European Journal of Agronomy 168 (2025) 127563

Contents lists available at ScienceDirect

EUROPEAN JOURNAL OF

AGRONOMY

European Journal of Agronomy

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/eja

The impact of intercrop design on weed suppression of species mixtures: A
model-based exploration

Lammert Bastiaans ©, Wopke van der Werf

Centre for Crop Systems Analysis, Wageningen University & Research, P.O. Box 430, Wageningen 6700 AK, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: Intercropping has frequently been reported to enhance weed suppression. A recent study combining a plant
Intercropping competition model and empirical data demonstrated that improved weed suppression results from a so-called
Diversification

selection effect, whereby the more weed suppressive crop species contributes disproportionate to the weed
suppressive ability of intercrops. Here, we build on this finding and used the plant competition model to explore
how species composition, mixing ratio, planting density and spatial arrangement influence the weed suppressive
ability of annual intercropping systems. Analysis identified species composition as the principal design factor,
since a difference in weed suppressive ability between crop species appeared the prime driver responsible for the
above-average weed suppression of intercrops: the larger this difference the stronger the effect. With greatly
differing levels of weed suppressive ability between crop species, even a small proportion of the stronger sup-
pressive species greatly enhanced the intercrop’s ability to suppress weeds. In such a situation, mixing ratio can
thus be used to regulate the trade-off between weed suppressiveness and the risk of the less competitive crop
species being overgrown. Plant density was found to be a useful modulator if crop species displayed similar levels
of weed suppression. In this case, intercrops in additive design were the only option to enhance weed sup-
pression. Proximity of component species proved a prerequisite for superior weed suppressiveness. Consequently,
in strip cropping systems, the improved weed suppressive ability rapidly declined with wider strips. The acquired
quantitative insights form a theoretical foundation for considering weed suppression when designing multi-
functional annual intercropping systems.
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1. Introduction later, a review by Gu et al. (2021) confirmed these vote-counting results.

Here the weed biomass in intercrop was higher, intermediate to and

1.1. Weed suppression in intercrops

Intercropping is the planned cultivation of two or more crop species
in a field. Intercrops have a high land use efficiency as shown by values
of the land equivalent ratio (LER) that are, on average, well above one
(Yuetal., 2015; Li et al., 2020). Furthermore, intercropping has multiple
ecological benefits, including ecologically based suppression of pests
and diseases (Boudreau, 2013; Stomph et al., 2020; Zhang et al., 2019).
For weed suppression, a vote counting analysis of published studies on
intercrops of two main crop species, published in 1993, indicated that
weed biomass in intercrop was higher, intermediate to or lower than the
weed biomasses obtained in pure stands of the two component species in
8 %, 42 % and 50 % of the cases, respectively (Liebman and Dyck, 1993).
Evidently, intercrops nearly always suppress weeds better than a pure
stand of the weaker suppressive component species. Almost 30 years
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lower than the weed biomasses in pure stands in 9 %, 46 % and 45 % of
the cases, respectively. Furthermore, Gu et al. (2021) conducted a
quantitative meta-analysis of the magnitude of the weed suppressive
effect, based on over 330 data records drawn from 39 publications. It
was shown that weed biomass in an intercrop was on average 58 %
lower than in the pure stand of the weaker suppressing crop species and
only 8 % higher than in the stronger suppressing crop species. These
results confirm the above average weed suppression of intercrops, with
the weed biomass in a mixed system markedly lower than the average
weed biomass obtained in the pure stands of the two component species.

Mechanisms contributing to a positive relation between increased
species diversity of mixed systems and improved ecosystem functioning
are usually divided in two main categories: complementarity effects and
selection effects (e.g. Loureau, Hector 2001; Brooker et al., 2021).
Complementarity effects are associated with increased total resource

Received 13 September 2024; Received in revised form 11 February 2025; Accepted 17 February 2025

Available online 12 March 2025

1161-0301/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://orcid.org/0000-0002-8465-3003
https://orcid.org/0000-0002-8465-3003
https://orcid.org/0000-0002-5506-4699
https://orcid.org/0000-0002-5506-4699
mailto:lammert.bastiaans@wur.nl
www.sciencedirect.com/science/journal/11610301
https://www.elsevier.com/locate/eja
https://doi.org/10.1016/j.eja.2025.127563
https://doi.org/10.1016/j.eja.2025.127563
http://creativecommons.org/licenses/by/4.0/

L. Bastiaans and W. van der Werf

use, resulting from processes such as niche differentiation and facilita-
tion. The augmented weed suppressive ability of intercrops is generally
believed to result from niche differentiation, whereby the two crop
species together capture a greater fraction of the available resource pool,
such that less is left for the weeds (e.g. Liebman and Dyck, 1993; Bilalis
etal., 2010; Schob et al., 2023). The logic of this reasoning is commonly
used to explain and justify the contribution of complementarity effects
to weed suppression, but a quantitative analysis has so far not been
made. The study of Gu et al. (2021) is one of the first to question the
important role of complementarity effects in enhanced weed suppres-
sion of annual intercrops. Contrary to expectation, if intercrops had a
replacement design, they did not find a significant positive relation
between the land equivalent ratio (LER; a commonly used index of
complementarity) and the level of weed suppression.

Selection effects are observed when a species has particular traits
that allow it to dominate a plant community and put its mark on the
ecosystem functioning of a mixed species system (Brooker et al., 2023).
In annual intercropping systems, species with a high early vigour are
likely to dominate the intercrop and this same trait is also regularly
associated with superior weed suppressive ability (e.g. Zhao et al., 2006;
Andrew et al., 2015). As a result, highly competitive species add
disproportionate to the weed suppressiveness of intercrops. This phe-
nomenon was for example noticed in a study on leek-celery intercrop-
ping systems (Baumann et al., 2000). Leek is a slow growing plant with
an upright stature, resulting in an open crop canopy and plenty of space
for weeds to develop. Celery is a faster growing and much more leafy
species, resulting in a crop with a much earlier canopy closure and better
weed suppression. Accordingly, a replacement intercrop of leek and
celery with alternate rows of the two species was dominated by celery,
with light interception and weed suppression of the intercrop more
similar to that of the celery than the leek pure stand (Baumann et al.,
2001). These observations align with the selection effect.

1.2. Selection, not complementarity, at the basis of weed suppression in
intercrops

Gu et al. (2022) used their earlier collected dataset to obtain further
insight in the role of selection and complementarity effects in the
above-average weed suppression of intercrops. As mentioned before,
this dataset was made up of over 330 records retrieved from published
intercropping research, with each record containing weed biomass in
intercrop as well as in pure stands of the component crop species. In
their analysis, the aim was to find a model that was able to accurately
predict the weed biomass in intercrop based on the weed biomasses
obtained in the pure stands of the component species. The aspiration was
that such a model, and in particular the assumptions at the basis of this
model, would provide clues on the relevance of selection and comple-
mentarity for weed suppression in intercrop. For their analysis, the
well-established plant competition model of Spitters (1983) was used to
describe the weed biomass evolving in pure stands of the crop species
that make up the intercrop (Y c1 and Yy c2; gm’z) as well as the weed
biomass evolving in the corresponding intercrop (Yu,ic). The principal
assumption at the basis of Spitters’ model is the additivity of competitive
influences, whereby the influence of each species is characterized by the
product of a species-specific competition coefficient and its plant den-
sity. Mathematical elaboration showed that the weed biomass in inter-
crop (Yw,ic) can be expressed as a function of the weed biomass in pure
stands of the component species: Yy 1c = f(Yw,c1,Yw,c2). More specif-
ically it showed that, under the assumption of additivity of competitive
influences, predicted weed biomass in intercrop (Yy,ic) corresponds to
the so-called weighted harmonic mean of weed biomasses in pure stands
of the component crop species:
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In this equation p; and p5 are the relative densities of crop 1 and crop
2, respectively, defined as the density of a crop species in intercrop
expressed as a fraction of its density in pure stand. A better appreciation
of the harmonic mean can be obtained by rewriting Eq. 1 (Appendix A):
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In this equation, by referring to the stronger weed suppressive spe-
cies as crop species 1 (Cl), it becomes evident that the lower weed
biomass associated with the stronger weed suppressive species (Yy, c1) is
weighed with an increased weight (proportional to Yy co), while the
greater weed biomass (Yy,c2) is weighed proportional to the lower weed
biomass. The expression thus clearly reflects the more than proportional
contribution of the more suppressive crop species to the weed suppres-
sion of the intercrop. Obviously, the selection effect thus simply evolves
as a result of the assumed additivity of competitive influences of the two
component species.

Following this, Gu et al. (2022) used the over 330 records containing
weed biomass in both intercrop and corresponding pure stands, to
evaluate how well the harmonic mean (Eq. 1) was able to predict weed
biomass in intercrop. Validation revealed a close correspondence be-
tween observed weed biomass in intercrop and the prediction following
from the harmonic mean, without a systematic overestimation of actual
weed biomass. This result led to the conclusion that a model based on
the additive competitive effect of component species was sufficient to
account for the observed weed suppression in intercropping. There was
no support for a more complex model with synergistic effects, evolving
from for instance niche differentiation. Consequently, the main
conclusion of the study by Gu et al. (2022) was that selection is the
prime mechanism responsible for the above average weed suppression
of annual intercrops, whereas complementarity effects do mostly not
play an important role.

1.3. Intercrop design and weed suppression

Although complementarity effects have previously been considered
the main mechanism of the above average weed suppression of in-
tercrops, the study of Gu et al. (2022) proved it is the selection effect.
Here, we build on this empirical evidence and provide a theoretical
assessment of how intercrop design factors like species composition,
mixing ratio, planting density and spatial arrangement influence the
weed suppressive function of intercrops. Spitters’ plant competition
model, the model at the basis of the harmonic mean, was used to
characterize these influences in a quantitative manner. Such quantita-
tive assessments are relevant, as, next to weed suppression, intercrop-
ping systems will have to deliver a good product and be able to facilitate
the expression of other ecological advantages. Consequently, the ideal
intercropping design will be the result of an optimization process,
whereby various objectives are weighted against one another (e.g.
Baumann et al., 2002). Being able to provide a substantiated prediction
of how intercropping design is likely to affect the ability of intercrops to
suppress weeds is highly relevant for such an optimization process.

2. Material and methods

This section starts with providing more fundamental insight in the
relation between Spitters’ model, the harmonic mean and the selection
effect. It then explains how we used this insight to quantitatively char-
acterize the contribution of the selection effect to the weed suppression
of intercrops. This is followed by a more detailed description on how
Spitters’ model was used to quantify the influence of species composi-
tion, mixing ratio, planting density and spatial arrangement on the weed
suppressive ability of annual intercrops.
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2.1. Spitters’ model, the harmonic mean and the selection effect

As mentioned in the introduction, the well-established plant
competition model of Spitters (1983) was used as starting point for the
analysis by Gu et al. (2022):

Ny

Y, =
wa bw,O + bw,wNw + bw.CiNCi

3

Here Y c; is the weed biomass in a pure stand of crop species i, Ny is
weed plant density (plants m~2), byo represents the reciprocal plant
weight of an isolated weed plant not experiencing competition (plants
g’l), bw,w and by, ¢, are competition coefficients (ng’l) representing
the increase in reciprocal weed plant weight per unit increase in the
density (plants m?) of weed plants (Ny,) and crop species i (N¢),
respectively. The principal assumption at the basis of Spitters’ model is
that the addition of any plant to a plant population, regardless of species,
increases the reciprocal of individual plant weight in an additive
manner. The size of this increase is species-specific and proportional to
the competitiveness of the species. Consequently, the inverse of weed
biomass (1/Yw,ci; m?g™1) increases linearly with crop plant density,
whereby a steeper slope reflects a stronger competitive influence of the
crop species on the weed (Fig. 1 A). Inversion of 1/Yy, ¢, resulting in
Yw,ci which expresses the amount of produced weed biomass in a more
common unit (gm~2), shows the additivity of competitive influences in a
different perspective (Fig. 1B). Here, increasing crop plant density re-
sults in a reduction of Yy cj, whereby the addition of every next crop
plant results in a continuously smaller marginal reduction. The rela-
tionship thus reflects that adding crop plants increases the total
competitive pressure on the weed. At the same time, the increased
intraspecific competition at higher crop plant densities is responsible for
the gradually lesser reduction in Yy, ;. Consequently, the influence of
the addition of every next crop plant simply gets smaller. What is also
obvious is that with a stronger weed suppressive crop species, Yy c;
drops considerably faster than with a weaker suppressive species.

Eq. 3 for weed biomass in a pure stand crop was used as a basis for
studying weed biomass with two crop species in the same field. In its
simplest form, the introduction of a second crop species can be realized
by splitting the field in two parts, where crop 1 is grown on the first part
and the second part of the field is planted with crop 2. For such an
arrangement the average weed biomass (Y s with SF referring to split
field) corresponds to the weighted arithmetic mean of the weed bio-
masses in the two pure stands (Table 1):

1 P2
Yusr = — Vo1 +—L2— Yoo = p, Yucr + Ve, @
w,SF (p1+p2) w,C1 (p1+p2) w,C2 14twCl 214w,C2

—e—\Weeds in a pure stand of crop species 1

—m-Weeds in a pure stand of crop species 2

——Weeds in a mixture of species 1 and 2

11Y,, (m3/g)

N, 1ot (plants/m2)
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with p; and p; as the relative densities of crop 1 and crop 2, defined
as the density of a crop species on a mixed field expressed as a fraction of
its density in pure stand. Here these relative densities correspond to the
fraction of the field planted with crop 1 and crop 2, respectively. Plotting
average weed biomass as a function of the proportion of the field
occupied by the stronger weed suppressor (p;) results in a linear
decrease from Yy, ¢z in a pure stand of the weaker suppressive crop
species to Yy 1 in a pure stand of the stronger weed suppressive species
(Fig. 2 A; model A).

If both crop species are mixed and planted in intercrop, weeds are
simultaneously suppressed by both crop species. This combined sup-
pression is included in an extended version of Spitters’ model expressing
the weed biomass in intercrop (e.g. Bastiaans and Storkey, 2017)
(Table 1; model B):

Ny

5)
bwo + bwwNy + byc1p1Ner + bu.copsNea

Yyic =

Mathematical elaboration of this expression showed that the inverse
predicted weed biomass in a species mixture (1/Yy1c) was linearly
related to the inverse weed biomasses in the pure stands of the species
contained in the mixture (Gu et al., 2022):

11 1
Yuic P~ Yua szw,C2

This is illustrated in Fig. 1 A, where 1/Yy, 1c of a replacement inter-
crop with equal shares of the two crop species develops exactly in be-
tween the inversed weed biomasses of the two pure stands. Inversion of
the terms on both sides of the equal sign yields:

1

Yw,IC =
o(7) +: (i)

which illustrates that, when additivity of competitive influences of
both species is assumed, predicted weed biomass in intercrop (Y, ic)
corresponds to the so called weighted harmonic mean of weed biomasses
in pure stands of the component crop species. The implication for weed
suppression is illustrated in Fig. 1B. Here it shows that also the relation
between weed biomass in intercrop (Y, ic) and total crop plant density is
found in between that of the two component species in pure stand. Yy, ic
is however much closer to the weed biomass obtained in the pure stand
of the stronger weed suppressive crop species. Clearly the stronger
suppressive species puts its mark on the weed suppression function of
the mixture. This phenomenon is also evident in Eq. 2 and is what is
referred to as the selection effect. In this case, a curved relationship

@

Yy (g/m?)

N, 1ot (Plants/m?)

Fig. 1. Relation between reciprocal biomass (1/Y; Fig. 1 A) and biomass (Yy; Fig. 1B) of weeds in a crop stand, as a function of total crop plant density (Not),
following Spitters (1983). The relation is shown for a stronger (species 1) and a weaker (species 2) weed suppressive crop species and for replacement intercrops with
equal contribution of the two crop species (p; = p» = 0.5). Note that the mixture is positioned exactly in the middle of the two pure stands when it concerns 1/Yy,
whereas a clear bias towards the pure stand of the more weed suppressive species is observed with Y,, as response variable. This bias reflects the selection effect.
Mathematically, Y, in intercrop corresponds to the harmonic mean (Eq. 1) of the weed biomass in pure stands of the two crop species.
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Table 1

Three conceptual models for assessing weed biomass (Y,,; gm~2) in a field with two crop species. Model A reflects a situation in which the two species each occupy
separate parts of the field (split field; Y,y s¢). Here the weed biomass is the weighted average of weed biomass in pure stands of the two species. Model B and C reflect
situations where the two crop species are combined in an intercrop (Y.,ic). Model B is solely driven by competition between component species, resulting in a more
than proportional contribution of the stronger weed suppressive species to the weed suppression of the intercrop (selection effect). Model C additionally accounts for
synergy among crop species following from for instance niche differentiation (complementarity effect), which is included through an interaction term. Note that
models A (arithmetic mean) and B (harmonic mean) can both be expressed as functions of the weed biomasses obtained in pure stands of the two crop species (Y, c1,
Yuw,c2)-

Model General equation sensu Spitters (1983) Expression based on weed biomasses in pure stands
Model A (Eq. 4) Arithmetic mean N,, N, =p1Ywc1 +pYwe

Yusr =pq + P2

bw.o + bwwNw + bwc1 N buw.o + bwwNw + bw,c2Nea
Model B (Eq. 1) Harmonic mean Yo — Ny, _ 1
€7 buo + Bl + b1 piNet + bucapyNeo ( 1 ) ( 1 )
1 2
Yua Ywco

Model C Ny -

Yuic

- bwo + bwwNy + byc1pyNet + bu.c2paNea + by jcp1Ne1paNea

Y.y = weed biomass (gm’z); bw,o = inverse of maximum individual weed plant dry weight (plant/g); by w, bw,c1 and by, ., = competition index of weed and crop species
1 and 2 on the weed (m?/g); by, ;. = index reflecting synergy between crop species (m?/g)/(plant/m?)); N,, N1, Nep = plant density (plant/m?) of weed and crop
species 1 and 2 in pure stand; p; and p, = relative density, defined as density in intercrop over density in pure stand, of crop species 1 and 2, respectively. In model A
these relative densities correspond to the fraction of the field occupied by crop 1 and 2, respectively.

A m  Weaker suppressive species m Yw,C2
----Model A (Arlthmetllc mean) --—-Yw,SF
\\ Model B (Harmonic mean) Yw,IC
~ Sl e Model C & ® YwCi
E ® Stronger suppressive species e W
o} o}
>_§ o t
o | selection \‘\ a
& effect RNy g
5 5
o) !
- Ty 4 ke;
(0] complementarity = "*teee.l, %
g effect Ttteeeee—— =2
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

pr ' ' P

Fig. 2. 2 A. Predicted weed biomass in intercrops with a replacement design, plotted as a function of the relative density of the stronger weed-suppressive species in
intercrop (p;), following model A (crop species each occupy separate parts of the field; arithmetic mean), model B (accounting for the selection effect; harmonic
mean) and model C (accounting for selection and complementarity) (Table 1). In this example, weed biomass in pure stand of the weaker suppressive crop species
(Yw,c2) is 4-fold larger than the weed biomass in pure stand of the stronger suppressive crop species 1 (Yy, 1) (a = 4). 2B. Illustration of how AY, g, AYy 1c and AYy,,
se are based on Yy c2, Y sr and Yy, 1, which are then used to calculate the relative reductions in weed biomass: Rsr (Eq. 6) and Ry¢ (Eq. 7) as well as the proportion of
the overall reduction in weed biomass that can be attributed to the selection effect: Ps. (Eq. 9).

between weed biomass and the proportion of the stronger suppressive
species (p1) evolves (Fig. 2 A; model B). Consequently, the gain in weed
suppression observed in an intercrop and following from the selection
effect corresponds to the difference between the straight line and the
curved relationship.

The selection effect thus simply evolves as a result of the additivity of
the competitive influences of the two component species. If, on top of
the selection effect, complementarity effects also play an important role
in weed suppression of the intercrop, the produced amount of weed
biomass would be even smaller. Such an effect can be included by
extending Eq. 5 with an interaction term. This term is driven by the
product of the densities of the two crop species, to express that the effect
will only be operative in the presence of both species (Table 1; model C).
In this way a synergistic effect, for instance resulting from niche dif-
ferentiation, is represented. Accordingly, the relation between weed
biomass and the proportion of the stronger suppressive species (p1)
shows an even further reduction in Yy ¢ (Fig. 2 A; model C). Since

synergistic effects will only occur in the presence of both species, the size
of this complementarity effect cannot be derived from the performance
of the two crop species in isolation. Therefore, unlike the arithmetic and
the harmonic mean, model C cannot be solely expressed in terms of weed
biomasses obtained in pure stands of the two crop species (Table 1).
However, if complementarity would commonly contribute to the weed
suppression of intercrops, the predicted weed biomass in intercrop based
on the harmonic mean would have frequently resulted in an over-
estimation of observed weed biomass in intercrop. The absence of such a
systematic overestimation of observed weed biomass in the study of Gu
et al. (2022) can thus be interpreted as an important clue, illustrating
that complementarity is not an important mechanism in the weed sup-
pression of annual intercrops.
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2.2. Quantifying the contribution of the selection effect to improved weed
suppression in intercrops

Building on the empirically proven validity of Spitters’ model (Gu
et al,, 2022), we made a quantitative exploration on how species
composition, mixing ratio, planting density and spatial arrangement
affect the weed suppressive ability of annual intercrops. In these ana-
lyses weed biomass in pure stands of two component crop species (Yy,c1,
Yw,c2) was used as starting point. Throughout this study we referred to
the stronger weed suppressive species as crop species 1 (C1). Addi-
tionally, we introduced parameter a to characterize the difference in
weed suppressive ability between the two crop species:

_ YW.CZ
Yw.Cl

Since Yy,c2 > Yw,c1 it is evident that a > 1.

Based on the weed biomasses in pure stand both the arithmetic mean,
representing the average weed biomass in a situation with two crops
occupying a separate part of a split field (Y, sp; Eq. 4) and the harmonic
mean, representing the average weed biomass with both species planted
as component species in an intercrop (Ywc; Eq. 1), were assessed.
Subsequently, for both situations, the reduction in weed biomass
compared to the weed biomass in the pure stand of the weaker sup-
pressive species (Yy,co) was calculated (4Yvw,sp = Yw,c2 - Yw,srand AYy,
1c= Yw,c2 - Yu,1c, respectively) (Fig. 2B). These reductions were then
expressed as relative reductions (R) by dividing them by the weed
biomass in pure stand of crop species 2:

Yuca —Yusr _ AYwsr

Rer = = (6)
S Yuwe Yuco

Ywer — Ywie AYyic
Ric = - %
© Yw.C2 YWACZ

Finally, the advantage of growing species in mixture that can be
ascribed to the selection effect (se) was estimated as the difference in
predicted weed biomass between the two species occupying separate
parts of the field (Y sr) and the two species mixed as intercrop (Yy,ic)
(Fig. 2B):

AYyse =Yysr — Yurc ®

This contribution of the selection effect was then related to the
overall reduction in weed biomass to obtain the proportion of the
reduction attributed to the selection effect:

. AYWASE

P, =
= AV )

2.3. Relating intercrop design to weed suppressive ability

2.3.1. Species composition

To quantify the influence of species composition, we considered in-
tercrops in replacement design with an equal share of the two compo-
nent species (p; = p2 = 0.5). The component species within these
intercrops differed to a smaller or larger degree in weed suppressiveness,
reflected in ratio a ranging from 1 to 10. For these intercrops we
calculated Rgf, Ric and Pge.

2.3.2. Mixing ratio

Similarly, for the influence of mixing ratio, we analyzed intercrops in
replacement design with ratio a ranging from 1 to 10. Here we deter-
mined the relative density of the stronger weed suppressive species (p1)
at which the additional reduction in weed biomass following from the
selection effect (AYy se; Eq. 8) reached its maximum size. This relative
density was referred to as p1,max-
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2.3.3. Planting density

For the effect of planting density, we first analyzed the original
dataset of Gu et al. (2021) and separated the entire dataset in replace-
ment (p; + p2 = 1.) and additive (p; + p2 > 1.) intercrops. For each of the
two categories we determined how the weed biomass in intercrop (Yw,ic)
related to the weed biomass in pure stands of the two component species
(Yy,c1 and Yy, c2). Additionally, we investigated how an increase in
relative density total (RDT = p; + p2) ranging from 1 to 1.5 (representing
an increase in total plant density up to 50 %), increased the relative
reduction in weed biomass of intercrops (Ric). For this analysis, inter-
crop combinations of species differing in weed suppressive ability,
characterized by a-values of 1., 1.5 and 2., were used.

2.3.4. Spatial arrangement

Spatial arrangement was investigated by comparing replacement
intercrops in alternate row design with strip cropping systems, where
rather than single rows of each species, strips with a higher number of
crop rows from crop species 1 were alternated with strips of similar
width of the second crop species. The investigation focused on how weed
biomass in these mixed systems gradually increased from Yy ic in sys-
tems with intimate mixing of the two species to Yy sr in systems with
these species in two separate parts of the field.

3. Results
3.1. Species composition

Compared to a monoculture field of a weaker suppressive crop spe-
cies, the replacement of this species in part of the field by a sole crop of a
more weed suppressive species will lower the total amount of produced
weed biomass. Taking the specific situation where the weaker sup-
pressive crop is replaced in half of the field, resulting in an equal share of
both crop species (p; = p2 = 0.5), the relative reduction in weed biomass
amounts to (Appendix B):

AYW.SF a—1
Rsr = m = a4 (6)

This equation shows that at higher values of parameter a, that is
when the two crop species differ more in weed suppressive ability, Rsg
evolves to an asymptote with a value of 0.5 (Fig. 3). This implies that in a
field occupied with two crops in equal share and without mixing of these
crop species, the maximum reduction in weed biomass compared to the
weed biomass in a pure stand of the weaker suppressive crop species, is
50 %. Such a reduction will however only be approximated if crop
species differ more than 10-fold in weed suppression.

Likewise, for an intercrop, the reduction in weed biomass relative to
the weed biomass in a pure stand of the weaker suppressive species can
be determined. For a replacement intercrop with an equal share of the
two species (p; = p2 = 0.5), and analogous to Eq. 6, this relative
reduction (Ry¢) can be expressed as (Appendix B):

7AYW.IC 7(171

R -
1 Yy a+1

@)

Obviously, it is again solely the difference in weed suppressive ability
between the two crop species that determines how much the weed
biomass in intercrop is reduced relative to the weed biomass in pure
stand of the weaker suppressor. Rj¢ is an increasing function of param-
eter a: the more the species differ in weed suppressive ability, the
stronger is the reduction in weed biomass (Fig. 3). Evidently, the weed
suppression of the mixture is stronger than what is obtained when the
two crop species are kept on separate parts of the field. Due to the se-
lection effect, a halving of weed biomass is already achieved with an
intercrop composed of species that differ no more than three-fold in
weed suppressiveness (ratio a = 3).

The benefit, in terms of weed suppression, of growing crop species in
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Fig. 3. Influence of the difference in weed suppressiveness between crop spe-
cies, expressed as ratio a, on the relative reduction in weed biomass in an
intercrop in replacement design with equal relative densities of the two crop
species (p; = p2 = 0.5) (Ric; Eq. 7). Weed biomass in intercrop is estimated
following model B (harmonic mean; Eq. 1) and weed biomass in pure stand of
the weaker suppressive crop species is used as reference. In a similar manner
weed biomass for the situation where both crop species each occupy separate
halves of the field (split field) is estimated, using model A (arithmetic mean; Eq.
4). Here, the relative reduction in weed biomass is expressed as Rgr (Eq. 6). The
better weed suppression in intercrop results from the selection effect.

mixture that can be exclusively attributed to the selection effect corre-
sponds to the difference in predicted weed biomasses between arith-
metic (Yw,sp) and harmonic mean (Yyw,c). For any intercrop in
replacement design this difference corresponds to (Appendix C):

o P1/)2(YW,C2 - Yw.Cl)2

AYyse = - Y= 8
w.se w.SF w.lIC szw,Cl +ple.C2 ( )

This difference in weed suppression of two species that are kept
strictly separated (arithmetic mean) and the same crop species when
grown as an intercrop (harmonic mean) is schematically depicted in
Fig. 4. Panels A and B represent the weed biomass (coloured orange) in
pure stands of a weaker (A) and a stronger (B) weed suppressive crop
species, respectively. The green colour indicates the reduction in weed
biomass because of the competitive suppression inflicted by the crop.
Weed suppression in fields with equal shares of the two crop species is
presented in the other panels. If the two crops are present on two
separate parts of the field, both species keep on occupying exactly half of
the diagram, and the remaining orange area is thus the average of the
areas found in 4 A and 4B (Fig. 4 C). Laid out as an intercrop will
facilitate the interaction between the two species, whereby selection
results in a stronger contribution of the more weed suppressive crop
species. Consequently, weed biomass will relate more closely to that of
the pure stand of the component crop species with stronger weed sup-
pressive ability (Eq. 2). Schematically this is represented by the stronger
suppressor intruding into the area of the weaker suppressor (Fig. 4D).
The level of intrusion depends on the difference in weed suppressiveness
between the two crop species: the larger this difference the stronger the
intrusion. The weed suppression strictly attributable to the selection
effect is depicted by the rectangle in panel 4E, of which the area cor-
responds to the difference in weed biomass between arithmetic and
harmonic mean (Eq. 8; Appendix C). An illustration of the selection ef-
fect under field conditions is presented in Fig. 5.

Relating the reduction following from selection (AYy ) to the
overall reduction in weed biomass (4Yy,1c) provides the proportion of
the reduction attributable to the selection effect. Taking once more the
example of a replacement intercrop with an equal share of the two
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component species (p; = p2 = 0.5) this proportion (Ps.) can be calculated
as (Appendix C):

AYyee a-—1
Pe= Vo~ 2
w,IC a

€©)

This is the same function as found for Rgr (Eq. 6; Fig. 3). With a
further increase in parameter a, reflecting the difference in weed sup-
pressiveness between the two crop species, it is thus not only the total
reduction in weed biomass that increases, but also the proportion of this
reduction that is attributable to the selection effect (Pse) (Eq. 9). In the
absence of a difference in weed suppressive ability between the two
species (a = 1) competitive selection does not occur, whereas at higher
values of a the proportion of the reduction caused by the selection effect
evolves to an asymptote with a value of 0.5. Evidently, the difference in
weed suppressive ability of the two component crop species is vital: it
drives the selection effect and is responsible for the enhanced weed
suppression of intercrops. The greater the difference in weed suppressive
ability of the two pure stands, the greater is the relative gain from
mixing beyond just growing the crops in two separate parts of the field.
Utilization of the weed suppressive function of intercrops thus largely
rests on species composition and requires mixing of species that signif-
icantly differ in weed suppressive ability.

3.2. Mixing ratio

To investigate the influence of mixing ratio on the weed suppressive
ability of replacement intercrops, we derived the relative density of the
stronger weed suppressive species (p1) at which the additional reduction
in weed biomass following from the selection effect (4Yy,se) Was at its
maximum. Here Eq. 8 served as a starting point. By taking the derivative
of this function with respect to p1, we arrived at the relative proportion
at which AY, s obtains its maximum, referred to as pi max. Following
this procedure it can be shown that also p1 max depends on parameter a
and equals (Appendix D):

1
P1max = m

This indicates that the influence of mixing ratio on weed biomass is
predominantly determined by the difference in weed suppressive ability
between component species. With a small difference in weed suppres-
sive ability of the two component species the largest gain in AYy s is
obtained at a p; close to 0.5 (Fig. 6). With a larger difference in weed
suppressive ability of the two component species, the largest additional
reduction in weed biomass attributable to the selection effect is obtained
with a gradually lower proportion of the most weed suppressive species.
Evidently, if the two crop species differ markedly in weed suppressive-
ness, even a relatively small fraction of the stronger weed suppressive
species substantially improves the weed suppressive ability of the
intercrop.

(10)

3.3. Planting density

With the selection effect as main driver, a reduction in weed biomass
in the intercrop below that of the pure stand of the stronger weed sup-
pressor can only be achieved by increasing total plant density, i.e., by
using an additive intercrop (p; + p2 > 1.). This is also evident from an
analysis of the results presented by Gu et al. (2021). Here, weed biomass
in replacement intercrops was, on average, much lower than in pure
stand of the weaker weed suppressive crop and just marginally higher
than in pure stand of the stronger suppressor (Fig. 7). In additive in-
tercrops the weed biomass was more strongly reduced and, on average,
also lower than that of the weed biomass in pure stand of the stronger
weed suppressing species.

Just as in pure stands, an increase in planting density in intercrops
will provide better weed suppression. To investigate the influence of an
increased plant density on weed suppressiveness of species mixtures, the
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Fig. 4. Schematic representation illustrating the principle of the selection effect in the weed suppression generated by intercrops composed of two crop species. Weed
biomass is coloured orange, whereas green reflects the reduction in weed biomass resulting from the presence of a crop species. The panels display the weed biomass
evolving in a weaker weed suppressive crop species (Y,,c2; 4 A), in a stronger weed suppressive species (Yy,c1; 4B), and in fields with equal contribution of the two
crop species (p; = po = 0.5) either organised as a split field with the two species present on separate parts of the field (Y sr; 4 C), or as intercrop (Yyc; 4D). In
intercrop, the selection effect is illustrated as the stronger weed suppressor intruding into the area of the weaker suppressor. This results in a lowered weed biomass
(harmonic mean; Eq. 1). The lower part of 4D is magnified in panel 4E to illustrate that the level of intrusion is related to the difference in weed suppressive ability
between the two crop species. The additional reduction in weed biomass following from competitive selection (4Yy ) is depicted by the square, with an area
corresponding to Eq. 8 (Appendix C).

Fig. 5. Pure stands of rye (Secale cereale L.) and field pea (Pisum sativum var. arvense L.) and a replacement intercrop of these two species (50 %-50 %) at 29 days after
sowing, illustrating the selection effect. The soil cover of rye in intercrop (63 %) is more than half of the area it covers in pure stand (85 %). For field pea the opposite
is observed, as its cover in intercrop (8 %) is less than half of its soil cover in pure stand (35 %). Rye dominates the intercrop through a partial displacement of field
pea, resulting in a total soil cover (71 %) exceeding the average of the two pure stands (60 %) (unpublished results).

weed biomass in species mixture was compared to the weed biomass in a relative densities p; and p, this relative reduction amounts to (Appendix
pure stand of the weaker weed suppressive species. This reduction in E):

weed biomass was then expressed as a fraction of the weed biomass in

the weaker weed suppressive species. For an additive intercrop with
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Fig. 6. Influence of the difference in weed suppressiveness between crop spe-
cies, expressed as ratio a, on the relative density of the more weed suppressive
crop species (p1) in a replacement intercrop for which the additional reduction
in weed biomass following from competitive selection (AYy s; Eq. 8) is at its
maximum. This relative density is referred to as p1 max (Eq. 10). Insets to the
figure represent Fig. 2 and show where p; may is found if weed biomass in pure
stands of the crop species differ either two-fold (a = 2) or eight-fold (a = 8)
from each other.

ap; +pa an
The current analysis thus shows that the relative reduction in weed
biomass relative to that of a pure stand of the weaker suppressive crop
species depends on the relative densities of the two crop species and
ratio a (Eq. 11). If two component crop species differ only marginally in
weed suppressive ability, an increased plant density is a potential
alternative for raising the weed suppressive ability of the intercrop. For
that reason, the influence of total crop plant density is presented for
values of parameter a of 1., 1.5 and 2. (Fig. 8). In all instances, a
replacement intercrop (RDT = 1.) with equal share of the two species
was used as a starting point. In absence of a selection effect, when both
crop species are equally weed suppressive (a=1), a 25 % increase in the
density of both crop species (RDT = 1.5) results in a relative reduction in
weed biomass of 33 % (Fig. 8B). With a-values of 1.5 and 2, when also
selection adds to the overall weed suppressive ability of the intercrop,
the relative reductions are larger and amount to 47 % and 56 %,
respectively. If only p;, the relative density of the more weed suppressive
species, is increased the reductions will be somewhat larger (Fig. 8 A),
whereas the opposite is observed if only ps, the relative density of the
weaker suppressive weed species, is increased (Fig. 8 C). At high enough

—

replacement design O D
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relative density totals the weed suppressive ability of the intercrop
equals or surpasses that of the pure stand of the stronger suppressive
crop species. Such situations are more readily achieved if intercrops do
contain a larger contribution of the stronger weed suppressive species.

3.4. Strip cropping

Conditions for meeting the validity of Spitters’ model, and thus the
validity of the harmonic mean as a derivative of this model, encompass
mixing of individuals of the crop species at a sufficiently fine spatial
grain. Such proximity can be realized by mixing the component species
in the row or by an alternate row design of the species with narrow row
spacing. In strip cropping systems a less intimate mixing is used, to
create better opportunities for individual management and harvesting of
the component species. Here strips of the two species, composed of
several rows of one crop species, are alternated. With strips of multiple
rows of one crop species, competitive selection will only occur at the
border of two neighbouring strips. Consequently, any advantage of crop
mixtures regarding an increased weed suppression will rapidly diminish
with increased strip width.

Under the assumption that the weed suppression in between two
neighbouring rows is predominantly determined by the plants that make
up these rows, the overall weed biomass in a strip cropping system, with
each strip composed of r rows, can be assessed as:

(r—=1)Ywa +T—1)Yye +2Ypc

2r 12)

YW.STRIP =

Relative to the additional weed suppression due to the selection ef-
fect in a fully mixed intercrop (AYys = Yw,sr — Yw,ic), the additional
weed suppression in a strip cropping system then amounts to the
following proportion (Appendix F):

Yysr — Ysmrre _ Ywsr — Ywstre 1

PSTRIP = - -

13
YW,SF - YW.IC AYw.xe

Evidently, the advantage of strip cropping systems in terms of an
improved weed suppression rapidly decreases as a function of the
number of rows (r) within a strip (Fig. 9). Eq. 13 implies that with every
doubling of strip width, only half of the additional weed suppression
following from the selection effect remains e.g., with strips of two rows
just 50 % of the advantage obtained in an intercrop with alternate row
design remains and this benefit drops further to 25 % and 12.5 % with a
strip width of 4 and 8 rows, respectively. Clearly, the size of the above
average weed suppression of intercrops is strongly related to the level of
intimate mixing of crop species in the intercrop. Partial segregation of
species as is used in strip cropping systems, is thus at the cost of the weed
suppressive ability of the mixed system.

O =Yuc1
D =Yuc2
D =Ywic
£

R —

ae

additive design

=

0 weed biomass (gm-2) Yucz

Fig. 7. Weed biomass in intercrops with replacement and additive design (Y, 1c) expressed relative to the weed biomass obtained in pure stands of the component
species (Y, c1; Yw,c2)- Average values are based on the records reported by Gu et al. (2021).
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Fig. 8. Influence of relative density total (RDT = p; + p2) on the relative reduction in weed biomass (Ric; Eq. 11), whereby the weed biomass in a pure stand of the
weaker suppressive crop species (Y, c2) is used as reference. The relation is depicted for a-values of 1., 1.5 and 2. In all situations a replacement intercrop with p;
= p2 = 0.5 is used as starting point. Relative density total is then increased by solely increasing p;, while p, = 0.5 (7 A), by increasing p; and p to a similar extent
(7B) and by solely increasing p», while p; = 0.5 (7 C). The bold dot (e) is used to indicate the relative density total of the additive intercrop for which the weed
suppressiveness of the intercrop matches that of the pure stand of the stronger weed suppressor. Beyond this point the intercrop is more weed suppressive than pure

stands of either crop species.
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Fig. 9. Weed biomass in a strip cropping system composed of two crop species
(Yw,strip) as a function of strip width (r = number of crop rows within a strip).
Weed biomass of the two pure stands (Y c1, Yw,c2) and the weed biomasses in
fields with equal contribution of the two crop species (p; = p2 = 0.5) either
organised as a split field with the two species present on separate parts of the
field (Yy,sp; arithmetic mean: Eq. 4), or as intercrop (Y, ic; harmonic mean: Eq.
1) are presented as horizontal lines. Following from an increase in number of
rows within a strip, Yy strip gradually increases from Y, ic in an alternate row
design (r = 1.) to approximate Y, sp in a system with wider strips (Eq. 12).

4. Discussion
4.1. Design and weed suppressiveness of annual intercrops

Displacement of a less competitive species by a more competitive
species is the prime mechanism for explaining why intercrops are more
weed suppressive than the average of the two pure stands (Gu et al.,
2022; Fig. 4). Additivity of competitive influences of the two component
species generates the selection effect and is the reason why the harmonic
mean provides an accurate estimate of the weed biomass obtained in

intercrop. Here we used the plant competition model at the basis of the
harmonic mean to provide a theoretical assessment on how species
composition, mixing ratio, planting density and spatial arrangement are
expected to influence the size of the selection effect and thereby the
weed suppressive function of annual intercropping systems.

4.1.1. Species composition

The study revealed that, related to weed suppression, species
composition is the most important design factor. The difference in weed
suppressiveness between component species drives the selection effect
and, through that, the above average weed suppression of intercrops.
Competitive selection results in a greater influence of the stronger weed
suppressive species, and a diminished influence of the weaker weed
suppressor. The net result is a better weed suppression than expected
based on the average weed biomass of the two pure stands. Competitive
selection, and the additional weed suppression following from it, typi-
cally only occurs with component species differing in weed suppres-
siveness: in absence of a difference in weed suppressive ability (a = 1) no
advantage evolves. With component species differing in weed suppres-
sive ability (a > 1), a continuously increasing function between the
difference in weed suppressiveness of the species (expressed as ratio a)
and the advantage in weed suppressiveness of an intercrop composed of
these species was found (Fig. 3).

4.1.2. Mixing ratio

With a too large difference in weed suppressive ability of component
species, there is the danger of the weaker weed suppressive species being
overgrown. In the leek-celery intercropping study of Baumann et al.
(2000), celery not only suppressed weeds adequately, but also put a too
strong competitive pressure on leek. For leek this resulted in a too small
individual plant size, which endangered the marketability of this crop.
The current study showed that, in situations with a large difference in
weed suppressiveness between component crop species, reducing the
fraction of the more weed suppressive species in intercrop is
commendable. With an increasing difference in weed suppressive ability
between crop species, the maximum additional reduction in weed
biomass following from the selection effect is obtained with a gradually
smaller fraction of the more weed suppressive species (Fig. 6). Conse-
quently, for crop species combinations with a substantial difference in
weed suppressive ability, lowering the fraction of the more weed sup-
pressive species will reduce the ability of the intercrop to suppress weeds
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only slightly. Adjusting the mixing ratio of the intercrop seems an
intelligent means of protecting the weaker suppressor while maintaining
adequate weed suppression.

4.1.3. Plant density

For crop species that do not differ much in weed suppressiveness, the
use of additive intercrops is an alternative option for raising the sup-
pressiveness of a species mixture. Small increases in relative density
total already provide marked reductions in weed biomass (Fig. 8). Ad-
ditive intercrops might also result in weed suppressiveness of the
intercrop exceeding that of the pure stand of the stronger suppressive
crop species. Increasing plant density as a measure to increase the weed
suppressive ability of a canopy is however not a measure exclusive to
intercrops, as many studies with species in pure stand have demon-
strated a positive association between crop plant density and weed
suppressiveness (e.g. Zhao et al., 2007; Wu et al., 2021). Care should be
taken that the increased competitive pressure following from an
increased total plant density does not negatively influence quality or
quantity of the harvestable product. A cautious use of raising the overall
plant population is particularly relevant if the market requires a mini-
mum individual plant size, or if competition has a negative influence on
the harvest index of a crop (e.g. De Wit et al., 1979).

4.2. Strip cropping systems

Selection effects resulting in improved weed suppression only come
to expression if the component species of the intercrop are intimately
mixed. In an agricultural setting, proximity between heterospecifics is
realized if species are mixed within the row or sown in alternate rows
with narrow row spacing. Such intense mixing of individuals of different
plant species easily creates practical problems, which are mostly related
to crop management and harvesting operations. To maintain the ad-
vantages of intercropping and minimize practical and agronomic prob-
lems, strip cropping has been proposed (e.g. Juventia et al., 2022). Strips
serve as the fundamental unit of strip cropping systems and are
composed of multiple rows of one crop species, varying in width from
just 3 m up to 27 m. Major advantage of strips is that available mech-
anisation can still be used, facilitating an easier transition from con-
ventional agriculture with pure stands towards strip cropping systems.

Despite the less intimate mixing of crop species in strip cropping
systems, several ecosystem services persist. This particularly holds for
regulating services regarding pests and diseases. Pest and disease control
through intercropping is partly due to the disruptive influence of the
second species, which reduces the likelihood of insects and fungal spores
reaching the next host plant (e.g. Finch and Collier, 2000; Finckh et al.,
2000). Presence of another crop species still serves as an obstacle in strip
cropping systems, though mainly through a disruption of the movement
from one strip to another (e.g. Ditzler et al., 2021). Disturbed movement
does not occur in weeds, as plants are bound to a fixed position. It is the
interaction that follows from the proximity of individuals of the two crop
species that causes the enhanced weed suppression. In strip cropping
systems such an effect is thus limited to the borders of two neighbouring
strips. With increased strip width these borders make up a gradually
smaller part of the field and therefore the enhanced weed suppression
following from the selection effect rapidly declines with increased strip
width (Fig. 9). Consequently, strip cropping systems with strips
composed of many rows do not have much to offer in terms of an
enhanced weed suppression. Still, strip cropping might contribute to
weed management by other means. Following research on weed seed
predation, it is not unlikely that the heterogeneity in vegetation types
and crop residues in fields with strip cropping practices, might provide
improved shelter for weed seed predators (e.g. Gallandt et al., 2005; Fox
et al., 2013). Such potential influences of strip cropping systems on weed
seed predation deserve further investigation.
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4.3. Empirical data, model analysis and exploration

The meta-analysis of Gu et al. (2021) reinforced by a subsequent
model analysis (Gu et al., 2022) provided the foundation for the current
investigation into the relationship between intercrop design factors and
weed suppressive ability of crop species mixtures. In their second study,
the model of Spitters (1983) was used to connect weed biomass in
intercrop with the weed biomass obtained in pure stands of the
component species. The close correspondence between empirical data
and model predictions served as the justification for the use of Spitters’
model in the current study, where the aim was to explore how intercrop
design factors are likely to influence the weed suppressivieness of in-
tercrops. The current explorations provide best bets based on currently
available knowledge and present clear insights in the implications of
previous findings. However, it is evident that their validity remains to be
tested under field conditions as model explorations contain a level of
uncertainty and might overlook elements that are highly relevant under
specific conditions. This particularly holds if it concerns extrapolations.
In this study the strip cropping system can be considered an extrapola-
tion, as, compared to most systems contained in the empirical data set,
the system is characterized by a relatively low level of mixing between
individuals of the two crop species.

4.4. Considerations around the selection effect

Complementarity effects, and in particular niche differentiation,
have frequently been held responsible for the enhanced weed suppres-
sion of annual intercrops (e.g. Liebman and Dyck, 1993; Schob et al.,
2023). Niche differentiation refers to a situation where the component
species occupy partly different niches, resulting in an increased total
resource use. Consequently, the resource pool available to weeds is
smaller, resulting in a reduced weed biomass production and a lowered
weed-induced crop yield loss. Contrary to the logic of this reasoning, the
study of Gu et al. (2022) showed that generally the weed biomass in
intercrops corresponds to what might be expected based on the joint
competitive pressure of the two crop species that make up the intercrop.
This additivity of competitive influences generates a selection effect,
through which the more weed suppressive species provides a more than
proportional contribution to the weed suppression of the intercrop. No
empirical evidence for weed suppression beyond the selection effect was
found, suggesting that niche differentiation generally does not cause a
further reduction in weed biomass in annual intercrops.

An important reason for the absence of a strong contribution of
complementarity effects to improved weed suppression of annual in-
tercrops might be the dynamics characteristic of arable production
fields. With crops being present for relatively short periods of time (3-6
months), a rapid succession of crops and crop-free periods is commonly
observed. Regular clearing of deliberately sown, or spontaneous, vege-
tation through a variety of activities, like soil tillage, seedbed prepara-
tion, weeding and harvesting, creates a high level of disturbance. Not
surprisingly therefore, most arable weed species are pioneer or ruderal
species (Grime, 1979). These species have several traits that secure their
survival and success in agro-ecosystems (e.g. Baker 1974). One such trait
is the ability to rapidly colonize disturbed areas. In agreement with this,
various elements of an integrated weed management strategy are
directed towards a fast colonization of the production field by crop
plants. Weed suppressive cultivars, transplanting, increased crop plant
densities and a more uniform planting pattern (e.g. Andrew et al., 2015;
Zhao et al., 2007; Olsen et al., 2005) are all aimed at a fast soil cover and
an enhanced shading capacity of the crop canopy, to prevent weeds from
taking a dominant position. In annual cropping systems, the contest
between crop and weeds is thus decided during the early stages of crop
development. This view is supported by the strong sensitivity of the
initial slope of Cousens’ hyperbolic yield loss-weed plant density rela-
tion to differences in emergence time between crop and weeds (Cousens
et al., 1987): a rapidly closing crop canopy is crucial for regulating the
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competitive relations between crop and weeds in favour of the crop. The
same notion is reflected in the concept of the minimum weed free period
(Nieto et al., 1968), following from which crops are kept weed-free
during the first part of the growing season to minimize crop yield los-
ses. The implication is that, even if resource complementarity between
crop species occurs during later development stages of the crop, this is of
relatively minor importance for the level of weed-induced crop yield loss
and the weed biomass produced. This aligns with the observation by Gu
et al. (2021), who reported the absence of a significant positive relation
between LER of replacement intercrops and the weed suppressive ability
of these intercrops.

With competitive selection as the main driver of the above average
weed suppression of intercrops, the performance of the mixed system
can be derived or predicted based on the performance of crop species in
pure stand. This adds relevant insight to the discussion whether selec-
tion for suitable companions in intercrops should be conducted in
mixtures or can be confined to selection in pure stands (e.g. Annic-
chiarico et al., 2019). As far as weed suppression is concerned, the
findings imply that species or variety selection for use in an intercrop-
ping system can be limited to choosing the proper components based on
established weed suppressive ability of individual species in pure stand.

The disproportional acquisition of resources by the more weed-
suppressive species at the basis of the selection effect might not only
result in improved weed suppression but might also be at the cost of the
productivity of the second component crop. This contrasts a situation
where complementarity would be the main driving mechanism, as in
that situation the increased overall resource acquisition might prevent
or compensate for a lower yield of the second component species. With
selection as the responsible mechanism, trade-offs between weed sup-
pressive and yielding ability are thus likely to occur and this underscores
the importance of quantitative knowledge on how intercrop design af-
fects weed suppressive ability. Such insight is an essential element for
optimization of intercropping systems.

5. Conclusion

The relations derived in this study provide a theoretical assessment
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of how species composition, mixing ratio, total planting density and
spatial arrangement influence the weed suppressive ability of annual
intercropping systems. The study revealed the dominant position of
species composition, with the difference in weed suppressive ability
between crop species as the principal driver responsible for the above
average weed suppressiveness of intercrops. Mixing ratio was identified
as a useful modulating factor for avoiding overdominance of the more
weed suppressive species, without a too high trade-off in terms of weed
suppressive ability. The analysis further confirmed a positive influence
of planting density on weed suppression, indicating that, in absence of a
clear difference in weed suppressive ability between component species,
an additive design offers the ability to raise the weed suppressiveness of
intercrops. Finally, the spatial arrangement should guarantee an
adequate level of proximity and mixing of individuals of the two species
at a sufficiently fine spatial grain to allow for a positive contribution of
the selection effect to weed suppressiveness. Combined with quantita-
tive information on the relation between intercrop design and other
ecosystem services, the relations derived above form a sound basis for
the design of multifunctional intercrops.
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Appendix A. Relating weed biomass in intercrop to the weed biomasses in pure stand crops

Weed biomass in an intercrop of two crop species can be predicted as the harmonic mean of the weed biomasses obtained in the pure stands of the

component species (Gu et al., 2022):
1

Ywic =

(A1)

Equalizing the denominators in the two terms in the denominator of this expression results in:

v 1 Yuwc1-Yuwe2
wliC = =
ntue ) 4 (_rYua PYuez +p2Ywa
Ywc1-Ywc2 Ywc1-Ywez

In a replacement intercrop, where p; + pa = 1, this corresponds to:

Yw.Cl 'YW4C2

YW.Cl ~Yw,C2 p
’p1 Ve +paYucr

P1Ywe2 +poYwar

Ywic = P1

which can be rewritten as:

p2Ywer
p1Ywc2 +psYwer "

1 Yweo
P1Ywe2 +paYwar

Yuic = wel + C2

(A2)

Corresponding to a weighted average of the weed biomasses in pure stands of the two crop species.

Appendix B. Weed biomass reduction in intercrop in presence and absence of the selection effect

If two crop species are each assigned to a separate half of a field (split field), the weed biomass of the entire field can be estimated as:
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Yysr = 0.5Y,c1 +0.5Y, 2

Compared to the weed biomass in a pure stand of the weakest suppressing species, and with species 2 as the weaker weed suppressive species, the
reduction in weed biomass amounts to:

AYW.SF = YW,C2 - YW.SF = YW.CZ - O*S(YW.CI + YWC2> = O-S(YW.CZ - Yw.Cl)
Putting this reduction on a relative scale, using Yy, c2 as reference, results in:

Rew — AYysr  0.5(Yyco — Yier)
sF = =

Yw. C2 YW,C2

Using ratio a = Yy, c2/Yw,c1 then results in:

(B6)

In a similar manner, in a replacement intercrop with an equal share of the two component crops (p; = p2 = 0.5), and following Eq. 2, the weed
biomass in intercrop amounts to:
2Yyc1-Yuc

Yvic=—"—"7T"
e Yver + Yue

Here the reduction in weed biomass compared to the weaker suppressive species can be formulated as:

2Yw.Cl B Yw.Cz

AYW.IC = YW.CZ - YW.IC = YW.CZ - m

Expressing this reduction on a relative scale, using Yy, c2 as reference, results in:

2Yw.c1-Ywez
Ry — AYyic Yuce Yoo +¥wez 2Yy 1 Yy —Yea
1c = = =1- =
Yuco Yuce Yo +Ywee Ywa +Yee

Substitution with ratio a = Yy, c2/Yw,c1 then yields:
a—1

Ric=—— B7
©= 0T (B7)

Appendix C. Contribution of the selection effect to the weed suppression of intercrops

Following from Appendix B, the additional reduction in weed biomass following from competitive selection corresponds to the difference between
the arithmetic and the harmonic mean:
AYw‘se = Yysr— Yuic (C8)

For any intercrop in replacement design (p; + p2 = 1) this can be formulated as:

P1Ywen P2Ywc ) }
AYyse = {p1Ycr + pyYwcr b — 4 L1222y, o + (—L272C )y,
w.se {101 w,Cl T P2 w.CZ} { Ql Yoz + Py Yw,Cl> w,Cl (Pl Yoc2 + py¥wer w,C2
Since p1 + p = 1 this can be rewritten as:

YWACI . YW.CZ }

AY s = Y, Y, —_S
w.se {/)1 w.el 1 P2 w.cz} {/)1 Yoo + s Yw,Cl
Putting both elements on the same denominator results in:

AV, — {Plew.Cl Yuco +p1pYwar + pipsYwe” +p*Yuar Yw,cz} _ { Ve -Yuce }
e PYwez +pYwar P1Ywez +p2Ywar

Which after rearrangement corresponds to:

_ ppaYua® + (P12 4% = D) Yc1 Yz + p19; Ve
AYW‘SC -
P1Ywee +p2Ywer

Using (p; + p2 = 1) to rewrite the squared versions of p; and p, results in:

_ P1PaYwer® +{p1(1 = py) +p,(1 = p1) = 1}Yoc1 Yo + p192 Yo
AYW,SE -
P1Ywea +p2Ywar

Which after rearrangement gives:

1Yt — 2010 Y1 Yier + p1p5Ywco®
AYW.SE -
P Ywez +p.Ywa

Resulting in a general expression for the difference in predicted weed biomass according to the arithmetic and the harmonic mean model, which
corresponds to the additional reduction in weed biomass in intercrop following from competitive selection:

12
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P19y (Ywez = Yucr)*

(C8)
PoYwer +p1Ywer

AYyse = Yuwsr — Yuic =

For the specific situation of a replacement intercrop with an equal share of the two component crops (p; = p2 = 0.5)

0.5(Yyc2 — Yw,Cl)z

AYyse =
e Yuer + Yue

Expressing this weed biomass reduction, attributable to the selection effect, as a proportion of the total difference in weed biomass between the
weaker suppressive crop species and the mixture, results in:

05(Ywea—Ywar)?

b _AMue  hatha 0.5(Yucr — Yuar)® _ 05(Yue — Yuar)
N % Y2 (Ywer + Yuce) — 2V Yuco Yo

Introduction of ratio a, whereby a = Yy c2/Yw,c1, demonstrates that the proportion of the reduction in weed biomass following from competitive
selection amounts to:

AYys _a-1 o)

P, =
¥ T AYe  2a

NOTE: In the schematic representation of the harmonic mean model (Fig. 4E) the surface area of the square resembles the additional reduction in
weed biomass following from competitive selection. This surface area can be calculated as:

. 1% 1 Yw.CZ
AY, . = length dh=<|—""7"——) — Yue — Y,
w.se eflgt X Wi { (pz Yw.Cl F pl YW,CZ) /)1 } X ( w,C2 w,Cl)

Y, 0 — Yo1)?
> X (Ywez — Yial) = P1P2(Ywee = Ywer)”
Pa2Ywer +p1Ywez

AY. . — </71Yw,c2 —p1(P2Ywer + (1 = py)Ywe)
e P2Ywer +p1Ywee

Which corresponds to Eq. 8.

Appendix D. Relating the relative density of the more weed suppressive species to the selection effect

Taking the derivative of the general equation for expressing the additional reduction in weed biomass due to competitive selection (Eq. 8) with
respect to p; and resolving where the derivative equals zero reveals the proportion of species 1 for which the maximum additional reduction in weed
biomass is obtained. For this, the equation is first rewritten to only include the relative density and weed biomass of species 1, using p1+ p2 = 1 and
ratio a = Yw,c2/Yw,c1

2

_ 1P (Ywe2 — Yw.,cl)2 _ p1(1 —p1)(@Ywa — Ywa) (a— 1)2Yw.cl(_/’12 +p1)

AYyse = = =

e szw.cl + P Yo (1 - pl)Yw.cl +p1an.c1 1+ (a - 1),01
dAYyee 2 (I+(a=1)p)(=2p, +1) = (=p,* +p1)(a—1)

= (a — 1) Yw.cl 2

dp, (I+(a-1)p)

Y, —(a—1)p2-2 1
dA w.se _ (a _ 1)2Yw‘:1 ((1 )pl /)1 :_

dp, (1+(a=1)p)

%:Oif—(a—l)plz—Zpl-&-l:O

dp,

Since 0 < p; < 1, the only valid solution, and the relative density for which the reduction in weed biomass attributable to the selection effect is at
its maximum, is:

2-4+4a-1) Ja-1 1 10)

pl,maxf —2((1—1) 7(a—1):\/a+1

Appendix E. Relating the reduction in weed biomass to the relative density total of the intercrop

Using ratio a, the general equation for weed biomass in intercrop can be expressed as a function of the weed biomass in the weaker weed sup-
pressive crop species:

v 1 1 1 1 v
wiC = = = 1 = w,C2
ap; +p2)(5,;)  (@py +p,)
(i) +rates) n(ss) +oty @) e
Compared to the weed biomass obtained in the weaker weed suppressive species the reduction in weed biomass in intercrop amounts to:
AY, Y, ! Y, ¢! ! )Y,
IC — C2 — 7~ .C2 — P ENEY ,C2
" " (apy +p5) " (apy +p5) "

Putting this reduction on a relative scale, using the weed biomass of the weaker suppressive crop species (Y, c2) as reference, results in a general

13
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expression of Eq. 7 that is also valid for additive intercrops:

R[(; = — = l (D].l)

Appendix F. Weed biomass reduction in strip cropping systems as affected by strip width

In a strip cropping system of two species, with strips composed of r rows, a unit entails 2r rows and 2r inter-rows. Of these inter-rows, (r-1) are
bordered by two rows of species 1, (r-1) are bordered by two rows of species 2 and two inter-rows are bordered by one row of species 1 and one row of
species 2. Under the assumption that the weed suppression in between neighbouring rows is predominantly determined by the plants that make up
these rows, the average weed biomass in such a strip cropping system can be estimated as:

(r=1)Yya + T —1)Yyc + 2V
2r

Yy strip = (E12)

Relative to a mixed intercrop, the proportion of the additional weed suppression following from competitive selection that remains in a strip
cropping system amounts to:

Yisr = Ywstrip _ Vs <%) (Fuet + ¥oz) - (2%) Yrie

Yusr — Ywic Yysr — Ywic

Psrrip =

Which can be further transformed into:

Yisr — (%) Y sr — (%) Yuic 1
, ; €1 Y,g— Y,
Psrrip = = Fuse = Yuic) = 1 (E13)
Yysr — Yuwic Yusr — Ywic r
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