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Abstract

Conservation agriculture (CA) appears as a promising agricultural pathway to achieve multiperformance
but is currently questioned due to its reliance on herbicides for weed management, especially glyphosate.
One limit in the development of CA-based agroecological cropping system less reliant on herbicide use
is the strict definition of CA based on technical means (i.e. the three principles) rather than targeted
objectives. In this chapter, we mobilize research carried out on experimental stations (e.g. CA-SYS
platform) and farmer networks (e.g. French DEPHY-farm network) to synthesize knowledge on how
herbicide-free no-till agriculture could be achieved. We provide insights on the multiperformance of
herbicide-free and nature-based CA systems compared to reference CA systems. Designing cover crops
to ensure growth in a context of unpredictable weather conditions and facilitate mechanical termination,
and ensuring crop establishment in absence of tillage and herbicides represent major research avenues

for the development of pesticide-free CA systems.

Keywords: weeds, multiperformance, cropping system experiment, farmer network, cover crops, crop

rotation, design, Agroecology, CA-SYS platform
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1 Introduction

According to the FAO, conservation agriculture (CA) is defined as a farming system or production
strategy which implements three principles simultaneously and permanently over time (FAO, 2021): (i)
absence of soil disturbance (exception made of the disturbance generated by the seeder ); (ii) crop
diversity in time (crop sequence, rotation) and space (intercropping, companion plants, cover crops);
and (iii) maximum soil coverage by crop residues or sown cover crops (annual or permanent cover).
This definition highlights that CA is currently characterized based on the technical means implemented,
which have been described in greater depth and geographically contextualized in numerous studies
(Kassam et al., 2009; Kassam and Friedrich, 2011; Friedrich et al., 2012; Kassam et al., 2019). More
specifically, CA systems are defined as those in which no mechanical disturbance of the soil is carried
out except by the seed drill (less than 15cm wide or 25% of the cultivated area), a practice known as no-
till, no-tillage or zero-tillage, which grow more than three different crop species in pure stands or
mixtures (of varieties or species), and which cover at least 70% of the soil surface with stubble, crop
residues or dead or living cover crops at the time of sowing (Kassam et al., 2019). CA systems combine
a diverse set of agricultural management practices (rotation, cover, sowing, fertilization, weeding, etc.)
which may change as the system evolves (Knowler and Bradshaw, 2007; Vankeerberghen and Stassart,

2016; Derrouch et al., 2020).

Managing weeds has always been a challenge in no-till systems. The development of non-selective,
effective, and inexpensive foliar herbicides for burn-down weed control prior to crop sowing such as
aminotriazole (1958), paraquat (1963), glyphosate (1975) and glufosinate (1986) helped to control the
development of perennial weeds, which are a major threat in reduced-tillage systems (Evans, 1972;
Watson, 1974; Hoss et al., 2003). These herbicide applications at crop sowing (or just before) help
managing all the weeds that established during the summer fallow period, that may compete with crops
in its early stage and become difficult to control late in season, even with high dose of herbicide. The
development of no-till and the increase use of glyphosate was then encourage by the development of

herbicide-tolerant GM crops in 1996 (Green, 2018).

The number of herbicide active ingredients on the market is decreasing (Chauvel et al., 2022), thereby
limiting the number of chemical solutions for farmers. Irrational use of a single herbicide over a long
period of time may result in the development of resistant weed biotypes (Délye et al., 2013), shifts in
weeds flora and negative effects on the succeeding crops (Owen, 2008; Grundy et al., 2011). Worldwide,
the first glyphosate-resistant population of blackgrass (4Alopecurus myosuroides) was identified in

France in 2023 (R4P, 2023).

Nowadays, managing weeds remains challenging during and after the transition to CA (Derrouch et al.,
2020) because banning tillage and favoring the accumulation of organic matter on the soil surface limit

the number of weed management techniques or their efficacy (Cordeau, 2022). In CA, there are fewer
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weed control options because tillage is not allowed, and in-crop mechanical weeding is not possible due
to the presence of living or dead mulch (Chauhan et al., 2012). This impacts weed community’s
taxonomic or functional composition (Derrouch et al., 2021a) and thus weeding tactics over time
(Derrouch et al., 2020). Weed (including crop volunteer) management, as well as cover crop termination,

mainly relies on herbicides such as glyphosate (Antier et al., 2020).

Reducing herbicide use in conservation agriculture is a challenging priority. This chapter gathers French
data and experiences collected since 2007 by INRAE on long-term cropping systems experiments,
factorial experiments and farmers’ network with the objective of quantifying the performance of CA
systems aiming to reduce pesticide use, especially in terms of weed management, crop performance and

other technical and economic indicators.

2 Transitioning from tillage-based systems to conservation agriculture while using
herbicide to manage weeds

Integrated weed management (IWM) promotes the use of multiple techniques to achieve sustainable
weed control while reducing the reliance on chemical control. However, IWM strategies which reduce
both herbicide usage and tillage intensity remain difficult to implement, because tillage is a pivotal weed
management tool (Nazarko et al., 2005; Lechenet et al., 2016). Combining several weed management
tactics such as crop diversification, cover cropping and increased seeding rates is encouraged to ensure
that weed pressure does not transcribe into yield loss. CA proposes to diversify crop rotations and use
cover crops to increase ecosystem services. However, the effects of diverse crop rotations including
cover crops on weeds remain to be studied in the no-till system context (Chauhan et al., 2012; Adeux et

al., 2021).

2.1 Long-term integrated weed management cropping system experiment
A unique technique rarely enables ambitious objectives to be achieved (Cordeau et al., 2020a). An in-
depth redesign of the system is often necessary to achieve enhanced multi-performance (Hill and
MacRae, 1995). In 2000, INRAE set up a long-term cropping system experiment to compare the efficacy

of four IWM systems along a gradient of herbicide use, in comparison to a reference system.

The field experiment was conducted from harvest 2000 to harvest 2017 at the INRAE experimental farm
in Bretenicre (47° 14’ 11.2" N, 5° 05' 56.1" E), 15 km southeast of Dijon, France. The site is subject to
an oceanic climate (but with a greater temperature range than the Atlantic coast), characterized by cold
wet winters (average daily temperature of 4 °C and average monthly precipitation of 43 mm) and hot
summers (average daily temperature of 18 °C and average monthly precipitation of 69 mm). The
experiment was set up as a completely randomized block design. The set of decision rules characterizing
each of the CS was replicated on two blocks. To avoid complete overlap between crop:year and CS

effects, the two plots (1.7 ha) of each CS did not start with the same entry point (i.e., crop).
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Over the 17 years of experiment, the cropping system called S2 hereafter implemented IWM principles
during its transition toward CA. Indeed, no-plough, but quite frequent minimum tillage was applied for
the first ten years. Then, no-till was applied in S2 over the last 7 years of the experiment, soil was
covered with highly diversified grass/legume based cover crops during the summer fallow period and
crops were directly seeded into glyphosate-terminated cover crops. Recent literature showed that fields
conducted with CA principles are effectively CA after 5 years of permanent implementation of CA
(Derrouch et al., 2020), particularly due to the shift in weed flora (Derrouch et al., 2021a; Derrouch et
al., 2021b). That means that even the 7 first years of implementing CA principles in our experiment
cannot be assessed as the effects of CA, but rather the effect of recently implemented CA principles, i.e.
the initial and transitional phase to permanent CA. We thus considered here that the 17 years was a
system simulating a farmer transitioning from minimum tillage-based to CA over the 17 years. Weed
community before and after in-crop weed management, weed/crop biomass at crop flowering and crop

yield at harvest were assessed over the 17 years.

We present here the conclusions for 3 out of 5 cropping systems (Adeux et al., 2019; Adeux et al.,
2022b; Cordeau et al., 2022): the reference standard system (S1), the IWM system transitioning to CA
(S2) and the tillage-based system mixing mechanical/herbicide weed management (S4). S1 was the
reference cropping system, typical of the Burgundy region, designed to maximize financial return. It
was characterized by a triennial oilseed rape—winter wheat—winter barley rotation, systematic
moldboard ploughing in summer-autumn, and herbicides as sole curative weed management tool.
Nitrogen fertilization aimed to ensure the full needs of the crop. S4 was designed to mimic farmers
aiming to reduce herbicide reliance and resulted in a more complex 6-year rotation which included
winter sown crops (winter wheat (Triticum aestivum L.), winter barley (Hordeum vulgare L.), triticale
(x Triticosecale Wittm. ex A. Camus) or faba bean (Vicia faba L.)), autumn sown oilseed rape (Brassica
napus L.), spring crop (oat (Avena sativa L.), sugarbeet (Beta vulgaris subsp. vulgaris L.), faba bean,
lupin (Lupinus albus L.), spring barley or mustard (Brassica juncea (L.) Czern)) and summer-sown
crops (maize (Zea mays L.), sorghum (Sorghum bicolor (L.) Moench), soybean (Glycine max (L.)
Merr.), or sunflower (Helianthus annuus L.)). S4 differed from S1 and S2 by the tillage intensity and
weed management strategies. S4 implemented moldboard ploughing once every two or three years and
a wide array of preventive and cultural weed management tools such as false seedbed technique, delayed
sowing of winter cereals, and higher seeding rates. Herbicide was the only in-crop weed management
in S1 at recommended dose, while S4 resorting preferentially to preventive measures and mechanical
weeding. However, applications of specialized herbicides on target species remained possible in S4
when weather conditions were not suitable for mechanical weeding or to control weeds with a low
sensibility to mechanical weeding. More detailed information concerning crop sequence, pesticide
application, soil tillage, sowing, and harvest dates can be found in Adeux et al. (2019), Deytieux et al.

(2012) and Chikowo et al. (2009).
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2.2 Similar herbicide use in CA compared to the reference
The S1 reference system resulted in an average annual herbicide treatment frequency index (HTFI) of
1.9. Weed management relied mainly on broad-spectrum herbicides typically used in winter cereal-
based rotations (Figure 1). On average over the 17 years, the S2 system reduced herbicide use by 9%
compared with S1. Half of herbicide use was represented by glyphosate-based herbicides applied to
terminate crop volunteers, weeds and cover crops before sowing (Figure 1). The proportion of the HTFI
used to control grass weeds was higher than in the other systems, which clearly indicates high grass
weed pressure (e.g. Alopecurus myosuroides). The use of glyphosate increased during the transition
from superficial tillage to no-till, even though the doses of individual treatments declined (about 2 kg/ha
of active ingredient before 2010, about 0.9 kg/ha after 2010). The S4 IWM system enabled a 64%
reduction in HTFI compared with S1. This was made possible by the implementation of a number of
weed management tools, such as crop diversification, occasional ploughing (approximatively every two
years), mechanical weeding including hoeing of certain crops (maize), delayed sowing dates for winter
cereals (wheat, barley), the use of smothering species (triticale), and false seedbed operations during the

fallow period.

Figure 1. A) Herbicide treatment frequency index (HTFI) per year, average across the whole 2001-2017 period of the
experiment in the three cropping system, or in the winter wheat and oilseed rapes only, colored by the spectrum of the herbicide;
B) Dynamics of glyphosate TFI across the three cropping systems, repeated twice (blocs A and D). The trends (black line) are
highlighted with a loess smoother and 95% confidence intervals (grey bands). According to Adeux et al. (2019)
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2.3 Containing weed pressure and yield loss
Weed control was considered satisfactory on all the plots. No increased weed pressure was observed on
the plots over time (Figure 2A). Weed species often considered as highly problematic in cereal-based
cropping systems of the Burgundy region (e.g. Alopecurus myosuroides) were contained. Weed
abundance before weeding averaged (over 17 years) 25 plants/m? in S1, 54/m? in S2 and 45/m? in S4.
After any weeding operation, weed abundance averaged (over 17 years) 2 plants/m? in S1, 12/m? in S2
and 20/m? in S4. Weed control efficiency (computed based on weed densities before and after curative
weed control operations) averaged 78% in S1, 69% in S2 and 63% in S4, which we considered

acceptable.

The implementation of 17 years of contrasted tillage and herbicide use shaped weed assemblages and
dominant traits: short-life cycle, short-cycle winter annuals with a creeping growth form in S1, wind
dispersed Asteraceae and perennial species in S2 and spring and summer species in S4. Asteraceae
(Sonchus asper, Senecio vulgaris), grasses (Lolium spp., Echinocloa crus-galli) and perennials
(Convolvulus arvense, Taraxacum officinale) dominated the weed community in S2 during the last 7

years of strict CA.

Weed-induced yield losses (estimated from weed biomasses and relationships between crop and weed
biomasses, see Adeux et al., (2019)) were negligible in all systems (Figure 2B). The percentage of weed
biomass was less than 5% in 100% of plot:years (i.e. case situations) in S1, in 66% in S2 and in 79% in
S4. When S2 transitioned to CA, the percentage of weed biomass was sometimes higher, particularly
when companion plants intercropped with oilseed rape (considered as “weeds”) were not winter-killed.
Figure 2. A) Dynamic of total weed density (plant/m?) over 2001-2017 period in the two blocs of the three cropping systems.
Each dot corresponds to a weed survey colored according it relative timing to weedings. B). Weed-induced yield loss (%)

estimated by the reduction of crop biomass due to increased weed biomass sampled at crop flowering each years. According
to Adeux et al. (2019)
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2.4 Lessons from the transition to CA applying IWM principles
S2 achieved satisfactory weed management. The weed densities observed remained containable.
Herbicide use was reduced by -21% during the superficial tillage phase (2000-2010) and by -9% across
the all 17 years of the experiment, compared to the standard reference system. During the no-till phase,
social pressure on glyphosate use was not as pronounced as today in Europe (Antier et al., 2020), hence
the strategy adopted was to use glyphosate before crop sowing in order to limit herbicide use during the
crop cycle. As a consequence, total herbicide use was similar to the reference but composed of 50% of
glyphosate-based herbicides. In certain crops, no herbicides were required for weed control due to
important crop residues on the soil surface, as was the case for winter faba bean after sorghum. The
success of this technique resides in obtaining in a sufficiently thick mulch to suppress weed emergence

and establishment but not the crop (Teasdale and Mohler, 2000; Menalled et al., 2022).

However, reliance on glyphosate in S2 was high, even though the doses applied were reduced over time.
It was often difficult to ensure maximum growth of cover crops due to high slug pressure, delayed
sowing after harvest of the previous crop due to lack of manpower, and non-optimized sowing density.
Optimizing cover crop mixture richness and composition (Smith et al., 2020), seeding rates of each
species (Bybee-Finley et al., 2022) and sowing date in light of unpredictable weather conditions (Mirsky
et al., 2017) remains a challenge to optimize weed suppression in cover crops (Osipitan et al., 2019).
We observed the rapid evolution of weed communities towards Asteraceae species which easily
establish in no-till (Cordeau et al., 2015b) thanks to wind dispersal. This flora has limited the
possibilities of further reducing the frequency of herbicide treatments. The profitability of the S2 system
was lower than the profitability in the S1 reference system, with a semi-net margin difference of -

180€/ha/year, mainly due to the introduction of minor crops with a lower gross product.

3  Effect of strategic tillage on weed, crop yield and economy

3.1 Aims of strategic tillage after long-term no-till sequence
No-till ensures that weed seeds remain on the soil surface, a condition deemed to be unfavourable to
weed seed germination because of poor seed:soil contact (Cordeau et al., 2015b) and increased weed
seed mortality (Chauhan et al., 2006; Nichols et al., 2015). However, many studies have reported higher
weed pressure under no-till than under ploughing (Cardina et al., 2002; Adeux et al., 2019). Occasional
tillage could help to diversify selection pressures and cope with certain challenges encountered in no-
till (Crawford et al., 2015), such as the management of herbicide resistant-weeds (Dang et al., 2015) or
other pests (ex. slugs, voles) (Douglas and Tooker, 2012), soil compaction (Peixoto et al., 2019) or
reduced crop productivity (Diaz-Zorita et al., 2004; Van den Putte et al., 2010; Celik et al., 2019; Peixoto
et al., 2019). Extensive research has focused on how tillage intensity drives weed dynamics and/or crop
yields but few studies have investigated tillage effects in fields previously managed under CA principles

for a long time. Strategic tillage as used in this chapter describes the use of occasional tillage
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implemented after a long sequence of no-till (Conyers et al., 2019; Peixoto et al., 2020), needed to

manage an emerging agronomical issue due to the no-till phase (e.g. increased weed/slugs pressure).

We investigated weed community (density, species richness, composition) and winter wheat (yield,
yield components, grain quality) response to different levels of tillage intensity (no-till, superficial
tillage, ploughing) in fields previously managed with 2 out of 3 CA principles during 17 years (i.e.
diversified crop rotation and soil cover) and with all 3 principles (i.e. adding no-till) over the last 7 years,
i.e. fields of the S2 system previously presented in the long-term cropping system experiment (Adeux

et al., 2019; Cordeau et al., 2020b; Cordeau et al., 2022).

3.2 Effect of tillage type
Within each S2 field, three strips were defined after main crop harvest in 2017: one strip was dedicated
to conventional tillage (i.e. ploughing, CT), another to reduced tillage (i.e. superficial and non-inversion
tillage, RT) and the last one was maintained under no-till (NT). Soil preparation prior to winter wheat
sowing consisted in stubble cultivation in RT (8cm deep), ploughing with skim coulters in CT (25cm
deep) and rotary harrowing in both RT and CT (8cm deep). Glyphosate was applied at 1080 g/ha during
the fallow period in NT. All field strips were then sown with winter wheat at the same weeding date and
rate, and all management practices (fertilization, weeding, etc.) were similar. Weed community

composition was assessed before and after weeding. Weed biomass was sampled at crop maturity.

Following the methodology and reference prices of Lechenet et al. (Lechenet et al., 2014; Lechenet et
al., 2017), production costs included mechanization, input and fuel costs. Gross products were computed
as the mathematical product between observed mean yield in each treatment and the sell price of winter
wheat. The gross margin was computed as the difference between the gross product and the sum of the

production costs (mechanization, fuel, inputs).

Tillage treatments significantly affected weed communities before weeding: total weed density and
species richness before weeding was greatest in RT, intermediate in CT and lowest in NT (Table 1).
Indeed, in the S2 system, 77.1% of weed seeds were concentrated in the top 0-10cm soil layer (Cordeau
et al., 2022), the only soil layer stimulated by stubble cultivation and rotary harrowing in RT. Higher
weed emergence in CT than NT was however unexpected. Reasons which could explain this result
include the upwelling of persistant weed seeds (e.g. Fumaria officinalis or Sinapis spp.) (Chancellor,
1986; Thompson et al., 1993; Mulugeta and Stoltenberg, 1997; Soltani et al., 2016) and/or the
incomplete burial of weed seeds initially present in the top horizon (e.g. Alopecurus myosuroides)
(Roger-Estrade et al., 2001). Differences in species richness and abundance transcribed into a significant
tillage effect on weed community composition before weeding (12.17% of partial variation explained,
P=0.009). Of the 10 most abundant species observed before weeding, four were associated to RT
(Sinapis spp., Sonchus asper, Veronica hederifolia and Viola arvensis) and two to both NT and RT (4.

myosuroides and Lapsana communis). Weed density (4 to 13 plants/m?), weed biomass (1 to 15 g of dry
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matter/m?) and species richness after weeding were similar across tillage treatments Higher crop yields
under CT probably resulted from increased mineralisation of soil organic matter (Alvarez et al., 1998)
or enhanced soil structure (Peixoto et al., 2019), rather than lower weed:crop competition, as reflected
by an overall low weed biomass after weeding, across all tillage treatments. Gross margin was
significantly higher in RT than in CT and NT (P<0.001). Thus, higher winter wheat productivity in RT
than in NT overcompensated for higher production costs, whereas it was not the case for CT.

Table 1. Effect of tillage treatments (CT: conventional tillage, RT: reduced tillage, NT: no-till) implemented before wheat
sowing in fields conducted under CA principles during 17 years, on weeds and wheat yield and yield component. Tillage

systems sharing identical letters are not significantly different at P<0.05. DM: dry matter. Credits: plowing by © INRAE /
MAITRE Christophe, superficial tillage and direct seeding © INRAE / FARCY Pascal

Response variable P CT NT
Weed density before weeding <0.0001 12+4b 33+ 10c 5194
(plants/m?) )

Weed density after weeding <0.0001 4+1a 1342b 8+12b
(plants/m?) )

Weed biomass at crop maturity

(g DM/m?) <0.0001 1+0a 15+10b 3+2ab
Number of wheat grains per ear <0.0001 40.1+1.1¢ 341+£09Db 30.7£0.8a
Wheat grain yield (t DM/ha) 0.0002 7.1+04b 6.1+03a 55+03a

These results shed light on the short-term effect of different types of tillage on weed communities,
weed:crop interference and crop performance in fields conducted under CA principles for years (Blanco-

Canqui and Wortmann, 2020; Peixoto et al., 2020).

4 Multicriteria assessment of conservation agriculture

Decades after its development by pioneer farmers, CA acreage is increasing exponentially worldwide
(Kassam et al., 2019), although very few studies have assessed its performances on a multicriteria basis,
including environmental, economic and societal aspects (Craheix et al., 2016). Here, we mobilize data
from the French AGROSYST database, which gathers all farming practices and performances of the
3000 farms involved in the French DEPHY farmers’ network (Adeux et al., 2022a). Performances (13
indicators) of CA (CA, N=36) and pseudo-CA systems (pseudo-CA, N=19, allowing one occasional
superficial tillage) were compared to those of conventional tillage (plowed, CT, N=135) and superficial
tillage (ST, N=90) based systems sharing similar production situations (climate, soil type, presence of

livestock or irrigation, etc.).
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4.1 Pesticide use in CA systems of French farmers
On average, the conclusions of this study are that CA systems require as much fungicide as
'neighbouring' CT or ST systems in similar production situations, slightly less insecticides (although not
significant), but more herbicides (2.1 HTFI points on average, with around +1 and +0.4 HTFI points
compared to 'neighbouring' CT or ST systems). Overall, CA systems are more reliant on total pesticide
use than their 'neighbouring' CT systems, with +1.1 total TFI points on average, but no difference in

total TFI was observed between CA systems and their ST neighbours (Figure 3).

Figure 3. Difference in pesticide use between CA, conventional tillage (plowed, CT; blue) and minimum tillage (ST; green)
based systems in the Dephy Farm French network, for the total treatment frequency index (Total TFI (A4), fungicide TFI (B),
insecticide TFI (C), herbicide TFI (D), glyphosate-based herbicide TFI (E) and herbicide TFI without glyphosate (F)
(according to Adeux et al., (2022a)). Black dots represent average differences per similar production situation. Red stars
indicate significant differences (P < 0.05).
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4.2 Performances of CA on technical and economic indicators

We showed that CA (compared to STs and CTs, respectively) decreased time of traction/ha/year (-25
and -32%), fuel consumption (-21 and -39%)), as well as mechanization costs (-20 and -26%), tended to
slightly decrease profitability/ha (-7 and -19%, non-significant) due to slightly lower productivity (-19%
and -25%) but resulted in better profitability per hour of field traction (+23% and +18%). Pseudo-CA
did not implement the three CA principles since crop rotation were as diverse and cover crop as frequent

as in ST and CT, and tillage occurred, albeit rarely. However, pseudo-CA decreased fuel consumption
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(-25% compared to CTs), and resulted in similar productivity and economic profitability (per hectare

and per hour of field traction).

Further analysis is needed to identify the determinants of multi-performance in a given production
situations and track down innovative systems optimizing multiple performances and solving apparent

trade-offs, such as tillage intensity and herbicide use and/or limited productivity.

5 Transitioning to pesticide-free conservation agriculture: the CA-SYS platform

Agriculture faces the complex challenge of transforming the way in which we produce food to ensure
global food security whilst minimizing or avoiding environmental harms (Foley et al., 2005; Vanbergen
et al., 2020) and considering all facets of sustainability. Arguably, the most profound transformation
would involve shifting the conventional paradigm of production towards an ecological intensification
of agriculture. The implementation of ecological intensification therefore requires designing productive,
sustainable agricultural systems that fundamentally integrate ecosystem services delivered by
biodiversity into crop production by the manipulation of biotic interactions that assure profitable yields
(i.e. high yield and/or low production cost) and minimize disservices (e.g. pests damage, soil

degradation, greenhouse gas emission) (Dore et al., 2011; Garnett et al., 2013; Gaba et al., 2014).

5.1 Biodiversity-based systems at the core of the CA-SYS platform
Since summer 2018, different agroecological systems mobilizing diverse rotations of arable crops are
experimented on the CA-SYS platform (Cordeau et al., 2015a), such as wheat, barley, rapeseed,
buckwheat, soybean, faba bean, efc. The CA-SYS platform covers 125 ha of the INRAE ‘U2E
AgroEcology Experimental and Innovation Facility’ experimental unit (47°14'11.2"N, 5°05'56.1"E,
located close to Dijon, Eastern France (Figure 4)) and is divided into 42 fields of 2.5 ha which are

surrounded by 10 ha of ecological infrastructures .

The overarching objective of CA-SYS is to design pesticide-free agricultural systems that resort to both
wild and cultivated biodiversity as means of sustaining agricultural production, i.e. biodiversity-based
systems (Petit et al., 2018; Petit et al., 2021). All pesticides are excluded even bio-products and those
authorized in organic farming. The CA-SYS platform is an agroecological system experiment testing
nature-based solutions, defined by Maes and Jacobs (2017) as any transition that use ecosystem services
with decreased input of non-renewable natural capital and increased investment in renewable natural

processes.
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Figure 4 A) Map of the CA-SYS platform (Hugard R. and Deytieux V. © INRAE 2018); B) 3-m wide flower strip bordered by
two 3-m wide grass strips (Cordeau S. © INRAE 2019); C) Direct drilling in field conducted in Conservation Agriculture
(Farcy P. © INRAE 2018); D) Winter wheat intercropped with winter fababean (Cordeau S. © INRAE 2019), according to
Vanbergen et al., (2020)
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5.2 Conservation agriculture systems tested on the CA-SYS platform
A crucial aspect in the design of the CA-SYS platform has been the active co-design with farmers and
other agricultural stakeholders to guide the implementation of ambitious but practicable biodiversity-
based management systems. Four pesticide-free cropping systems are being tested on the CA-SYS
platform, according to two agricultural pathways: (1) a plowing/tillage-based system (TS) inspired by
organic agriculture (Crowder et al., 2010; Saffeullah et al., 2021); (2) a no-plow/no-till direct-sowing
system (SD) maximizing soil cover and inspired by conservation agriculture (Kassam and Friedrich,

2011; Reicosky, 2015).

We will focus here on the two SD cropping systems (Figure 5) since they are defined as pesticide-free
forms of CA (SD1 system) or occasional-tillage (SD2 system). Both systems implement a 6-year crop
rotation including summer and spring crops in order to diversify the typical winter crop-based rotation
of the region. Crops are not fertilized with phosphorus and potassium but fertilized with sulfur and
nitrogen according to their need and targeted yields (e.g. 7t/ha in winter wheat, i.e. about 10% less than
potential yield in conventional systems in the production situation). SD1 resorted to permanent cover

and no-till whereas superficial tillage was allowed in SD2 when necessary, but no more than once a year
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per plot, essentially before crop sowing to terminate weeds, crop volunteers or cover crops. Irrigation is
allowed to ensure the establishment of summer crops in both systems (e.g. soyabean), to limit hydric
stress at crop flowering or to ensure maximum soil cover provided by summer sown cover crops in SD1
only. Cover crop termination is ensure by no-till methods in SD1 while superficial tillage is allowed in
SD2 if necessary. Indeed, cover crop mixture were designed to be terminated without tillage, e.g. by
avoiding species such as grasses that are difficult to terminate without soil disturbance in pesticide-free
systems (Wortman et al., 2012; Keene et al., 2017). Mechanical weeding is allowed only in SD2 system
since it disturbs the soil surface. However, it remains difficult to implement mechanical weeding in

reduced tillage systems since crop and cover crop residues remain on the soil surface (Bates et al., 2012).

Figure 5. Farming strategies deployed in the SD1 and SD2systems in the CA-SYS platform over the 2018-2023 period.
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5.3 Lessons learned from the 2018-2023 phase
Managing pest and particularly weeds in reduced tillage (SD2) and no-till (SD1) pesticide-free systems
was particularly challenging, especially during the first years (2018-2023). Our experience on reducing
herbicide use in no-till systems presented above was useful (Adeux et al., 2019; Cordeau et al., 2022)
but implementing pesticide-free systems was far more challenging as technical difficulties (e.g. direct
sowing of a crop in perennial weeds) interacted with multiple pest pressure (e.g. slugs) and damages to

accentuate yield loss or crop failure. Weed pressure increased because other pest. Even though
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alternative farming practices were combined across and within cropping seasons, pest pressure reduced
crop growth and stunted crops were not able to suppress weeds. Despite their chaotic population
dynamics over the years, voles and slugs were a major issue. In SD1, the initial crop rotation was re-
designed to facilitate management of crop volunteers and grass weeds. Indeed, the prohibition of tillage
and herbicides greatly complicated the management of crop volunteers during the fallow period,
especially for winter cereals and oilseed rape (volunteers of summer crops being killed by frost in our
region). We observed that weed communities rapidly evolved towards Asteraceae, grasses and
perennials. Cover crop composition was adapted to ensure maximum efficacy of the termination method
(see next section). We noted that climate change and dry summers challenged our ability to
achieve/obtain well developed and suppressive cover crops, considering irrigation is frequently
forbidden during dry summers in our region. Furthermore, as see I one of our previous factorial
experiment, irrigation tended to increase weed biomass rather than enhancing, possibly due to
synchronized weed/cover crop seed germination (Rouge et al., 2022; Rouge et al., 2023). Our previous
factorial experiment also showed that nitrogen fertilization did not enhance the weed suppressive ability
of cover crops (Rouge et al., 2022; Rouge et al., 2023). Increasing crop and cover crop seeding rate
appears primordial in pesticide-free reduced (SD2) and no-till (SD1) systems to ensure satisfactory

emerged density.

In SD2, we learnt that a single superficial tillage operation may limit the impact on soil organisms
(Rincon-Florez et al., 2016) but does not ensure complete cover termination. The selection of the best
tool for plant cover termination depends on weather conditions and targeted plant community (e.g.
dominated by annual vs. perenial weeds, crop volunteers, or grasses etc.). The humid weather conditions
during autumn in clay soils leave limit the number of days to implement termination and requently
decrease the termination rate because of plant regrowth. The beneficial effects of superficial tillage are
questioned since the development of Cirsium arvense appeared even quicker in this system. Indeed,
alfalfa was established for 3 years in 7 out of 10 SD2 fields over the 2019-2023 phase to manage Cirsium
arvense. The implementation of mechanical weeding remained challenging due to the presence of crop

residues on soil surface. Only weed head cutting is feasible and allowed to limit weed seed shedding.
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Figure 6. Main weed issues in SD1 plots (4, Cordeau S. © INRAE 2022) with annual and perennial grasses such as Lolium
perenne, Lolium multiflorum, Alopecurus myosuroides, Vulpia myros, Bromus sterilis, and Asteraceae such as Sonchus asper,
Taraxacum officinale, Picris hieracoides, Picris echioides, and in SD2 plots (B, Rodolphe Hugard and Guillaume Poussou ©
INRAE 2021) such as Cirsium arvense.

A.

5.4 Redesign of pesticide-free cropping system transitioning to CA through a step-by-
step process

An in-depth agronomic diagnosis of the SD1 and SD2 cropping systems over the first 5 years of the
experiment led to the conclusion that the systems were in an agronomic deadlock, exhibiting different
issues for different reasons. A redesign of the cropping system could not be circumvented and we opted
for a new way to do so. All the CA-SYS system were prototyped in 2017-2018 with the help of many
stakeholders following the de novo approach (Reau et al., 2015; Jeuffroy et al., 2022). It consisted in
designing, during workshops involving experts with diverse and complementary knowledge, a few
virtual cropping system prototypes (SD1 and SD2), tailored to farmers’ aims and resources (Vereijken,
1997). Then, the designed cropping systems had been were implemented in the field without smooth
and step-by-step transition, operating an abrupt contrast with the past farming practices. The knowledge
required to design highly innovative agroecological cropping systems is often lacking and technical
options ought to be reconsidered after witnessing unplanned effects. The process of cropping system
design is not linear and ought to be considered as a series of decisions and actions forming a pathway
towards a desired target. As shown by Darnhofer et al. (2010), the evolution of cropping systems is a
continuous learning process, not only opening new perspectives for action, but also sometimes renewing

or specifying targets.

For these reasons, a step-by-step process (Meynard et al., 2023) was adopted to design pesticide-free
cropping systems transitioning to CA. The SD1 and SD2 systems were redesigned in workshops with
experts. Particularly, we defined a set of common and specific targets/objectives for both cropping
systems. We decided to target pesticide-free productive and resilient cropping systems that face climate

change with enhanced soil health, that is:

- in SD1, maximize the use of biological regulation of pests, limit to its maximum the reliance on

tillage (but if necessary, implement deep/inversion tillage such as plowing), and for which the
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economic profitability could rely on the payment of a diverse set of ecosystem services (i.e.
carbon storage, biodiversity preservation, etc. amongst crop production)

- in SD2, make complementary use of biological and mechanical regulation of pests, limit to its
maximum the depth of tillage when implemented (even if the frequency of tillage can be higher
than in SD1), in order to achieve acceptable economic profitability mainly through the sale of
agricultural products.

We now propose to explore whether avoiding tillage in synthetic pesticide-free cropping systems is
feasible through two different pathways, which differ in their definition of minimum soil disturbance:
deep tillage (potentially with soil inversion) but not frequent over time in SD1 as used in rotational no-
till strategies (Mirsky et al., 2012) , and superficial tillage in SD2 although possibly more frequent than
in SD1 as used in organic reduced tillage strategies (Newton et al., 2020). We advocate here that it is
necessary to assess the way to transition to CA with a flexible and open-minded way of thinking since
it is more important to see CA for the ecosystem services it can deliver than through the agronomic

practices implemented to achieved it (Giller et al., 2015; Cordeau, 2024).

Since we observed that the crop establishment was crucial in synthetic pesticide-free no-till system, we
now implemented strip-till in SD1 to clean the row before sowing the crop and allow the use of
biocontrol to manage slugs, only on sensible crops (mustard, rye, oilseed rape) at their sensible growth
stage (seedlings) and after field examination of high pest pressure with adapted protocols. The use of
biocontrol was rethink to ensure crop establishment and valorization of fertilization at crop sowing, to
ensure initial crop density and crop growth, in order to outcompete emerging weeds that may cause yield

loss later.

6 Conclusions

Conservation agriculture relies on the implementation of no-till, permanent soil cover and diversification
of crops in order to achieve multiple goals that can differ depending on farmers and production
situations. However, reducing the use of herbicides in conservation agriculture systems remains
challenging since the development of these farming strategies were made possible by the development
of non-selective wide spectrum herbicides and the optimization of herbicide-based weed management
strategies coupled with farm equipment being able to minimize soil disturbance. Assessing the potential
to reduce herbicide use in the context of CA requires an analysis of farmers’ motivations for
implementing CA, their farming equipment and recent evolution, and finally their weed floristic context.
We identified two pathways through which herbicide-free (or pesticide-free) no-till systems could be
achieved, which are designed either in experimental stations or on commercial farms: i) if conventional
CA has been implemented in the past years and tillage is not an option, continuing towards the reduction
of herbicide use in no-till systems by optimizing crop rotation, cover cropping, farm equipment to

manage weeds with various tactics; ii) if organic or pesticide-free agriculture has been implemented in
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the past years and strategic and occasional tillage is an option, looking for the minimal soil disturbance
(e.g. strip-tillage) that allows quick crop establishment and growth, to compete with weeds later on and
ensure the delivery of targeted ecosystem services (including crop production). Both pathways need to
be explored and assessed to provide farmers with operational and scientific knowledge on how to

achieve their agroecological transition towards pesticide-free CA with limited risk.
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