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Conservation agriculture (CA) allows farmers to reduce costs and enhance soil health, but tends to increase weed infestation and associated crop yield loss, and/or herbicide use. We investigated how much tillage reduces weed infestation and yield loss, and which systems and weed species are the most affected by tillage suppression. We collected farming practices on 395 arable cropping systems mainly from France, and simulated them over 30 years and with 10 weather repetitions, using FLORSYS. This process-based model simulates daily multi-species weed floras and crop canopies from cropping systems and pedoclimate over the years. Three series were simulated, (1) using the recorded systems, (2) eliminating tillage without any other changes, (3) eliminating herbicides without any other changes. Each series was run twice, once with a regional weed-flora pool to simulate weed dynamics and their impact on crop production and biodiversity, and once without weeds to predict potential crop yield. Among the recorded systems, herbicide treatment frequency index (HTFI) averaged over rotation increased when tillage frequency decreased. No recorded no-till system was herbicide-free. The untilled crops with the lowest HTFI (0.16) were unusual crops, i.e., relay grass-crops or multi-annual crops. Simulations of the recorded systems showed no correlation between tillage-frequency, and weed biomass or weed-caused yield loss. When tillage was deleted without any other change, yield loss almost doubled. We identified (1) which weed species and traits (e.g., spring annuals) increased after tillage suppression and in which cropping systems, (2) which recorded systems were robust to tillage suppression in terms of yield loss (with cover crops, summer crops, etc.), (3) which no-till systems (recorded or obtained after deleting tillage) limited yield loss (e.g., with frequent and/or efficient herbicides), (4) which management techniques were associated with a reduction in tillage, in herbicides, and in yield loss (long and diverse rotations, cover crops, etc.). No tested system achieved all three objectives simultaneously. The simulations indicated that two CA pillars (diverse crop rotations, cover cropping) were essential to manage weeds while reducing (or eliminating) both tillage and herbicide use. More no-till cropping systems must be investigated to determine whether sustainable no-till herbicide-free systems are possible.

INTRODUCTION

Conservation agriculture relies on three fundamental pillars: minimum soil disturbance (i.e., only the soil disturbance required to introduce the crop seeds into the soil is tolerated), permanent soil cover with crop residues and living mulches, and diversified crop rotation in space and time [START_REF] Reicosky | Conservation tillage is not conservation agriculture[END_REF]. Initiated primarily by farmers to reduce soil degradation [START_REF] Sun | No-tillage controls on runoff: a meta-analysis[END_REF] and production costs [START_REF] Hobbs | The role of conservation agriculture in sustainable agriculture[END_REF], this crop management system is challenged by increased weed infestation [START_REF] Derrouch | Weed management in the transition to conservation agriculture: farmers' response[END_REF] and yield loss [START_REF] Pittelkow | Productivity limits and potentials of the principles of conservation agriculture[END_REF]. Indeed, implementing no-till systems deprives farmers of key non-chemical weed management levels [START_REF] Cordeau | Is tillage a suitable option for weed management in conservation agriculture[END_REF]. As weeds are the most damaging pest for crop production [START_REF] Oerke | Crop losses to pests[END_REF] and their threat to crop production is even increasing because of agricultural intensification and climate change [START_REF] Storkey | Agricultural intensification and climate change have increased the threat from weeds[END_REF], conservation agriculture is frequently accompanied by an increase in herbicide use intensity [START_REF] Friedrich | Does no-till farming require more herbicides?[END_REF]. Moreover, national and European legislation increasingly call for a drastic reduction in pesticide use, particularly herbicide use [START_REF] Kudsk | Pesticide regulation in the European Union and the glyphosate controversy[END_REF]. Simultaneously, weed diversity is known to be higher in conservation agriculture than in tillage-based systems [START_REF] Adeux | Diversified grain-based cropping systems provide long-term weed control while limiting herbicide use and yield losses[END_REF][START_REF] Derrouch | Functional shifts in weed community composition following adoption of conservation agriculture[END_REF], and weeds support ecosystem services provided by crop auxiliaries or pollinators [START_REF] Blaix | Quantification of regulating ecosystem services provided by weeds in annual cropping systems using a systematic map approach[END_REF][START_REF] Barbercheck | Weed-insect interactions in annual cropping systems[END_REF]. So, today's weed management in conservation agriculture must shift from short-term weed control aiming at total eradication to long-term weed management aiming to favor beneficial weed species to the detriment of those damaging crop production, while reducing herbicide use.

To achieve this major break, we need to understand how much tillage contributes to controlling weeds and crop yield loss as well as which cropping systems and weed species would be most affected if tillage were deleted. Field studies would be too slow and expensive to answer these questions, they often only monitor a small number of cropping systems, weed floras and pedoclimates, and disregard long-term effects [START_REF] Ramsdale | Long-term effects of spring wheat-soybean cropping systems on weed populations[END_REF][START_REF] Hiltbrunner | Long-term weed community dynamics in Swiss organic and integrated farming systems[END_REF][START_REF] Adeux | Diversified grain-based cropping systems provide long-term weed control while limiting herbicide use and yield losses[END_REF]. Surveying farm-field networks would allow extending the range of investigated systems and conditions, but makes it more difficult to analyze biophysical processes and risk confounding effects, particularly the effect of abandoning tillage with effects of compensatory measures taken by farmers [START_REF] Derrouch | Weed management in the transition to conservation agriculture: farmers' response[END_REF]. The same pitfall occurs when investigating the relationships between herbicide use intensity and weed infestation/damages [START_REF] Colbach | The pitfalls of relating weeds, herbicide use, and crop yield: don't fall into the trap! A critical review[END_REF]. The latter critical review proposed combining surveys of farming practices with simulation models as a way out of the trap. The feasibility of this approach was demonstrated in a previous study, concluding that reduced herbicide use does not increase crop yield loss if it is compensated by alternative preventive and curative measures [START_REF] Colbach | Reduced herbicide use does not increase crop yield loss if it is compensated by alternative preventive and curative measures[END_REF].

The objective of the present paper was to identify technical and biological drivers to achieve the triple target of reducing tillage and herbicide use as well as yield loss due to weeds. To reach this target, we recorded cropping systems from farming practices and combined them with simulations with a processbased weed dynamics model in order to determine (1) which weed species and traits were increased after tillage suppression and in which cropping systems, (2) which cropping systems were the most robust to tillage suppression in terms of weed infestation and the resulting crop yield loss, (3) which no-till cropping systems limited weed-caused yield loss the most, (4) which cropping techniques were associated with reduced tillage, herbicide use and yield loss. The simulation model used was FLORSYS [START_REF] Colbach | The FLORSYS crop-weed canopy model, a tool to investigate and promote agroecological weed management[END_REF] which is to date the most complete in terms of effects of management techniques and weeds (see Chantre et al., 2020 for examples of other models).

MATERIALS AND METHODS

Principle

The principle was developed by [START_REF] Colbach | Reduced herbicide use does not increase crop yield loss if it is compensated by alternative preventive and curative measures[END_REF] to investigate the contribution of herbicides to weed management. It was adapted here to focus on tillage vs. no-till systems. The first step consisted in collecting cropping system data from diverse regions and production situations, from farmers' interviews, agricultural statistics, regional expertise and cropping-system design.

The cropping systems were then simulated with a virtualfield model. The chosen model had to simulate multi-species and multi-cohort weed dynamics and their impact on crop production as a function of cropping systems and pedoclimate, at a daily scale over several years or decades. FLORSYS [START_REF] Gardarin | Modeling the dynamics and emergence of a multispecies weed seed bank with species traits[END_REF][START_REF] Munier-Jolain | A 3D model for light interception in heterogeneous crop:weed canopies. Model structure and evaluation[END_REF], 2014;Colbach et al., 2014aColbach et al., ,b, 2017c[START_REF] Colbach | The FLORSYS crop-weed canopy model, a tool to investigate and promote agroecological weed management[END_REF][START_REF] Mézière | Developing a set of simulation-based indicators to assess harmfulness and contribution to biodiversity of weed communities in cropping systems[END_REF] is the only model answering to these requirements. In addition to direct weed harmfulness (yield loss, harvest contamination), FLORSYS predicts indicators of technical (harvesting problems), sociological (loss of face due to field infestation) and indirect harmfulness (promotion of weed-borne crop diseases and parasites) [START_REF] Mézière | Developing a set of simulation-based indicators to assess harmfulness and contribution to biodiversity of weed communities in cropping systems[END_REF]Colbach et al., 2017a).

The simulation plan was designed to disentangle confounding effects. All cropping systems were simulated in pairs, with and without weeds, to estimate the impact of weeds on crop yields in each system. Three sets of paired simulations were run. (1) One set consisted of the recorded systems. (2) A second set took the recorded systems and removed all tillage operations without any other changes. (3) The third set took the recorded systems and removed all herbicide applications, again without any additional changes. This design allowed estimation of the effects of tillage and herbicides on weeds without the confounding effects of altered cultural practices that normally accompany such changes.

The Virtual Field Simulated by FLORSYS

Weed and Crop Life Cycle

FLORSYS is a virtual field on which cropping systems can be experimented and a large range of crop, weed and environmental measures estimated [START_REF] Gardarin | Modeling the dynamics and emergence of a multispecies weed seed bank with species traits[END_REF][START_REF] Munier-Jolain | A 3D model for light interception in heterogeneous crop:weed canopies. Model structure and evaluation[END_REF], 2014;Colbach et al., 2014aColbach et al., ,b, 2017c[START_REF] Colbach | The FLORSYS crop-weed canopy model, a tool to investigate and promote agroecological weed management[END_REF][START_REF] Mézière | Developing a set of simulation-based indicators to assess harmfulness and contribution to biodiversity of weed communities in cropping systems[END_REF]. Further information on the model can be found in Section A in Supplementary Material.

The input variables of FLORSYS consist of (1) a description of the simulated field (daily weather, latitude and soil characteristics); (2) all the simulated crops and management operations in the field, with dates, tools and options; and (3) the initial weed seed bank which is either measured on soil samples or, more feasible, estimated from regional flora assessments [START_REF] Colbach | Uncertainty analysis and evaluation of a complex, multi-specific weed dynamics model with diverse and incomplete data sets[END_REF]. These 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, and 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). In case of multi-annual crops (e.g., lucerne, ryegrass), seedlings can also be the offspring of vegetative older plants. The FLORSYS version used here was parameterized for 30 frequent and contrasting annual weed species (see list in Table A1).

Effect of Cultural Practices

Life cycle processes also depend on the dates, options and tools of management practices (tillage, sowing, herbicides, mechanical weeding, mowing, harvesting), in interaction with weather and soil conditions on the day the operations are carried out (Section A.5 in Supplementary Material). For instance, weed plant survival probabilities are calculated deterministically depending on management operations (tillage, herbicides, mechanical weeding, mowing, harvesting), biophysical environment as well as weed morphology and stage; the actual survival of each plant is determined stochastically by comparing this probability to a random probability.

Effect of Weeds on Crop Production and Biodiversity

FLORSYS simulates crop yield (in t/ha and MJ/ha) as well as a set of indicators assessing weed impact on crop production [START_REF] Mézière | Developing a set of simulation-based indicators to assess harmfulness and contribution to biodiversity of weed communities in cropping systems[END_REF]Colbach et al., 2020a) (see Section A.6 in Supplementary Material). These indicators consider direct harmfulness for crop production (crop yield loss, harvest pollution by weed debris), technical harmfulness (harvesting problems due to green weed biomass blocking the harvest combine), and sociological harmfulness (field infestation by weed biomass during crop growth) which reflects the farmer's worry of being thought incompetent by their peers even if there is no effect on yield loss. Weed benefits include wild plant biodiversity and contribution to feeding fauna (birds, pollinators, carabids).

Domain of Validity

FLORSYS was evaluated with independent field data, showing that crop yields, daily weed species densities and, particularly, densities averaged over the years were generally well predicted and ranked as long as a corrective function was added to keep weeds from flowering during winter at more southern latitudes [START_REF] Colbach | Uncertainty analysis and evaluation of a complex, multi-specific weed dynamics model with diverse and incomplete data sets[END_REF]. Higher crop yield losses than those reported in previous field studies mostly resulted from the simulation plan. This does not adapt practices to simulated weed floras and interannual weather variability (as farmers or trial managers would do), in order to discriminate the effect of crop species and management practices on weeds from the effect of weeds on the choice of crops and practices [START_REF] Colbach | Reduced herbicide use does not increase crop yield loss if it is compensated by alternative preventive and curative measures[END_REF].

Simulation Study

Recorded Cropping Systems

A total of 395 arable cropping systems were recorded for this study (Table 1). They originated from detailed descriptions of systems existing in cropping system trials and in farms, the Biovigilance-Flore network collecting regional practices [START_REF] Fried | Environmental and management factors determining weed species composition and diversity in France[END_REF], expert opinion on existing and prospective practices, participatory workshops with farmers aiming to reduce herbicide use, or were designed with the help of decision trees aiming to reconcile reduced weed harmfulness, reduced herbicide use and biodiversity conservation. These systems covered one Spanish and 14 French territories or locations from ten nine regions. They included both conventional and organic systems, with a tillage intensity varying from no-till to annual mouldboard plowing. Crop diversity varied from monocultures (usually maize, Zea mays) to highly diverse rotations, including intercropping and cover crops. A2) were calculated from the detailed operations to describe each cropping system, both at annual scale (e.g., previous crop species, current crop, number of tillage operations prior to sowing, days from last tillage to cash-crop sowing. . . ) and at rotation scale (e.g., proportion of spring crops in the rotation, proportion of wheat crops preceded by legumes, number of tillage operations per year averaged over the rotation, days from last tillage to cash crop sowing averaged over the rotation. . . ). The rotation-scale descriptors also discriminated practices per crop (e.g., number of tillage operations per year before wheat averaged over all wheat crops in the rotation) and assessed inter-annual variability in operation dates (e.g., variability in cash-crop sowing dates as the median over the rotation of the differences in dates of year N vs. year N-1) and frequency (e.g., variability in number of tillage operations).

Simulation Plan

Three series of simulations were run. The first (hence "recorded") simulated the cropping systems starting with a typical regional weed seed bank consisting of the 30 weed species currently included in FLORSYS (Table A1). The second series ("tillagefree") eliminated all tillage operations from the recorded systems, without any other change in management practices. The third ("herbicide-free") eliminated all herbicides from the recorded systems without changing anything else. These series provided output variables such as weed and crop state variables and all weed-impact indicators (see Section Effect of Weeds on Crop Production and Biodiversity), except crop yield loss. To calculate the latter, the three simulation series were run again, this time without any weeds (i.e., without an initial seedbank), to predict potential crop yield as the yield difference between weedy and weed-free simulations.

In each series, each cropping system was simulated over 30 years, repeating the basic rotational pattern (e.g., oilseed rape/wheat/barley) over time. For each region, a typical soil (texture etc.) was based on soil analyses from the cropping system trials or from locations inside the simulated regions (Section B.2 in Supplementary Material). Daily weather variables were recorded by INRAE weather stations in the different regions (INRAE Climatik platform, https://intranet.inrae.fr/climatik). Each system was run 10 times with 10 different weather series to assess the systems's response to different weather conditions. Each series consisted of 30+1 randomly chosen weather years (+1 because cropping years run from summer to summer in the Northern hemisphere) from its region of origin (e.g., repetition 1 = 1998, 2013, 1983, . . . .; repetition 2 = 2000, 2002, 1987,. . . ). The systems of a given region were tested with the same 10 weather series (hence, weather repetitions), which resulted in a randomized block design, with cropping systems as a factor and 10 blocks. The dates and options of the simulated management operations remained unchanged in the different weather repetitions, regardless of the simulated conditions and weed floras. This allowed us to discriminate the impact of cultural practices on weeds from its reciprocal, i.e., the way farmers adapt their practices to weather and weeds, depending on their mental model.

In total, 395 systems × 10 weather repetitions were run over 30 years for each of the three series, with and without weeds, resulting in a total of 711,000 data lines.

Statistical Analysis

Analyzed Output Variables

The analyzed outputs included the weed-impact indicators described in Section Effect of Weeds on Crop Production and Biodiversity and plant density during seasonal fallow (i.e., the period between the previous cash-crop harvest and the next cash-crop sowing) and during cash crop (average over all days, maximum) for each weed species. Crop yield loss was calculated as 100 × (yield from weedy simulations -yield from weedfree simulations)/yield from weed-free simulations. Yield could be either grain yield (t/ha) or above-ground biomass production (t/ha) in fodder crops (e.g., lucerne, grassland) though we mostly focused on grain yield loss. These outputs were analyzed both at annual (118,500 data points for a given simulation series = 395 systems × 30 years × 10 weather repetitions) and multi-annual scale by averaging indicator values over the 30 simulated years (3,950 data points = 395 systems × 10 weather repetitions).

Evaluation of the Recorded Cropping Systems

The recorded cropping-system data set (395 systems) was characterized by analyzing tillage frequency (number of all tillage operations), mouldboard plowing frequency (absence or presence of plowing) and herbicide use intensity (treatment frequency index, with 1 = one product sprayed at full dosage over the whole field) in a given year of the rotation as a function of the crop species grown that year, the region, and the origin of the cropping system (e.g., farm survey, crop advisor), using the lm() and Anova() functions of R (R Core Team, 2017) to determine Type-III sum of squares and partial R² per factor. This was followed by a comparison of means for each factor, using the lsmean() function.

To identify the determinants of tillage intensity, a classification and regression tree (CART) [START_REF] Breiman | Classification and Regression Trees[END_REF] was used to analyze the number of tillage operations per year, first at annual (i.e., in a given year) and then at rotation scale (i.e., averaged over the rotation) as a function of all other cropping-system variables, excluding any tillagerelated variables. The annual-scale analysis identifies the cropping-system characteristics associated with an untilled crops, the rotation-scale analysis those linked with a no-till cropping system.

A CART predicts a continuous response variable (here, tillage frequency) from a set of discrete or continuous predictors (here, the other cropping-system variables). The data set is recursively split into two subsets along a threshold value of the predictor in order to maximize the difference between subsets. When predictors are partially correlated, as is the case in logically constructed cropping systems, several predictors (surrogates) can split the set exactly in the same way. This reduces the risk of confounding effects. Branches are combinations of predictor values that lead to predictions contained in leaf nodes. Variable importance of predictors (VIP) are used to rank predictors (including surrogates) based on the contribution predictors make to the construction of the tree, i.e., according to their impact on the response variable. Partial R² were calculated for each type of management techniques (e.g., herbicide, rotation) by summing the VIP of all variables of a given technique-type, multiplying it by the R² of the CART and then dividing by the total VIP of all predictors (see Section D in Supplementary Material). The trees were computed, using the package mvpart [START_REF] De'ath | Mvpart: Multivariate Partitioning[END_REF] of R (R Core Team, 2017). The optimal tree size was internally identified using a 10-fold cross validation procedure to avoid overfitting. In the following R² refers to the cross-validated R² of the resulting tree.

The analysis carried out at the annual scale (395 systems × rotation length of a given system) used both annual and rotation-scale descriptors (see Section Recorded cropping systems) as predictors. The rotation-scale analysis (395 systems) only worked with rotation-scale descriptors. The annual CART rules were then applied to the "recorded" data set (395 systems × 30 years × 10 weather repetitions) to distribute all data points into the tree branches (with the rpart.predict.leaves() function) and calculate average herbicide use intensity and crop yield loss due to weeds for each branch.

The Effect of Tillage and Herbicide Suppression

To assess the role of tillage and herbicides for weed control, the data of the three series were analyzed in a common analysis of variance, analyzing grain yield loss as a function of simulation factors, i.e., series, region, cropping system, and weather repetition (lm() and Anova() functions) followed by a comparison of means for series (lsmeans() function).

To determine which weed-impact indicators (e.g., weed species richness, yield loss. . . ) were the most affected by tillage suppression, the difference in indicator values in the "tillage-free" minus those in the "recorded" simulation series were calculated for each year and weather repetition, and averaged over all 395 cropping systems, 30 years and 10 weather repetitions.

To assess the correlation between initial tillage frequency and variation in weed-impact after tillage suppression, linear regressions were fitted to the variation in grain yield loss (values of "tillage-free" minus "recorded" series) vs. tillage frequency or plowing frequency, using the lm() function. The analysis was carried out at the rotation scale (395 systems × 10 weather repetitions).

To identify how weed species reacted to the suppression of tillage and which species traits were selected by this suppression we ran an RLQ analysis, using the ade4 package [START_REF] Chessel | The ade4 package. I. Onetable method[END_REF] of R (R Core Team, 2016). The RLQ analysis was initially developed to investigate correlations between cultural techniques (R matrix) and species traits (Q matrix) via weed species densities (L matrix). Here, we used the cropping techniques of the recorded cropping systems for the R matrix. The Q matrix consisted of 142 parameters for the 30 weed species in FLORSYS (see examples in Section A.4 in Supplementary Material). The L matrix comprised the differences in log10-transformed plant density of each weed species (after adding 0.01 to account for zero values) from simulations of tillage-free systems vs. recorded ones, for each of the 27 years and the 10 repetitions, using the maximums of the daily weed species densities between previous and current crop harvests. Only technique-parameter relationships significant at p = 0.05 and Pearson correlation coefficients > 0.025 after a 4th corner analysis were considered, using the fourthcorner() function of R. This analysis tests whether species are distributed independently of their response to techniques and of their traits, retaining for each technique × trait combination the highest p-values of models permuting either techniques or traits. To check whether weed species could be aggregated into functional groups in terms of response to cropping techniques related to species characteristics, species were grouped based on a Ward ascendant hierarchy classification using the hclust() function of R according to the Euclidian distances separating coordinates of species in the RLQ multidimensional space.

Determining Levers for Managing Weeds in No-Till

To identify the determinants that increase cropping-system robustness to tillage suppression, the variation in grain yield loss due to tillage suppression (values of "tillage-free" minus "recorded" series) was analyzed as a function of croppingsystem variables, excluding all tillage-related variables, using a stepwise linear regression with PROC GLMSELECT of SAS (version 9.4). This approach was developed to select from a very large number of effects [START_REF] Cohen | Introducing the GLMSELECT PROCEDURE for Model Selection[END_REF] and has been successfully used in various disciplines (e.g., [START_REF] Van Der Borght | Cross-validated stepwise regression for identification of novel non-nucleoside reverse transcriptase inhibitor resistance associated mutations[END_REF]. Cropping-system variables were introduced sequentially (stepwise selection), by adding effects that at each step produce the smallest value of the Schwarz Bayesian information criterion (SBC) statistic and stopping when adding any effect increased the SBC statistic again. The final model was chosen among the successive models as the one that yielded the lowest predicted residual sum of square with cross validation. Using a method including cross-validation leads to more robust relationships and avoids over-fitting.

RESULTS

Evaluation of the Recorded Cropping Systems

The Recorded Cropping Systems Differed in Tillage and Herbicide Intensity

The 395 recorded cropping systems differed in terms of tillage frequency, mouldboard plowing frequency herbicide use intensity. These frequencies and intensities depended on the crops (partial R² = 0.12, 0.07, and 0.11 for tillage frequency, plowing frequency and herbicide use intensity, respectively, details in Section B.4 in Supplementary Material), regions (partial R² = 0.08, 0.05, and 0.11) and, to a lesser degree, cropping-system origin (e.g., farm survey, expert opinion, partial R² = 0.01, 0.08, and 0.02). Tillage (particularly mouldboard plowing) was the most frequent before spring crops (e.g., pea, soya, sugar beet, sunflower, flax, 3.21-4.44 operations per year). It was the lowest before fodder crops (∼0) and oilseed-legume intercropping (1.03). Similar tendencies were seen for herbicide use intensity, with the highest herbicide treatment frequency index in sugar beet (HTFI = 2.61) and the lowest in fodder crops (0.52).

Interestingly, cropping-system origin also influenced tillage and herbicide practices. Tillage was the most frequent in cropping systems recorded during farm surveys (3.29 tillage operations/year) or designed during participatory workshops with farmers (3.16) and similar for other origins (2.61-2.76 for systems provided by advisors, experimenters, regional statistics or designed with a decision tree). Conversely, mouldboard plowing was, by far, the most frequent in the systems designed with decision trees (frequency = 0.83/year), and the lowest in those proposed by crop advisors (0.10). Finally, herbicide use intensity was the highest in systems recorded in the Biovigilance network (HFTI = 1.84) or during farm surveys (1.70). It was the lowest in innovative cropping systems designed by farmer workshops (1.47), trial managers (1.33), and scientists using decision trees (1.40).

Which Cropping Practices Are Associated With Low or No Till?

Generally, herbicide use intensity was negatively correlated with tillage frequency in the recorded cropping systems, and viceversa (Figure 1). No-till systems differed greatly in terms of herbicide use intensity which varied more or less continuously from a treatment frequency index of 1 to more than 3 on average over the rotation, just as most of tilled systems. Conversely, herbicide-free systems were characterized by a tillage frequency that was higher than for herbicide-inclusive systems, with either ∼5 or 10 tillage operations per year on average over the rotation. There were no systems that were both tillage-free and herbicidefree. The herbicide-free system with the lowest tillage frequency presented 2.8 operations per year averaged over the rotation.

The typology of cropping systems according to their tillage frequency (regardless of type of operation) discriminated only six types according to their average herbicide efficiency on monocot weeds, the frequency of herbicides moderately efficient on dicot weeds, the frequency of mechanical weeding with a FIGURE 1 | Herbicide use intensity vs. tillage intensity in the 395 recorded cropping systems (the blue line shows the fitted regression y = 2.24-0.217 x, with the confidence interval in gray). The color and size of the data points illustrate the simulated grain yield loss averaged over 30 simulated years, ranging from zero loss (green, smallest symbol) to total loss (magenta, largest symbol). Symbols are partially transparent to take account of overlaying. HTFI, herbicide treatment frequency index (unitless), i.e., average number of doses at the recommended dose per ha per year [START_REF] Colbach | Modelling the effects of cropping systems on weed dynamics: the trade-off between process analysis and decision support[END_REF] ).

harrow as well as the frequency of maize and winter crops in the rotation (Figure 2). The lowest tillage frequencies were associated with the most frequent and efficient herbicides. The typology at the annual scale, using both annual and croppingsystem variables, distinguished 45 types whose tillage frequency varied from 0 operations per year to 9. Tillage frequency was mostly linked to different herbicide strategies (partial R² = 0.32, details in Section B.6 in Supplementary Material), followed by descriptors of rotation (0.19) and (weed-free) manure spreading (0.07). The presence of a cover crop during the fallow period and non-chemical destructive operations (mechanical weeding, mowing, shredding, topping) was little or not at all correlated to tillage frequency (partial R² < 0.01 and 0.02).

The most frequent cropping-system type (type C, 6.6% of all analyzed years, Table 2) without tillage before crop sowing was thus based on:

-herbicides targeting dicot weeds frequent in the rotation (more than 1.33 applications per year on average over the rotation), resulting in a HTFI exceeding 1.97, -rare crop-residue shredding during fallow (<0.49 operations per year on average over the rotation), -few or no rolling operations, particularly before summer crops like sunflower, -wheat sown in rows and not on soil surface (i.e., at least 1 cm deep).

The combination of these practices resulted in a high herbicide use intensity (HTFI = 2.38 averaged over the rotation) but crop yield loss (20% averaged over rotation) was lower than the average of the dataset (27%, Figure 3). The second most frequent strategy (type B, 2.5% of analyzed years, Table 2) was very different and did not need herbicides, but consisted of unusual crops, either relay crops (e.g., lucerne sown during a previous sunflower) or multiple years of multi-annual crops (e.g., temporary grassland or lucerne). As a consequence, herbicide use intensity was close to zero (HTFI = 0.16 averaged over the rotation). Yield loss was lower than in the type-C strategy, whether for grain or biomass production.

Effect of Tillage Intensity on Weed-Caused Yield Loss

Among the recorded cropping systems, there was a significant but negligible negative correlation at the rotation scale between grain yield loss due to weeds on one hand, tillage frequency (p = 0.01) and herbicide use intensity (p = 0.001) on the other hand (%yield loss = 38.5 -0.88 × tillage frequency -4.59 × herbicide treatment frequency index). As this correlation explained only 1% of the variability in yield loss (R² = 0.01), both high and low yield loss values could occur for any tillage and/or herbicide intensity (Figure 1). The same tendencies were seen at the annual scale and/or for weed biomass (Section C.1 in Supplementary Material). The same applied when looking at the frequency of superficial tillage operations only or at mouldboard plowing only.

What Happens When Tillage Is Deleted?

Weed Impacts on Crop Production and Biodiversity Increase

When tillage was deleted from cropping systems without any compensatory practices, field infestation (i.e., weed biomass in cash crop) more than tripled (from 0.51 to 1.8 t/ha), whether looking at annual values or averages over the rotation (Figure 3, details in Section C.2 in Supplementary Material). Grain yield loss due to weeds increased less, but still significantly (p = 0.05) from an average of 27-45%, regardless of the analyzed scale. The increase in weed biomass and yield loss were slightly larger when herbicides were deleted without compensation (to 2.1 t/ha weed biomass and 49% yield loss). Tillage deletion similarly increased most of the weed impacts, i.e., harvest pollution, harvesting difficulty, or weed-based carabid-food offer (Table 3). Weed offer for birds and pollinators increased approximately twice as much. Conversely, species richness, field infestation and potential yield (in the absence of any weeds) varied little on average.

The increase in weeds and the resulting yield loss depended very much on the tillage frequency in the unmodified systems. The difference in yield loss between the tillage-free and the unmodified systems increased significantly with the total number of tillage operations per year in the unmodified system on TABLE 2 | Typology of tillage-free crops among the 395 recorded cropping systems, based on a classification and regression tree. Discriminating practices are ranked from the most influential at the top to the least influential at the bottom. Cell colors distinguish variables in relation to rotation (green), herbicides (red), sowing (purple), crop-residue shredding, mowing and topping (blue), and others (white). Italics show practices averaged over rotation. TFI, Treatment Frequency Index (1=one commercial product applied at the recommended dose over the whole field a given year). indicate differences significant at p = 0.05 [START_REF] Colbach | Modelling the effects of cropping systems on weed dynamics: the trade-off between process analysis and decision support[END_REF].

average over the rotation (y = 5.61 + 5.12 x, R² = 0.10, p < 0.001, details in Section C.3 in Supplementary Material). The correlation with the number of superficial operations was almost identical. Conversely, the correlation with the mouldboard plowing frequency in the unmodified system was negligible (R² = 0.003), indicating that the frequency rather than the type of disturbance was important to control weeds. There was, though, a huge variability in yield-loss variation for a given initial tillage frequency (as shown by the low R², even for the total number of tillage operations).

Which Weed Species and Traits Are Selected?

The impact of tillage suppression on weed densities depended on the weed species (Figure 4). Approximately half of the species, like Amaranthus retroflexus (AMARE) or Sonchus asper (SONAS) saw their plant densities increase in the majority of situations (i.e., year × cropping system × weather repetition). Six out of the 30 species decreased in the majority of situations (e.g., AVEFA: Avena fatua) whereas no tendency was visible for the remaining species. Weed species could be clustered into five groups in terms of their response to tillage suppression (Figure 5B). Group A (in the lower right quadrant of Figure 5B) only consisted of species whose densities increased in the majority of situations (Figure 4): Amaranthus retroflexus (AMARE), Chenopodium album (CHEAL), Digitaria sanguinalis (DIGSA), Solanum nigrum (SOLNI), and Sonchus asper (SONAS). This group became more abundant when tillage was deleted if the recorded cropping systems presented frequent summer tillage (SummerTillage_R in the lower right quadrant of Figure 5A), particularly when TABLE 3 | Which weed impacts were impacted most when tillage was deleted without any other changes in management practices? Average difference in weed impact indicators from tillage-free simulations-values from unmodified cropping systems (395 systems × 30 years × 10 weather repetitions) (percentages show variation relatively to mean indicator values from unmodified cropping systems). Cells of relative variation were colored in green for beneficial effects (increased biodiversity) and red for detrimental effects (decreased yield, increased weed harmfulness), and the stronger the relative variation was, the darker the color. A2) of the recorded cropping systems, with the most correlated to the difference in weed densities highlighted in blue based on fourth-corner analysis (green: rotation, brown: tillage, red: herbicides, black: others). (B) Weed species (list in Table A1), clustered into groups, following a Ward ascendant hierarchy classification, based on the difference in tillage-free vs. recorded systems; species labels are colored in red or green if their densities increased or decreased in the majority of situations when tillage was deleted (based on Figure 4). (C) Species parameters (list in Table A3), with the most correlated ones shown in blue (green: morphology and shading response, red: seasonality, brown: seed traits, black: others), based on fourth-corner analysis. Hidden labels: IVdaysBetweenSowing-Harvest_R behind propWinterCrops_R, nbIrrigationObs_R behind TimeHarvest1stTill_R, mu_SLAlate behind mu_WMmid [START_REF] Colbach | Modelling the effects of cropping systems on weed dynamics: the trade-off between process analysis and decision support[END_REF] ).

Weed impact

conditions to start photosynthesis. These features are typical of summer annuals. The species of group C (upper right quadrant of Figure 5B) included dicot weeds such as Polygonum species (POLPE, POLLA, POLAV), which generally became more abundant in case of tillage suppression, as well as grass weeds such as Echinochloa crus-galli (ECHCG) and Panicum miliaceum (PANMI) whose reaction to tillage suppression depended much more on the cropping system (Figure 4). The cropping systems and species traits that favored these species were different from group A in case of tillage suppression. These species increased in rotations with frequent winter crops (propWinterCrops_R and DurationCropCover_R in upper right quadrant of Figure 5A) and rare spring crops (propSpringCrops_R in lower lefthand quadrant), except if wheat was preceded by a spring crop (previousSpringCrop_BLE in the lower left quadrant). These species were also favored if the first tillage of the fallow period and/or mouldboard plowing of the recorded systems occurred soon after the harvest of the previous crop (TimeHarvest1stTill_R and TimeHarvestPlough_R) and summer plowing before wheat was frequent (summerPlough_Wheat), when irrigation was rare and/or rate was low (nbIrrigationOps_R and IrrigationAmount_R), with frequent pseudo-root herbicides (nbPseudoRootHerbicides_R) and in systems frequently switching between years with and without manure spreading (IVnbManureOps_R). In terms of species traits, group C consisted of thick seed coats (seedCoatThickness in the right upper quadrant of Figure 5C) and thus persistent and dormant seeds, as well as plant heights strongly increasing with plant biomass (b_HMlate) and leaves tending to be concentrated toward the top of the plant (b_RLHlate). These species also tended to be spring annuals (emergenceApril).

Group E (lower left quadrant of Figure 5B) was opposed to group C, both in terms of the cropping systems (e.g., late first tillage and/or plow) where these species became more abundant after tillage suppression (Figure 5A), and in terms of species traits (e.g., thin seed coats) that favored this increase in plant densities (Figure 5C). Group E also included a species that increased after tillage suppression in the majority of situations, i.e., Poa annua (POAAN). This species saw its density decrease less in the type of cropping systems associated to group E. But most of its species were favored by tillage suppression, such as Capsella bursa-pastoris (CAPBP), Matricaria perforata (MATIN), and Senecio vulgaris (SENVU).

Group B (on the left-hand side of the first axis of Figure 5B) included both increasing (e.g., GERDI: Geranium dissectum) and decreasing species (e.g., STEME: Stellaria media, Figure 4). Their increase was stronger (or their decease lesser) when the recorded systems included many spring crops (Years Between Spring Crops on the right-hand side of Figure 5A), particularly before wheat (previousSpringCrop_Wheat) and with rare summer plowing before wheat (summerPlough_Wheat). These were winter annuals (Winter Annual of left-hand side of Figure 5C) with a high seed biomass ratio (BMseed_BMair.1.) and a high specific root length (srlMax.mg.g.), but without shading response in terms of specific leaf area and plant width biomass ratio (mu_SLAlate and mu_WMmid on the right-hand side of Figure 5C). Variation in yield loss (averaged over 30 years) when eliminating tillage from cropping systems calculated from linear regression parameters selected by PROC GLMSELECT (R² = 0.64). Cells were coloured from green (most jevative variaton) through white (no variation) no red (largest positive variation).

Finally, group D (upper left quadrant of Figure 5B) was opposed to group A, both in terms of systems and trait that favored them when tillage was deleted. These species, e.g., Avena fatua (AVEFA) or Galium aparine (GALAP) generally became less abundant after tillage suppression (Figure 4). Their emergence period did not include May and June, and their photosynthesis started at lower temperatures.

How to Manage Weeds Without Tillage?

Which Systems Are the Most Robust to Tillage Suppression?

To assess the sensitivity of crop yields to tillage suppression, we analyzed the increase in yield loss in simulations without vs. with tillage as a function of management practices (Table 4). Rotation was crucial. The most sensitive systems were characterized by long-duration crops (e.g., winter crops) or early sown spring crops (combination of lines 4 and 5 with early sowing in Table 4) whereas systems with frequent cover crops (lines 2 and 3) or summer crops (lines 4 and 5 with late sowing) were less sensitive to tillage suppression. The same was true for systems with efficient herbicide programs, e.g., programs varying between years (line 6). However, non-systemic herbicides (whose efficiency decreases with weed density) work better in conjunction with other weed-control options such as tillage. Conversely, persistent herbicides, such as pseudo-root herbicides work better if they are not followed by tillage (line 8) as the latter dilutes their concentration in the soil. These herbicides are also applied before or at crop sowing, often replacing pre-sowing tillage, and the systems that include these herbicides are thus less sensitive to tillage suppression. Similarly, the beneficial effect of (weed-free) manure spreading (which indirectly increases soil contact of surface seeds when organic matter is spread on soil surface and thus weed seedbank depletion during fallow) lasts longer when tillage is deleted (line 9). The same applies to a lesser degree to irrigation (line 10).

Which No-Till Systems Limit Grain Yield Loss Due to Weeds?

In the recorded no-till systems and the tillage-free systems (resulting from deleting tillage in the recorded systems), grain yield loss depended the most on herbicides (partial R² = 0.39, details in Section C.4 in Supplementary Material) as well as rotation (R² = 0.12), including cover crops during seasonal fallow (R² = 0.14). Mechanical weeding (R² = 0.06), sowing (R² = 0.07), harvest (R² = 0.04) and mowing/shredding/topping operations (0.06) had a much smaller effect whereas the effect of manure (R² = 0.01), rolling operations (R² = 0) and irrigation (R² = 0.03) was nil or negligible. The three best types of systems, i.e., the three types with the lowest grain yield loss due to weeds on average over the rotation, all relied on herbicides, but to a varying degree (Table 5).

Among these, strategy A consisted of only recorded cropping systems. It presented the highest herbicide use intensity (HTFI = 2.49 on average over rotation), requiring herbicides targeting monocot weeds, and preferring a high efficiency over frequency of application and over high dosage, particularly in wheat (where HTFI could be low). The other weed control lever was crop-residue shredding during fallow, which needed to be implemented a few days after harvest at the earliest and cut as low as possible. A high crop sowing density was also helpful. All these rules were particularly important in wheat. The rotation included winter crops and/or spring-crops preceded by cover crops.

Strategy B was very different, comprising only systems from the "No-till" series. It consisted of a summer-crop monoculture, mainly late-sown and late-harvested maize (with glyphosatetolerant maize in 50% of the systems) preceded by a cover crop during fallow. Frequency of herbicide applications and HTFI were lower but spraying needed to be during the first month after sowing. A very high irrigation was essential, starting during the first 6 weeks of the crop, and occasional crop-residue shredding during fallow. This strategy was mostly found in South-Western France.

Strategy C also only comprised systems from the "No-till" series. It differed from the other two, using few and less efficient herbicides, except for pseudo-root herbicides at crop sowing. Cover crops (lasting at least for 2 months), well timed residue shredding before sunflower and frequency manure spreading were also essential. The latter added a small layer of organic matter on top of weed seeds located on the soil surface, thus improving the latter's imbibition and germination during TABLE 5 | The three best strategies for limiting grain yield loss due to weed at the rotation scale (i.e., yield loss averaged over 30 simulated years) in no-till systems, based on a classification and regression tree on 466 systems × 10 weather repetitions (395 systems from the "No till" series, 2 × 36 no-till systems from the "recorded" and "herbicide-free" series).

Strategy A Strategy B Strategy C

% of cases among the analyzed cropping systems and weather repetitions 3.7% (all recorded) 0.4% (all "No-till") 0.6% (all "No-till") Management practices are practices averaged over rotation, and are ranked from the most influential at the top to the least influential at the bottom. Cell colors distinguish variables in relation to rotation (green), mechanical weeding (yellow), herbicides (red), sowing (purple), crop-residue shredding, mowing and topping (blue), and other (white). TFI, Treatment Frequency Index (1 = one herbicide at full dosage over whole field per year).

A. Performance
fallow, which resulted in a smaller weed seed bank at cash crop sowing.

How to Reconcile Low-Till and Low-Herbicide With Low Yield Loss?

The Key Management Levers

As the previous no-till systems often relied on intense herbicide use, our last analysis aimed to identify management techniques and combinations thereof that reduce all three indicators, i.e., grain yield loss due to weeds, herbicide use intensity and tillage frequency. In the 3 simulation series × 395 investigated systems × 10 weather repetitions, rotation was the most important factor (Table 6). The larger the number of different crops and varieties grown over time, the more our three target indicators were reduced (line [1] of Table 6) and if the crop cover (resulting from both cover and cash crops) lasted long [4] (particularly in maize [START_REF] Cordeau | Long-term soil nutrient management affects taxonomic and functional weed community composition and structure[END_REF]) and this each year (i.e., cover duration should vary little from year to year, [5]). More in detail, this meant (i) frequent spring crops, particularly maize [7], (ii) cover crops, particularly long-lasting ones [11], which required early-harvested winter crops [3] except in wheat [18]; and/or (iii) double crops in the rotation [9] and therefore few winter crops [10]. Long rotations

[15] alternating winter, spring and/or multiannual crops [20] were the best. In a rotation, wheat should follow cereals or oilseed crops [23] rather than legumes and other crop species. Sowing strategies were also important. Early sowing of both winter [2] (particularly in wheat) and spring crops [6] (particularly in maize) was best. Moreover, wheat should be sown in narrow rows [13] and [25]. Weed destroying operations (other than tillage or herbicides) were crucial. The target indicators were reduced if a large field proportion was mechanically weeded [12] (i.e., tools weeding the whole field rather than just the interrow are better) though frequent mechanical weeding had the opposite effect [22] as it can stimulate new weed emergence flushes. Similarly, delaying mowing and topping (i.e., cutting weed plants approximately at the height of the crop canopy to avoid weed seed production) date to leave enough time to the weeds to be grow above the cutting height (i.e., operating close to harvest) was much more important [24] than to take action in each crop (i.e., the frequency of crops with mowing or topping increased the triple target [17]). Conversely, frequent crop-residue shredding during the fallow period was helpful [19] though in no-till, this technique would necessarily be limited to a single operation aiming to destroy the cover-crop TABLE 6 | The main cropping-system components (other than those related to tillage and herbicide strategies) that are associated with a reduction in tillage, in herbicide use intensity and/or in grain yield loss due to weeds. Results from multi-variate classification and regression tree analyzing grain yield loss, number of tillage operations per year and herbicide treatment frequency as a function of cropping system characteristics using all three simulation series (with recorded systems, after tillage deletion, after herbicide deletion), with partial R² calculated from Variable Importance Predictors and showing the probability that an increase in a cropping-system variable is associated to an increase in the mean of the three response variables [normed to (0 = lowest value in data set, 1 = highest value in data set)]. Cropping-system variables with a higher-than-average probability of increased response variable are shaded. The lower the partial R² was, the more the effect of a variable was local (i.e., it depended on other cropping system variables). Variable colors distinguish rotation (green), mechanical weeding (brown), sowing (purple), crop-residue shredding, mowing and topping (blue), and other (black). The complete table can be found in Section The cropping practices that drive grain yield loss in no-till systems in Supplementary Material.

Cropping system variable averaged over rotation (which crops) Partial R² Probability Days from last topping to harvest (wheat) 0.01 1.00

[25] Row sowing instead of broadcast (wheat) 0.01 0.00 [START_REF] Cordeau | Long-term soil nutrient management affects taxonomic and functional weed community composition and structure[END_REF] Crop duration from sowing to harvest (maize) 0.01 0.00

[27] Irrigation amount (all, maize) 0.01 (0.01) 1.00 (1.00) § Topping consists in cutting weed plants approximately at the height of the crop canopy to avoid weed seed production. $ Crop types are winter crop, spring crop or multi-annual crop.

canopy. Frequent rolling was also a good idea [START_REF] Locke | Weed management in conservation crop production systems[END_REF]. Two other management techniques influenced our target. Irrigation, particularly in maize [14] and [27], was counterproductive and was best carried out as late as possible after sowing [16] to limit weed emergence. Similarly, (weed-free) manure spreading increased our target indicators, particularly before wheat [21]. This was not because manure boosted weed infestation, on the contrary as shown in Tables 4,5. This was because in recorded systems, manure spreading is usually followed sooner or later by tillage.

Among the techniques that are impossible to implement in no-till herbicide-free systems, but still possible in reduced-tillage and reduced-herbicide systems we found that some features (other than number of operations and dosage) of herbicide programs also contributed to reducing the three target indicators (e.g., broad-spectrum herbicides, highly efficient herbicides, early spraying after sowing, Section C4 in Supplementary Material).

Similarly, well-chosen tillage options helped to reduce the target indicators (e.g., till as close as possible to crop sowing).

How to Combine Management Levers?

The effects of changing cropping-system variables were not always straightforward, i.e., increasing a given variable could lead to both an increase and a decrease in the target indicators, depending on other cropping-system variables (Table 6). For instance, increasing the number of irrigations per year on average over the rotation increased the target indicators in 40% of situations and decreased it in 60% of situations (line [14] in Table 6). To further pinpoint "winning" cropping systems, we analyzed the four strategies that presented both the lowest tillage and herbicide intensities (Table 7). The resulting yield losses due to weeds (27-59%) were not low in absolute values but much lower than most no-till systems and still below average of no-herbicide systems (Figure 3). TABLE 7 | How to reconcile reduced tillage, reduced herbicide use intensity, and reduced grain yield loss due to weeds? The four strategies with herbicide use intensity < 0.15 and tillage frequency < 0.2 operations per year. Results from multi-variate classification and regression tree analyzing grain yield loss, number of tillage operations per year and herbicide treatment frequency as a function of cropping-system characteristics, with partial R² calculated from Variable Importance Predictors and showing the probability that an increase in a cropping-system variable leads to an increase in the mean of the three response variables [normed to (0 = lowest value in data set, 1 = highest value in data set)]. Cell colors distinguish variables in relation to rotation (green), tillage/mechanical weeding (yellow), herbicides (red), sowing (purple), crop-residue shredding, mowing and topping (blue), and other (white). All values are averages over rotation. 7). Its spring crops were sown late; if maize was tilled, this was done close to sowing. Irrigation, particularly in maize, was limited in terms of frequency and rate. The same applied to manure spreading, particularly prior to wheat. Winter crops were sown before 3 November and mechanical weeding was rare. There were some herbicides and to limit treatment frequency, herbicides were highly efficient (notably preferring systemic and multi-entry herbicides), particularly on monocot weeds.

Strategy

Strategy S2 presented some similarities but resulted in more than twice the yield loss (59%). The main differences concerned irrigation, with high frequencies and large amounts. Moreover, crop cover lasted less than 11.3 months (which excludes multiannual grass/lucerne crops or relay cropping), and years with no-till frequently alternated with years with tilled crops.

The two other strategies were very different, with earlier sown spring crops. The emphasis of strategy S3 was on late-sown and late-harvested winter crops with well-chosen herbicides. Despite allowing some tillage and herbicides, its grain yield loss was much higher than that of strategy S4 (59 vs. 41%), which used neither tillage nor herbicides. The latter consisted of short rotations with many early sown winter crops (but no wheat after cereals), but no cover crops or double.

DISCUSSION

Combining Field Data With a Process-Based Simulation Model

We combined cropping-system data collected from farming practice with a simulation model playing the role of a virtual experimental field and a simulation plan aiming to decorrelate key weed-management levers. This approach was previously used to identify yield-limiting factors [START_REF] Affholder | Diagnosis of the productivity gap using a crop model. Methodology and case study of small-scale maize production in central Brazil[END_REF][START_REF] Affholder | The yield gap of major food crops in family agriculture in the tropics: assessment and analysis through field surveys and modelling[END_REF][START_REF] Van Ittersum | On approaches and applications of the Wageningen crop models[END_REF][START_REF] Silva | Explaining rice yields and yield gaps in Central Luzon, Philippines: an application of stochastic frontier analysis and crop modelling[END_REF] and more recently to assess the effects of herbicide use intensity on weeds [START_REF] Colbach | Reduced herbicide use does not increase crop yield loss if it is compensated by alternative preventive and curative measures[END_REF]. To our knowledge, the present study is the first attempt to apply this methodology to tillage intensity and the consequences for weeds, aiming to identify sustainable levers to reach the holy grail: herbicide-free, no-till and low yield loss due to weeds.

Combining field data with simulations allowed us to overcome major drawbacks of field experiments and farm-field surveys. Evaluating the cropping systems with a simulation model made possible a comprehensive multi-annual and multi-weather assessment, and this for a several hundred systems and a dozen contrasting pedoclimates and weed floras. The systems provided by farmers and advisors were essential to investigate the role of tillage in consistent systems whose components were chosen to be complementary whereas the "tillage-free" and "herbicide-free" simulation series allowed disentangling the role of the two major weed-management options from each other and from other management practices. The latter is possible in field experiment but takes time, and impossible in farm-field surveys as farmers compensate reduced tillage and/or reduced herbicide use by other practices, which can lead to wrong conclusions when simply correlating management intensities with weed-flora or yield data [START_REF] Colbach | The pitfalls of relating weeds, herbicide use, and crop yield: don't fall into the trap! A critical review[END_REF].

Using a mechanistic (process-based) simulation model was essential to understand the reasons for the observed croppingsystem performances and tillage effects and to access detailed information on crops, weeds and soil which are impossible to measure in actual fields [START_REF] Colbach | Modelling cropping system effects on crop pest dynamics: how to compromise between process analysis and decision aid[END_REF][START_REF] Colbach | Modelling the effects of cropping systems on weed dynamics: the trade-off between process analysis and decision support[END_REF]. Working with what is essentially a virtual field made it possible to apply agronomic and ecological methods initially developed for cropping-system diagnosis and field surveys [START_REF] Doledec | Matching species traits to environmental variables: a new three-table ordination method[END_REF][START_REF] Doré | Methodological progress in on-farm regional agronomic diagnosis[END_REF]. As a result, we produced emerging knowledge, e.g., which weed traits are selected by tillage or no-till as well as rules for designing sustainable no-till systems (see Section Implications for Conservation Agriculture).

Are the Results Consistent With Field Observations?

The main drawback of simulation-based studies is that the results are conditional on the prediction quality of the model. In the case of FLORSYS, this was shown to be adequate in a previous study (Section Domain of Validity). Here, we focused on tillagerelated observations.

It is impossible to find field observations that compare cropping systems that only differ in terms of presence and absence of tillage (as in our "recorded" and "tillage-free" simulation series). But, some field studies observed similar tendencies to our simulation study, e.g., an increase in spring/summer emerging species (as in our groups A and C of Figure 5 favored by tillage suppression) or shadeaffiliated species (the opposite of the disfavoured group B) with the time since the adoption of conservation agriculture [START_REF] Derrouch | Functional shifts in weed community composition following adoption of conservation agriculture[END_REF]. Process-close traits were more influential in our analysis than broader features such as clade, even though monocot species are frequently reported to increase in conservation agriculture [START_REF] Derrouch | Functional shifts in weed community composition following adoption of conservation agriculture[END_REF]. Here, monocot species were both favored and disfavoured by tillage suppression, depending on their other traits, particularly emergence season.

Other field reports could not be confirmed, simply because the relevant species were not included in the FLORSYS model. This is the case of perennial weeds, which often increase of adopting conservation agriculture [START_REF] Zanin | Ecological interpretation of weed flora dynamics under different tillage systems[END_REF][START_REF] Derrouch | Functional shifts in weed community composition following adoption of conservation agriculture[END_REF]. Another limit of our study is related to missing processes. For instance, pseudo-root herbicides worked better here without tillage whereas in practice, farmers implementing conservation agriculture use few such herbicides whose efficacy is expected to be reduced by the higher organic-matter content on the untilled soil surface [START_REF] Locke | Weed management in conservation crop production systems[END_REF][START_REF] Derrouch | Weed management in the transition to conservation agriculture: farmers' response[END_REF], a process not included in FLORSYS. This means that the here identified increase in weed biomass and weedcaused yield loss might be either over-or underestimated and that potential levers for making no-till systems "weedproof " need to focus more on perennials and biological weed regulation.

Other differences with the literature might result from the data set. Indeed, our very large data set allowed us to show that the effect of tillage suppression on weeds depended on the initial cropping systems. This would explain some contradictory reports from literature, concluding both an increase [START_REF] Derrouch | Functional shifts in weed community composition following adoption of conservation agriculture[END_REF] and a decrease of species with large/heavy seeds [START_REF] Thomas | A multistudy approach to understanding weed population shifts in medium-to long-term tillage systems[END_REF][START_REF] Trichard | Identification of weed community traits response to conservation agriculture[END_REF][START_REF] Armengot | Tillage as a driver of change in weed communities: a functional perspective[END_REF].

Moreover, we compared recorded systems to systems where tillage was deleted without other changes in management practices. In practice, tillage suppression comes with a complete system overhaul, including many other changes in management practices which might cause weed-flora shifts attributed to no-till. For instance, no-till often comes with increased crop-residue biomass on soil surface which favors species with smaller seeds (Menalled et al., submitted 1 ). Despite our simulation plan and the diversity of the analyzed systems, such correlations could also impact some of our results. For instance, reducing manure spreading was identified here (Table 7) as a potential lever to reach our triple target (reduced herbicide and tillage intensities and yield loss) because it increased weed seed-soil contact and the resulting weed-seedbank depletion during fallow. But this might simply be because in the recorded cropping systems, tillage was used to incorporate manure. In untilled systems, weedfree manure spreading could actually reduce weed-caused yield loss as shown in Table 5. This beneficial effect could though be canceled out if the manure comprised viable weed seeds [START_REF] Miyazawa | Response of weed flora to combinations of reduced tillage, biocide application and fertilization practices in a 3-year crop rotation[END_REF][START_REF] Cordeau | Long-term soil nutrient management affects taxonomic and functional weed community composition and structure[END_REF] and it might be overestimated as no such reduction was ever reported in fields. Field studies report little or no impact of manure spreading [START_REF] Menalled | Effects of composted swine manure on weed seedbank[END_REF][START_REF] De Cauwer | Impact of the quality of organic amendments on size and composition of the weed seed bank[END_REF] or significant increase in weed infestation [START_REF] Miyazawa | Response of weed flora to combinations of reduced tillage, biocide application and fertilization practices in a 3-year crop rotation[END_REF] due to weed-seed import (which was neglected here). But these field reports did not investigate weed seed germination, and manure spreading came with other modifications in the agroecosystem, notably nitrogen dynamics (which were not issue here as nitrogen was non-limiting in our simulations).

Implications for Conservation Agriculture

The present study showed that recorded cropping systems frequently present a trade-off between no-till and no herbicides, as in other studies [START_REF] Lechenet | Reducing pesticide use while preserving crop productivity and profitability on arable farms[END_REF][START_REF] Yvoz | A framework to type crop management strategies within a production situation to improve the comprehension of weed communities[END_REF]. To date, farmers, advisors and experimenters do not imagine systems that are both tillage-free and herbicide-free. On the contrary, in our recorded systems, farmers tended to rely more on tillage and herbicides, as they are risk-adverse [START_REF] Wilson | Perceptions and beliefs about weed management: perspectives of Ohio grain and produce farmers[END_REF][START_REF] Jabbour | Organic farmer knowledge and perceptions are associated with on-farm weed seedbank densities in Northern New England[END_REF], particularly in terms of weed management where they tend to "over-insure" to avoid any long-term problems [START_REF] Gibson | Farmer perceptions of weed problems in corn and soybean rotation systems[END_REF].

There were no recorded systems without herbicides and without tillage. All the best no-till systems identified here relied heavily on herbicides. The untilled crops with the lowest herbicide use intensity were unusual for arable-crop rotations, i.e., relay grass crops or multi-annual crops. This reminds us that conservation agriculture became possible in mechanized agriculture only once non-selective foliar herbicides which also targeted perennials became available [START_REF] Evans | Field performance of glyphosate derivatives in the control of Agropyron repens and other perennial weeds[END_REF].

Yield loss was not correlated to tillage frequency and/or intensity. This is not surprising as farmers adapt their practices when reducing tillage intensity, similarly to what we showed for herbicide intensity in a previous paper [START_REF] Colbach | Reduced herbicide use does not increase crop yield loss if it is compensated by alternative preventive and curative measures[END_REF]. But tillage effects are not as straightforward as herbicide effects (Cordeau et al., 2017a). Tillage is essential to destroy weed plants prior to cash crop sowing to reduce weed emergence by burying seeds [START_REF] Mulugeta | Seed bank characterization and emergence of a weed community in a plow system[END_REF], and to empty the weed seed bank through stale seed bed operations [START_REF] Lamour | The importance of tillage depth in relation to seedling emergence in stale seedbeds[END_REF][START_REF] Riemens | Effect of stale seedbed preparations and subsequent weed control in lettuce (cv. Iceboll) on weed densities[END_REF][START_REF] Travlos | Key factors affecting weed seeds' germination, weed emergence, and their possible role for the efficacy of false seedbed technique as weed management practice[END_REF]. But the germinating-favoring effect of tillage can be disastrous when it occurs close to cash-crop sowing and has not been preceded by stale seed bed operations, leading to an increase in weed emergence in the cash crop [START_REF] Cordeau | Timing of tillage as a driver of weed communities[END_REF].

Achieving low weed harmfulness in either herbicide-free or no-till systems was possible, which has already been reported in previous simulation studies [START_REF] Colbach | Reduced herbicide use does not increase crop yield loss if it is compensated by alternative preventive and curative measures[END_REF] and farm-field surveys [START_REF] Mohler | Weed seedbank and weed biomass dynamics in a longterm organic vegetable cropping systems experiment[END_REF][START_REF] Adeux | Diversified grain-based cropping systems provide long-term weed control while limiting herbicide use and yield losses[END_REF]. This does not mean that tillage does not control weeds. On the contrary, deleting tillage without compensatory measures resulted in an even huger increase in weed infestation and yield loss than when herbicides are deleted without compensation. This is consistent with field reports showing that tillage suppression tends to homogenize the ecological niche of weeds, providing them with a monotonous and relatively undisturbed habitat [START_REF] Derrouch | Functional shifts in weed community composition following adoption of conservation agriculture[END_REF].

Completely eliminating the two major weed-management levers at the same time was impossible in the situations investigated here. Unsurprisingly, the higher the initial tillage frequency is in a cropping system, the more the cropping system needs to be redesigned to compensate for tillage suppression. This highlights what pioneer farmers found when transitioning their system from plow-based to conservation agriculture: tillage had to be reduced step by step [START_REF] Derrouch | Weed management in the transition to conservation agriculture: farmers' response[END_REF][START_REF] Shrestha | Conservation agriculture as an approach towards sustainable crop production: a review[END_REF], first removing plowing, then reducing tillage intensity as much as possible, and finally switching to notill. This allows a more gradual shift of the weed community [START_REF] Derrouch | Functional shifts in weed community composition following adoption of conservation agriculture[END_REF] and decreases the role of the buried weed seed bank in the regeneration of weed populations in subsequent years [START_REF] Chauhan | Ecology and management of weeds under conservation agriculture: a review[END_REF][START_REF] Cordeau | Weed species differ in their ability to emerge in no-till systems that include cover crops[END_REF]. Participatory workshops with farmers and other experts are a way to design such transitions, setting off either with organic systems and gradually reducing tillage to achieve no-till, or viceversa with conventional conservation agriculture and gradually reducing herbicides. The most disruptive approach would consist in designing no-till herbicide-free systems from scratch, also including landscape infrastructure aiming to promote biological regulation [START_REF] Petit | Landscape-scale approaches for enhancing biological pest control in agricultural systems[END_REF]. The resulting systems can then be tested either (or both) in cropping-systems trials or in simulations. But even systems designed by multiple experts do not necessarily succeed as shown by INRAE cropping-system trials. There, the herbicide-free tillage-free systems have been infested by weeds, notably grass weeds, in only 3 years.

We identified avenues to limit weed-caused yield in systems with reduced tillage and reduced herbicide. These avenues are potentially interesting for both conservation agriculture and organic farming, the latter now also trying to limit tillage to protect soils from erosion [START_REF] Rhodes | The imperative for regenerative agriculture[END_REF][START_REF] Schreefel | Regenerative agriculture -the soil is the base[END_REF]. Our results are consistent with what pioneer farmers learn from their transition phase toward conservation agriculture, such as the need for diversified crop rotations with different sowing periods in addition to a continuous crop cover [START_REF] Derrouch | Weed management in the transition to conservation agriculture: farmers' response[END_REF]. Many of these levers are also common to ecological weed management [START_REF] Bastiaans | Focus on ecological weed management: what is hindering adoption?[END_REF], stressing that sustainable no-till no-herbicide systems require a good understanding of weed ecology and weed response to biological levers [START_REF] Petit | Biodiversity-based options for arable weed management: A review[END_REF]. However, the solutions identified here are few, they are feasible in only some production situations and may have other disadvantages, e.g., maize monoculture is limited to certain regions (e.g., South-Western France, Alsace), grassland-based systems focus on biomass production to the detriment of grain and protein production [START_REF] Huyghe | Grasslands and forage crops in france: Context and stakes consequences for breeding[END_REF]. Some options are impossible in no-till systems, such as mechanical weeding with a harrow and similar tools (because of the presence of crop residues) or reduced row spacing (because most no-till drillers require about 17 cm between each rows). Our results highlight that crop rotation and cover cropping are the key to design no-till herbicide-free systems but that we must think beyond current rotation patterns and ways of introducing cover crops into cropping systems.

Avenues for Future Research

The simulation plan used here must be amended to disentangle the many correlations among management practices and to design no-till (and herbicide-free) systems for specific production conditions and farmers' constraints. For the first part, we need to survey contrasting no-till cropping systems practiced by farmers in different pedoclimates and add them to our simulated data base. This will allow identifying more generic and robust rules for designing sustainable no-till herbicide-free systems. These rules can then be used in participatory workshops with farmers aiming to design systems adapted to their particular context. We used this approach already in the past for sustainable low-herbicide systems (Cavan et al., 2020; Colbach et al., 2021; Cavan et al., in review 2 ).

Our study showed that deleting the two major weed-control levers without compensation is disastrous. If we do so, systems need to be completely redesigned since there is no chance that changing the cropping systems through a substitution approach [START_REF] Hill | Conceptual framework for the transition from conventional to sustainable agriculture[END_REF] would succeed. Our results suggest that to achieve the holy grail of herbicide-free notill systems providing enough foods with limited yield loss, systems must be redesigned in depth, probably going beyond what is actually known, practiced or feasible. This will also need a major effort in terms of crop breeding, particularly the need to breed new cover crop species mixtures that are able to outcompete weeds [START_REF] Bybee-Finley | Finding the right mix: a framework for selecting seeding rates for cover crop mixtures[END_REF], easier to terminate without glyphosate (Alonso-Ayuso et al., 2020) while limiting costs or damage to the environment [START_REF] Frasconi | Combining roller crimpers and flaming for the termination of cover crops in herbicide-free no-till cropping systems[END_REF]. 

FIGURE 2 |

 2 FIGURE 2 | Typology of cropping systems with different tillage frequencies (indicated in nodes and leaves, colored from = lowest to = highest value, with % data included in node shown below) in the data set consisting of 395 cropping systems. Classification and regression tree explaining the number of tillage operations per year on average over the rotation from cropping-system variables other than tillage-related variables. Percentages below nodes and leaves indicate the percentage of systems among the total 395 systems. Total R² is 0.59, partial R² are 0.38, 0.11, and 0.10 for impacts of herbicides, mechanical weeding, and rotation, respectively[START_REF] Colbach | Modelling the effects of cropping systems on weed dynamics: the trade-off between process analysis and decision support[END_REF] ).

FIGURE 3 |

 3 FIGURE 3 | Effect of deleting tillage or herbicides without any compensation in cropping systems on grain yield loss due to weeds, averaged over all simulated years. The analyzed data set consisted of the same 395 cropping systems × 30 years × 10 weather repetitions, simulated without modification (Standard), after deleting all tillage operations (NoTill) or after deleting all herbicide operations (NoHerbicides). Blue diamonds show means, letters

FIGURE 4 |

 4 FIGURE 4 | Variation in weed plant densities when deleting tillage without compensation in the 395 systems × 30 years × 10 weather repetitions. Weed species are ordered according to decreasing change in densities and named with their EPPO codes, for full names see Table A1. Boxes show 25, 50 (median), and 75-percentiles of distribution, whiskers extend from the box to, respectively, the lowest and largest values no further from the box than 1.5 × the height of the box, blue diamonds are mean values. Boxes were colored in for species whose mean variation was significantly > 1 and whose value-distribution was skewed toward values > 1 (and vice-versa for boxes colored in ). Letters on top of the plot refer to species clusters established during the RLQ analysis of Figure 5. The letters at the bottom show monocot species (Nathalie Colbach, 2022).
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TABLE 1 |

 1 Summary of the 395 cropping systems used in the simulation study (further details in Section B.1 in Supplementary Material).

	Region	Number of systems	References
	Cropping system trial (recorded practices)	
	Aquitaine	6	Cavan et al., 2020
	Burgundy	10	Colbach et al., 2016
	Center	2	Cavan et al., 2020
	Champagne	2	Cavan et al., 2020
	Languedoc	2	Cavan et al., 2020
	Paris region	36	Colbach et al., 2016; Alletru
			and Labreuche, 2019
	Picardie	2	Cavan et al., 2020
	Biovigilance-Flore data base (regional practices)
	Aquitaine	28	Colbach et al., 2014c,
			2016; Bürger et al., 2015
	Burgundy	22	Colbach et al., 2014c, 2016
	Poitou	19	Colbach et al., 2014c, 2016
	Farm surveys (main cropping system on farm)	
	Burgundy	20	Colbach et al., 2010;
			Mézière et al., 2015
	Champagne	1	Van Inghelandt et al., 2019
	Normandie	13	Cavan et al., 2019
	Picardie	2	
	Poitou	29	Mézière et al., 2015
	Expert opinion (current and prospective practices)
	Aquitaine	16	Bürger et al., 2015
	Catalonia (Spain)	25	Bürger et al., 2015
	Burgundy	54	Colbach et al., 2010; Délye
			et al., 2020
	Poitou	27	Délye et al., 2020
	Lorraine	33	Colbach et al., 2010
	Co-designing workshops (farmers and advisor)	
	Normandy	17	Cavan et al., 2019
	Champagne	4	Van Inghelandt et al., 2019
	Picardie	9	
	Newly designed based on decision tree	
	Burgundy	16	Colbach et al., 2017b

  Rotations were mainly based on cereals (wheat, Triticum aestivum; barley, Hordeum vulgare; maize) and oilseed rape (Brassica napus), with a smaller proportion of legumes (lucerne, Medicago sativa; faba bean, Vicia faba; etc.), non-legume broadleaved crops (sunflower, Helianthus annuus; flax, Linum usitatissimum etc.) and temporary grassland, with proportions and crop species depending on regions.Several hundred descriptors (see examples in Table

TABLE 4 |

 4 Effect of management practices on the resilience (variation in yield loss) of cropping systems to tillage suppression.

		Cropping system component (average over rotation)	Variation in yield loss (average over rotation)
	1	Duration of crop cover	+3.3%	Per month cover/year
	2	Cover crop during the fallow period	-16.2%	If yes
	3	Proportion of years with cover crops during fallow	-3.8%	10%
	4	Spring/summer crops in rotation	+18.9%	If yes
	5	Sowing date of spring/summer crops	-1.4%	Per week delay
	6	Interannual variation in number of herbicide operations	-3.7%	If number of operations changes every year
	7	Non-systemic herbicides	+10.0%	Per operation/year
	8	Pseudo-root herbicides	-26.8%	Per operation/year
	9	Spreading weed-seed-free manure	-16.6%	Every 2 years instead of never
	10	Irrigation	-0.4%	+10 mm/year

  of strategies in terms of herbicide use intensity and weed-caused crop yield loss

		Herbicide use intensity (HTFI)	
	2.49 ± 0.25	1.3 ± 0.30	0.77 ± 0.31
		Average grain yield loss (%, t/t)	
	5.7%	0.8%	1.6%
	B. Combination of practices determining the strategies	
		Wheat herbicide efficiency on monocot weeds	
		≥78%	<78%
	Duration of crop cover (cash + cover crops during fallow period) ≥ 6.4 months/year	Duration of cover crops during fallow ≥ 2.1 months/year
	Herbicide TFI ≥ 1.94	Herbicide TFI < 1.94	Residue shredding before sunflower ≥ 40 days before sowing
	Herbicide TFI in wheat < 2.65	1st irrigation in maize < 42 days after sowing	Pseudo-root herbicides ≥ 0.28/year
	Wheat sowing density ≥ 273 seeds/m²	Spring crops sown after 20 May	No mechanical weeding
	1st residue shredding ≥ 2 days after harvest	Spring crops harvested after 20 October	Weed-seed-free manure spreading ≥ every 3 years
	Herbicides with more than 75% efficiency on monocots ≥ 0.41/year	Irrigation ≥ 350 mm/year Residue shredding ops ≥ 0.16/year	Systemic herbicides < 1 per year Herbicides with more than 50% efficiency on monocots < 0.33/year
	Residue shredding height before wheat <	1st herbicide < 28 days after sowing	Herbicides with more than 50% efficiency on dicots <
	3.2 cm	Spring-crop monoculture	0.49/year
		Sowings ≥ 1.8/year → annual cover crop or double	% of species targeted by 90%-efficient herbicides
	Residue shredding height	crops	<33%
	< 3.2 cm	Herbicides < 2.8/year	% of years alternating between manure and no-manure ≥ 66%

TABLE A2 |

 A2 Explanations of key cropping techniques that drive increase in weed densities when tillage is deleted without compensation, based on the RLQ and 4th-corner analyses of Figure5.
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