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Abstract
Agroecological service crops are introduced into the vegetable crop rotation to provide agroecosystem services, and are a key
strategy for weed management in organic systems. Organic farmers across Europe usually terminate these crops before cultiva-
tion of the subsequent cash crop, using them as green manure. Recently, the in-line tillage-roller crimper has attracted interest
across Europe. It allows flattening the agroecological service crops and creates a narrow furrow that facilitates the fertilization and
transplantation of organic vegetables. In Europe, most of the research on this technology has been carried out in Italy, and no
studies are available analyzing its effect on weed density, weed species richness, and community composition in different
vegetable crops, soils, and climatic conditions across Europe. We compared the effects of the usage of in-line tillage-roller
crimper versus green manure on the weed abundance, species richness, and community composition in fourteen original datasets
from five countries over 2 years. The support for a common effect of in-line tillage-roller crimper across trials was tested by
means of a meta-analytic approach based on a weighted version of Stouffer’s method. Our results indicate that in-line tillage-
roller crimper management reduced weed density by 35.1% on average in comparison with green manure, and this trend was
significant across trials. Moreover, we document a significant reduction of weed species richness under this technique and
significant but, in general, minor changes in the weed community composition across the trials. Therefore, this study provides
for the first time a solid evidence of the effectiveness of this management technique to reduce weed density at the early stages of
crop growth across a wide range of vegetable systems and production conditions in Europe. Nonetheless, it is important to note
that the effect of this technology can be strongly affected by variations in cropping conditions.
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1 Introduction

Agroecological service crops (ASCs) are sown in
cropping systems to provide or promote agroecosystem
services, independent of their position in the crop rotation
and the method used to terminate them. This term in-
cludes catch crops, cover crops, and complementary crops
(Canali et al. 2015). In vegetable systems, ASCs are usu-
ally grown during the cold rainy season. However, some
authors have also highlighted the potential applicability of
summer ASCs in southern Mediterranean regions of
Europe, although their implementation is still limited
(Canali et al. 2015).

In organic systems, ASCs are considered a key strategy
for managing weeds (Gallandt 2014). To this end, numer-
ous organic producers terminate the ASCs before the sub-
sequent cash crop to avoid competition and reduce weed
emergence. Nevertheless, some authors have noted that
weed control effectiveness strongly depends on the termi-
nation technique selected (Canali et al. 2013; Ciaccia
et al. 2016). Among European organic farmers, the most
widespread management technique consists of chopping
the ASCs and incorporating them into the soil by
noninversion tillage (but sometimes plowing) as green
manure (GM), while no-till methods are hardly used
(Peigné et al. 2016). Despite the benefits of no-till prac-
tices for improving the quality of the soil (Sapkota et al.
2012), their adoption in organic systems is still limited
because of important constraints mainly related to weed
control (Casagrande et al. 2016).

However, in recent years, the no-till roller crimper
(RC) for ASC management has attracted the interest of
organic farmers and researchers across Europe
(Casagrande et al. 2016; Vincent-Caboud et al. 2017).
The RC allows flattening of the ASCs and creates a dense
layer of plant residues (i.e., mulch) connected to the soil
by the roots. The presence of mulch has physical and
chemical effects, which can limit weed germination and
seedling emergence. It has been shown that the extracts of
some ASC species residues inhibit weed germination both
in bioassays and open-field conditions (Ciaccia et al.
2015). The physical effect of the mulch might reduce
weed density both by modifying the environmental con-
ditions of the soil surface and by acting as a physical
barrier that obstructs the development of the seedlings
(Altieri et al. 2011). The flattened ASC modifies the soil
temperature, surface daily temperature range, and soil wa-
ter content (Altieri et al. 2011; Canali et al. 2013), which
affects weed potential germination (Guillemin et al.
2013). Additionally, it reduces the light intensity that ar-
rives at the soil surface (Teasdale and Mohler 2000), af-
fecting the dormancy release and germination of many
weed species (Batlla and Benech-Arnold 2014). Weed

germination and emergence is also strongly conditioned
by the mulch biomass and the specific weather conditions
(i.e., temperature, rainfall) of the year. In general, the
quantity of residues is more important than the type of
residues, and the increase of the mulch biomass present
on the soil surface decreases weed emergence exponen-
tially (Teasdale and Mohler 2000). The specific weather
conditions of the year can have an influence on both the
ASC biomass production and the potential subsequent
weed germination and emergence during the cash crop
production (Carr et al. 2012; Canali et al. 2013).

Opposite results have been observed for the effect of
mulch on weed species richness (Campiglia et al. 2010;
Radicetti et al. 2013). Similarly, it is unclear how phys-
ical and allelopathic effects of mulch determine which
species can germinate and emerge (Moonen and Bàrberi
2004). Mirsky et al. (2012) suggested that weed control
by the mulch is species-specific and depends on both the
sufficient quantity of mulch when a species is germinat-
ing and the energy reserves of propagules (i.e., big versus
small seeds). Conversely, Campiglia et al. (2010) af-
firmed that the mulch acts to a greater extent on the
number of individual plants irrespective of weed species.
Furthermore, it is also important to note that some studies
have reported shifts in the weed community composition
in response to mulch presence (Campiglia et al. 2010;
Radicetti et al. 2013).

The limited implementation and research on the no-till
RC approach might be related to the predominant humid
temperate climate of Europe (Mäder and Berner 2012).
Additionally, in vegetable cropping systems, some agro-
nomic difficulties, such as transplanting and fertilization
of the vegetable crop, have hindered the adoption of this
technique by organic famers (Luna et al. 2012; Canali
et al. 2013). To overcome these limitations and facilitate
the adaptation of this technology to organic European
vegetable systems, the RC was modified by adding in-
line tillage (in-line tillage/roller crimper, hereafter ILRC)
(Canali et al. 2013). This modification, based on vertical
sharpened discs and coulters arranged in line at the rear of
the RC, allows flattening the ASC and simultaneously
creating a narrow transplanting furrow without disturbing
the surrounding mulch (Fig. 1).

Since its development, the research has mainly focused on
analyzing the effect of cold rainy season ASCs managed with
ILRC on weed abundance in zucchini and melon cash crops,
and all these experiments have been carried out in the long-
term MOVE trial located in Italy (Canali et al. 2013; Ciaccia
et al. 2015, 2016). Moreover, most of the research focused on
flattening the ASCs has been mainly focused on optimizing
the RC design, selecting the best cold rainy season ASC com-
position, identifying changes in the abundance of perennial
species, and analyzing the effect on cash crop development
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and production (Mirsky et al. 2012; Carr et al. 2012; Canali
et al. 2013; Frasconi et al. 2019). However, to the best of our
knowledge, only one study has focused on the effect of RC
management onweed species richness (Halde et al. 2015), and
another one has discussed, but not tested, its influence on
weed community composition (Ciaccia et al. 2016). It there-
fore appears that the currently available information does not
yet show robust evidence of the effectiveness of ILRC for
weed control and the effect of this management technique
on weed species richness and community composition across
different vegetable crops, soils, and climatic conditions in
European organic vegetable systems.

To fill this knowledge gap and investigate the potential for
a wider adoption of this technology, this study aims to evalu-
ate whether ASC management (GM vs. ILRC) affects the
structural parameters of weed assemblages (weed density, spe-
cies richness, and community composition). Moreover, we
also evaluate the magnitude of the effects of ILRC compared
with those of GM, and whether this effect is reliable or, on the
contrary, depends on the variations in cropping conditions,
and the ASC biomass produced. For these purposes, we ana-
lyzed fourteen original datasets on weed assemblages from
five European countries over 2 years. The datasets are the
result of a joint effort within the framework of the SoilVeg
project, which aimed to analyze the applicability of ILRC to
European vegetable agroecosystems. We hypothesized that (i)
ILRC reduces weed density and species richness and modifies
the community composition in comparison with GM ASC
management, and (ii) the benefits of ILRC are strongly affect-
ed by variations in cropping conditions caused by interannual
deviations in weather and in timing and effectiveness of field
operations, as well as differences in relation to changing the
area within the field. However, since we have not investigated
these factors in detail, we consider that differences between
years summarize these effects.

2 Materials and methods

2.1 Locations and trials

The organic vegetable field trials were located in Denmark
(DK), Estonia (EE), Italy (IT), Slovenia (SI), and Spain (ES)
for two consecutive years (Table 1). The locations were se-
lected to cover a wide range of vegetable production condi-
tions under different climatic zones of Europe (Metzger 2005).
The trial established in DK represents the Atlantic North
European climatic zone under the influence of the Atlantic
Ocean, and it is characterized by cold winters and mild sum-
mers. The EE trial was located in the Nemoral zone, which is
characterized by late spring and summer with high tempera-
tures and abundant precipitation. The trial of SI represents the
Alpine South zone characterized by the environmental condi-
tions of the high mountains. The trials of ES and IT were
located in the Mediterranean North zone, characterized by
winters with maximum precipitation events and dry summers.

All partners (DK, EE, IT, SI, ES) grew the ASCs in the cold
rainy season followed by a spring-summer cash crop. In par-
allel trials, in the Mediterranean countries (IT and ES), sum-
mer ASCs (warm-dry season) were also cultivated before the
autumn-winter cash crop. Herein, IT-SCC and ES-SCC are
used to refer to the main trials, and IT-ACC and ES-ACC
are used for the parallel trials. Thus, in total, fourteen original
datasets were analyzed (i.e., seven field experiments during
two consecutive years) (Table 1).

2.2 Experimental design, management, and sampling
methods of each trial

Cash crop management varied among partners depending on
the climatic conditions, available machinery, and require-
ments of the selected vegetable crop. The experiment was
repeated on the same plots in both years in ES. In all the other
trials, the plots were moved to an adjacent area of the same
experimental field. Each partner had a different experimental
layout and management, but the comparison between ASCs’
management was common to all (ILRC vs. GM). ILRC man-
agement consists of (i) several rapid passes of a roller crimper
to flatten the ASCs, followed by (ii) a slower operation with an
ILRC to create a narrow transplanting furrow without
disturbing the surrounding mulch. GM management com-
prises (i) mowing-chopping the ASCs; (ii) incorporating
ASCs into the soil by tillage, when the plant residues were
dry; and (iii) seedbed preparation.

Each partner assessed weed and ASC species abundance at
an early stage of the cash crop. Both germinated and
resprouting individuals were counted and identified at the
species level prior to weeding operations. These data provided
measures of weed density and weed species richness. Weed
density (individuals m−2) comprised the total number of

Fig. 1 Pepper plant transplanted into a narrow furrow created by the
ILRC after flattening the ASCs in Spain. Author: Alejandro Pérez-Ferrer
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germinated and resprouting individuals, including weed and
ASC species, to account for all the potential competition to-
wards cash crops. On the other hand, weed species richness
(number of species/sample) and community composition re-
ferred exclusively to weeds germinated at the beginning of the
cash crop. In these cases, we analyzed exclusively germinated
weeds to isolate the response of weed communities to the
different ASC management methods. Weed species abun-
dances were averaged for each plot in all trials, except in ES
where the exact locations of samples were taken into account
(see below). Weed species richness cannot be standardized to
fixed surface and therefore, in each trial, weed species rich-
ness referred to the sampling frame.

Specific information on the environmental conditions (i.e.,
annual mean temperature and rainfall, soil texture), ASC com-
position, range of total dry biomass, cash crop grown, and
weed sampling procedure of the seven trials included in this
study is detailed in Table 1.

2.2.1 Denmark

The field experiment was conducted at the research center of
the Department of Food Science of Aarhus University located
in Årslev (Denmark) (10°27′ E; 55°18′ N). The trial was new-
ly established and the previous crop grown in the area was
barley (Hordeum vulgare L.). The trial was established on a
sandy loamy soil with a 1% carbon in the 0–0.5-m soil layer.
The trial had a split-plot randomized complete block experi-
mental design with three replicates, where ASC management
(i.e., ILRC vs. GM) was the whole-plot factor, while ASC
composition was the subplot factor (i.e., six different ASC
compositions) (Table 1). The plot size was 3.2 m × 10 m dur-
ing the first year and 4.8 m × 10 m during the second year.
White cabbage (Brassica oleracea var. capitata L.) was
transplanted on July 1, 2016, and on June 21, 2017. The har-
vest was carried out onNovember 11, 2016, and onNovember
2, 2017. During the first year, all the plots were fertilized prior
the ASC plantation (October 5, 2015) with feather meal pellets
(26 kg N ha−1) and during the cabbage development
(50 kg N ha−1) (August 25, 2016). Cash crop was irrigated
two times, on August and September, with sprinklers. During
the second year, plots were fertilized with feather meal
(26 kg N ha−1) prior to the ASC plantation (October 9,
2016), a week before the cabbage transplantation with feather
meal pellets (100 kg N ha−1) and lupine seeds (30 kg N ha−1),
and during the cabbage development with feather meal pellets
(80 kg N ha−1) (August 24, 2017). In this cash crop cycle, no
irrigation was required. Weeds were evaluated in 0.5 m ×
0.5 m quadrats randomly distributed on each plot, and one
cabbage plant was included in each quadrat. In 2016, weeds
were sampled 26 days after transplanting, while in 2017, the
sampling was carried out 22 days after transplanting.

2.2.2 Estonia

The field experiment was conducted at the experimental or-
ganic research field in eastern Estonia at Jõgeva (Estonia)
(58°44′ N; 26°24′ E). The trial was newly established on a
certified organic area since 2005. Previously, the area was
used for organic arable crop experimentation. Specifically,
the previous crop grown was red clover (Trifolium pratense
L.). The experimental field was located on a clay loamy soil
with a 3% organic carbon. The experimental design was a
strip-plot design with ASC strips and ASC management
crossed with the fertilizing factor (i.e., manure vs. without
manure), and three replicates per treatment. The plot size
was 6 m × 4 m. White cabbage was transplanted in the first
year from the 13th to the 16th of June 2016, and in the second
year on June 19, 2017. The harvest was carried out onOctober
7, 2016, and from October 4 to 6 in 2017. Plots belonging to
the fertilization treatment were fertilized before the ASC plan-
tation with the application of 30 t/ha solid cattle manure
(153 kg ha−1 N, 57 kg ha−1 P, and 81 kg ha−1 K). During the
second year, all plots were fertilized with 12 t ha−1 of horse
manure compost (12 kg ha−1 N, 1.2 kg ha−1 P, and 4.8 kg ha−1

K). During the first year, cash crop was not irrigated.
Conversely, during the second year, all plants were watered
one time inmid-July with a humic solution (0.0003 kg ha−1 N,
0.0001 kg ha−1 P, 0.0002 kg ha−1 K). Weeds were evaluated in
0.5 m × 0.5 m quadrats in each plot, placed at 0.5 m from plot
borders. During the first year, weeds were sampled 69 days
after transplanting, while in the second year, the sampling was
carried out 37 days after transplanting.

2.2.3 Italy

The field experiment was conducted in the Experimental Farm
of Metaponto belonging to the Consiglio per la Ricerca in
Agricoltura e l’Analisi dell’Economia Agraria in Southern
Italy (40°24′ N; 16°48′ E). Both parallel field experiments
(i.e., spring-summer cash crop (SCC) and autumn-winter cash
crop (ACC)) were newly established. The previous crop
grown was wheat (Triticum aestivum L.) in the ACC trial
and fennel (Foeniculum vulgare Mill.) in the SCC trial. Soil
texture was clay loam and contained on average 1.1% of or-
ganic carbon. In both trials, the plot size was 6 m × 4 m.Weed
samplings were carried out in four 0.25 m × 0.25 m quadrats
randomly distributed in each plot in both trials.

Spring-summer cash crop The experimental design was a
split-split-plot with main plots arranged as a randomized com-
plete block design, with three factors and three replications.
The main plot was assigned to the ASC factor (i.e., two ASC
compositions), the subplot to the ASC management (GM vs.
ILRC), and the split-plot to the fertilization factor (three
levels). The fertilization factor consisted in (i) no fertilizer,
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(ii) commercial organic mineral fertilizer allowed in organic
farming, and (iii) anaerobic digestate from cattle residues. The
tomato (Solanum lycopersicum L.) was transplanted on April
28, 2016, and on May 5, 2017, and harvested from July 7 to
August 25 in 2016, and from July 18 to August 25 in 2017.
Crop was drip-irrigated weekly. Weed sampling was carried
out 47 days after transplanting in the first year, and 57 days
after the cash crop transplanting in the second year.

Autumn-winter cash crop The experimental layout was a split-
plot with main plots arranged as a randomized complete block
design, with two factors and three replications. The main plot
was assigned to the ASC composition (four levels) (Table 1)
and the subplot was assigned to the ASC management factor
levels with two levels (GM vs. ILRC). The ASCwas grown in
the warm/dry season, followed by cauliflower (Brassica
oleracea var. botrytis L.) as cash crop, which was transplanted
on August 3 of both years. The cauliflower harvest was from
November 23 to December 15 in 2015, and on November 28,
2016. No fertilization was applied before the ASC sowing.
Off-farm animal manure–based organic fertilizer was applied
just before the ASC termination, while the second was applied
localized on the cauliflower plants during the cash crop plant
development. The total fertilizer rate was 150 kg ha−1 N,
450 kg ha−1 P2O5, and 150 kg ha

−1 K2O. ASC and cauliflower
crops were irrigated on both years of experimentation by mi-
cro-sprinklers. ASC was irrigated on the emergence, while
cauliflower was watered according to crop requirements each
year. Weed sampling was performed in the first year 28 days
after transplanting, while in the second year 30 days after
transplanting.

2.2.4 Slovenia

The field experiment was conducted at the University of
Maribor (Pivola), Faculty of Agriculture and Life Sciences
(UM), Slovenia (46°30′ N; 15°37′ E). The trial was newly
established in a field in which barley was produced the year
before. The soil was characterized by a loam texture with an
average of 2.66% of organic carbon in the 0–0.30-m soil layer.
The experimental design was a split-split-plot with plots ar-
ranged as a randomized complete block design, with three
factors (i.e., ASC composition, ASC management, and fertil-
ization) and four repetitions. ASC composition had two levels
(Table 1), ASC management had two levels (GM vs. ILRC),
and the fertilization factor had two levels (i.e., application of
30 t ha−1 of livestock manure before sowing ASC vs. without
manure application). The plot size was 2.5 m × 2.5 m.
Cauliflower was transplanted in the first year on June 3,
2016, and on May 24, 2017, and harvested on September
29, 2016, and September 5, 2017. During both years of exper-
imentation, all plots were fertilized two times during the cash
crop cycle using organic amendments. The first application

was carried out at the cash crop transplanting (70 kg ha−1

N), while the second fertilization (70 kg ha−1 N) was per-
formed during the development of the cash crop. Irrigation
was required in the second year of experimentation two times
during the cash crop development. Weeds were sampled in
four 0.5 m × 0.5 m quadrats randomly placed in each plot. In
the first year, weeds were sampled 43 days after transplanting,
while in the second year, 29 days after transplanting.

2.2.5 Spain

Spring-summer cash crop and autumn-winter cash crop Field
experiments were conducted at the Gallecs Area of Natural
Interest (Barcelona, Spain) (41°33′ N; 2°12′ E). The trial was
newly established in an area which began the conversion to
organic farming in 2005. The previous crop grown in the area
was wheat. The trials were characterized by loamy soil texture
and the mean proportion of organic carbon is 0.95%. In both
parallel trials (i.e., SCC and ACC), the experimental design
was a randomized strip-plot with two factors (the ASC com-
position and ASC management) (Table 1) and four replicates.
The different treatments were established in parallel bands
randomly distributed, and four plots of 6 m × 4 m were de-
fined within each band. The experimental design was condi-
tioned largely by the need to perform all agricultural works in
the same direction and facilitate machinery traffic between
plots. In the SCC trial, green pepper (Capsicum annuum L.)
was transplanted on May 26, 2016, and on June 20, 2017.The
last pepper harvest was on October 3, 2016, and on October 2,
2017. In ACC, savoy cabbage (Brassica oleracea var.
sabauda L.) was transplanted on August 4, 2015, and on
September 20, 2016. The last savoy cabbage harvest was car-
ried out on December 2, 2015, and on February 22, 2017. In
SCC, fertilization was carried out just after transplanting using
a commercial organic fertilizer (i.e., 170 kg ha−1 N). In ACC,
in both years, the fertilizer amount was the same (100 kg ha−1

N); however, in the first year, the fertilization was split in two
applications (i.e., one just after transplanting and the other
during the development of the cabbage), while in the second
year, only one fertilization was carried out just after
transplanting. In ACC, ASC was irrigated sprinklers in both
years, while cabbage was watered according to the crop needs
by using drip irrigation. In SCC, only the cash crop was drip-
irrigated according to the crop needs. In both trials, eight sam-
ples of 0.25m × 0.40mwere taken per plot. The samples were
placed so that the corner of each sample leaned on a cash crop
plant, and the longest side was placed perpendicular to the
cash crop line.

2.3 Statistical analysis

We did not pool the raw data from different experiments be-
cause each trial had its own experimental design; instead, a
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specific statistical model was used for each trial. Then, we
used a meta-analytic approach to test for the overall statistical
support for the effect of ASC management on weed density
and weed species richness.

Each statistical model included all the experimental
variables evaluated in each specific trial (Table 1) to dis-
count their effect in the dependent variable. Only termi-
nation (GM and ILRC), year (year 1 and year 2), and total
dry biomass were explanatory variables common to all
experiments. The first two were included as factors,
whereas biomass was included as a covariate. Given the
specifics of each trial, the year summarizes the variations
in the cropping conditions caused by interannual varia-
tions in weather and timing and effectiveness of field op-
erations, as well as differences in relation to changing the
area within the field. We pooled the total dry biomass of
the different ASCs included in each trial and the weeds
present prior to the ASC termination. In the trials which
included fertilization, the levels of this factor were de-
fined specifically according to the description in
Section 2.1.

In DK, EE, IT, and SI, linear mixed-effects models
were used for each partner and year. The specific experi-
mental layout of each trial, described in the previous sec-
tion, defined the selection of the random effects for these
trials.

In ES, the need to facilitate the machinery traffic between
plots conditioned the experimental design. Thus, spatial cor-
relation structures were introduced in ES models to account
for the lack of independence between samples (Pinheiro et al.
2000). Models including the different classes of spatial corre-
lation structures as well as a model without a spatial correla-
tion structure were compared by likelihood ratio tests and by
Akaike’s information criterion (AIC) to establish the best
model for each dependent variable and year.

When needed, data were transformed to meet the require-
ments of normality and homoscedasticity. Weed density was
transformed applying logarithms (IT-SCC-pooled; ES-ACC-
pooled) and square root transformation (SI-SCC-pooled; ES-
SCC-pooled). Weed species richness was transformed apply-
ing logarithms (EE-SCC-1Y; EE-SCC-2Y). All statistical
analyses were performed with R software (R Core Team
2017); for linear mixed-effect models, we used the lme func-
tion of the R nlme package (Pinheiro et al. 2017), while for ES
models with spatial correlation structures, we used the gls
function.

The meta-analytic approach was applied to analyze the
effect across trials of the ASC management on weed density
and weed species richness. This meta-analytic approach can
be nearly as powerful as that based on combining data (Zaykin
2011). We used the weighted Z test, which is essentially a
weighted version of Stouffer’s method:

pZ ¼ 1−Φ
∑k

i¼1wiZi
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑k
i¼1w

2
i

q

0

B

@

1

C

A

where Zi =Φ−1(1 − pi); pi is the p value from the ith study out
of k studies in total;wi is the weight selected for the study; and
Φ and Φ−1 are the standard normal cumulative distribution
function and its inverse, respectively. For this study, we
weighted the Zi by the standardized effect size, as suggested
by Zaykin (2011):

wi ¼ μij j
SEi

where μi is the coefficient estimate and SEi is its standard
error. For testing the same alternative hypothesis, individual
p values were converted to one-sided before combining as
follows (Zaykin 2011):

pone−sided ¼
ptwo−sided

2
; if the direction of the effect coincides with the alternative hypothesis

1−
ptwo−sided

2
; otherwise:

8

<

:

Independence among p values is required for the weighted
Z test. Thus, we pooled the data from the two consecutive
years in each trial to analyze the effect of the termination in
each trial.

Community composition shifts were analyzed using per-
mu t a t i o n a l mu l t i v a r i a t e a n a l y s i s o f v a r i a n c e
(PERMANOVA). Prior to PERMANOVA, we carried out
the steps suggested by Anderson (2001): (i) we transformed
the weed abundance measurements into presence/absence da-
ta; (ii) we used the Jaccard distance to compute the distances

between plots; and (iii) we tested for homogeneity in multi-
variate dispersion with the betadisper function of the R pack-
age vegan (Oksanen et al. 2017). PERMANOVA was per-
formed with the adonis function with the R package vegan
(Oksanen et al. 2017). Specifically, it decomposes the vari-
ance of the distance matrices and attributes the components
of the variance (i.e., measured as partial R2) to the explanatory
variables (i.e., factors and covariates).

The relative importance of the effect size of total dry bio-
mass (ASCs + weeds), year, and termination was also
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calculated. For weed density and species richness, the estimat-
ed coefficient for each explanatory variable was divided by
the intercept of the model (Armengot et al. 2015), while for
the community composition, the effect size was related to the
partial R2 of each variable for each trail (Koricheva et al.
2013).

3 Results and discussion

3.1 Effect of ILRC management on weed density,
species richness, and community composition

The ASC management had a clear effect on weed density,
species richness, and community composition at the begin-
ning of the cash crop (Table 2). ILRC management dramati-
cally reduced weed density, and this effect was robust among
trials. The mean across experiments showed that ILRC man-
agement reduced weed density by 35.1% in comparison with
GM. In addition, analyzing both years pooled, the results of
the meta-analysis showed that this trend was significant across
trials (Fig. 2a). Specifically, ILRC reduced weed density at
least in one of the two years in five (DK, EE, ES-SCC, ES-
ACC, SI) out of the seven trials, and in two of them (DK, SI),
this trend was significant in both years of experimentation
(Fig. 2a). Previous field experiments in Italy have also report-
ed a dramatic reduction in weed abundance in ILRC plots,
averaging 86% (Canali et al. 2013) and 83.5% (Ciaccia et al.
2016) in comparison with GM. The pattern observed in our
study could be related to the presence of mulch, which mod-
ifies the light and the temperature at the soil surface (Teasdale
and Mohler 2000; Canali et al. 2013), both crucial factors
affecting dormancy and germination of many weed species
(Guillemin et al. 2013; Batlla and Benech-Arnold 2014).

Weed species richness also had a consistent response to
ILRC management during the first 2 years of experimentation
across trials (Table 2). ILRC management reduced species
richness by 23.8% across trials, and this trend was significant
according to the weighted Stouffer test (Fig. 2b). ILRC termi-
nation reduced weed species richness in at least one of the
years of experimentation in all the countries except Italy, and
in three of them (DK, EE, ES-ACC), this trend was significant
in both years of experimentation (Fig. 2b). The immediate
response observed after the adoption of ILRC management
across trials diverged with the only study available so far
(Halde et al. 2015), in which a significant response was ob-
served in the fifth year of continuous management in arable
rainfed crops. Furthermore, the consistent weed species rich-
ness reduction across trials observed in our study contrasts
with previous studies. Positive and negative effects have been
observed for the effects of tillage intensity (Nichols et al.
2015; Armengot et al. 2015) and the presence of mulch

(Campiglia et al. 2010; Radicetti et al. 2013) on weed species
richness.

The general pattern observed for weed density and species
richness under ILRC across trials contrasts with the local re-
sults of the trials carried out in Italy (i.e., ACC and SCC). In
these trials, weed density and species richness were not re-
duced under ILRC management, and even a significant in-
crease of weed density was noticed in the first and second year
of experimentation of IT-ACC (Fig. 2a, b). The atypical pat-
tern observed for weed density in IT-ACC trial could be relat-
ed to the ASC and weed resprouting, while the absence of
effect on weed species richness might be a consequence of
the low levels of weed density in the experimental field where
the trials were carried out (Table 2).

Analyzing weed species from the fourteen datasets, we
observed that overall weed communities after the ASC
management were dominated by annual and broadleaf
species (Table 2). Weed community composition general-
ly had a significant but low response to ASC management
(ILRC vs. GM) in most of the tr ia ls analyzed.
Specifically, in all the trials except in the Italian ACC,
the composition of weed communities was significantly
affected by the ASC management in both years of exper-
imentation (Fig. 2c). Nonetheless, the percentage of weed
community composition variability attributable to termi-
nation was generally low and ranged from a minimum
value of 8.2% in the second year of the Italian SCC trial
(p = 0.005) to a maximum of 34.3% in the second year of
the trial in Slovenia (p = 0.001) (Fig. 2c). On the other
hand, the average Jaccard distances between ASC man-
agements (Table 2) indicate that the differences between
ILRC plots are similar or even higher than between ILRC
and GM plots. In all trials except the Italian ones, the
ILRC plots were significantly more variable in weed com-
position than the GM ones. ILRC reduced drastically
weed density and species richness, and this effect was
rather unspecific, causing a strong divergence between
samples, which means that ILRC does not select some
species over others. Previous studies have reported chang-
es in weed community composition produced by both till-
age intensity changes (Nichols et al. 2015; Armengot
et al. 2015) and mulch presence (Campiglia et al. 2010;
Radicetti et al. 2013). However, as far as we know, only
one study has considered the effect of ILRC management
on weed community composition (Ciaccia et al. 2016). In
this study, the authors speculate that ILRC could influence
the weed community composition in organic vegetable
cropping systems, but they did not statistically compare
the differences between ILRC- and GM-managed plots.

In this study, weed density, species richness, and commu-
nity composition were analyzed only at the early stages of
crop growth. Nonetheless, some weed species might emerge
later in the crop cycle due to the modifications of the soil
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surface environment (Guillemin et al. 2013). These weeds
could also compete for water and nutrients, and also cause
problems during the harvest of some vegetables. Thus, this
evaluation should be completed with studies analyzing the
weed emergence and growth during the development.
Additionally, ILRC long-term studies in vegetable systems are
required to provide information on the cumulative effect of this
technology over the years. According to previous studies fo-
cused on arable crops (Halde et al. 2015), one of the expected
cumulative effects is the progressive establishment and prolif-
eration of perennial weed species, which hinder the manage-
ment of the cropping system and might affect cash crop yield.

3.2 Effect size of the explanatory variables
on structural parameters of weed communities

Despite important implications from an agronomic point of
view, there are no direct comparisons analyzing the relative
importance of the explanatory variables (dry biomass, year,
ASCmanagement) in vegetable cropping systems using ASC.
To fill this knowledge gap, in our study, we analyzed the effect
size of the explanatory variables on structural parameter of
weed communities (weed density, species richness, and com-
munity composition). We have found that the relative impor-
tance of the explanatory variables varied depending on the
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structural parameter of weed communities and the trial ana-
lyzed (Fig. 3).

ASC biomass flattened or chopped and incorporated into
the soil is usually considered an important factor for control-
ling weeds (Radicetti et al. 2013; Canali et al. 2013; Ciaccia
et al. 2016). However, in our study, the comparison of the size
effects of the explanatory variables on weed density across
trials reflected that the relative importance of total dry biomass
was low in all cases (Fig. 3) despite the wide ranges of this
variable and the different weed proportions in the total dry
biomass managed across trials, years, and partners (Table 1).
ASC management (ILRC vs. GM) and the variations in the
cropping conditions (i.e., year) are more important than the
biomass produced by the ASCs for weed density (Fig. 3).

Specifically, year had the largest effect size on weed density
in four out of the seven trials evaluated. Thus, our results
suggest that the reduction of weed density produced by
ILRC management can be strongly affected by variations in
cropping conditions. Previous studies have noticed a signifi-
cant effect of both the year and ASC management on weed
abundance under ILRC management, but the relative impor-
tance of each variable was neither analyzed nor discussed
(Canali et al. 2013).

Some authors have suggested that community composition
is mainly affected by the tillage intensity, while the weed
species richness is a result of both the management and the
environmental conditions (Nichols et al. 2015). Our results
showed that both community composition and species
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richness were influenced by the year and ASC management,
and their relative importance varied across trials (Fig. 3).
Nonetheless, the year had a larger effect size in more trials
than ASC management both for weed species richness and
community composition. Total dry biomass presented the
lowest relative importance in all trials, except in IT-SCC for
weed species richness.

Therefore, our study indicates, for the first time, that the
variations in the cropping conditions can strongly affect the
outcome of ASC management on the structural parameters of
weed communities (weed density, species richness, and com-
munity composition). Furthermore, we also note that the effect
of the flattened or green manured total dry biomass is less
important than the effect of both ASC management and
cropping conditions on weed density, species richness, and
community composition for most of the trials analyzed.

4 Conclusions

This study, which includes fourteen datasets from five differ-
ent countries across Europe, provides for the first time solid
evidence of the effectiveness of ILRC management for weed
control at early stages of crop growth in different vegetable
systems, soils, and climatic conditions across Europe.
However, most importantly, although the benefits of ILRC
management can be strongly affected by variations in
cropping conditions (including but not restricted to interannu-
al weather conditions, timing and effectiveness of field oper-
ations, variations between fields), our results provide a suc-
cessful example that can contribute to reduce the reliance on
tillage for weed management in organic vegetable systems.

Our multisite study also contributes to reduce the knowl-
edge gap existing in the literature regarding the impact of
ILRC management on weed species richness and community
composition. We document for the first time a general trend
under ILRC management of reduced weed species richness in
seven trials across Europe in the transition to this management
technique. Additionally, we report a significant but generally
low effect of ASC management on weed community compo-
sition in most of the trials analyzed. Furthermore, we note that
the effect of the total dry biomass, either flattened or used as
green manure, is less important than the effect of both ASC
management and the yearly conditions on weed density, spe-
cies richness, and community composition for most of the
trails analyzed.

Further research is required to identify the effect of the
presence of mulch in ILRC systems on the environmental
conditions of the soil surface, in different soils and climatic
conditions across Europe, and how it affects the emergence of
weeds along the cash crop cycle. Additionally, before this
strategy can be suggested to farmers as a continuous manage-
ment to be followed along the years, long-term studies

analyzing the effect of this technology in the weed community
composition would be required.
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