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The creation of heterogeneous conditions in the fields is seen as a key pillar of Integrated Weed
Management (IWM). The strip cropping layout is a possibility to introduce diversity in the
cropping systems. Yet, little is known about how weed species communities react to this setup
and how diversified weed communities influence crop performances in such context.
Here we studied whether weeds species respond to a gradient of spatial and genetic crop
diversification, and we explore the relationship between weed species richness and crop
biomass. We investigated a rotation barley – pumpkin in a strip layout focussing on the cereal’s
treatments. 60 samples were collected by 0.25 m² quadrants randomly distributed along the
center and the edges of the treatments.
For each weed species, the number of individuals present in each sample was recorded. Dry
biomass of the crop and the total weed community biomass per sample were also noted. Species
richness and dry biomass were analysed with Generalized Linear Mixed Models (GLMMs).
Species distributions were analysed with a partial Canonical Correspondence Analysis (pCCA).
GLMMs suggest that the edges of the strips harbour a significantly higher number of weed
species and higher weed biomass compared to the center of the strips. On the contrary, these two
variables are not significantly different when the analysis is made comparing only on the center
of the treatments. pCCA indicates that each weed species reacts differently to the environmental
gradients. Regression analysis denotes the existence of a positive relation between the species
richness of weed communities and crop biomass.
Our study provides support for the idea that weed communities could be influenced and shaped
by diversifying the cropping system. They also support the intuition that more diversified weed
communities are less harmful to crop performances. Further research is needed to validate the
present findings with pluriannual data. Additional exploration should aim to explore the
ecological mechanism behind the current behaviour and on linking weed community traits and
crop performances.

1. Introduction
Crop production has always been accompanied by the
presence of weeds. Simply put, any habitat characterized by
human management and disturbance will be colonized by
undesirable flora (Gerowitt et al., 2017). As already noticed
during the ’50s by Harper (1956), management practices
used to counteract weeds have a major role in shaping weed
communities, regardless of the mechanism of action.
Performing selection pressure on the community, only the
species capable of escaping these treatments can flourish.
* Corresponding author.
E-mail address: Giovanni.passuello@wur.nl

Repetitive suppressive methods, standardized cultural
practices and crop rotations that imply few species, have
led to homogenized landscapes that, in turn, have led to
weed communities simplification. Therefore a decline of
weed diversity has been observed (Fried et al., 2009),
described as the diversity within the weed community and
the biodiversity supported by weeds (Gerowitt et al., 2017).
Alongside this trend, in many cases weed biomass has not
declined, threatening the ongoing sustainability of the
whole system (Storkey and Neve, 2018). Only a few
dominant species thrive and create damage to the crop,
usually utilizing the same niche of resources (Borgy et al.,
2012; Nichols et al., 2015), bringing a series of dis-services
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to arable farming, like less yield and lower quality (Pollnac
et al., 2009).
The efficacy of herbicides treatments is by far still larger
compared with other control measures (Mortensen et al.,
2000). Yet, this approach is under double pressure. On one
hand, public health issues are raised related to chemical
residues on food. On the other hand, due to the increasing
development of resistance to herbicides of weed species
(Mortensen et al., 2000). However, other direct weed
control measures have their disadvantages too. Mechanical
control methods can have adverse effects on soil structure
and beneficial organisms (Ascard et al., 2007), thermal
control has an effect that varies upon the morphological
traits of the weed species (Ascard, 1994), whilst hand
weeding requires high labour input (Baumann et al., 2000).
Recently, pitfalls of weed management practices that focus
only on the direct control of seedlings became clearer. This
has called for integrated weed management, which deals
with issues related to weed presence with a holistic
approach (Mortensen et al., 2000; Barberi, 2002; Anderson,
2015), using a system design as an additive control
measure. The aim is to integrate direct control measures
within an overall crop and weed management strategy
arranged at the system scale. A key point of this strategy is
to create heterogeneous conditions within the field.
Diversity can be introduced spatially (e.g. spatial
arrangement of the crops within the field), temporally (e.g.
fallow, new species or component introduced over time)
and genetically (e.g. introducing additional cultivars,
species, or component to the field) (Ditzler et al., 2021).
Since current weed control practices do not easily target
specific species in complex communities, weed diversity
should rather be indirectly promoted by diversifying
cropping systems (Adeux et al., 2019). In fact, each crop
has specific features that directly influence the distribution
of the biomass across the local flora species (Poggio, 2005)
and the traits of the weed community (Armengot et al.,
2016). This would manipulate the competitive equilibrium
in favour of the crop, keeping undesired weed growth at
manageable levels, rather than eradicating them, and
preventing the dominance of few species (Saucke and
Ackermann, 2006). Santín-Montanyá et al. (2013) argue
that when several weed species tend to dominate, weeds are
present at densities too low to have major effects on the
crop. Beside this, a more diverse weed community is also
seen as a provisioner of a wider range of agroecosystem
services, supporting more taxa (Gerowitt et al., 2017;
Hofmeijer et al., 2021).
A practical possibility that can include temporal, spatial,
and genetic diversity is strip cropping, defined as the
cultivation of crops in an alternating pattern of at least two
crops grown in multi-row strips (Ditzler et al., 2021). Strip
cropping implies a conceptual shift from the classical idea
of a field: while in a conventional arranged set up, the
cultivation takes place in fields clearly separated and

independent for each crop, in strip cropping every strip
interacts with the strip aside. In such cultivation, edge
density is increased, becoming more important in the
system than the edges of a monoculture field. This
increment results in modification of both biotic conditions
(e.g. presence/absence of the companion crop due to
different growing seasons) and abiotic conditions (e.g.
amount of Photosynthetically Active Radiation). With such
increasing gradients of diversity and modifications of the
microclimate, we would expect an effect of strip cropping
on weed diversity, particularly in the edges. Yet, this
relation has not been explored in scientific literature. From
an agronomical point of view, the consequences of these
more diverse weed communities on crop performances are
still unclear. Weed diversity and crop-weed interactions
have already been investigated in monoculture settings, yet
it is still uncertain if those results could be extended to strip
cropping.
Cereals, very often incorporated in crop rotations and
therefore widely used by farmers, have been analysed in the
current study. Despite their low economic value, they
improve soil quality and are used to widen the rotation with
other cash crops like beets and potatoes. Barley, the crop
chosen in the present analysis, is one of the fourth most
important cereals in the world, both for quantity produced
and for cultivated areas (FAO, 2018). It is mainly used as
feed for livestock (Newton et al., 2011), a demand which is
increasing in recent years, parallel to the demand from the
food processing industry (Briggs, 2008).
This study is designed to determine whether weeds species
respond to a gradient of spatial and genetic crop
diversification here represented by a strip cropping layout
and to explore the value of weed community diversity as a
method of sustaining crop production.
In doing so, the following research questions (RQn) have
been developed to look at crop-weed interactions in a strip
cropping setting.
What are the effects of increased spatial and genetic
diversity on: (RQ1) weed species community composition;
(RQ2) weed biomass; (RQ3) weed species distribution?
Furthermore, how is the diversity of weed communities
influencing the (RQ4) crop biomass?
The following patterns (Hn) have been hypothesized. If
genetic and spatial diversity among and within the
treatments increases, then (H1) weed community
composition is more diverse; (H2) and the biomass of the
more diversified weed communities decrease. If genetic
and spatial diversity among and within the treatments
creates environmental gradients, then they, in turn,
influence the weed species distribution (H3). If weed
communities’ diversity increases, then the crop biomass
increases (H4).
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The focus of the current study has been both the
comparison among and within the treatments (explained
more in details in section 2.1 and 2.3).

2. Materials and methods
2.1 Site description and experimental
design
This study took place at the Droevendaal organic farm of
the Wageningen University & Research in Wageningen,
The Netherlands (51°59'28.6"N, 5°39'34.1"E) during the
summer of 2021. The experimental fields are situated on
sandy soil with around 3% of clay and a pH of around 5.5.
The mean annual air temperature and precipitation are
11°C and 829 mm, respectively.
The investigated crop was barley (planted on April 15th,
2021), intercropped with pumpkin (transplanted on June
21st, 2021). Other crop combinations are cabbage and oat,
and potatoes and grass. Further information are reported in
table A1 of the appendix.
The established long-term cropping experiment of the
Droevendaal farm started in 2018 and follows a 6-year
rotation. The sites included in the sampling process are
arranged in a random block design, with three blocks (e.g.
fields). However, the larger experimental site also
contained more fields and treatments, that all together are
arranged in an incomplete block design. The strips are 3
metres wide and 54 metres long in fields 2 and 3, 42 metres
long in field 1. The treatment REF_TIME has a length of
12 metres and a width of 9 metres. In this study it is
considered as a proxy for a monoculture layout, since the
strip of the crop (barley) is not interacting with strips of the
companion crop pair (pumpkin), but it is surrounded by
fellow barley strips. Five different treatments are present.
Every block presents these treatments for both the crop
pairs. Their specifications can be found in table 1. There
was no difference as it concerns weed management among
the treatments. Per crop, each treatment is present in each
field in 3 strips, except for REF_TIME that has only one
repetition per field. The layout of the area is reported in
picture A1 of the appendix.
Table 1: Description of the treatments present in
Droevendaal farm.
Treatment

Description

STRIP

3 m wide strips sow with a sole crop species
of a single variety
3 m wide strips with two varieties of the
same crop species in a replacement design

STRIP_VAR
STRIP_ADD

REF_TIME

ROTATION

3m wide strips with an additive intercrop
design of combining STRIP and a legume
(pea for barley)
Small scale monoculture plot of three strips
of 3 m adjacent to each other (total width 9
metres). Same variety and density as STRIP
Strip 3m wide combining STRIP_VAR and
STRIP_ADD. These strips follow a fix sixyear rotation with all the six crops

The treatments STRIP, STRIP_ADD, and REF_TIME were
the ones investigated in the present study. Each treatment
was sampled from one strip per treatment per field.

2.2 Weed monitoring
A total of 60 samples were collected from a randomised
position along with the treatments (each sample 0.25 m²
area analysed, from a quadrant of 0.5 x 0.5 m). A buffer
zone of 10 meters length from the shorter side of the strip
of treatments STRIP and STRIP_ADD and 2.5 meters of
REF_TIME have been considered.
For each sampled strip in the treatments STRIP and
STRIP_ADD, eight samples have been collected. Four
samples were collected from the edges that barley shares
with pumpkin, two from each of the borders (named
STRIP_E and STRIP_ADD_E respectively). The
remaining four samples were gathered exactly at the center
of the strip, with 1.25 m distance from both sides (named
STRIP_C and STRIP_ADD_C respectively). As it
concerns the REF_TIME treatment, four samples were
collected in the central part of the treatment at 2.50 metres
from the edge (named REF_TIME_C). A graphical
representation of the sampling scheme can be found in
figure A2 of the appendix.
The sampling period took place between crop development
stages 71 and 83 of the BBCH scale (Meier, 2003). For
each sample, weed individuals were identified at species or
family level using Flora Europaea (Euro+Med, 2006) and
the app Plant@net (Joly et al., 2016). Plants clearly
identifiable even at an early stage of development (e.g.
Chenopodium album L.) have been classified at the species
level. Plants not clearly identifiable at an early stage of
development (e.g. Sonchus sp. L.) have been classified at
the family level. The number of individuals of each
species/family was recorded using the EPPO codes (EPPO,
2019) as reported in table 3. From every sample, the
aboveground biomass of the total weed population and the
aboveground biomass of the crop have been collected,
separately. They have been chopped into pieces of roughly
5 cm and placed in the oven for 48 h at 60°c (BaldiviesoFreitas et al., 2018) in order to record their dry weight.

2.3 Statistical analysis
The statistical analyses were performed using the software
R, version 4.1.1 (2021-08-10) (R Development Core Team,
2021).
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Figure 2: rationale of the data analysis. Treatments in oval boxes, environmental gradients in squared boxes
The comparison among the treatments has been carried out
considering the samples from the center of the treatments,
explicitly REF_TIME_C vs STRIP_C vs STRIP_ADD_C.
This choice has been made to have an equal number of
samples from each treatment. They are graphically
represented in figure 1 within a red frame. Following the
same rationale, the comparison between the center and the
edge of the strip has been accomplished taking into account
the samples from STRIP_C, STRIP_ADD_C, STRIP_E
and STRIP_ADD_E. In figure 1 they are within a green
frame.
The analysis of the weed species diversity has been
performed using the package Vegan (Oksanen et al., 2013).
Linear models have been considered to model the
distribution. The DHARMa package (Hartig, 2021) has
been used to test the assumptions of the models (residuals
test and homogeneity of the variance). Since data
distribution deviate significantly from a normal distribution
(Shapiro-Wilk test – p < 0.05), other not normal
distributions have been considered, as negative binomial
and Poisson distribution.
A generalized linear mixed model (GLMM) has been fitted
using a Poisson distribution of the species richness of the
samples, applying the lme4 package (Bates et al., 2015).
Species richness is a measure of species diversity and it’s
the count of the number of species inhabiting a given area
or habitat (Kiester, 2013).
The model that compares edge and center had as fixed
factors: “position” (utilized as “strata” in the Rscript),
“treatment” and interaction between “position” and

“treatment”. The model that compares the treatments has as
fixed factor “treatment”. In both the GLMM’s “Date of
collection” and “field” have been added as random
variables. Using the dredge function from the package
MuMin (Bartoń, 2013) the best model has been selected
looking at the Akaike Information Criterion (AIC). Zero
inflation of the model and the dispersion of the residuals
have been tested with the DHARMa package. When the
GLMM was founded significant, Tukey’s range test (HSD)
has been applied to perform a post-hoc test.
The analysis of the weed biomass has been carried out
using a GLMM with a gamma distribution of the data. The
weights have been log-transformed using the link function.
To perform this analysis, the only sample of weed dry
weight biomass with a value of 0 g has been increased to
0.000001 g (compare to Adeux et al., 2019). The data are
skewed distributed with a long right tail: since there are no
zero values, the zero-inflation test has not been used in this
GLMM. Log transformation of the dry biomass has been
carried out (link= “log”). The same rationale, tests, fixed
and random factors of the species richness models have
been implied in the biomass models.
The scope of the performed multivariate analysis was to
analyse the effects of the treatment’ features on weed
species communities to explore if any ecological
relationship between environmental gradients and weed
species can be found. Together with this goal, the main
differences among the treatments have been defined and
each of them has been associated with a dummy variable
used in the analysis. As can be seen in table 2, the samples
from a monoculture layout have been tagged as “Mono”.
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Consequently, all the samples that are not part of this
category are arranged in strips. Samples with the addition
of a legume have been tagged as “Pea”. Accordingly, the
samples not tagged with this dummy variable, lack this
characteristic. To conclude, samples taken on the border of
the strip have been specified as “Edge”. Samples with no
weed species retrieved, have been removed before the
analysis. Species abundance data was used to perform this
multivariate analysis (Hanzlik and Gerowitt, 2016).
Table 2: dummy variables and corresponding treatment
Treatment

Mono

Pea

Edge

REF_TIME_C

1

0

0

STRIP_C

0

0

0

STRIP_E

0

0

1

STRIP_ADD_C

0

1

0

STRIP_ADD_E

0

1

1

The evaluation of the longest axis length after the
Detrained Correspondence Analysis (DCA) has been used
to analyse the species’ response to gradients in the
environment (results reported in table B1 of the appendix).
Since a unimodal response emerges from it, the choice was
to perform a Canonical Correspondence Analysis (CCA).
More specifically, a partial CCA (pCCA) has been carried
out. pCCA allows to include in the ordination diagram the
effect of the interesting variables (the dummy variables in
this case) after partially taking out the effects of the noninteresting variables (field in this case) (Ter Braak and
Prentice, 1988). The ordiestep function of the Vegan
package has been used to test the statistical significance of
the CCA variables and select the more parsimonious
model. The vif.cca function has been used to check the
collinearity of variables used in the model.
The trend analysis has been performed considering as
dependent variable the species richness and independent
variable the dry biomass of the crop (link = “log”) in a
gamma distributed GLMM model. No random factors have
been added in this analysis.
In general, the package ggplot2 (Wickham, 2016) has been
used to represent graphically the outcomes of the analysis.

3. Results
A total of 25 weed species were found, including the
category “Young Leaves Folded or Rolled” (YLFR) used to
describe the monocots species at an early development
stage. 748 weed individuals were collected from the
treatments and identified. As reported in table 3, the five
most common species were Chenopodium album L. (187
individuals), Galinsoga sp. Ruiz & Pav. (132 individuals),
Fallopia convolvulus L. (76 individuals), Erodium

cicutarium (L.) L'Hèr. (64 individuals) and Stellaria media
L. (56 individuals).
Table 3. Overview of all the weed species identified in the
sampling process (60 samples of 0.25 m² each), reported
with their EPPO code (EPPO, 2019). The table reports
both the total number of individuals found for each species
and their percentual contribution to the total individuals
collected (748 individuals).
EPPO
Code

Botanical name

Individuals

CHEAL

Chenopodium
album L.

187

25.00

GASSS

Galinsoga sp.
Ruiz & Pav.

132

17.65

POLCO

Fallopia
convolvulus L.

76

10.16

EROCI

Erodium
cicutarium (L.)
L'Hèr.

64

8.56

STEME

Stellaria media
L.

56

7.49

YLFR
(grass)

“Young Leaves
Folded or
Rolled”

32

4.28

SPRAR

Spergula
arvensis L.

31

4.14

VERSS

Veronica sp. L.

27

3.61

SONSS

Sonchus sp. L.

26

3.48

CAPBP

Capsella bursapastoris (L.)
Medik.

21

2.81

POLSS

Polygonum sp.
L.

17

2.27

VIOSS

Viola sp. L.

15

2.01

POAAN

Poa annua L.

13

1.74

GERSS

Geranium sp. L.

11

1.47

MATIN

Tripleurospermu
m inodorum L.

9

1.20

GAESS

Galeopsis sp. L.

7

0.94

TARSS

Taraxacum sp.
F. H. Wigg.

4

0.53

TRFSS

Trifolium sp. L.

4

0.53

VICSS

Vicia sp. L.

4

0.53

SENVU

Senecio vulgaris
L.

4

0.53

Percentual
contribution
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LOLM
U

Lolium
multiflorum

2

0.27

ERISS

Erigeron sp. L.

2

0.27

SOLNI

Solanum nigrum
L.

2

0.27

PICSS

Picris sp. L.

1

0.13

ARBSS

Arabidopsis sp.
Heynh.

1

0.13

3.1 Crop diversity and weed species
diversity
Among the fixed factors considered in the GLMM analysis
to compare the species richness present on the edge and the
centre of the strips, only the term “position” has been
retained significant by the dredge function (Poisson
GLMM - strata: p < 0.001). The post-hoc test is also
revealing significant differences between the positions
(Tukey HSD test – strata: p<0.05). In particular, samples
from the edges retain a significantly higher number of
species compared to the samples from the centre (figure 3).

Figure 4: Boxplot comparing the species richness (y-axis)
of the centre of the treatments (x-axis). Means are
represented with the same letter in the graph because they
do not differ significantly in the Tuckey HSD test (p >
0.05).

3.2 Crop diversity and total weed
biomass
A similar pattern is retrieved in the analysis of the weed dry
biomass. In the comparison between the edge and centre of
the strips also here only the factor “position” is retained
significant (gamma GLMM – strata: p < 0.05). The two
positions were different after the post-hoc test (Tukey HSD
test – strata: p > 0.05). As can be observed in figure 5 the
dry weight of the edges was heavier than the ones from the
centres. The deviation of the outliers was not significant
(Outlier test – p > 0.05).

Figure 3: Boxplot representing the species richness (y-axis)
according to the position within the strip (x-axis). Means
with different letters in the graph differ significantly based
on the Tuckey HSD test (p < 0.05).
In the analysis of species richness comparing the
treatments, the factor “position” is significant in the model
(Poisson GLMM - treatment: p < 0.05) but not in the posthoc test (Tukey HSD test – treatment: p > 0.05), showing,
therefore, no significant difference among the treatments as
it concerns the species richness found in the centre (figure
4).

Figure 5: Boxplot juxtaposing the dry weight of the weeds
on the edges and the centre of the strip. On top of each box,
the letters describe the outcome of the Tuckey HSD test:
there are significant differences between the two groups (p
> 0.05). Note that the outcome of this analysis is based on
log-transformed total weed dry weight. Here, on the y-axis,
this data is represented with its original value.
As it concerns the comparison of the total weed biomass
among the treatments, the GLMM was not significant for
the fixed factor “treatment” (gamma GLMM – treatment
STRIP_C: p > 0.05; treatment STRIP_ADD_C: p>0.05).
Therefore, no significant differences were found among the
treatments. It is important to mention that this result must
be cautiously interpreted since the outlier test is significant
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(Outlier test - p = 0.003). These outliers can be seen as
black dots in figure 6. During the data analysis, it has been
decided to not omit them because the data does not arises
from measurement errors but are simply extreme values
that can be found in agroecological systems. Biomass
sampling patterns are usually skewed data with a long right
tail and the outliers detected follow this model. Removing
them would have meant withdrawing information.

Figure 6: Boxplot showing the total weed dry weight from
the centre of the treatments. The GLMM was not
significant, showing that all the treatments belong to the
same group (p>0.05). Thus, they are represented with the
same letter on top of each box. Note that the outcome of
this analysis is based on log-transformed total weed dry
weight, while this data is represented on the y-axis with its
original value.

3.3 Crop diversity and weed species
distribution
The pCCA of the samples from the treatments STRIP and
STRIP_ADD and the dummy environmental variables Pea
and Edge is shown in figure 7. Both these gradients are
significant in explaining the distribution (ordistep function,
Vegan package). It must be mentioned that the p-value for
Pea in the Anova test is on the edge of the significance
(Anova test – Pea: p = 0.051; Edge: p = 0.01). It has been
decided to keep this variable in since it may still show a
trend. Further research is needed to validate this choice.
The axis CCA1 explains 4% of the variation and the axis
CCA2 explains 3% of the variation (Table 4).
Table 4: Eigenvalues, and their contribution to the scaled
Chi-square of the pCCA of samples from STRIP_C,
STRIP_ADD_C, STRIP_E, STRIP_ADD_E. The cumulative
proportion is summed up with the other Canonical Axis.
CCA1

CCA2

Eigenvalue

0.11934

0.08879

Proportion
Explained

0.04316

0.03211

Cumulative
Proportion

0.04316

0.07527

A distinct pattern emerges from the ordination: most of the
samples from STRIP_ADD treatments are positively
correlated with the variable Pea while the samples coming
from treatment STRIP are not. Also, there is a distinction
between the samples collected from the edge of the strips
and the ones coming from the center. The first ones are
positively correlated with the variable Edge, standing on
the right end side of the graph, while the others, being
negatively correlated with this variable, occupies the other
side of the graph. As it concerns the species distribution,
the 5 most abundant species are in the central position.
Chenopodium album L. (CHEAL), Galinsoga sp. Ruiz &
Pav. (GASSS), Fallopia convolvulus L. (POLCO),
Erodium cicutarium (L.) L'Hèr. (EROCI) and Stellaria
media L. (STEME) are clustered in the central part of the
graph while less abundant species are displayed more
widely. Certain species are also closely associated with
plots located in specific treatments, for example on the
right-hand side of the graph, Viola sp. L. (VIOSS) and
Taraxacum sp. F. H. Wigg (TARSS) looks to be associated
with STRIP_E treatment.
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Figure 7: pCCA of the samples from the edge and the center of the STRIP and STRIP_ADD treatments. Brown arrows
represent the two explanatory variables: Pea is a dummy variable for the presence of pea in the treatment, Edge is a dummy
variable for samples collected from the edge of the treatments. The samples (dots) are coloured according to their treatment.
Species names are represented using their EPPO code. pCCA is calculated with “field” as constrain. The letter “C” and
“E” at the end of treatments names stand for “Central” and “Edge”.
The pCCA with samples from the center of STRIP,
STRIP_ADD, and REF_TIME is shown in figure 8. The
dummy variables considered are Mono and Pea.
Performing the ordistep function, both results significant in
explaining the distribution (Anova test – Mono: p= 0.008;
Pea: p= 0.006). The CCA1 explains 9% of the variation
while CCA2 explains 5% of the variation (Table 5).
Table 5: Eigenvalues, and their contribution to the scaled
Chi-square of the pCCA of samples from STRIP_C,
STRIP_ADD_C, REF_TIME_C. The cumulative proportion
is summed up with the other Canonical Axis.
CCA1

CCA2

Eigenvalue

0.27006

0.16202

Proportion
Explained

0.09013

0.05408

Cumulative
Proportion

0.09013

0.14421

A similar pattern as the previous pCCA emerges when the
focus is on the effect of the environmental gradient Pea.
Samples coming from STRIP_ADD are positively
correlated with this variable while the others are not.
Conversely, looking at the Mono gradient, only
REF_TIME samples are always positively correlated with
it. Yet, there is not such a pattern as it concerns samples

from STRIP_ADD and STRIP: some of them are positively
correlated with this gradient while others are not.
In this ordination, the five most common species are in the
center. However, they are less clustered than the prior
pCCA. For example, Erodium cicutarium (L.) L'Hèr and
Stellaria media L. shows a higher correlation with the Pea
gradient compared to the previous one.
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Figure 8: pCCA of samples from the center of the STRIP, STRIP_ADD, and REF_TIME treatments. Brown arrows
represent the two explanatory variables: Mono is a dummy variable for samples collected from treatment with a
monoculture layout, Pea is a dummy variable for the presence of pea in the treatment. The samples (dots) are coloured
according to their treatments. Species names are represented using their EPPO code. pCCA is calculated with “field” as
constrain. The letter “C” the end of treatments names stands for “Central”.

3.4 Weed community diversity and crop
biomass
The parameter species richness of the weed assemblage
(used as specnumber in the R script) was positively
correlated with log-transformed crop biomass (Gamma
GLMM – specnumber: p < 0.01), as reported in table 6.
Table 6: Parameters of the regression of the crop dry
weight by species richness weed assemblage.
Estimat
e

Std.
Error

t
value

Pr(>|t|)

(Intercept)

5.24208

0.0770
6

68.02
6

< 2e-16

specnumbe
r

0.04310

0.0143
2

3.011

0.0038
6

The graphical representation (figure 9) shows no distinctive
effect of the treatments in this relation. In fact, the samples,
coloured according to their treatments, appears not
clustered.
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Figure 9: Representation of the positive relation between weed community species richness and crop biomass. Samples are
coloured according to their treatment. Note that the regression line is fitted using log-transformed data while here the crop
biomass is represented with its raw data. The letter “C” and “E” at the end of treatments names stand for “Central” and
“Edge”.
The result of the regression between weed biomass and
species richness is shown in the supplementary materials in
the appendix C. Its trend can be informative, but its
outcomes is not displayed here since significant deviations
of the residuals were noticed, even though the regression
was significant (Gamma GLMM – specnumber: p < 0.01).
The same problem also affected the regression between
crop biomass and weed biomass. In this case the regression
was not significant (Gamma GLMM –
Weed_Community_Weight: p = 0.06), so their results are
not displayed in the appendix.

4. Discussion
4.1 Effect crop diversification on weed
community diversity
The initial hypothesis that the diversity of the weed
community increases alongside a positive gradient of
spatial and genetic crop diversification has resulted in
opposite outcomes. Firstly, it has been proven right when it
concerns the spatial diversification between edge and
centre of the strips. Contrary, it has demonstrated wrong
when the focus was on the comparison among the centres
of the treatments.
Our findings of a higher species richness in the strip edge
than in the strip centre concurs with previous studies
(Romero et al., 2008; Fried et al., 2009; Yvoz et al., 2021).
Yet, it must be noticed that these studies did not take place

in a strip cropping layout but in a monoculture setup. Thus,
they present comparisons made between edges and
locations situated in the center of the field. These points
stand much further than the 1.25 m from the edge
considered in the present study to sample the center of the
strip. Another substantial difference is that the samples
were collected from transects, while in the present study
they are collected from random points along the strip. Due
to the sampling technique, using a transect, the outcomes
are more influenced by the rarer species, that are more
likely to be retrieved compared to the sampling method
used in this study.
There could be several explanations for our results. From
the abiotic point of view, we can acknowledge that center
and the edge of the strip have different site features,
meaning different soil conditions, which alter water and
nutrient supply or rooting space, but also by microclimate
conditions (Gerowitt et al., 2017), such as the amount of
photosynthetically active radiation (PAR) incoming and
soil temperature. These characteristics, in turn, influence
the biotic differences between the two environments.
Changes in soil conditions can affect the seed germination
and the subsequent plant growth by determining the
distribution and availability of nutrients (Alarcón Víllora et
al., 2019). On the edges, the amplitude of soil temperature
could be wider with the result that the requirements of more
species are satisfied causing a higher number of species
germinating and of seedlings emerging.
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It might be simply the case, as suggested by Wilson &
Aebischer (1995), that the soil seed bank density decreases
from edges to the centre of fields resulting in less seed
input in the center. Still, their study is based only on dicots
and took place in a monoculture setup, such gradient might
not be present in 3 metres wide strips. More research would
be needed to validate their findings in a strip cropping
setup.
Field edges are often seen as a habitat strongly influenced
by spillover of species from adjacent non-cultivated areas
(Metcalfe et al., 2019). This would partly explain the
current results. However, while this stands in monoculture
setup, it doesn’t seem to fit well with the strip layout since
the edges of the strips are more frequently adjacent to other
cultivated strips than to non-productive zones. The same
reasoning can be also applied to the hypothesis by Fried et
al. (2009). They suggest that the higher species richness
found in the field edges would be the result of a lower
degree of mechanical perturbations occurring on that part
of the field. This could be the case, yet such heterogeneity
in the efficacy field operations is not often noticed in the
strip cropping.
The complexity of the strip cropping landscape may also be
a justification. Indeed, canopy structure, physiology, and
management practices constitute distinct environmental
filters to the companion weed species for the dynamics in
resource availability and the levels of physical factors of
the environment (Tilman and Pacala, 1993). Following the
shading hypothesis (Newman, 1973), the higher amount of
light penetrating from the edges could be than the
explanation for the different species richness observed.
This theory states that the standing biomass affects the
diversity of plant communities, mainly by restricting the
sunlight reaching understory plants, influencing quality and
thermal environments of the crop understory. The weed
diversity would therefore benefit from not having a side
covered by the crop.
The available resources pool could play a role. According
to the niche differentiation hypothesis (Smith et al., 2010)
coexistence between multiple species requires them to
occupy separate niches. A more heterogeneous niches pool
may present on the edges, resulting in less niche
overlapping between crop and weed species, resulting in a
larger species group that grows there.
To conclude, our findings suggest that when the
comparison is done between the treatments STRIP and
STRIP_ADD the spatial filter is stronger than the genetic
filter in shaping the weed community diversity.
The same reasoning can be used to explain our result of a
not significant difference in the species richness of the
weed community among the treatments REF_TIM_C,
STRIP_C, and STRIP_ADD_C. Hawes et al. (2010)
indicated that higher crop diversity may lead to greater
weed diversity. Yet this thesis is not supported by our

outcomes, which instead follows the results of Poggio
(2005) that did not find differences in species richness
between pea-barley intercropped and barley monoculture.
The canopy of the crop seems to exert the same filter
pressure on all the treatments: it might be that the amount
of light available is not different among the center of the
treatments. This would in turn select for communities of
species with the same traits: shade-tolerant species or
species able to outcompete the height of the crop (shading
hypothesis). So, a narrow pool of species can emerge and
thrive. Particularly, Yvoz et al. (2021) are suggesting that
traits like the germination duration and the flowering onset
as being symptoms of the width of the ecological niche. In
fact, abiotic and biotic conditions act as a constrain to the
resource niche pool available. The same kind of niches may
be available in the center of the treatments, resulting in a
similar number of species among the treatments. Yet, more
research is needed to correlate the plant traits with niches
width.
A final point to consider is that the samples collected from
the REF_TIME_C, used here as a monoculture reference,
have been taken at just 2.50 m from the edge. Sampling
with a higher distance from the edge might alter the results.

4.2 Effect of crop diversification on
total weed biomass
Weed species biomass was analysed comparing edge and
center and comparing the treatments. In both cases, the
outcomes were opposite to our initial hypothesis.
A significantly higher total weed biomass was found on the
edges of the strips. This is not in line with the hypothesis of
Adeux et al. (2019), which was used to draw our
hypothesis. This implies that in this case a higher weed
species diversity is not reflected in lower total weed
biomass. Yet, it agrees with what was suggested by Poggio
& Ghersa (2011) that argue that higher species diversity is
frequently found connected with higher weed abundance or
biomass.
Once more, the spatial layout of the strip cropping could
play an important part. The same mechanisms that lead to
overyielding of the crops when grown in an intercropping
setup compared to monocultures, might have a role in this
outcome. The total light intercepted by the crops in an
intercropping is observed higher than the monocultures
(Zhang et al., 2007), due to canopy structure, temporal
niche differentiation, and plants plasticity. The same
process could then be applied on weed plants that are
growing on the edge: their ability to intercept more PAR
and resources would, in turn, lead to the accumulation of
more biomass than in weed plants that are in the center.
Conversely, there was no significant difference in the
biomass of the weed species found in the center of the
treatments. Our result would not follow the above-
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explained reasoning on the yield advantage. Since the
incorporation of legumes, the treatment STRIP_ADD is
expected to support more crop biomass (Vandermeer,
1992). This could, in turn, lead to higher weed suppression,
but the effect is not noticed in the current study. It may be
that there are no substantial differences in crop canopies
among the center of the treatments, therefore are no
differences in the PAR available. Further research is
needed to link light availability with total weed dry weight.

4.3 Effect of crop diversification on
weed species distribution
Both the ordination plots of the pCCA highlighted that
weed species react differently to the analysed
environmental gradients. Therefore, our initial hypothesis
of weed species distribution influenced by environmental
gradients generated by the strip cropping, it is true for some
species while for others is not.
The species in the center of the graph are the ones that are
less influenced by them and are evenly distributed among
the treatments. Not surprisingly, they are often the most
common species found, suggesting that their distribution
may be driven by other environmental gradients not
considered in the current study. Additional factors
influencing weed diversity are for example provided by
Thomas et al. (2011) and Gòmez et al. (2013).
In contrast, despite the results should be cautiously
accepted since the low number of individuals detected, the
graph is also showing some species that are more
noticeably correlated with the environmental gradients, that
thus shape and drive their spatial distribution.
Practical insight from the ordination is that as it concerns
the present environmental gradients, the current practices
seem to be ineffective in influencing the most common
species. If one of the aims of the present procedures is to
decrease their impact on the system, considering other
setups or management options underlying further
environmental gradients, might be more effective.
The outcomes analysed using the niche differentiation
hypothesis (Smith et al., 2010), may suggest that different
niches are available along the examined gradients.
Consequently, the species disposition could be a symptom
of the ability of the specific species to utilize that nice. Yet,
further research is needed to explore the correlation
between gradients and available niches.
Alternatingly, the position of the weed species in the
ordination could be justified by analysing their traits and
grouping them into functional groups (Storkey et al., 2010).
Since species communities change their attributes based on
agricultural intensification (e.g. maximum height, seed
weight, and flowering) (Storkey et al., 2010), one
hypothesis would be that the species that occupies the
central positions share traits and strategies in order to thrive

in the arable environment while the others need specific
conditions to survive. Analysing the species present in the
center of the graphs, Chenopodium album L., Galinsoga sp.
Ruiz & Pav. and Stellaria media L. , Bàrberi et al. (2018)
classify them as competitive-stress tolerant species while
less common species as Viola sp. L., Solanum nigrum L.
and Geranium sp. L. are classified as ruderal species.

4.4 Effect of diversified weed
communities on crop biomass
Albeit previous studies suggest that to obtain reliable
results at least three years of surveys should be conducted
(Hanzlik and Gerowitt, 2016) the present results can be
seen as a starting point for further exploration. Our
outcomes suggest that there is a positive relation between
weed communities that includes more species and the
biomass of the crop. This confirms our initial hypothesis.
While some previous works have found a positive
relationship between weed biodiversity and crop biomass
(Cierjacks et al., 2016), some others found this effect nonsignificative (Adeux et al., 2019).
The results could be explained from different points of
view. First, using the niche theory (Smith et al., 2010), a
more diverse weed community is more likely to host
species whose niches do not overlap with one of the crops,
thus not influencing the biomass accumulation of the latter.
Second, since such communities are less likely to contain
weed species that share similar trait combinations with the
crop, they may theoretically exert less competition to the
crop (Adeux et al., 2019). Yet, more research is needed to
validate this hypothesis in the current context.
The specific features of strip cropping cultivation should be
considered. In such a context, temporal, spatial, and genetic
diversity are generating a spatio-temporal heterogeneity in
the resource supply. One of the main points of the Resource
Pool Diversity Hypothesis (Smith et al., 2010) is that when
the niche breadth for weeds is reduced, then the
interspecific competition with the crop intensifies as the
diversity of the available resource pool decreases. Storkey
& Neve (2018) are arguing that an outcome of this
hypothesis is that if the increase in weed diversity is an
emergent property of spatio-temporal heterogeneity in
resource supply, then a decrease in crop competition is
expected. This would be in line with our results.
Santìn-Montanyà et al. (2013) suggest that when several
weed species tend to dominate, weeds are present at
densities too low to have major effects on the crop. Yet this
observation does not seem to fit the current study outcomes
since our results suggest instead that the more diverse weed
community are also the ones supporting the higher weed
biomass. Further research is needed to confirm the
generality of our findings, especially to explore the shape
of the relation with an even higher number of species.
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5. Conclusion
The findings from this study suggest that weed diversity,
biomass and species distribution may be influenced by a
gradient of spatial and genetic crop diversification in a strip
cropping setup. However, different outcomes are arising
depending on if the analysis is made comparing the abovementioned features, within a strip (edge vs central position)
or among the treatments. Moreover, the results suggest a
positive relation between weed communities with high
weed species richness and crop biomass. Current results
support the hypothesis that enhancing in-field diversity at
multiple levels would have beneficial impact both on crop
productivity and on the delivery of ecosystem services.
Generally, the observed patterns are promising because
they show that strip cropping can potentially support weed
species diversity without having negative influences on
yield. Yet, more years of observation are needed to validate
the present findings. Further research is needed to
investigate the ecological mechanism behind the current
behaviour and to link weed community traits with crop
performances.
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1. Appendix
Appendix A1: Supplementary information on materials and methods
Table A1: Crop pairs and varieties present in the fields. Note that in the varieties column the first one is the main one, the second
one is used in the STRIP_VAR treatment (see table 2).
Crop 1
Varieties
Crop 2
Varieties
Cabbage (Brassica
oleracea)

Rivera and Christmas
Drumhead

Oat (Avena sativa)

Symphony (Nordsaat
Saatzucht GmbH)

Barley (Hordeum vulgare)

RGT planet (RAGT Semences
®); Irina (KWS®)

Pumpkin (Cucurbita pepo)

Flexi Kuri F1; Orange
Summer (both Enza
Zaden®)

Potato (Solanum tuberosum

Agria (Agroplant®);
Carolous and Alouette (both
Agrico®)

Grass

Figure A1: Layout of the strip cropping experiment in Droevendaal farm. The red squares indicate the position of the barley–
pumpkin fields sampled for the current study.
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Figure A2: Graphical representation of the sampling scheme. Randomized coordinates of the samples along the treatments. The
treatments arrangement in this picture does not correspond to the sequence of the treatments in the fields.

Appendix B1: Supplementary materials on the multivariate analysis
Table B1: R output of DCA analysis. It helps to decide if RDA or CCA should be used
DCA1

DCA2

DCA3

DCA4

Eigenvalues

0.5598

0.3032

0.2490

0.2166

Decorana values

0.6050

0.3029

0.1844

0.1354

Axis lengths

5.1624

2.8031

2.3906

1.8583

CCA is used when the axis length of the first axis is higher than 4 (this case 5.1624).
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Appendix C1: Supplementary materials on Regression analysis
Regression between total weed dry biomass and species richness.
Table C1: Parameters of the regression of the total weed dry weight by species richness weed assemblage .
Estimate

Std. Error

t value

Pr(>|t|)

(Intercept)

-0.5122

0.5438

-0.942

0.35015

specnumber

0.3373

0.1010

3.339

0.00148

Figure C1: representation of the positive relation between weed species richness and total weed dry biomass. Samples are
coloured according to their treatment. Note that the regression line is fitted using log-transformed data while here the weed
biomass is represented with its raw data.

G. Passuello

Figure C2: Regression of total weed dry biomass by species richness analysed with the DHARMa package. QQ plot graph and
residuals vs predicted graph

