et al., 2014)
	°C∙days

	PARdsi
	Photosynthetically active radiation intercepted by plant i on day d
	
	J

	t0cylsc
	Delay from t0s to when the cylinder part of the root system starts to grow in depth under real temperatures 
	Time of emergence
	Days since the root system starts to grow

	t0es
	Timing of root growth onset since emergence under optimal temperature
	
	Days since emergence (under optimal temperature)

	tSRLmaxes
	Timing of maximum specific root length (SRL) since emergence under optimal temperature
	
	Days since emergence (under optimal temperature)

	tSRLmaxesc
	Timing of maximum specific root length (SRL) since emergence under real temperatures
	Time of emergence
	Days since emergence

	rPhenosc
	Ratio taking into account that the duration of root development stages depends on the phenology of the plant
	Depends on minimal and maximal life-cycle durations of species s (life-cycle duration depending on the time of emergence)
	°C∙days∙ °C-1∙days-1



[bookmark: _Ref463860157]
[bookmark: _Ref96340530]Table 31: Variables predicted by RSCone (from Pagès et al., 2020), with d: date in days, l: soil layer in cm, s: species, i: individual, c: cohort (all plants of the same species emerging on the same day), p: stage ∈ {cotyledon, plantlet, vegetative, flowering, disseminating}.
	Variable
	Meaning
	Drivers (other than species)
	Unit

	DCdsc
	Actual depth of the cylinder-shaped part of the root system (considering soil constraints)
	Potential depth at which the root-system width starts to shrink, soil constraints
	cm

	DCpotdsc
	Potential depth of the cylinder-shaped part of the root system (disregarding soil constraints)
	Plant age
	cm

	Ddsc
	Actual root-system depth (considering soil constraints)
	Potential root-system depth, soil constraints
	cm

	Dpotdsc
	Potential root-system depth (disregarding soil constraints)
	Plant age
	cm

	ECdsc
	Actual extent (radius) of the cylinder-shaped part of the root system (considering soil constraints)
	Potential root-system extent, soil constraints
	cm

	ECpotdsc
	Potential extent (radius) of the cylinder-shaped part of the root system (disregarding soil constraints)
	Plant age
	cm

	Edscl
	Root-system extent (radius) in soil layer l
	Actual root-system extent, soil layer
	cm

	RBDdsil
	Root-biomass density in soil layer l
	Actual root biomass in soil layer l, volume of layer l inside root-system envelop
	g∙cm-3

	RBDpotdscl
	Potential root-biomass density in soil layer l
	Actual root-system dimensions, soil layer
	g∙cm-3

	RBMdsi
	Actual root biomass
	Potential root biomass, root biomass allocated by FLORSYS
	g.plant-1

	RBMpotdsc
	Potential root-system biomass
	Actual root-system dimensions, plant age
	g.plant-1

	RLDdsil
	Root-length density in soil layer l
	Root-biomass density in soil layer, specific root length
	cm∙cm-3

	rPendls
	Relative reduction in root-system expansion due to root penetration resistance exerted by the soil (due to soil compaction and gravel content) in soil layer l
	Soil structure and gravel content
	cm∙cm-1

	rPhotodsi
	Relative reduction in root biomass due to insufficient allocation from FLORSYS
	Potential root biomass, root biomass provided by FLORSYS
	g∙g -1

	rSoildls
	Relative reduction in root-system expansion due to soil constraints (temperature, compaction) in soil layer l
	Relative reduction in root-system expansion due to soil compaction and temperature in soil layer l
	cm∙cm-1

	rSoilRdsc
	Average relative reduction in in root-system expansion due to soil constraints (temperature, compaction) over several soil layers
	Relative reduction in in root-system expansion due to soil constraints (temperature, compaction), soil layers considered
	cm∙cm-1

	rTsoildls
	Relative reduction in in root-system expansion due to low soil temperature in soil layer l
	Soil temperature
	cm∙cm-1

	srldsc
	Specific root length
	Plant age
	cm∙g-1
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Table 11.13. List of organic residues and corresponding default parameters. The CODERES,
number refer to mineralization dynamics (§ 6.3.3).

Average  Carbon CIN Mineral N Water Reference
Residue rate content ratio content confent  (pers. com.)
code tFMha! %DM % FM % FM
CODERES, QRES, CRESPC, CSURNRES, NMINRES, EAURES,

RESIDUES
OF MATURE CROPS
Cereals (straw) 1 9 42 90 0 7
Zﬁ“xf}ﬁ;ms 1 40 2 2 0 90 IM.Machet
grain maize (stalks) 1 12 43 60 0 25
soybean (straw and roots) 1 5 44 75 0 10
Z;(I:i:;]us pea (foliage | . 0 % 0 " B. Nicolardot
;’fﬁg"“’ts’ pods 1 6 4 45 0 10 E. Justes
RESIDUES
OF CATCH CROPS
wheat, rye (cereals) 2 8 42 15 0 80 M. Machet
mustard (cruciferous) 2 10 42 15 0 70
phacelia (cruciferous) 2 15 42 20 0 80
Z:f‘uili'%e‘:ju:ed 2 10 ) 16 0 80 E. Justes
ryegrass (grass) 2 18 40 25 0 80
MANURE
bovine manure 3 45 32 20 0 75
ovine manure 3 45 45 20 0 5 T. Morvan
poultrv manure 3 2 45
COMPOSTS
rubbish compost 4 10 25 19 0.08 44
green waste compost 4 10 26 18 0.04 30 S. Houot
compost of sewage plant 4 10 37 19 0.04 50
SEWAGE SLUDGE
non processed sludge 5 60 30 8 0.12 90
limed sludge 5 25 25 10 0.13 70 V. Parnaudeau
physico-chemical sludge 5 20 30 15 0.05 75
S&IZCSI;ETRATED 6 3 40 8 0 50 JM. Machet
GROUND HORN 7 40 38 0 10 B. Nicolardot
LIQUID MANURE
porcine liquid manure 8 50 35 15 035 91
bovine liquid manure 8 50 25 18 0.10 94 T Morvan

FEATHER FLOUR 9 0.5 37 4 0 10 B. Nicolardot
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