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HIGHLIGHTS

e Six low-input diversified arable crop-
ping systems were tested for six years.
e Nitrate and pesticide leaching were
collected over the six years of
monitoring.

e Cover crops cut nitrate leaching by
42-56% under field conditions.

e First evidence that cover crops reduce
pesticide leaching by 53-82%.

e S-metolachlor loss is the main driver of
the pesticide leaching pattern observed.
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ABSTRACT

Context: The agroecological transition offer opportunities to reduce agriculture's environmental impacts by
reducing reliance on synthetic fertilisers and pesticides. Crop diversification, in both time and space, is a key
strategy including extended crop rotations, intercropping, and cover crops. Yet, relationships between reduced
input use and associated environmental impacts remain insufficiently quantified.

Objective: We assessed the environmental performance of six innovative low-input cropping systems that used
cover crops, cultivar mixture and intercropping in term of nitrogen fertiliser and pesticide use, as well as nitrate
and pesticide losses.

Methods: From 2010 to 2016, cropping systems were monitored for input use and drainage water was collected
with tension plate lysimeters at 1 m depth. Nitrate and up to 44 pesticide compounds were analysed annually.
Results and Conclusions: Nitrogen fertiliser application varied across systems, with more diversified systems
applying less thanks to legumes. Pesticide use remained similar among systems but reduced by over 50%
compared to conventional rates. Cover crops played a key role in reducing pollution. Nitrate leaching reduced by
42-56% in systems with cover crops. More originally, pesticide leaching decreased by 53-82% for these systems
with S-metolachlor representing more than 50% of the quantity of pesticide losses.
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Significance: These results demonstrate that diversifying cropping systems, particularly through cover cropping,
can reduce agriculture's environmental footprint greatly. When combined with reducing input use, such stra-
tegies provide a promising pathway towards more sustainable and resilient farming systems, with clear benefits
for water quality and agroecosystem functioning.

1. Introduction

Intensification of agriculture over the past century has led to a large
increase in food production but has also contributed to environmental
degradation, including biodiversity loss and environmental pollution by
nitrate and pesticides, which has had impacts on human health (de
Vries, 2021; Nicolopoulou-Stamati et al., 2016; Robinson and Suther-
land, 2002). Reducing the use of chemical pesticides and synthetic fer-
tilisers is thus the main challenge for modern agriculture, and this issue
is increasingly considered by policies in Western countries (Boix-Fayos
and de Vente, 2023). Innovative farming systems need to be developed
that rely less on pesticides and fertilisers while maintaining high yields
and being able to meet new environmental and social goals.

Diversifying cropping systems is considered a relevant pathway to
enhance the sustainability of cropping systems by reducing the need for
pesticides and fertilisers (Beillouin et al., 2021; Tamburini et al., 2020).
Systems can be diversified temporally and spatially (Duru et al., 2015).
The species diversity in a rotation can be increased by extending the
rotation or by using cover crops (CC), which are crops grown during the
fallow period to keep the soil covered between two main crops. They can
consist of mixtures of species, with the aim of providing multiple
ecosystem services such as reducing N losses (Couédel et al., 2018a),
bringing organic matter to the soil, improve soil structure and reduce the
need for herbicides (Adetunji et al., 2020; Nouri et al., 2022). Cropping
systems can be diversified spatially by growing multiple cultivars or
plant species simultaneously on the same field (i.e., intercropping or
cultivar mixtures). These practices have been found to increase nutrient-
use efficiency (Huang et al., 2024) due to niche complementarity and
facilitation processes that exceed competition for resources, as high-
lighted by the “4C” approach (i.e., competition, complementarity,
cooperation and compensation) (Justes et al., 2021). Intercropping and
cultivar mixtures can also help control pests, diseases and weeds, and
consequently reduced the need for pesticides (Gu et al., 2021; Koricheva
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and Hayes, 2018; Osipitan et al., 2018; Rakotomalala et al., 2023).
These strategies can also increase the abundance and diversity of
beneficial insects, which in return help control the pests (Beillouin et al.,
2021; Tamburini et al., 2020). While effects of CC and intercropping on
yield and pest or disease management have been studied well (Li et al.,
2020; Peng et al., 2024; Wan et al., 2022), their effects on pesticide and
nitrate leaching in the soil is less understood.

Cover crops are known to manage N losses by assimilating excess N
left in the soil after the main crop (Abdalla et al., 2019; Couédel et al.,
2018b; Tribouillois et al., 2016). A recent meta-analysis also indicated
that CC tend to reduce water drainage compared to that under bare soil,
perhaps by removing water from the soil through evapotranspiration,
which can influence nitrate leaching (Meyer et al., 2019). However,
other studies found contradictory results, with CC having no effect on
drainage or increasing it, likely due to differences in the climate, soil
type and plant species used (Nouri et al., 2022). Intercropping and
cultivar mixtures can reduce N losses indirectly by reducing the need for
N fertilisers. This is particularly true for intercropping of legumes and
non-legumes, as the latter can use some of the N that the former con-
tributes to the soil. The effects of intercropping and cultivar mixtures on
water drainage and solute transfer is however not well understood.

Large percentages of the pesticides applied do not reach their target
pests and are lost to the environment through leaching, runoff and
volatilisation, which cause environmental pollution (e.g., Alletto et al.,
2010). This led to a global situation where ca. 75% of agricultural land is
at risk of some pesticide pollution (Tang et al., 2021), which is partic-
ularly concerning for humans when it contaminates drinking water
sources (Arias-Estévez et al., 2008). The environmental fate of pesticides
in the soil and water depends greatly on the processes of retention
(adsorption/desorption) and degradation, which themselves depend on
the physicochemical properties of the pesticides (Wauchope et al.,
2002). The intensity of these processes determines the proportion and
dynamics of compounds that are likely to migrate. Agricultural
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Fig. 1. Cumulative monthly rainfall (mm) from 2010 to 2016 (blue bars) and monthly potential evapotranspiration (mm, Penman-Monteith method) (blue dots and
lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Main soil characteristics of the experimental site (mean + SE). CEC: cation ex-
change capacity.

Depth Clay Silt Sand Organic pH Organic CEC
(cm) (%) (%) (%) C (%) N (%) (cmol/
kg)
0-30 27.6 36.7 31.9 1.0 + 6.9 1.02 + 11.8
+ 0.8 + 0.4 + 0.1 0.22 + 0.01
0.1
30-60 29.3 37.9 30.7 0.7 + 7.8 0.83 + 21.3
+ 0.7 + 0.6 + 1.5 0.02 + 0.02
0.1
60-90 29.2 35.7 27.9 0.4 + 8.4 0.5+ 26.9
+ 1.2 +1.4 + 2.7 0.02 + 0.02
0.1
90-110 21 + 32.4 32.1 0.2 + 8.6 0.32 + 21.8
1.6 + 2.4 + 4.9 0.02 + 0.03
0.1

practices, especially CC and intercropping, can change pesticide reten-
tion and degradation, thereby influencing the risk of transfer in the
environment (Alletto et al., 2010; Locke and Bryson, 1997). In the soil,
pesticide sorption tends to increase as the organic carbon content in-
creases (Alletto et al., 2013); thus, the organic matter that CC bring to
the soil can change the soil's ability to retain pesticides and increase
pesticide biodegradation by increasing biological activity (Rodriguez
et al., 2020). As mentioned, CC also helps manage weeds and can reduce
pesticide losses indirectly by reducing the need for herbicides in crop-
ping systems. Similarly, intercropping and cultivar mixtures can reduce
pesticide losses indirectly by reducing pest pressure and thus the need
for pesticides.

To increase knowledge about the effects of crop diversification on
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reducing input use and mitigating negative externalities at the cropping
system scale, a study was initiated in 2010 at the Auzeville experimental
unit of the National Research Institute for Agriculture, Food and Envi-
ronment (INRAE) (south-western France). The main objectives of the
study were to design cropping systems with ambitious targets for
reducing inputs, particularly fertilisers and pesticides; implement these
systems under field conditions to assess the degree of input reduction
achieved; and assess their agronomic and environmental performances.
Bonnet et al. (2021) described the rotations and their main agronomic
results in detail. In comparison, the present study focused on the envi-
ronmental performance of the cropping systems, examining six years of
data on nitrogen and pesticide use and transfer in drainage water. Dif-
ferences in environmental performances between rotations were tested
and allowed to investigate the efficacy of diversification practices, such
as cultivar mixture, intercropping and CC, in mitigating negative ex-
ternalities. Other variables such as weather conditions, soil character-
istics and agronomic practices were also considered to better explain the
patterns observed.

2. Materials and methods
2.1. Study site

A field experiment was conducted at the Auzeville station of INRAE
(south-western France, 43°31'N, 1°30'E, 150 m.a.s.L.). The site experi-
ences an altered oceanic climate, with a mean annual rainfall of 648 mm
and mean annual temperature of 13.8 °C (Fig. 1, Table S1). The soil on
the site is characterised as deep silt-clay to clay (0-120 cm) (Table 1).

Fig. 2. Aerial view of the experimental site in south-western France (43°31'N, 1°30'E). The nine plots were divided among three equal blocks, and each block
contained one plot of each rotation: low input (LI), very low input - cultivar mixture (VLI-CM) and very low input - species mixture (VLI-SM). Each plot was divided
into two subplots, one with cover crops (CC) and one without CC, which created six cropping systems. The location symbols indicate the approximate locations of the

tension plate lysimeters. A black arrow indicates the direction of north.
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2.2. Experimental design

The experiment contained nine plots of 200 x 30 m, each divided
into two subplots (200 x 15 m), one with CC and one without CC
(Fig. 2). The subplots were designed to enable the use of common
agricultural machinery and consequently fit with farmers technical
constraints. Plots were separated from each other by 6 m grass strips.
The nine plots were divided among three equal blocks, and each block
contained one plot of each rotation treatment tested attributed
randomly. Every year the three crops from a rotation were present in the
trial, one in each block allowing to have all the component of the ro-
tations present each year. See Bonnet et al. (2021) and Table S2 for
details of the experimental design.

2.3. Cropping systems

Experimental subplots on the study site were divided among six low-
input cropping systems (three rotation treatments and two sub-
treatments with CC or not). These systems were designed to reduce
pesticide application by at least 50% in term of Treatment Frequency
Index (TFI), in line with objectives of the French Ecophyto plan,
compared to the standard durum wheat — sunflower rotation in the area.
The rotation treatments were designed to maintain durum wheat and
sunflower:

e A low-input rotation with a 3-year rotation of sunflower, durum
wheat and sorghum cash crops (LI). This rotation was designed to
reduce the use of N fertilisers by 25% compared to that of the stan-
dard durum wheat — sunflower rotation (230 kg N/ha: 186 kg N/ha
for the durum wheat and 44 kg N/ha for the sunflower) and achieve
100% of the semi-net margin of this rotation (1282 €/ha for two
years (Agreste, 2019)).

A very low-input rotation with a 3-year rotation of durum wheat in a
cultivar mixture, sunflower and faba bean (VLI-CM). This rotation
was designed to reduce the use of N fertilisers by 50% while
achieving 90% of the semi-net margin of the standard rotation.

A very low-input rotation with a 3-year rotation of three species
mixtures of sunflower intercropped with soybean, durum wheat
intercropped with pea and triticale or soft wheat intercropped with
faba bean (VLI-SM). This rotation was designed to reduce the use of N
fertiliser by 50% while achieving 85% of the semi-net margin of the
standard rotation.

Each rotation treatment was implemented in two cropping systems,
one with bare soil between two crops (LI, VLI-CM, VLI-SM) and another
with a CC (LI-CC, VLI-CM-CC, VLI-SM-CC) for a total of six systems.

The experiment ran for two 3-year temporal rotations from 2010 to
2016 to consider weather variability, which is a key factor in agricul-
ture. See Table S2 for details of the systems and experiment. The farming
practices applied to the plots were performed to meet the objectives of
each system and varied among systems and among years to consider the
risks related to pests, weather and the inorganic N content of the soil. See
Bonnet et al. (2021) for details of the decision rules applied in the
experiment and the standard durum wheat — sunflower rotations.

2.4. Description of the cropping systems

The total quantity of each pesticide's active ingredient(s) used on
each subplot (g/ha) each cropping season (including the CC from the
fallow period before the cash crop), was calculated based on the tech-
nical operations performed and the pesticide compositions in the E-Phy
database of the French Ministry of Agriculture https://ephy.anses.fr/).
Pesticides were applied based on crop, pest and disease observations.
The same method was used to estimate how much N to apply (kg N/ha)
based on the N balance-sheet method and measuring soil inorganic N in
early spring. Based on the technical operations performed, the TFI (the
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total quantity of each active ingredient applied to each crop during a
growing season based on standard doses for each use of the active
ingredient) was calculated, which indicated the pest pressure during the
experiment.

2.5. Plant and crop biomass

The main cash crops and CC were collected at harvest and destruc-
tion, respectively, in two areas per subplot located ca. 40 m from the
north and south end of the subplot, respectively. At each location, the
aboveground biomass of the crops was manually collected from an area
that depended on the density of the crop species (i.e., 2.4 m? for durum
wheat and cereal-legume mixtures; 3 m? for faba bean, sunflower and
sunflower-soya bean mixtures, and 0.5 m? for CC). Fresh plant biomass
was sorted by species before being dried at 80 °C for 48 h. Sampling
dates varied by crop and season. The mean total dry biomass for all crops
or CC of the two sampling locations sampled was used per subplot and
season in the analysis. When clover was undersown in sunflower (system
LI-CC) and left after harvest, no biomass was collected, and all residues
were incorporated into the soil.

2.6. Drainage and quantification of pesticide and nitrate leaching

As the field's slope did not exceed 1%, water runoff was not observed.
Drained water and pesticide and nitrate leaching were measured in each
subplot using two 0.075 m? tension plate lysimeters (SIC300, UMS
GmbH, Miinchen, Germany) installed at a depth of 1 m in 2010. The
plates (n = 4 per experimental plot) had been installed by digging pits
vertically and then cavities horizontally to place the plates under a
column of undisturbed soil. Pumps maintain a constant suction of 0.1
bar under the plates, which allows drained water to be collected
throughout the entire growing season and fallow period and stored in a
2.5 L glass bottle. The frequency of leachate sampling was adapted to the
drainage flux: leachates were sampled every month during the months
with the most drainage (December-May) but only every three months
during the rest of the year (June-November). Piezometers installed in
the plots allowed the groundwater level to be monitored, and drainage
collection stopped if the groundwater level reached that of the plates,
which occurred only for 8 weeks during one of the 6 years monitored (i.
e. 2014).

Leachate samples were stored at 4 °C until analysis. If a sample's
volume reached 1 L, it was sent for analysis; if not, it was pooled with the
sample from the next collection date and sent for analysis if the pooled
volume reached 1 L. Otherwise, the two samples were pooled with the
sample from the next collection date and sent for analysis regardless of
the volume. Samples were analysed by the Laboratoire Départemental
d'Analyses de la Drome (Valence, France), accredited by the Comité
Francais d'Accréditation. If a compound was not detected, its concen-
tration was considered to be zero. If a compound was detected but not
quantified, its concentration was set at the detection limit. All com-
pounds applied since 2004 were analysed in the leachate samples, which
resulted in analysis of 33-44 compounds, depending on the plot.

The concentration of inorganic N (nitrate and ammonium) was
measured in all drainage samples collected before the samples were
pooled for pesticide analysis. The sample volume analysed was 10 mL,
and N concentrations were measured using a continuous flow auto-
analyser (Skylar 51,000, Skalar Analytic, Breda, Netherlands) (stan-
dard NF ISO 14256-2).

2.7. Statistical analysis

Several complementary indicators were used to comprehensively
assess the performance of the six cropping systems (defined as combi-
nations of rotation treatments and CC treatments). These indicators
included the quantity of pesticides applied (total, and separated between
herbicides, insecticides and fungicides), the quantity of N applied, the
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Table 2

Results of the Wald y? tests performed on models explaining different response variables. Significance levels: * = p < 0.05, ** =p < 0.01, ***

values are in bold.
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=p < 0.001. Significant p-

Rotation treatment Cover crop Rotation treatment x Cover crop Block

Response variables 7 p-value Vel p-value 7 p-value 7 p-value
Quantity of pesticide applied 2.525 0.283 1.01 0.315 0.106 0.948

Quantity of herbicide applied 0.274 0.872 1.018 0.313 0.065 0.968

Quantity of fungicide applied 12.565 0.002%** 0.042 0.838 0.086 0.958

Quantity of insecticide applied 5.139 0.077 0 1 0 1 0.226 0.893
Treatment Frequency Index 34.526 < 0.001*** 0.15 0.698 0.667 0.716

Quantity of N fertiliser applied 146.528 < 0.001*** 0.713 0.398 0.339 0.844

Water drainage 15.388 < 0.001%** 3.283 0.009%* 6.423 0.001**

Total pesticide leaching 1.136 0.567 6.293 0.012* 1.376 0.503 0.703 0.704
Nitrate leaching 4.711 0.095 10.521 0.001** 1.346 0.51

TFI, the water drainage, the quantity of pesticide losses and N losses. To
analyse system-level responses, data were pooled for each subplot over
the three years composing each temporal rotation (2011-2013 and
2014-2016). This aggregation strategy was chosen to reflect the cu-
mulative effects of management practices over a full rotation cycle and
to limit the influence of interannual variability.

Linear Mixed Models (LMM) were fitted to predict each performance
indicator as a function of rotation treatment (LI, VLI-CM, and VLI-SM),
the presence or absence of CC during the fallow period, and their
interaction, which were specified as fixed effects. Blocks and temporal
rotations (2011-2013 or 2014-2016) were included as random effects to
account for spatial structure and temporal dependency inherent to the
experimental design. In cases where LMMs resulted in singular fit,
indicating negligible variance associated with one or more random ef-
fects, models were progressively simplified. First, block was included as
a fixed effect; if singularity persisted, a linear model including all terms
as fixed effects was fitted. The significance of fixed effects was assessed
using Wald y? tests for LMMs and F-tests for linear models. When sig-
nificant effects were detected, pairwise comparisons based on estimated
marginal means were performed to identify differences between factor
levels, thereby facilitating a detailed interpretation of treatment effects.
Pooling data at the subplot and temporal rotation levels reduced the
number of sampling units from 18 (three blocks observed over six years)
to 6 (three blocks observed over two temporal rotations). Although this
approach reduced sample size, it substantially decreased the proportion
of zero values and overall variability in the dataset, thereby improving
model stability and the reliability of statistical inference. To assess the
robustness of this aggregation strategy, a complementary analysis was
conducted using non-pooled data. This secondary analysis relied on
LMMs with the same fixed effects as described above, while including
block and cropping season as random effects. The same model simpli-
fication procedure was applied when singular fits were detected,
allowing for a consistent comparison between analytical approaches.

As pesticide residues can exhibit contrasting behaviours in soil
depending on their physicochemical properties, differences in pesticide
quantities in water were also exanimated at the individual compound
level across cropping systems. This compound-specific analysis allowed
for a more refined assessment of potential differential leaching dynamics
among systems. Given the low concentrations of pesticide losses
observed for individual compounds and the high variability among
samples, LMMs were not suitable. To address these limitations, the
concentration of each compound in leachates was therefore summed per
subplot over the three years of each temporal rotation. This aggregation
approach increased the signal-to-noise ratio and enabled a more robust
statistical comparison at the rotation scale. The resulting data were
analysed using permutation-based ANOVA (10,000 permutations) with
a restricted permutation scheme by block and temporal rotation, in
order to respect the experimental design. This non-parametric frame-
work was specifically chosen because it does not rely on assumptions of
normality or homoscedasticity, making it well suited to sparse and
highly variable environmental concentration data. In parallel with the

analysis conducted at the system level, individual pesticide concentra-
tions in leachates were also analysed using non-pooled data at the
subplot and cropping season levels. In this case, permutation-based
ANOVA was applied with a restricted permutation scheme by block
and cropping season, ensuring consistency with the underlying spatial
and temporal structure of the experiment.

To attempt to explain the patterns of water drainage and leaching
observed, relationships between these variables and potential relevant
covariables were assessed. For water drainage, relationships with the
sum of the crop biomass, CC biomass, duration of the CC (from sowing to
destruction) and number of tillage operations were assessed. For pesti-
cide losses, relationships with water drainage over the three years of the
temporal rotation, quantity of pesticides applied, crop biomass, CC
biomass, duration of the CC and number of tillage operations were
assessed. The same was done for nitrate leaching, except that the
quantity of pesticides applied was replaced with the quantity of N
applied. To assess these relationships, LMM were fitted to explain the
given variable as a function of a covariable, considered as a fixed effect,
and the temporal rotation, considered as a random factor. A Wald y? test
was then performed to test the effect of the fixed covariable. The rota-
tion and presence of CC was not included in these LMM due to the few
datapoints available per system (only six) to test a linear relationship.

All statistics were performed using R software (v. 4.3.1) (R Core
Team, 2024) with packages such as Ime4 (Bates, 2010), emmeans (Lenth
and Lenth, 2018), car (Fox et al., 2012), and permuco (Frossard and
Renaud, 2021).

3. Results

Results of the analysis performed without pooling data by temporal
rotation are presented in Fig. S1, S2 and Table S3 and S5. Overall, this
complementary analysis revealed similar patterns of CC and rotation
treatment effects that were consistent with those obtained using pooled
data, thereby supporting the generality of the observed responses.
However, five out of nine of the initial LMMs fitted for this analysis
exhibited singular fit issues, reflecting limited variance associated with
random effects and reduced model reliability at this level of data reso-
lution. As a result, the interpretation of results was primarily based on
the analysis using data pooled per temporal rotation, for which model
statistical inference was more robust. Furthermore, the analysis of the
individual pesticide concentrations in leachates at the subplot and
cropping season levels yielded results identical to those obtained with
data pooled by temporal rotation (Table S4). This match across analyt-
ical scales further demonstrates the robustness of the findings and
confirms that the main conclusions are not sensitive to the chosen data
aggregation strategy.

3.1. Effects of rotations and cover crops on the inputs applied

The total quantity of pesticides applied per cropping system did not
differ significantly among the three rotation and was not influenced by



Agricultural Systems 235 (2026) 104719

G. Seimandi-Corda et al.

Fungicide

Herbicide

Insecticide

VLI-SM

@ o
IDO i
oo ®

VLI-CM

. &

<
OI
@
@

[ & ni &
@
o . 8
|
o 0 om ’ _ © [
o] _ . _ o] _ . _
=] e | i L=} W
(= (=] [=1 (=] e 90 0 0 O O (=] (= (=]
[=] Q (=] o o o o o™~ (=] -
o~ (=] L o un o0 o
- [
38 -+ (ey/B) siesA ¢ Jaao
< asn aplonsad jo Ayjuenb uea

no CC cC no CC cC no CC

cc

<
S e S e T e

=]
=]
o

e—— Y

i?

o]

o]

o+

VLI-SM

VLI-CM

LI

B)

-t
38 -+ slesh g a0

T
o~

(4L uesiy

cCc no CC cc no CC

no CC

cc

o "_ o> %
o™ ¢
"
: =
' =
o U
_" _u o
I
' o ° -
! e
i S
' =
o " .M [s]
_O
o ‘
' =
o L&y |
s = o o P
o 'y o u o
™ o~ o~ ) L
38 -+ (ey/By) siesA ¢ Jano
) paidde N uea |y

cC noCC cC no CC

no CC

cc

(caption on next page)



G. Seimandi-Corda et al. Agricultural Systems 235 (2026) 104719
Fig. 3. A) Mean (Estimated Marginal Mean, EMM) quantity of active ingredient per pesticide class per cropping system (summed over the three years of a temporal
rotation of the system) (g/ha); B) mean (EMM) Treatment Frequency Index (TFI) per cropping system over three years; and C) mean (EMM) quantity of N fertiliser
applied per cropping system over three years (kg N/ha). Error bars represent the standard error of the mean. The rotation treatments tested are low input (LI), very
low input - cultivar mixture (VLI-CM) or very low input - species mixture (VLI-SM). Each rotation was cropped with cover crops (CC) (CC: green dots) or without CC
(no CC: brown dots), which resulted in six cropping systems. Individual values per plot are represented by grey dots. Horizontal dashed lines represent the targeted
values for TFI and N application depending on the rotation treatment. Results of the statistical tests performed to test differences between rotation treatments, and the
effect of CC use are presented in the text Section 3.1 and Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
\A/ersion of this article.)
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Fig. 4. Mean (Estimated Marginal Mean) (A) drainage (mm/ha), (B) pesticide losses (g/ha) and (C) nitrogen losses (kg/ha) per cropping system. Error bars represent
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the presence of a CC (Table 2). Herbicides were used the most among the
pesticide classes (mean of 1194 g/ha for all systems), with system LI
using the least (1116 g/ha) and VLI-CM using the most (1234 g/ha)
(Fig. 3A). No effect of the rotation, the CC or their interaction was
observed on herbicide use (Table 2). Fungicides were the second-most-
used class of pesticides (mean of 465 g/ha for all systems). LI used
significantly less fungicides than VLI-CM did (327 and 618 g/ha,
respectively), but its fungicide use did not differ from that of VLI-SM
(452 g/ha) (Table 2). Insecticides were the least-used classes of pesti-
cides (mean of 38.3 g/ha for all systems) and were significantly more
used, in LI (58.0 g/ha) than in VLI-CM (35.5 g/ha) and VLI-SM (21.3 g/
ha) (Table 2).

The TFI, an index of pesticide use accounting for the toxicity of the
active ingredients, of the six cropping systems was lower than that
commonly used in the 2-year rotation of durum wheat-sunflower in the
Occitanie region of south-western France (average of 9.45 over three
years (Agreste, 2019)). Specifically, the TFI was reduced by 50% and
51% in VLI-CM and VLI-CM-CC, respectively, 63% in both VLI-SM and
VLI-SM-CC, and 70% and 75% in LI and LI-CC, respectively. The TFI
differed significantly between the three rotation treatments with
VLI—CM the highest (TFI of 4.67), LI the lowest (TFI of 2.57) and as
intermediary VLI-SM (TFI of 3.50) (Fig. 3B, Table 2). For VLI—CM, the
highest TFI over the six cropping seasons (2.43) was observed for durum
wheat. For VLI-SM, the highest TFI (1.91) was observed for the crop
mixture of soft wheat and faba bean, whereas for LI, the highest TFI
(1.04) was observed for sorghum.

The quantity of N fertiliser applied differed significantly among the
three rotation treatments, in agreement with the experimental design,
particularly the objective of applying less N fertiliser in VLI than in LI
due to growing legumes in the former (Fig. 3C, Table 2).

3.2. Effects of cropping systems on drainage and nitrate and pesticide
losses

Water drainage differed significantly among rotation treatments,
with VLI-SM having significantly less drainage than LI and VLI-CM
(Fig. 4A). The presence of CC and its interaction with the rotation
treatment significantly influenced water drainage, with higher drainage
observed in plots with CC than without CC (Table 2). Cropping systems
with CC tended to have higher drainage in LI and VLI-CM, but the
opposite was observed for VLI-SM. Nevertheless, the differences in water
volumes remained low.

Over the six cropping seasons, 539 leachate samples were collected
and analysed, with a mean of 2.5 samples per year per lysimeter (range
= 0 to 5). These samples contained a mean of 7.2 L per year per plot
(range = 575 mL to 20.2 L) of drained water. Overall, 79 and 51 samples
contained at least one pesticide compound with a concentration higher
than 0.1 or 0.5 pg/L, respectively, which are the two thresholds for
potable drinking water captured from surface or groundwater sources
(European Union (EU) Water Framework Directive 2000/60/CE).
Sixteen of the samples had a total concentration of all pesticide com-
pounds higher than 2 pg/L, which makes the water undrinkable even
after purification (EU Water Framework Directive 2000/60/CE). These
concentrations provide an estimate of potential pesticide concentrations
in the groundwater if equivalent transfers occur over larger areas.

Pesticide leaching did not differ significantly among rotation treat-
ments, but the presence of CC had a significant effect, with systems with
CC having lower pesticide losses than those without CC (Fig. 4B,
Table 2). Comparing rotations with CC to those without CC, the presence
of CC reduced pesticide leaching greatly: by 82% in LI, 68% in VLI-CM
and 53% in VLI-SM.

Nitrate leaching had a pattern similar to that of pesticide leaching
(Fig. 4C). Wald y? test showed a no significant effect of the rotation
treatment on nitrate leaching (Table 2). A significant reduction in nitrate
leaching in systems with CC compared to those without CC was
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Table 3
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Mean pesticide losses per cropping system (mg/ha) (standard error) for each pesticide molecule detected, whether applied or not during the experiment. LI (low input),
VLI-CM (very low input with cultivar mixture), VLI-SM (very low input with species mixture). Cropping systems are divided into those with a cover crop (CC) or

without them.

Mean (SE) pesticide losses over three years (mg/ha)

Applied during the Classes Compounds LI CC LI VLI-CM CC  VLI-CM VLI-SM VLI-SM
experiment CC
Fungicides Boscalid 0.76 (0.76)
Cyproconazole 0.14 (0.14) 1.49 (1.49)
Epoxyconazole 4.27 (4.27)
10.01
Metalaxyl (9.78) 5.96 (5.96) 3.2 (2.45) 24.2(12.41) 4.59 (4.59)
Metconazole 0.3 (0.3)
Pyrimethanil 0.38 (0.38) 0.4 (0.4)
Tebuconazole 1.37 (1.37)
Yes Aminomethylphosphonique acid
Herbicides (metabolite of glyphosate) 2.81(2.81) 1.76 (1.76) 3.31 (2.46)
Flurochloridone 2.6 (2.6)
Glyphosate 4.94 (3.25) 3.21 (3.21) 1.18 (1.18) 6.78 (6.78)
Mesosulfuron-Methyl 1.76 (1.76)
108.85 999.84 105.85 652.26 129.41 334.97
S-Metolachlore (73.69) (336.65) (72.92) (420.66) (64.8) (267.12)
20.41 2291 42.82 3.15
Insecticides  Imidacloprid (15.88) 61.1(60.87) (18.38) (41.07) (3.15)
Fungicides Flusilazole 1.05 (1.05)
4.65
Prothioconazole 6.44 (6.44)  5.84 (5.84) 8.71(8.71)  4.34 (4.34) (4.65) 6.04 (6.04)
Herbicides 2,4-MCPA 0.28 (0.28) 0.1 (0.1)
0.19
Atrazine 0.21 (0.21) (0.19)
Atrazine-desethyl (metabolite of atrazine) 1.6 (1.11) 7.76 (5.21) 4.4 (4.49) 3.05 (2.53)
4.68
Bentazone 0.19(0.19)  0.74 (0.74) 4.31(3.03) 3.86(2.01) (3.75) 7.69 (3.53)
Chlortoluron 2.59 (2.59)
DiNitroOrthoCresol 0.48 (0.48) 0.46 (0.46)
Dinoterbe 0.23 (0.23) 2.53 (2.53)
Diuron 8.14 (8.14)
44.68 103.09 87.29 105.9 94.73 152.75
Fenuron (19.21) (47.65) (44.9) (78.45) (52.48) (84.69)
No (applied before the Glufosinate of ammonium 10.6 (10.6)
experiment) Hydroxyatrazine-2-hydroxy (metabolite of
atrazine) 7 (5.05) 1.89 (1.89) 4 (2.64)
Hydroxyterbuthylazine (metabolite of 5.94
atrazine) 0.1 (0.1) 4.43(4.43) 2(2) (5.94)
Mecoprop-P 0.34 (0.34)
Metribuzine 0.37 (0.37)
3.82
Monuron 0.23(0.23)  0.48 (0.48) 3.17(3.17)  0.55 (0.55) (3.82) 0.19 (0.19)
Sebuthylazine 0.37 (0.37)
Simazine-2-hydroxy (metabolite of 0.47
artazine) 5.45 (5.45) 5.07 (4.6) 3.57 (3.1) (0.47)
Terbutylazine 0.1 (0.1)
Triclopyr 0.11 (0.11)
Insecticides ~ Hexythiazox 1.62(0.73) 1.52(1.24) 1.77 (1.58)  0.89(0.7)
Oxydemeton-methyl 1.93 (1.93) 0.82(0.82) 1.98 (1.98)
Other Piperonyl-butoxide 2.71 (2.71)

observed: 56% in LI, 55% in VLI-CM and 42% in VLI-SM.

3.3. Effects of rotation and cover crops on leaching of specific pesticide
compounds

A total of 37 pesticide compounds and known degradation products
were quantified in the leachate samples. The pesticide compounds found
most frequently in drained water were herbicides and their degradation
products (22 of the 37 compounds detected), followed by fungicides
(12) and insecticides (3). Overall, 13 applied compounds were detected
in the drained water, 24 applied compounds were not detected, and 24
detected compounds had not been applied during the six years of the
experiment (Table 3).

Significant differences in compound quantities were found only for
the degradation product of the herbicide atrazine, hydroxyatrazine-2-
hydroxy (Table S4), but this compound was found in only seven out of

108 subplot-season combination.

3.4. Relationship between water drainage, pesticide losses, nitrate losses,
and agronomic variables

Water drainage was not significantly influenced by crop biomass, CC
biomass, CC duration or the number of tillage operations over the three
years of the rotation (Fig. 5, Table 4). Pesticide losses decreased
significantly as the number of operations increased but was not signif-
icantly influenced by the quantity of pesticides applied, the water
drainage, the crop biomass, the CC biomass or the CC duration over the
three years of the rotation (Fig. 6, Table 4). Nitrate leaching increased
significantly as water drainage increased but was not significantly
influenced by the quantity of N applied, crop biomass, CC biomass, CC
duration, or the number of tillage operations over the three years of the
rotation (Fig. 7, Table 4).
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regressions, respectively.
4. Discussion
4.1. Pesticide and fertiliser use can be reduced greatly in cropping systems

The cropping systems tested in this study were designed to reduce
pesticide use by 50% compared to that in the current 2-year rotation that
farmers have practiced for decades in the Occitanie region of France.
This underlying objective was met for all systems, with an effective
mean reduction in TFI, an indicator of pesticide use accounting for the
quantity of pesticides use and their reference doses, of 50-75% during
the experiment compared to the reference for farmers in the region.
However, even if mean values reached the target reduction, the vari-
ability in the experiment led to some specific cropping systems having
higher values than the objective, mainly in the VLI-CM treatment.
Rotation LI had a significantly lower TFI than VLI-SM and VLI-SM had a
significantly lower TFI than VLI-CM did, and the presence of CC did not
decrease yield because they were managed effectively, particularly by
using mechanical destruction instead of chemical destruction (Bonnet
et al., 2021). However, the total quantity of pesticides applied did not
differ significantly among cropping systems, and fungicide use differed
significantly only between LI and VLI-CM. Contrary to the initial
objective, the most diversified systems studied (VLI-CM and VLI-SM)
still depended on pesticides, especially herbicides, in part due to the
presence of winter crops, which depend more on herbicides to reduce
yield losses than other crops do. Indeed, weeds are easier to manage
mechanically in spring crops than in winter crops, because autumn and
winter weather is often unsuitable for mechanical weeding (Giuliano
et al., 2016). Improving the design of and decision rules applied to
highly diversified systems could help reduce the need for pesticides. For
example, faba bean could be replaced by another legume crop, as it was
highly sensitive to fungal diseases during the experiment (Bonnet et al.,

2021), or always intercropped with a cereal crop to reduce fungal
pressure (Luo et al., 2022).

The objectives were also to reduce N application by 25% in LI and
50% in VLI compared to that in the standard 2-year rotation. On average
this objective was met for VLI treatments where a reduction of more
than 50% was observed for almost all the cropping systems, but not for
LI treatment where all cropping systems used more N (Bonnet et al.,
2021). However, the quantity of N applied differed among rotations,
with LI applying significantly more N than VLI did. In addition, the 50%
reduction in N application in VLI-CM compared to that in LI did not
reduce durum wheat or sunflower yields greatly (Bonnet et al., 2021).
Introducing a legume crop into a rotation to precede durum wheat,
which is the most N-demanding crop in the rotations, increased soil
fertility and helped maintain high yields (Duchene et al., 2017; Kuo and
Sainju, 1998; Stagnari et al., 2017).

4.2. Cover cropping is a key diversification practice to reduce pesticide
and nitrate leaching

Over the six years, the cropping systems studied influenced water
drainage differently, with a reduction on water drainage when inter-
cropping is used compared to the two other rotation treatments. The
lower drainage observed in the intercropping system compared with
sole crops is consistent with a more efficient use of soil water by asso-
ciated species. This effect is commonly attributed to functional
complementarity in rooting depth and water uptake dynamics, leading
to a more complete extraction of available water from the soil profile
and reduced deep percolation (Brooker et al., 2015). Recent syntheses
further indicate that intercropping systems enhance water use efficiency
and reduce non-productive water losses, including drainage, relative to
monocultures (Liu et al., 2025). Nevertheless, introducing CC into fallow
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Table 4

Results of the Wald x> and F-tests performed on models explaining different
response variables. Significance levels: * = p < 0.05, **

0.001. Significant p-values are in bold.

=p<0.01, *

Models Response variables Statistics
Water drainage ~ Water input Water input x3= =
3.896 0.048*
Water drainage ~ Crop biomass  Crop biomass 3= p=0.472
0.519
Water drainage ~ Biomass of Biomass of cover F1= p=0.192
cover crop crop 1.777
F, =
Temporal rotation 1.708 p=02
Duration of cover F, =
crop 4.233 p = 0.057
Water drainage ~ Duration of F1=
cover crop Temporal rotation 0.302 p=0.591
Water drainage ~ Number of Number of tillage 3=
tillage operations operations 1.514 p=0.219
Pesticide losse ~ Quantity of Quantity of pesticide
pesticide applied applied B=0 p=0.992
Pesticide losse ~ Water =
drainage Water drainage 0.757 p=0.384
"=
Pesticide losse ~ Crop biomass Crop biomass 0.233 p =0.629
Pesticide losse ~ Biomass of Biomass of cover x3=
cover crop crop 0.353 p=0.552
Pesticide losse ~ Duration of Duration of cover =
cover crop crop 0.070 p=0.791
Pesticide losse ~ Number of Number of tillage = =
tillage operations operations 6.809 0.009**
Nitrate losse ~ Quantity of N 3=
applied Quantity of N applied  2.184 p=0.139
B= p=
Nitrate losse ~ Water drainage Water drainage 6.053 0.014*
"=
Nitrate losse ~ Crop biomass Crop biomass 0.489 p =0.484
Nitrate losse ~ Biomass of cover ~ Biomass of cover 3=
crop crop 0.164 p=0.686
Nitrate losse ~ Duration of Duration of cover =
cover crop crop 1.101 p=0.294
Nitrate losse ~ Number of Number of tillage B =
tillage operations operations 2.935 p =0.087

periods did not always reduce drainage, as predicted by Meyer et al.
(2019) in soil-crop simulations. This occurs when CC are destroyed early
in winter (from mid-February to early March), which avoids high
evapotranspiration in spring and reduction of water drainage. The de-
cision rule for destroying CC followed in this experiment was designed to
avoid negative effects of CC on the water balance, and thus the water
stress of the next cash crop. The decision rule also avoided reducing
water drainage to limit impacts of CC on groundwater recharge (Bonnet
et al., 2021). Finally, results of the present study agree with those in the
literature that show heterogeneous effects of CC depending on the
cropping system and climatic conditions (Nouri et al., 2022). The
reduction in drainage that CC cause is often considered one of their
major disservices (Meyer et al., 2019). However, this reduction is not
inevitable, and other effects of CC, such as increasing water infiltration
into the soil by improving soil fertility (Blanco-Canqui et al., 2022;
Blanco-Canqui and Ruis, 2020), can counteract it. It is noteworthy that a
decreasing trend in drainage was observed in VLI-SM with CC, unlike in
the other five systems studied, perhaps due to maximising spatial and
temporal occupation through species mixtures and growing CC during
fallow periods, which led to high rates of photosynthesis and above- and
belowground biomass production, and thus higher evapotranspiration
over the rotation (Meyer et al., 2022).

While effects of CC on reducing nitrate leaching are well established
in the literature (Constantin et al., 2015; Couédel et al., 2018b; Di and
Cameron, 2002; Nouri et al., 2022; Plaza-Bonilla et al., 2015; Tonitto
etal., 2006; Tribouillois et al., 2015), the main originality of this study is
the observation of similar effects on reducing the leaching of several
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pesticides, which to our knowledge had not been shown before. Other
studies observed lower losses of atrazine or S-metolachlor from plots
with plant cover, but the latter were summer plant covers that had high
evapotranspiration, which reduced drainage (Potter et al., 2007; White
et al., 2009). In the present study, as subplots with CC had less water
drainage than those without CC, the reduction in pesticide losses was not
due to a reduction in water drainage. No clear relationship between
water drainage and pesticide losses was found. The effects of CC can be
attributed to several factors that are difficult to identify in the field, but
which have been highlighted in laboratory studies. For example, in a
previous study of these plots, CC increased soil organic matter contents
slightly compared to those of bare soil (Plaza-Bonilla et al., 2015), which
can change pesticide sorption and thus increase pesticide retention in
the soil, as observed for S-metolachlor and other pesticides (Alletto
et al., 2013; Cassigneul et al., 2015). In contrast, increased soil organic
matter contents can increase soil biological activity, which can increase
the rate of pesticide mineralisation (Vinther et al., 2008). Finally, these
results strengthen and enrich the concept of the multi-services that CC
provide (Justes and Richard, 2017): CC can recycle nutrients, regulate
pests, diseases and weeds (Couédel et al., 2019) and reduce the pesticide
leaching.

For the cropping systems without CC during the fallow period, there
was a trend towards a reduction in nitrate and pesticide losses in the
rotation with species mixtures (VLI-SM), despite having pesticide use
(TFI and quantity of active ingredients) close to that of the other two
rotations composed of monospecific cash crops. Lower nitrate leaching
in intercropping systems than in sole-cropping systems has been
observed in previous studies of cropping systems (Hauggaard-Nielsen
et al., 2003; Mariotti et al., 2015; Nie et al., 2012), perhaps due to
increased root competition in intercropping systems, which leads to
deeper root development and greater nutrient acquisition (Hauggaard-
Nielsen et al., 2001). This can lead to a final balance of processes to-
wards net complementarity, as highlighted using the “4C” approach
(Justes et al., 2021). Another potential explanation is that a high C:N
ratio of the organic matter decreases mineralisation, which leads to
slower degradation and release of soil N (Jensen et al., 2020). In
contrast, it is difficult to draw conclusions or make comparisons about
the trend towards lower pesticide losses with species mixtures, as nearly
all published studies of species mixtures focus on organic farming sys-
tems (e.g., Bedoussac et al., 2015). Therefore, it would be valuable to
perform additional research to better understand effects of intercrop-
ping on pesticide leaching in conventional cropping systems.

4.3. Most pesticide losses through leaching were S-metolachlor

Out of the 37 pesticide compounds and degradation products
quantified in the leachate samples, S-metolachlor represented more than
50% of the quantity of pesticide losses in the drained water. This her-
bicide was used often during the experiment, representing 15-31% of
the quantity of active ingredients applied, a quantity exceeded only by
glyphosate (Table S6). Two of its degradation products — OXA and ESA-
metolachlor — were not quantified because they were not considered
‘relevant metabolites’ under the EU Water Framework Directive during
the experiment, but they could greatly increase the contribution of this
active ingredient (Steele et al., 2008). S-metolachlor losses did not vary
significantly between cropping systems which can be explained by the
variability of the data, but follow the general trend of a reduction of the
leaching with increase system diversity (Fig. S3A). Removing the S-
metolachlor from the analysis changed the pattern of pesticide leaching
and the effect of the presence of CC was no more observed (Fig. S3B).
When pesticide compounds were taken individually, significant differ-
ences between rotation treatment or CC treatments were only found for
the hydroxyatrazine-2-hydroxy. This is probably because of the low
concentration and high variability of most of the molecules (Table 3).
This result highlights that the effect of CC on pesticide leaching observed
on this experiment is mainly driven by the S-metolachlor and that the



G. Seimandi-Corda et al. Agricultural Systems 235 (2026) 104719

A 47 ¢ B 41 g C 4 .
CEY ) )
— " m—— q 4 — 3 4
(7] 7, . w .
@ @ @
@ 2- ? 7
o * © 21 . o021,
S % . S a-.
T 14 = o
I EET TSR 3! 3] S
gﬂ'::.'..-. ....--" o —————0’-.*—-.——_._ o R bt T L O
o o .o - o . .
0 e® .‘ .‘ o, . i 01 = .0.:.0' Ce o
-1 o T X T T T T T T T T T T T
1000 2000 3000 0 50 100 150 200 5 10 15 20 25 30
Quantity of pesticide applied (g) Water drainage (mm) Crop biomass (tDM/ha)
D 41 E 4; Faq o
= = )
2, | 2| — >
w - w - w
@ @ @
o 1] w 24
w w w .
S, -2y o
@ @ @
o o o
o o o
o o 3 o e s o
20 4 == - - - - - - - -
0-‘--%.--.' - o e 0-‘..-'0 g = P
2 4 6 8 200 300 400 500 12 16 20
Biomass of cover crop (tDM/ha) Duration of cover crop (days) Number of tillage operations

Fig. 6. Soil pesticide losses (g/ha) per plot over three years for each cropping system as a function of (A) the quantity of pesticides applied (g/ha), (B) water drainage
(mm/ha), (C) crop biomass (t DM/ha), (D) cover crop biomass (t DM/ha), (E) duration (days) of the cover crop and (F) number of tillage operations. Black lines
indicate linear mixed-model regressions between the two variables using the year as random factor, and grey shading indicates the 95% confidence interval. Solid and
dashed lines represent significant (p < 0.05) and non-significant regressions, respectively.

A - B . C .
gzo_ ggo- 230.
2 2 2
2 2 . 2
.
£ 20 ‘ £ 207 £ 204
[5) o . [5) .
© . © ©
o - @ o .
2 . . O On ... o e o, .
.. 101 1 - »
£ 10 e, O L hedsc - gm E S Mgyt e
z P it z v o= = ‘. .
- : . . o.o. ¢ s :o: N : . o
. $ . . 0 . e ©
LI % 0
O 1 T T T T T 1 T T T T T T T T T T
100 150 200 250 300  35C 0 50 100 150 200 5 10 15 20 25 30
Quantity of N fertiliser applied (g/ha) Water drainage (mm/ha) Crop biomass (tDM/ha)
D E F .
T30 T30 ‘T 309
C i K
g g 220 .
£ 201 £ 201 5 .
© © ® .
o @ @ 2 Q0O .
o 2 210 R I
£ 107 * o ¢ S04, ¢ 2 e .0'.3'0-.‘-:%-1_-
Z . Z - g | Z LI .
—m—ed o % a LI Y —— ) | . .
S o . - .— ——y o. = 0 L
U- T * T T v. 0- r. < T T T T T T
2 4 6 8 200 300 400 500 12 16 20
Biomass of cover crop (tDM/ha) Duration of cover crop (days) Number of tillage operations
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effect of CC on pesticide leaching could vary depending on the set of variety of crops and has highly mobile degradation products. Currently,
pesticides used in the field and especially of the quantity of S-metola- it is one of the herbicides detected most often in the groundwater of
chlor used. This molecule is used by farmers for three decades on a wide several countries (Halbach et al., 2021; Le Cor et al., 2021; Steele et al.,
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2008) and CC could be used to mitigate the pollution related to this
pesticide. Use of S-metolachlor was officially banned in the EU as of July
2024 (European Food Safety Authority (EFSA) et al., 2023), but is still
used in many countries.

4.4. Persistence and legacy of pesticides

Of the 38 active compounds applied during the six years of the
experiment, 13 were found in the leachates, but 24 of the detected
compounds had not been applied during the experiment (Table S4).
These compounds had been applied in previous field experiments at the
same site, which illustrates the persistence of these active compounds in
the top 1 m of the soil and in the environment. Some compounds such as
atrazine, simazine and their degradation products (i.e., atrazine-
desethyl, hydroxyatrazine-2-hydroxy and simazine-2-hydroxy) were
frequently detected in the leachates, even though the use of both had
been banned in France since 2003 (Gutierrez and Baran, 2009; Mahé
etal., 2020). The detection of a larger number of legacy compounds than
currently applied substances is consistent with previous long-term
monitoring studies showing that pesticide residues and their trans-
formation products can persist in soils and groundwater for decades
after their last application (Baran et al., 2021; Lapworth et al., 2012).
Several studies have reported the continued presence of atrazine,
simazine and their metabolites in leachates and groundwater long after
regulatory bans, highlighting the strong persistence and mobility of
these compounds under field conditions (Jablonowski et al., 2011). This
long-term persistence has been attributed to a combination of slow
degradation rates, strong sorption to soil organic matter and clay frac-
tions, and the formation of non-extractable residues that may be grad-
ually remobilized over time (Fenner et al., 2013; Gevao et al., 2000).
Field-based evidence further suggests that preferential flow pathways
and episodic drainage events can contribute to the delayed transport of
historical pesticide residues towards deeper soil layers and drainage
systems (Flury, 1996; Kohne et al., 2009). Similar observations have
been reported across a wide range of pedoclimatic contexts, indicating
that legacy pesticide contamination is a widespread phenomenon rather
than a site-specific anomaly (Silva et al., 2019). This result illustrates the
long-term persistence of some pesticides in the soil and the need for long
term monitoring of pesticides to identify the effect of agricultural
practices on pesticide pollutions. Taken together, our results emphasize
that assessments of pesticide pollution based solely on current applica-
tion practices may substantially underestimate environmental contam-
ination, and that historical pesticide use must be considered when
evaluating the effectiveness of cropping systems and mitigation
strategies.

5. Conclusions

This study showed that large reductions in pesticide use, exceeding
50% compared to conventional application rates, can be achieved in
cropping systems by implementing diversification strategies. These re-
sults provide valuable support for major European initiatives aimed at
reducing pesticide use, such as the French Ecophyto plan and the Eu-
ropean Research Alliance's “Towards a Chemical Pesticide-Free Agri-
culture.” The results also contribute to the growing body of evidence
that shows that CC can reduce nitrate leaching greatly. In particular, this
effect was consistent even in cropping systems with a large proportion of
legumes. The main originality of this study is the observation that
introducing CC can significantly reduce the leaching losses of a wide
variety of pesticides, including herbicides such as S-metolachlor, which
is one of the compounds most commonly detected in groundwater. This
result highlights the potential of CC to mitigate a major pathway of
pesticide contamination of water resources. These results highlight the
multifunctionality of CC by showing their agronomic benefits and
environmental value for a variety of cropping systems. Moreover, other
diversification strategies, such as intercropping, also appear to help
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mitigate environmental impacts, but additional targeted research is
required to quantify their specific effects more precisely. Although all of
the systems studied were low-input, particularly for fertilisers and pes-
ticides, large losses of nitrate and pesticides were still observed, some-
times exceeding the thresholds set at European level for water quality.
This highlights the need for real, ambitious and sustainable changes in
the way agricultural systems are managed in order to achieve environ-
mental quality objectives.
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