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To reduce reliance on herbicides and maintain crop productivity, integrated weed

management (IWM) seeks to optimize synergies between diverse sets of weed

management practices combined at the cropping system scale. Nevertheless, data

on weed community response to the long-term implementation of IWM practices

remain scare. Here, we assessed the effects of four IWM systems with contrasting

objectives and practices (S2: transition from superficial tillage to conservation agriculture;

S3: no-mechanical weeding; S4: mixed mechanical and chemical weeding; S5:

herbicide-free; all with 6 year rotations) compared to a conventional reference (S1:

herbicide-based with systematic plowing and a 3 year rotation) on taxonomic and

functional weed community composition and structure after 17 years of continuous

implementation. We examined the legacy effects of these systems with a uniformity

trial consisting of winter wheat managed uniformly across the systems as well as with

a novel in situ weed seedbank approach involving tilled strips. We found that resulting

weed communities in IWM systems were more species rich (species richness from 1.1

to 2.6 times greater) and more abundant (total density from 3.3 to 25 times greater)

than those observed in the reference system, and differed in term of taxonomic and

functional composition. In addition, we found that, when systems shared the same weed

species, germination patterns of two thirds of the species differed between systems,

highlighting the selection pressures some IWM practices exert on weeds. We showed

that analyzing the superficial germinable seedbank in situ with tilled strips could provide

a comprehensive view of resulting weed communities and be helpful in developing

cropping systems that foster agroecological weed management.

Keywords: seedbank, uniformity trial, no-till, herbicide reliance, weed community, functional trait, germination

pattern

INTRODUCTION

Effective weed management is recognized as crucial for the ecological intensification of agriculture
(Petit et al., 2015) because weeds can generate severe yield losses (Oerke, 2006) and current
approaches to weed management rely heavily on herbicides. To reduce herbicide reliance and
maintain crop productivity, integrated weed management (IWM) strategies aim to both disrupt
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weed population dynamics and reduce weed interference by
coherently combining a diversity of chemical, physical, and
cultural weed management practices at the cropping system
scale (Harker, 2013). Ideally, these practices are combined in
ways that optimize synergistic interactions among practices by
targeting weeds in complementary ways and at different stages in
their life cycles (Ryan et al., 2011). In doing so, effective IWM
strategies keep weed populations below economic thresholds
while maintaining or enhancing weed diversity (Liebman and
Gallandt, 1997). However, there are surprisingly few examples
of long-term research comparing different combinations of
IWM practices on weed communities, which could enable
the identification of successful IWM approaches and facilitate
decision making (Harker and O’donovan, 2013). An effective
IWM strategy must diversify selection pressures in time to
avoid shifts toward weed communities dominated by competitive
species (Adeux et al., 2019b) or those adapted, either via
evolution or morphological or phenological plasticity, to avoid or
resist management (Menalled et al., 2016). The degree to which
contrasting IWM strategies can shift the ecology and/or biology
of arable weeds over the long-term is largely unexplored but of
critical importance to move toward more sustainable alternatives
to herbicides (Neve et al., 2018).

Long-term cropping system experiments can be powerful
tools with which to compare the short and longer-term outcomes
of contrasting IWM strategies aimed at controlling weeds while
reducing herbicide reliance (Adeux et al., 2019a). Lechenet
et al. (2017) reviewed experimental designs for cropping system
experiments intended to test pest management principles. They
concluded that to ensure an efficient comparison of cropping
systems, the most complete design requires the implementation
of (i) temporal replicates of the cropping systems where all
the crops of the crop sequence are cultivated each year (i.e.,
all entry points), and (ii) spatial replicates where all entry
points are replicated within blocks the same year. Unfortunately,
most experimental designs of cropping system experiments do
not include both aspects because of space or labor issues and
are therefore prone to misinterpret the temporal dynamics of
the response variables (Lechenet et al., 2017). Diversified crop
sequences appear as a critical component of IWM across a
diversity of situations (Weisberger et al., 2019) because each
crop and its associated practices will act as a set of filters
that can disrupt different phases of the weed species’ life
cycle (Derksen et al., 2002). However, when cropping system
experiments lack temporal replicates, weeds are rarely assessed
across a common baseline, i.e., the same crop cultivated the
same year in all plots. To overcome this issue, previous studies
have investigated either the weed seedbank as a method for
revealing the effects of past practices (Bàrberi and Lo Cascio,
2001) or the weed flora emerging in a reference crop as part of
a uniformity trial (Brown and Gallandt, 2018). Rarely are both of
these approaches implemented together (Jernigan et al., 2017).
Uniformity trials—in which a standard agronomic treatment
is applied across all plots at the end of a cropping system
experiment in order to partition of variability due to previous
cropping system effects, without any confounding effects—can
provide critical insight on the legacy effects associated with the

integration of practices across diverse crop rotations (Jernigan
et al., 2017).

The objective of this study was to quantify weed seedbank
and emerged weed communities after 17 years of five contrasting
IWM strategies in a long-term cropping system experiment.
The nature and magnitude of these legacy effects were assessed
in a reference crop (winter wheat) managed uniformly across
the cropping system experiment in year 18. We hypothesized
that weed seedbanks would be more diverse (both in term of
taxonomic and functional diversity) and more abundant in the
IWM systems compared to the reference system due to the
higher diversity of crop functional types (winter annuals, summer
annuals, etc.) in the IWM systems coupled with incomplete
control of weeds in each crop. Secondly, we hypothesized that
weed community composition would differ both taxonomically
and functionally among the contrasting IWM systems, due to
differences in their overarching management strategies (e.g.,
balance between chemical, physical, and cultural approaches
to weed management). Finally, we hypothesized that some
weeds would exhibit shifts in their germination phenology
(manifesting in differences in the timing and duration of
peak emergence from the soil seed bank) across contrasting
IWM systems due to different selection pressures imposed by
each system.

MATERIALS AND METHODS

Experimental Site and Set-Up
The field experiment was conducted at the INRAE experimental
farm in Bretenière (47◦14

′

11.2
′′

N, 5◦05
′

56.1
′′

E), 15 km
southeast of Dijon, France. The experiment was set up as a
randomized complete block design (two blocks separated by
1 km) and included five cropping systems with contrasting IWM
objectives and practices. The reference cropping system (S1) was
characterized by a 3-year oilseed rape—winter wheat—winter
barley rotation, systematic moldboard plowing in summer-
autumn, and herbicides as the sole curative weed management
tool. S1 is a typical grain-based cropping system of the Burgundy
region, designed to maximize financial return. The other four
cropping systems (S2, S3, S4, and S5) were designed to mimic
contrasting agronomic pathways that farmers might implement
to reduce herbicide reliance and resulted in a more complex
6-year rotation. The complete crop sequence is detailed in
Supplementary Table 1. Crop rotations in S2, S3, S4, and S5
systems were made of three winter sown crops (winter wheat,
winter barley, triticale, or faba bean), autumn sown oilseed rape,
one spring crop (oat, sugarbeet, faba bean, lupin, spring barley, or
mustard) and one summer sown crop (maize, sorghum, soybean,
or sunflower). Hence, winter wheat and oilseed rape, the two
most common crops of the region, were present throughout the
five CS. Sugar beet was only cropped in S4 (up to 2006 when
the nearby sugar refinery plant closed). In S5, perennial forage
crops such as alfalfa were included in order to manage Canada
thistle (Cirsium arvense) or bitter dock (Rumex obtusifolius).
Similarly, in S3, companion crops (such as faba bean, lentil,
vetch, flax) were intercropped in oilseed rape to cover interrows
before winter.

Frontiers in Agronomy | www.frontiersin.org 2 January 2022 | Volume 3 | Article 769992

https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles


Cordeau et al. Legacy of Long-Term IWM Systems

System S2 represented a typical transition from a reduced
tillage system (i.e., no inversion tillage from 2001–2010) to no-
till conservation agriculture (2010–2017). S2 was designed to
reduce labor requirement and time consuming operations. In
contrast, systems S3, S4, and S5 all implemented moldboard
plowing every 2 years on average over the 2001–2017 period.
Herbicides were used as the sole method of direct weed
control in S2 and S3. This choice was made in coherence
with the strategy of minimum soil disturbance in S2 and
to reflect the wish of certain farmers to not invest in
mechanical weeding tools in S3. Weed management relied on
mechanical tools and herbicides in S4 and only on mechanical
tools in S5 (Adeux et al., 2019a). In addition, the four
alternative systems also implemented a wide array of preventive
and cultural weed management tools such as false seedbed
technique, delayed sowing of winter cereals, and higher seeding
rates. S4 aimed to be the typical IWM system, resorting
preferentially to preventive measures, and mechanical weeding.
However, applications of specialized herbicides on target species
remained possible when weather conditions were not suitable
for mechanical weeding or to control weeds with low sensibility
to mechanical weeding.

The set of decision rules characterizing each of the five
cropping systems was replicated on two blocks, resulting in
10 plots of 1.7 ha each on average. A complete description of
the long-term cropping system experiment (crop sequence—see
Supplementary Table 1—and associatedmanagement, including
tillage intensity/frequency, herbicide use/types, mechanical
weeding, etc.) implemented from 2000 to 2017 is available in
Adeux et al. (2019a, 2022) and synthesized in Table 1.

In 2017–2018, a uniformity trial with winter wheat was
established across the experimental site in order to examine the
legacy effects of the previous cropping systems. Soil preparation
prior to sowing winter wheat consisted in stubble cultivation
to 8 cm deep (10/10/17) and rotary harrowing, also 8 cm deep
(13/10/17). All fields were sown with winter wheat (variety
“Nemo”) at a rate of 350 seeds.m−² and a sowing depth of 3 cm
(15/10/17). Sowing was performed with a mechanical seed drill
(Amazone D9) set at a 13.8 cm row spacing. Nitrogen fertilization
was split into two applications, i.e., 50 kg N.ha−1 on 22/02/18 and
116 kg N.ha−1 (+ 33 kg S.ha−1) on 10/04/18. Septoria leaf spot
was controlled on 07/05/18 with 50 g.ha−1 of benzovindiflupyr,
40 g.ha−1 of cyproconazole, and 375 g.ha−1 of chlorothalonil.
Wheat yellow rust was controlled on 16/05/18 with 50 g.ha−1 of
benzovindiflupyr. Weed control in winter wheat was performed
late (one application of herbicide on 22/03/18) so as to allow
full expression of the autumn- and spring-emerging weed flora
and consisted in a tank mixture of 9 g.ha−1 of mesosulfuron,
60 g.ha−1 of diflufenican, 3 g.ha−1 of iodosulfuron, and 25 g.ha−1

of amidosulfuron.

Measurements
Weed Seedbank Assessments
During the cropping system experiment phase (i.e., 2001–2017),
the soil seedbank was assessed in 2001, 2002, 2003, 2005, and
2010, and not repeated afterwards, by collecting 10 soil samples
per field each year (each sample being a composite of 10 soil

cores, 4.5 cm diameter, 30 cm depth) from the same 100 m² zone
in each field each year. Each core was split into superficial (0–
10 cm depth) and deep (10–30 cm) soil horizons before pooling.
The weed seeds were extracted from the soil samples using a
sieving method (with different sieves until 400µm) and then
submitted to a germination bioassay in greenhouse (Mahé et al.,
2021). The emerged seedlings of each species were identified
at the species level (when possible) and counted. After 1 year
of succeeding cohorts, the residual seeds were identified and
counted under a dissecting scope. Based on the diameter of the
soil probe, seedbank density was then expressed as seed.m−2,
both in the superficial and deep soil horizons.

Legacy effects of the cropping systems on the germinable
soil seedbanks were assessed in situ during the uniformity
trial (i.e., 2017–2018) using a false seedbed technique. Seedling
emergence from the superficial seedbank was stimulated by
shallowly tilling (10 cm depth) two strips per field (4m wide,
about 200m long) every 6 weeks during the autumn and
spring growing seasons (except when weather conditions were
unsuitable for implementing tillage, Supplementary Figure 1).
In total, six sessions of tillage were implemented (05/08/2017,
14/09/2017, 29/10/2017, 13/02/2018, 12/04/2018, 25/05/2018;
Supplementary Table 2). Weed surveys, in which all emerged
seedlings within 10 0.36 m² quadrats per strip were identified
and counted, were performed immediately prior to each
tillage session, i.e., approximatively 6 weeks after the previous
tillage (12/09/2017, 25/10/2017, 06/12/2017, 09/04/2018,
18/05/2018, 18/06/2018; Supplementary Table 2) so as to allow
the maximum number of individuals of each species to emerge
(Cordeau et al., 2017b).

Weed Communities in the Uniformity Trial
The legacy effect of cropping systems on weed communities was
also investigated by assessing emerged weed flora in a winter
wheat crop uniformity trial. Weed community composition was
assessed before weed control (08/02/18) in eight 16m² zones per
plot. No herbicide or mechanical weeding was done in autumn
or early spring, prior to the weed survey, to capture maximum
weed diversity. Weeds were identified at the species level (when
possible) and the abundance of each species in the 16 m² area
was estimated visually using the scale of abundance developed by
Barralis (1976) with sux classes (one individual, <1 individuals
m−2, 1–2, 3–20, 21–50, and 51–500 individuals.m−2). Total weed
abundance was computed using the center of each class (0.06, 0.5,
1.5, 11.5, 35.5, and 275 individuals.m−2, respectively) to allow the
aggregation of individual species’ abundances. Species richness
was computed as the number of weed species per 16 m2 zones.
Community weighted means (CWM, average value of a given
attribute weighted by the relative abundance of each species) were
also computed on three attributes [height, seed mass, specific
leaf area (SLA)] reflecting weed community response to past
agricultural practices (Storkey et al., 2010; Gaba et al., 2017).

Statistical Analysis
All analysis were carried out at the soil sample (seedbank in the
cropping system experiment), quadrat (superficial germinable
seedbank in uniformity trial) or 16 m² zone level (weed survey

Frontiers in Agronomy | www.frontiersin.org 3 January 2022 | Volume 3 | Article 769992

https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org
https://www.frontiersin.org/journals/agronomy#articles


Cordeau et al. Legacy of Long-Term IWM Systems

TABLE 1 | Differences in terms of farming practices between experimented cropping systems (over the 2012–2017 period).

Farming practices Experimented cropping

system effect (df = 4)

S1 S2 S3 S4 S5

Plowing frequency F = 47.67, P = 0.001 0.83 ± 0.00c 0.00 ± 0.00a 0.42 ± 0.12b 0.42 ± 0.12b 0.67 ± 0.00bc

Average number of false seedbed

operations year−1

F = 7.24, P = 0.041 1.75 ± 0.12ab 0.00 ± 0.00a 2.58 ± 0.59b 2.67 ± 0.24b 2.08 ± 1.30ab

Frequency of delayed sowing of

winter cereals

F = 12.53, P = 0.016 0.00 ± 0.00a 0.75 ± 0.35b 0.83 ± 0.24b 1.00 ± 0.00b 0.58 ± 0.12ab

Average HTFI year−1 F = 32.31, P = 0.003 1.34 ± 0.18bc 1.97 ± 0.18c 0.82 ± 0.26ab 0.50 ± 0.16a 0.00 ± 0.00a

Average HTFI before sowing year−1 F = 639.7, P < 0.0001 0.02 ± 0.02a 1.05 ± 0.06b 0.02 ± 0.03a 0.01 ± 0.01a 0.00 ± 0.00a

Average number of mechanical

weeding operations year−1

F = 37.38, P = 0.002 0.00 ± 0.00a 0.00 ± 0.00a 0.17 ± 0.24a 1.83 ± 0.00b 2.92 ± 0.58b

Average nitrogen fertilization kg N

year−1

F = 29.14, P = 0.003 154 ± 8b 94 ± 6a 96 ± 5a 109 ± 2a 79 ± 12a

Proportion of autumn-sown crops F = 6.00, P = 0.055 0.67 ± 0.04b 0.50 ± 0.04ab 0.50 ± 0.04ab 0.50 ± 0.04ab 0.42 ± 0.04a

Number of crops F = 8.60, P = 0.03 3.00 ± 0.35a 5.00 ± 0.35ab 5.50 ± 0.35b 5.00 ± 0.35ab 5.50 ± 0.35b

Number of sowing periods Perfect fit* 2.00 ± 0.00a 4.00 ± 0.00b 4.00 ± 0.00b 4.00 ± 0.00b 4.00 ± 0.00b

Effects were determined through F-tests on linear models. Values (observed means ± standard error) were computed over the rotation and standardized at the annual scale. Cropping

systems sharing identical letters are not significantly different at P < 0.05.
*Perfect fit denotes a model where each level of the factor shows no variability, i.e., R² = 1.

in uniformity trial) with the [lme4] package of the R software
version 3.3.2 (R Development Core Team, 2019). Linear mixed-
effectsmodels were used to analyse continuous response variables
[log10 (x + 1) transformed weed density, CWM variables]
whereas mixed Poisson regression with a log-link was used to
analyse whole, non-negative response variables (species richness)
and mixed beta-regression with a logit-link were used to analyse
proportion data (percent of seeds in the top soil horizon). All
response variables were regressed against cropping system, and
sometimes in interaction with year (seedbank in the cropping
system experiment) or the weed survey session (superficial
germinable seedbank). Field and block were considered as
random effects in all models to account for the design of
the experiment and the sampling design (see the 17-year crop
sequences in Supplementary Table 1). Significance of cropping
system effects were assessed through type III Wald Chi-squared
tests using the ANOVA function of the [car] R package. Contrasts
between the cropping systems were adjusted using the [emmeans]
R package. Except for beta-regression, the quality of the model
was assessed using marginal R² accounting for the fixed effects
(R²m) and conditional R² accounting for the fixed and random
effects (R²c).

Partial canonical correspondence analysis (pCCA) was
performed to visualize and assess cropping system legacy effects
on the superficial germinable weed seedbank (all sessions pooled)
and emerged weed community composition before weed control
in winter wheat. Field and field:block effects were partialled out to
highlight cropping system effects. Only species with frequencies
of occurrence ≥5% of the quadrats (superficial germinable
seedbank) or zone (emerged weeds) were retained and were
described by their abundance. Significance of cropping system
effects was assessed using permutation-based ANOVA (N =

999 permutations).

To test for differences in species emergence patterns in the
superficial germinable seedbank of the uniformity trial, kernel
density weighted by the relative abundance of each species at
each session was estimated using the density function and the
approach described in several recents studies (Perronne et al.,
2014; Bourgeois et al., 2019). We computed the dissimilarity
of emergence distribution using the overlapTrue function
from the [overlap] package. In order to test the significance
of the dissimilarities between each pair of systems where
the same species was observed, we used a randomization
method to determine whether the overlap between species
emergence was significantly lower than the null hypothesis
(random layout of the weed community between systems).
The randomization procedure was implemented by generating
random permutations of the variable “cropping system” to
randomize the weed emergence in each quadrat at each
session. Thus, we generated 10,000 random distributions and
implemented a one-tailed direct test of significance for the non-
random structure. P-values were estimated as the proportion of
random distributions having a value of overlap lower than the
observed overlap.

RESULTS

Seedbank Dynamics During the Cropping
System Experiment
A total of 53 species were observed in the soil seedbank from 2001
to 2010. The five most abundant species, representing 82% of
total abundance, were Alopecurus myosuroides, Solanum nigrum,
Anagallis arvensis, Chenopodium album, and Amaranthus
retroflexus. The majority of species (i.e., 50) were found in both
the superficial (0–10 cm) and deep soil horizon (10–30 cm). Only
Veronica agrestis was found solely in the deep soil horizon
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FIGURE 1 | Superficial (red) and deep (blue) weed seedbank (total number of seeds.m−²) assessed during the cropping system experiment (2001–2017) testing four

integrated weed management systems (S2–S5) compared a reference system (S1). Figures on top of the bars represent the percentage of seeds located in the top

horizon (red bar, 0–10 cm). Only the data collected from 2001 to 2010 were presented because no investigation of the seedbank was done afterwards.

(10–30 cm) and Medicago sp. and Epilobium sp. were found
exclusively in the superficial horizon (0–10 cm). Total weed
seedbank abundance (Figure 1) varied by system; however, the
effect of system depended on the year (system: df = 4, χ² =
27.1, P < 0.001; year: df = 4, χ² = 4.9, P = 0.30; system-by-
year interaction: df = 16, χ² = 559.9, P < 0.001). Similarly,
the proportion of seeds located in the superficial soil horizon
varied by systems (df = 4, χ² = 95.85, P < 0.001), year
(df = 4, χ² = 24.6, P < 0.001), and the interaction between
both factors (df = 16, χ² = 337.8, P < 0.001), averaging 50–
80% in the S2 no-plow system compared to 10–50% in the
other plowing-based systems (except in S3 and S4 in the first
year). A total of 45 species were observed the last year that
seedbank data were collected in the cropping system experiment
(i.e., 2010). The top five most frequent species (in decreasing
order) were A. arvensis, Galium aparine, C. album, S. nigrum,
and A. myosuroides. Seedbank species richness in 2010 was
higher in all alternative IWM systems (S2–S5) than the S1
reference (Table 2). Total seed density in 2010 varied by systems
(Table 2) and was highest in the no-plow (S2) and herbicide-
free (S5) systems. The proportion of the seedbank located in the
superficial soil horizon was higher in S2 than in the plowing-
based systems.

Legacy Effect of Cropping Systems in the
Uniformity Trial
Legacy Effect on the Germinable Superficial

Seedbank
A total of 59 species were observed in the seedbank strips
over the 2017–2018 growing season. The most frequent species
observed (in decreasing order) were A. myosuroides, C. album,
Fallopia convolvulus, S. nigrum, and Chenopodium polyspermum
and represented 58.6% of total abundance observed in the tilled
strips over the season. Of the 59 weed species, 33 species were
also observed in the 2010 seedbank samples. Species richness
and total weed density varied by cropping system (Table 2).
Specifically, seedbanks in all four IWM systems had higher
species richness and were more abundant compared to the
reference system (S1). Seedbank community composition also
varied by cropping system (Figure 2A, P-value = 0.002). The
first pCCA axis separated systems according to a tillage gradient.
The no-plow (S2) system was associated with spring/summer
germinating dicots (A. arvenis, Kickia sp., C. polyspermum) and
one grass species (Echinocloa crus-galli), whereas the plowing-
based (S3) system was associated with autumn-germinating
species (Veronica persica, Veronica herderifolia, Viola arvensis).
The second axis discriminated cropping systems according to
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their herbicide use, the herbicide-free (S5) system was associated
with perennials species (Rumex sp. and C. arvense) and summer-
germinating annuals (C. album, S. nigrum).

When accounting for the different survey sessions (Figure 3),
weed density varied by system (df = 4, χ² = 104.2, P < 0.001),
session (df = 5, χ² = 78.1, P < 0.001), and the interaction
between both (df = 20, χ² = 358.1, P < 0.001). Weed density
ranged from 0 to 830.5 plants/m² and averaged 41.4 plants/m².
Overall, total weed density was highest in the spring/summer
sessions. This was particularly the case for the no-plow (S2) and
herbicide-free (S5), which were the only systems to show the
highest abundance in all of the last three sessions. Systems S1 and
S2 had the lowest and highest total densities at each of the six
sessions, respectively. Species richness (Figure 3) ranged from 0
to 10 species/0.36 m² quadrat, averaged 2.4 species and varied by
system (df = 4, χ²= 62.5, P < 0.001), session (df = 5, χ²= 65.7,
P < 0.001), and the interaction between both factors (df = 20,
χ²= 12.38, P < 0.001). Species richness in all four IWM systems
was higher than the reference (S1) in spring sessions.

Legacy Effect on Emerged Communities in Winter

Wheat
In the uniformity trial, a total of 38 weed species were
observed prior to herbicide application for weed control in
winter wheat. The most abundant species, representing 58.8%
of total abundance, were A. myosuroides, Veronica hederifolia,
G. aparine, V. persica, and Stellaria media. Similar to what we
observed in the superficial seedbank, A. myosuroides was not
associated with a particular system, while other species showed
varying levels of association with specific systems (Figure 2).
Species richness ranged from 1 to 14 species per 16 m² zone
and averaged 7.25 species per zone. Species richness varied by
cropping system (Table 2), with the lowest richness observed
in the reference system (S1) and the highest in S2. Total weed
density prior to weed control ranged from 0.2 to 319.4 plants.m−²
and averaged 39.2 plants.m−². Total weed density varied by
cropping system (Table 2), and was higher in the four IWM
systems compared to the reference system, where weed density
was very low (averaging 3.8 plants.m−²).

Weed community composition varied by cropping system
(Figure 2B, P-value = 0.002, partial variance explained by axis
1 and 2 = 22.3%). The first pCCA axis (accounting for 12.9%
of the partial variance) discriminated the systems according
to tillage intensity, whereas the second axis (accounting for
8.4% of the partial variance) separated systems according to
the herbicide use. Several species showed clear associations
with system S2, including the perennial species C. arvense,
and Asteraceae taxa (Sonchus asper and Lapsana communis),
resulting in a community with a higher CWM height than
S3 (Table 2). Species associated with system S3 were mostly
autumn-germinating short-cycle prostrate species such as V.
arvensis, Aphanes arvensis, Senecio vulgaris, V. persica, and V.
hederifolia, resulting in a community of low height (Table 2).
Species associated with S5 were fewer; however, the high density
and frequency of S. media, Rumex sp., and Fumaria officinalis
(Figure 2B) resulted in a community with a high SLA (Table 2).
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FIGURE 2 | Partial canonical correspondence analysis (pCCA) highlighting the effects of cropping systems (S1–S5) on community composition of the superficial

germinable weed seedbank (A, P-value = 0.002, explained variation = 9.4%) and in the subsequent winter wheat uniformity trial (B, P-value = 0.002, explained

variance = 22.3%) after partialling out the sampling events (A) and field (A,B) effects. Only the most frequent species (N = 24, green: annual grass; blue: annual

dicots, red: perennial dicots) are represented and named according to their EPPO codes (https://gd.eppo.int/).

Despite differences in soil disturbance between systems, no
differences were found in the CMW seed mass.

Legacy Effect of Cropping System on
Germination Patterns
A total of 21 weed species were found in the tilled strips of
at least two of the cropping systems, allowing us to compare
the distribution of their emergence between cropping systems
over the growing season (Figure 4; Supplementary Table 3).
In total, 14 out of the 21 species exhibited distributions of
emergence that varied between one or more systems (Figure 4).
For example, across the five cropping system treatments, a total of
3,814 individuals of A. myosuroides germinated over the season
(counted prior to six tillage events). The period of germination
for A. myosuroideswas wider in systems S5 and S3 than in system
S4 (Supplementary Table 3). This pattern was also observed for
G. aparine, with early germination concentrated in autumn in
S1, delayed but still concentrated in autumn in S4, and generally
extended over a longer period including spring and summer in
systems S3 and S5. Known for being capable of germinating all
season, the germination patterns of S. media and V. persica also
varied by system (Figure 4), with more frequent germination
occurring in autumn in systems S4 and S3, compared to an
extended period of germination across the whole season in
system S5. Seedlings of Amaranthus hybridus were observed
at many tillage timings over the growing season in the no-
plow system (S2) but were only observed in the spring/summer
periods in the tillage-based S4 and S5 systems (Figure 4). The
opposite pattern was observed for A. retroflexus, i.e.. only

observed in spring/summer in system S2, whereas it was observed
emerging over a wider period in autumn in system S5. This
difference in emergence periodicity between S2 and the tillage-
based systems was also observed for C. arvense. Few significance
differences were observed for autumn-germinating species (i.e.,
V. hederifolia) or spring/summer-germinating species (e.g., S.
nigrum, C. polyspermum, C. album).When differences in seedling
emergence periodicity were found between S5 and another
cropping system for a given species, the species germinated later
in S5 (except for A. retroflexus).

DISCUSSION

Legacy Effects of IWM Systems on Weed
Species Richness and Abundance
We found that 17 years of continuous implementation of
IWM resulted in germinable seedbank and emerged weed
communities that were more species rich and more abundant
than those observed in the reference system, validating our
first hypothesis. Higher weed density was also observed in the
IWM systems during the initial 17 years of the cropping-system
experiment phase; however, this higher weed abundance was not
associated with a loss in crop productivity (Adeux et al., 2019a).
We hypothesize that even though weed management met its
primarily objective, i.e., to prevent annual crop yield losses, it
was not as efficient as it was in the reference system. The reduced
use of herbicides in the IWM systems, even when replaced by a
combination of alternative weed management practices, allowed
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FIGURE 3 | Total weed density and species richness observed in the tilled strips (i.e., in situ superficial germinable seedbank) of the cropping systems (S1–S5) by

sampling event (implemented approximately 6 weeks after each tillage event). Weed density model quality: R²m = 0.51, R²c = 0.59; Species richness model quality:

R²m = 0.60, R²c = 0.65. Within a sampling event, mean values (open circles) for each systems are not different at P < 0.05 if they share the same letters.

certain species to complete their life cycles and shed seeds,
leading to a more abundant weed seedbank.

Higher weed species richness in the four IWM systems is
congruent with many previous studies (synthesized by Cléments
et al., 1994), and is partially related to IWM systems having
higher diversity of crop types compared to the reference system.
Increasing crop diversity through the inclusion of spring and
summer crops in the rotation, with the aim of managing
autumn-germinating weeds such as A. myosuroides, extended
the ecological niche (Mahaut et al., 2019), allowing spring- and
summer-germinating species such as S. nigrum, A. arvensis, or
species capable of germinating all year round such as S. media, to
establish. Sowing period plays a major role in structuring weed
communities within (i.e., delayed sowing, Fried et al., 2012) and
across (Fried et al., 2010; Gunton et al., 2011) crops. Differences
in herbicide use between the IWM systems likely had little or
no effect on species richness, as previously reported (Mahn and
Helmecke, 1979; Derksen et al., 1995).

High species richness in the S2 system was likely related to
the decrease in soil disturbance as it transitioned to a strict

conservation agriculture system (superficial tillage from 2001
to 2010 and no-till from 2010 to 2017). Indeed, conservation
agriculture relies on three fundamental pillars, namely diversified
crop rotation, permanent soil cover and absence of soil
disturbance (Hobbs et al., 2008). While herbicide use in S2 was
similar to S1 (Adeux et al., 2019a), S2 mainly relied on glyphosate
applications during the summer fallow period. No-till results in
weed seeds remaining on the soil surface, a condition deemed
unfavorable to weed seed germination, due to poor seed:soil
contact (Cordeau et al., 2015), and increased weed seed mortality
(Nichols et al., 2015). However, many studies have reported
higher weed pressure under no-till than under plowing (Cardina
et al., 2002; Adeux et al., 2019a), likely because permanent no-
till systems provide a stable habitat for a new suite of adapted
species (Armengot et al., 2016; Cordeau et al., 2020). In our study,
the seedbank assessed in system S2 in 2010, i.e., before the no-
till phase, was 60 times more abundant than in the reference
system (S1) and 1.5 times more abundant than in the herbicide-
free system (S5). In addition, 50–80% of the seedbank in S2
was concentrated in the top soil horizon, and the last 7 years
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FIGURE 4 | Distribution of emerged seedlings per weed species (named by EPPO code) in each cropping system (S1–S5) during the superficial germinable seedbank

experiment in which strips were tilled every 6 weeks over the growing season. Significance of overlap between pairs of systems was tested with a randomization

procedure (*at least one overlap is significantly different, ns: no significant difference in overlap, see detailed overlap values and significance in

Supplementary Table 3).
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of no-till phase likely amplified this phenomenon (Chauhan
et al., 2006; Vasileiadis et al., 2007; Cordeau et al., 2020). Finally,
studies have shown that mulch can suppress weed emergence
in no-till cover-crop based systems such as implemented in S2
in the last phase. However, low cover crop productivity during
the summer fallow periods of the cropping system experiment
did not allow to generate a weed suppressive mulch. The small
amount of cover crop residues were incorporated to the soil by
the soil fauna during the subsequent crops before having a chance
to accumulate.

Weed seedbanks are often assumed to reflect past farming
practices. Nevertheless, recent farming practices might have a
disproportionate effect on observed seedbanks, compared to
practices more distant in time, especially for weed species
exhibiting transient seedbanks. Weed species persistence in
the soil seedbank is hence a key trait to account for
when investigating relationship between farming practices and
weed seedbanks.

Legacy Effects of IWM Systems on
Taxonomic and Functional Weed
Community Composition
Our study showed that the implementation of contrasting
IWM systems over a 17 year period shifted weed community
composition, revealed by taxonomic and functional differences
in both seedbank and emerged weed communities in winter
wheat of the uniformity trial, validating our second hypothesis.
Half of the species observed in the germinable seedbank
assessed by the tilled strips were observed 7 years earlier in the
seedbank, probably due to their high persistence (Lutman et al.,
2002). These results highlight that shifts in weed community
composition are slow, probably due to the weak filtering effects
of many IWM farming practices. Assembly rules in weed
community ecology state that each set of farming practices will
act as a set of filters on weed species traits (Booth and Swanton,
2002). Tillage, cash crop and direct weed control are often
considered to be major filters of weed community composition
(Légère et al., 2005; Ryan et al., 2010; Fried et al., 2012).

We found that the cropping systems tested were first
discriminated by tillage use (first CCA axis), with S2 associated
to perennial and/or Asteraceae taxa, as shown by previous
studies (Trichard et al., 2013). Our cropping systems were then
discriminated by herbicide use (first CCA axis), favoring species
of low stature able to germinate all year round. Higher intensity
of herbicide use and higher diversity of herbicide spectrum was
found to be associated to shorter flowering duration and late
germination, respectively (Fried et al., 2012).

We found a higher CWM height in S2 than in S3, which is
intuitive because high tillage intensity is often related to a trait
syndrome of annual life history, short stature, small seed size, and
early flowering (Fried et al., 2012). The high CWM height in S2
can also be explained by weed species competing for light with the
cover crop during the summer fallow period. Canopy height is
considered to be a reliable proxy for competitive ability for light,
especially for cereal crops (Seavers and Wright, 1999) because
competitive outcomes are strongly influenced by hierarchies in

resource capture between crop and weeds at crop canopy closure
(Adeux et al., 2019b).

We observed a higher CWM for SLA in the herbicide-free
S5 system, compared to the other systems. Specific leaf area is
an indicator of the efficiency by which leaf biomass is allocated
to the production of leaf area (Cavero et al., 2000; Storkey,
2005). Two allocation strategies have been observed in weeds in
the literature (Storkey, 2005): a shade-tolerance syndrome that
characterizes small-statured weed species with high SLA values,
as was observed in system S5, and a shade-avoidance syndrome,
which is themost common response in the context of competitive
hierarchies among plants, as we observed in system S2. We
hypothesize that the repeated mechanical weeding in system S5
stimulated weed germination late in season, which resulted in
weed seedlings needing to grow in the shade of the crop.

Finally, contrary to our expectation, the CWM of seed
mass did not differ among systems. This was surprising
because previous studies have reported that seed mass negatively
correlates with tillage intensity (Ghersa and Martinez-Ghersa,
2000; Albrecht and Auerswald, 2009; Storkey et al., 2010). We
hypothesize that the relative lack of weed species diversity and
high abundance of the relatively large-seeded species G. aparine
in the S1 system (most intense tillage) contributed to the lack of
a similar correlation in our study.

Evidence That IWM Can Lead to Shifts in
Emergence Patterns Within Weed Species
We found that for two thirds of the weed species analyzed,
continuous implementation of IWM practices resulted in shifts
in their emergence patterns, even after simply 17 years. We
observed three general patterns: (i) weed species known to
germinate in autumn (e.g., A. myosuroides and G. aparine)
extended their germination period in the no-plow S2 system;
(ii) phylogenetically-related species belonging to the same genus
(e.g., A. retroflexus and A. hybridus) often had divergent patterns
of emergence, even in the same system; and (iii) species known to
germinate all year round (e.g., V. persica and S. media) exhibited
emergence patterns that were restricted to late in the season in
the herbicide-free S5 compared to S3 and S4 systems. We discuss
each of these patterns below.

For the 17 year duration of the IWM cropping system
experiment, both A. myosuroides and G. aparine were observed
to occur nearly exclusively in the winter crops (Adeux et al.,
2019a). Our in situ seedbank approach (i.e., tilled strips) revealed
that these species emerged in high abundance in spring and
summer in some of our systems. A. myosuroides has been noted
to germinate when temperatures rise above 0◦C (Colbach et al.,
2002) and emerge in two phases (Naylor, 1972), with the highest
peak occurring in autumn (∼80%) and a lesser peak in spring
(∼20%). We attribute the higher proportion of A. myosuroides
seeds germinating in spring, in part, to the selective effect of 17-
years of repeated false seedbeds coupled with delayed sowing—a
typical IWM practice (Rasmussen, 2004)—in the tillage-based
IWM systems (S3, S4, S5), which likely selected against the
autumn-emerging cohorts. Secondly, environmental conditions
may also have played a role. Indeed, the winter of the uniformity
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trial was mild and A. myosuroides emerged in a period of the
year where usually, already emerged seedlings are in vegetative
rest and seeds wait for favorable conditions in the spring to
germinate when temperature increases (Colbach et al., 2002).
In addition, in the years preceding the uniformity trial, weather
conditions prior to cereal harvest i.e. when A. myosuroides shed
seeds (in June 2016 and 2017, Supplementary Figure 2), were
hot and dry, conditions known to decrease seed dormancy
(Colbach et al., 2002; Menegat et al., 2018). These conditions
may have led to early germination (e.g., August). However,
summer and autumn 2017 (uniformity trial) were hot and dry
(Supplementary Figure 1), conditions which are not favorable
for germination (Colbach et al., 2002), thus shifting germination
to the following winter and spring, and explaining the stretch of
the germination period. That weather conditions likely played a
role is also supported by the fact that, while the soil seedbank is
considered to reflect the effect of past farming history, expression
of the germinable seedbank tends to more strongly reflect the
effects ofmore recent farming practices non-persistent seeds such
as A. myrosuroides (Moss, 1985). Emergence of G. aparine is
expected to occur from October to January, with few individuals
emerging in spring (Taylor, 1999), despite plasticity in the
timing of seed germination (Kutsch and Kappen, 1991). G.
aparine seeds are relatively large and not adapted to germinate
on the soil surface and in dry conditions (Cordeau et al.,
2018). We hypothesize that the continuous no-till phase in
S2 (2010–2017) delayed the G. aparine germination period to
more favorable conditions. Indeed, during winter and early
spring, natural burial occurs (Benvenuti, 2007), particularly in
our clay soils, due to changes in soil structure in response to
freeze/thaw and humectation/desiccation phases. In addition,
conservation agriculture systems, such as S2, are known to
harbor a high diversity of organisms, such as earthworms (Smith
et al., 2008), which are active in winter/spring and capable or
burying seeds (Smith et al., 2005), which could favor germination
of G. aparine.

A. retroflexus and A. hybridus differed in their germination
patterns in the no-plow S2 system. Germination of A. retroflexus
occurred strictly in summer, while germination of A. hybridus
occurred throughout the season. This was unexpected given
their phylogenetic similarity, as well as the fact that the
literature does not indicate major differences in germination
requirements or phenology between the species (Weaver and
McWilliams, 1980; Costea et al., 2004). While A. hybridus
tends to germinate at lower temperatures, both species exhibit
a variable dormancy and polymorph germination as a result
of maternal, genetic and environmental factors (Costea et al.,
2004). Since their seeds were persistent in the soil seedbank
(Costea et al., 2004; Steckel et al., 2007), we hypothesize that
A. retroflexus and A. hybridus seeds were produced before and
after the transition to the strict no-till phase in 2010, respectively.
Thus, A. retroflexus seeds persisted in the soil seedbank and
remained adapted to germinate late in season, whereas A.
hybridus seeds were located close to the soil surface, exposed
to environmental conditions, and thus acquired the capacity to
germinate at different timings of the year. Unfortunately, we
cannot confirm this hypothesis by looking at the seedbank in

2010 because Amaranthus species were not discriminated at the
species level.

Finally, we observed species such as V. persica and S.
media, known to germinate all year round, which exhibited a
germination periodicity that was restricted to late in the season
is some systems. This was particularly evident when comparing
germination patterns of these species in the herbicide-free S5
system with the herbicide-based S3 and the typical IWM S4
system (i.e., implementing mechanical weeding and herbicides
later in season if needed). Indeed, repeated mechanical weeding
over the crop season in S5 controlled weeds but also stimulated
emergence (Bond and Grundy, 2001). We hypothesize that the
last mechanical weeding stimulated the emergence of weeds,
which thereafter were uncontrolled other than the suppressive
effect of the crop canopy (Van Der Meulen and Chauhan, 2017).
This was not the case in S3 and S4 because weeds were managed
with herbicide all year round (in S3) or at the last weeding (in
S4), thus eliminating weeds without stimulating new emergence.
Thus, we hypothesize that V. persica and S. media had to
germinate late in season and shed seeds before the primary tillage
implemented after crop harvest to maintain their populations in
S5 over time, explaining their restricted germination period.

To conclude on the shift of emergence patterns, we
hypothesize that (i) weeds have experienced selective pressures
that resulted in shifts in their emergence and that (ii) there
were differences in biotic and abiotic environments during the
last couple of years of the cropping system experiment that
resulted in differences being observed in the uniformity year
only. High densities of certain weed species observed during the
uniformity trial may result from specific weather conditions that
occurred during the last years of the cropping system experiment
(Supplementary Figure 2). Nevertheless, we argue that shifts in
emergence timing can be related to past selective pressures, at
least for species with persistent seedbanks.

Methods to Assess the Legacy Effects of
Past Cropping Systems on Weeds
A primary rationale for this study was to assess the legacy
effects of four contrasting cropping systems managed with IWM
principles in comparison to a reference system, on the weed
seedbank and on weed communities emerging in a subsequent,
uniformly managed winter wheat crop. The seedbank was
evaluated in situ, using a novel “tilled strips” approach in
which strips of soil were disturbed every 6 weeks in order
to stimulate weed seedling emergence over the period of
investigation, as suggested by previous studies (Cordeau et al.,
2017a,b,c). Half of the species observed in the tilled strips
were also observed in the seedbank analyzed with a sieving
method 7 years earlier. Considering the low persistence of
some autumn-germinating grass species we observed (Lutman
et al., 2002), we consider the tilled strips method to be effective
in reflecting the germinable seedbank resulting from the past
cropping system treatments. While the tilled strips method is
less demanding in human labor compared to other methods
(Mahé et al., 2021), it does preclude the ability to grow and
harvest a crop during the study period, something to consider
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if similar approaches are to be adopted on farmers’ fields.
Jernigan et al. (2017) proposed a succession of two uniformity
trials, one initiated in autumn with oat and one in spring
with sorghum/millet, so as to harvest forage cover crops while
assessing the legacy effect of past cropping systems at two crucial
cropping periods.

To examine the legacy effects of the previous cropping systems
on the emerging weed community, we managed uniformly, i.e.,
with the same practices (e.g., primary and secondary tillage,
seeding date and rate, weeding tactics), a sole crop of winter
wheat. Deciding exactly which farming practices to implement
during the uniformity trial, so as to most effectively reveal the
legacy effects of the past systems, was no easy task. Mouldboard
plowing was excluded because it would have buried the seedbank
accumulated in the superficial horizon in the no-plow S2 system
(Colbach et al., 2000), thus masking the legacy effects of that
system (Cordeau et al., 2020). Following the same principles
as implemented over the past 17 years (Adeux et al., 2019a),
e.g., systematic plowing in the reference-S1 and no-plow in
S2, would have led to confounding factors, since differences
in weed communities may have resulted from the combined
effects of past practices (the one we wanted to assess) and
the tillage practices of the uniformity trial. We thus decided
to superficially till all fields, which was efficient to reveal the
legacy effect, but probably resulted in an over estimation of total
weed density in the no-plow S2 system compared to the other
systems (Blanco-Canqui and Wortmann, 2020; Cordeau et al.,
2020).

Finally, the legacy effects were studied with weed surveys
implemented before weeding only because no differences
were observed after spring herbicide treatment (data not
shown here, but confirmed by a joint experiment on the
same site:year in the no-plow S2 system, Cordeau et al.,
2020). This highlights the tremendous capacity of herbicides
to homogenize initially contrasted weed flora and the
difficulty to link agronomic practices and weed observations,
when the latter are made after weeding (Colbach et al.,
2020).

CONCLUSION

We assessed the legacy effects of IWM cropping systems
implemented over 17 years on the superficial germinable weed
seedbank and emerged weed flora in a uniformly managed winter
wheat trial conducted in year 18. We concluded that the resulting
weed communities in IWM systems were more species-rich and
more abundant than those observed in the reference system, and
differed in terms of taxonomic and functional composition. In
addition, we found that, when systems shared the same species,
germination patterns of two-thirds of the weed species differed
between systems. Increasing the diversity of agroecological
levers to manage weeds in IWM systems allows for decreased
herbicide use (Adeux et al., 2019a; Colbach et al., 2020) while
limiting yield loss (Adeux et al., 2019a) and diversifying weed
communities. Finally, our new method to assess the superficial
germinable seedbank in situ with tilled strips was inexpensive

and effective in revealing the legacy effects of IWM systems on
weed communities. We showed that the long-term effect of IWM
systems may shift the emergence patterns of some weed species.
We discuss that diversified crop rotation, no-till, repeated false
seed bed and delayed sowing may be the main IWM practices
responsible for this shift. This information can be used to forecast
future weed community dynamics and redesign cropping systems
to move toward more agroecological systems that provide a more
robust portfolio of ecosystem services while limiting disservices
(Hunter et al., 2017; Petit et al., 2018; Vanbergen et al., 2020).
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