Field Crops Research 277 (2022) 108388

Contents lists available at ScienceDirect

Field Crops Research
journal homepage: www.elsevier.com/locate/fcr

A predictive model for weed biomass in annual intercropping
Chunfeng Gu *, Wopke van der Werf, Lammert Bastiaans
Centre for Crop Systems Analysis, Wageningen University and Research, P.O. Box 430, 6700 AK Wageningen, The Netherlands

A R T I C L E I N F O

A B S T R A C T

Keywords:
Intercropping
Hyperbolic equation
Complementarity
Selection
Plant competition
Weed

Intercropping has frequently been reported to provide good weed suppression. Here, we tested the hypothesis
that the weed biomass in annual intercropping systems can be adequately forecasted based on the weed biomass
obtained in pure stands of the component crop species. The aim of this analysis was to enlarge the understanding
on the weed suppressive ability of intercrops, and specifically to shed light on the relevance of the mechanisms at
the basis of weed suppression in intercrops and the factors governing this weed suppression. Based on a literature
survey, a dataset covering 76 experiments, a total of 35 different crop species combinations and a total of 339
records was composed, with each record containing weed biomass of the intercrop as well as that of pure stands
of the component species. Three models were evaluated and compared using the dataset. The first two models,
the arithmetic mean (model 1) and the weighted arithmetic mean (model 2a and 2b) of the weed biomasses
obtained in pure stand, resulted in a systematic overestimation of weed biomass in intercrops. This result con
firms that the ability of intercrops to suppress weeds is in general well developed. A third model was constructed
based on an extended version of the hyperbolic yield-density equation. Mathematical elaboration of this equation
suggests the weed biomass in intercrops to be equal to the weighted harmonic mean of weed biomasses in pure
stands (model 3), whereby weighting is based on the relative densities of the component species in intercrops.
Comparison between observed and predicted data showed that the model accurately predicted weed biomass of
simultaneous intercrops in mixed and row design. The harmonic mean indicates that weed biomass in intercrops
is the outcome of the joint competitive effect of the component species, whereby the more strongly weed sup
pressive species contributes a more than proportional share. Such dominance of one of the species is generally
referred to as selection. For intercrops with a less intimate entanglement of the two component species, either
due to temporal (relay intercrops) or spatial (strip intercrops) separation, the harmonic mean tended to un
derestimate observed weed biomass. A contribution of complementarity, following from niche differentiation or
facilitation between component species, to the weed suppression of intercrops is not accounted for in the har
monic mean model. The high accuracy of the predictions thus suggests that the density and the selection effect
are the main mechanisms responsible for weed suppression in intercrops. Choice of component species, their
mixing ratio and the total plant density of the intercrop were all shown to clearly influence the weed suppressive
ability of the intercrop. With a prominent role of the selection effect, care should be taken that an overemphasis
on weed suppressive ability in the design of intercropping systems should not result in the poorer weed sup
pressive species being outcompeted. Another important implication of the finding that weed biomass in in
tercrops can be accurately predicted based on weed biomass in pure stands of the component species is that
variety selection for intercrops with improved weed suppression can simply be confined to variety selection in
pure stands.

1. Introduction
Intercropping has frequently been mentioned as a valuable compo
nent of an ecological weed management strategy (e.g. Mohler, 2001;
Bedoussac et al., 2015; Suter et al., 2017). Numerous experimental

studies have reported the good weed suppressive ability of intercrops,
including mixtures of two annual crops (e.g. Baumann et al., 2000;
Bilalis et al., 2010; Corre-Hellou et al., 2011). In a review, Liebman and
Dyck (1993) reported that in 42% of the cases weed biomass in in
tercrops of two cash crops was intermediate between that of the pure
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stands of the component crop species, whereas in 50% of the cases weed
biomass in intercrops was even lower than in the pure stands of both
component crops. In a recent meta-analysis, also focused on intercrops
composed of two annual cash crops, we found very similar results (Gu
et al., 2021). Weed suppressive ability of the intercrop was intermediate
between that of the two component crops in 46% of the records and
better than that of the two component species in 45%. Despite this
relatively good weed suppressive ability of intercrops, it is not at all
clear which factors determine the weed suppressive ability of intercrops
and which mechanisms are at the basis of this weed suppression. Such
knowledge is highly relevant if one wants to envisage what to expect, in
terms of weed suppressive ability, from an existing intercrop, or if one
wants to design intercropping systems with superior weed suppressive
ability. The objective of this study was therefore to investigate what can
be learned from published intercropping literature that contains data on
weed biomass in both the intercrop as well as in the pure stands of the
species the intercrop is composed of.
The meta-analysis of Gu et al. (2021) provided a number of clues on
the mechanisms operative and contributing to weed suppression in in
tercrops. Analysis showed that an increased plant density was an
important factor in the ‘more than average’ weed suppressive ability of
intercrops; intercrops with an additive design (i.e. where total plant
density exceeds the density of the two pure stands) had a lower relative
weed biomass than intercrops with a replacement design (i.e. where
total plant density is similar to that of the two pure stands). Further
more, Gu et al. (2021) found that weed biomass in intercrops was on
average 58% lower than weed biomass of the weaker weed suppressive
crop. Meanwhile, weed biomass in intercrops was not significantly
different from weed biomass in the more strongly weed-suppressive
component crop. Based on this observation, we posited that competi
tion by the component species adds up in a way to bias the weed sup
pressive effect of the mixture in the direction of that of the stronger
component. In other words, the competitive ability of the strongly
weed-suppressive species seems to increase its share in a mixture and
therefore its contribution to weed suppression. Next to such a ‘selection’
effect, synergistic effects, like facilitation and niche differentiation,
exclusively appearing in presence of both species and responsible for an
improved performance of the intercrop, might also positively influence
weed suppression. Particularly niche differentiation between the
component crop species is frequently proposed as a key mechanism
contributing to a better weed suppression in intercrops as compared to
sole crops (e.g. Banik et al., 2006; Hauggaard-Nielsen et al., 2008;
MacDougall et al., 2009). The reasoning is that, compared to pure
stands, the combination of species in an intercrop occupy a broader
niche, thereby leaving less unused niche space for weeds (e.g. Poggio,
2005; Bilalis et al., 2010; Bedoussac et al., 2015). It was not clear from
the meta-analysis of Gu et al. (2021) if niche differentiation between the
component species contributed as an important mechanism to the weed
suppression of intercrops. Land Equivalent Ratio (LER)-values of in
tercrops in both replacement and additive design frequently exceeded
one, indicating a better resource capture in intercrops than in sole crops
(Willey, 1990). However, only in additive designs, where part of this
higher LER is the result of a higher plant density, we found a positive
association between LER and weed suppression. In replacement designs,
where the confounding effect of plant density is absent, such a positive
association was not observed. Based on these observations, it remains
unresolved whether the ‘complementarity’ effect provides a significant
contribution to the weed suppressive ability of intercrops.
The specific aim of the current study was therefore to resolve which
factors determine the weed suppressive ability of intercrops and which
of the discerned mechanisms, specifically ‘density’, ‘selection’ and
‘complementarity’, are at the basis of this weed suppression. For this, we
used the dataset of the meta-analysis of Gu et al. (2021) to investigate
whether it is possible to predict the weed biomass in intercropping
systems based on the weed suppressive ability of the component species
in pure stand and the relative densities of the component species in

intercrop. As a first model, we used the simple average of the weed
biomass observed in pure stands of the component species (model 1) and
gradually extended this arithmetic mean model with information on
mixing ratio and total plant density of the intercrop (model 2a and 2b).
In a further model, the same information was organized following the
principles of an extended version of the hyperbolic yield-density equa
tion, in this way accounting for a selection effect among component
species (model 3). The models simply reflect what to expect, in terms of
weed suppressive ability of intercrops, based on intercrop composition
and species-specific weed suppression in pure stands. What these models
are not accounting for is the contribution of any possible synergistic
effect, like complementarity, originating from positive interactions be
tween component species. In the analysis of a dataset composed of many
entries, the omission of such synergistic effects will thus be displayed as
a systematic overestimation of weed biomass in intercrops, with the size
of the overestimation reflecting the importance of these effects. The
goodness of fit of the various models and the remaining gap between
observed and predicted weed biomass provide a firm basis for assessing
the relevance of the ‘density’, ‘selection’ and ‘complementarity’ effect in
the weed suppressive ability of intercrops. It also reveals how factors like
species composition, mixing ratio and total plant density influence weed
suppression in intercrops. This increased understanding is considered an
important step in guiding the design of intercropping systems towards
improved weed suppressive ability.
2. Material and methods
2.1. Field experimental data
Data on weed biomass in annual intercrops and respective pure
stands at harvest were collected from 39 scientific publications,
including 76 intercropping experiments (Gu et al., 2021). An experiment
was defined as a coherent set of intercropping and pure stand treatments
laid out in a specific site and year. A publication could provide data from
two or more experiments, if more than one site or year were considered.
An intercropping treatment served as a basis for a record if, within the
same experiment, pure stands of both component crop species were
present that had received the same general management practices. A
record was defined as a unique combination of site, year, crop species
combination and management and contained the measured weed
biomass (g DM m− 2) in the intercrop as well as in the corresponding pure
stands. Each intercropping treatment was only included in a single re
cord, whereas pure stands could serve as reference in more than one
record (2.3 records on average). As most papers reported weed biomass
at harvest time of the crops, this observation was used whenever
available. For 17% of the records of intercrops in relay system, where
component crops do not overlap for the entire growth period, weeds
were frequently removed from a fixed position of the plot until harvest,
resulting in a different number of removals per crop. For the other re
cords within this system, weed biomass in pure stands and intercrop
within a record were determined at the same time, either because both
crops where harvested simultaneously (31%), because weeds in all plots
were harvested at maize harvest (28%), or because weeds were har
vested relatively early in the season, at around 7–9 weeks after planting
(24%). Unlike other management items, N-fertilization sometimes
differed among pure stands and the intercrop within a record. For 15%
of the records, the N-fertilization of the legume species was lower than
for the cereal species, whereas the intercrop received an intermediate
amount. In 13% of the records, N fertilization in intercrop was either
higher or lower than that of the pure stands. For the remaining 72%,
N-fertilization was identical for the two pure stands and the intercrop.
Since analysis demonstrated that the suppressiveness of mixtures to
weeds relative to that of pure stands was not affected by N input (Gu
et al., 2021), all records were included in the current analysis.
The whole dataset comprised a total of 339 records. The records were
mostly derived from European experiments (131/339), followed by a
2
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nearly equal contribution from experiments in Asia (89/339) and North
America (93/339), whereas the rest were reported from African exper
iments (26/339). A total of 35 different crop species combinations were
present, of which small-grain cereal/legume intercrops made up 51% of
the records (173/339 from 23 publications), maize/legume intercrops
made up 22% of the records (75/339 from 11 publications) and the rest
of intercrops represented 27% of the records (91/339 from 8 publica
tions) (Table 1). Other information that was included and used in the
current analysis were the sowing densities (plants m− 2) of the crop
species in both the intercrop and pure stands (Gu et al., 2021). The
relative density of a crop species in intercrop (ρi) was calculated as the
ratio between plant density of species i in the intercrop and its density in
pure stand. The ρi in the dataset varied from 0.16 to 1.49, representing
comparatively low densities in intercrop as well as densities that
exceeded the density in pure stand (Supplementary material; Fig. S1).
For 157/339 of the records the relative density total (RDT) of the
intercrop, calculated as ρ1 + ρ2, was equal to one (Table 1). These sys
tems are referred to as replacement systems, within which the 50–50%
intercrops made up 66% (104/157) of the records. For 182/339 of the
records the RDT of the intercrop was above one. These intercrops are
referred to as additive designs, in which a fully additive design, i.e. ρ1 =
ρ2 = 1, represented 49% (89/182) of the records. Within intercrops with
an additive design 32% (58/182) were laid out as relay intercrop. The
average temporal niche differentiation (TND) of these relay intercrops,
reflecting the fraction of time with only one of the component crops
present (Yu et al., 2015), was about 0.36. This indicates that, on average,
only during 64% of the duration of the whole intercrop both component
crops were present (Supplementary material; Fig. S2). Of these relay
intercrops the spatial arrangement was either row (alternating rows of
the two species) or strip (alternating strips or rows, whereby at least one
of the species was grown in strips that included more than one row).
Within the entire dataset, the spatial arrangement of most intercrops
was mixed (51%; 174/339), followed by row (28%; 95/339) and strip
(21%; 70/339) (Table 1). Mixed intercrops comprised full species mix
tures without any row pattern and row intercropping with species mixed
within the rows. Of the strip intercrops just more than half (37/70) was
composed of a single row of one crop alternated with a strip of the
second component crop, whereby this strip was usually (31/37)
composed of two rows. Also in strip intercrops with alternating strips of
both component crops the width of the strips was usually narrow (2–4
rows), with only one exception: in the pumpkin/yam system 8 rows of
pumpkin were alternated with 10 rows of yam.
Measured weed biomass in pure stands varied widely. For the pure
stand of the weaker suppressing species within a record weed biomass
ranged from 4 to 1492 g DM m− 2 (Fig. 1). Weed biomass of the stronger
suppressing crop species within a record was on average 50% lower than
that of the weaker suppressing species. The ratio between weed biomass
in presence of the stronger weed suppressor and weed biomass in
presence of the weaker weed suppressor varied widely and covered the
full range between nearly 1 and nearly 0.

Table 1
Data record for classification of intercropping systems. A total of 35 species
combinations was classified according to species composition (SG/L = smallgrain cereal/legume intercrops; M/L = maize/legume intercrops; Other =
remaining intercrops), temporal separation (simultaneous and relay), intercrop
design (replacement and additive) and spatial arrangement (mix = full mixture
without any row pattern and row intercropping with species mixed within the
row; alternate row = row intercropping with species cultivated in alternate
rows; strip = two species in alternating strips or rows, whereby at least one
species was grown in strips that included more than one row).
Species combination
Simultaneous – Replacement
SG/L (n
Wheat (Triticum aestivum)/
= 88)
faba bean (Vicia faba)
Wheat/field pea (Pisum
sativum)
Barley (Hordeum vulgare)/field
pea
Barley/faba bean
Wheat/lentil (Lens esculenta)
Oat (Avena sativa)/field pea
Triticale (X triticosecale
Wittm)/field pea
Barley/lupin (Lupinus
angustifolius)
Wheat/common vetch (Vicia
sativa)
Barley/lentil
Wheat/lupin
Oat/lentil
M/L (n
Maize (Zea mays)/cowpea
= 8)
(Vigna unguiculata)
Maize/soybean (Glycine max)
Other (n
Wheat/canola (Brassica napus)
= 61)
Wheat/barley
Canola/field pea
Wheat/oat
Wheat/triticale
Linseed (Linum usitatissimum)/
lentil
Buckwheat (Fagopyrum
esculentum)/lentil
Simultaneous – Additive
SG/L (n
Barley/faba bean
= 77)
Barley/field pea
Oat/faba bean
Oat/field pea
Oat/lupin
Sorghum (Sorghum bicolor)/
fenugreek (Trigonella foenum
graecum)
Wheat/chickpea (Cicer
arietinum)
Wheat/common vetch
Wheat/faba bean
Wheat/field pea
Wheat/lentil
M/L (n
Maize/black gram (Vigna
= 31)
mungo)
Maize/common bean
(Phaseolus vulgaris)
Maize/cowpea
Maize/groundnut (Arachis
hypogaea)
Maize/soybean
Other (n
Chilli (Capsicum annuum)/
= 16)
common bean
Wheat/canola
Relay – Additive
SG/L (n
Rice (Oryza sativa)/black gram
= 8)
M/L (n
Maize/black gram
= 36)
Maize/chickpea
Maize/common bean
Maize/cowpea

2.2. Model description
Plant biomass can be considered an integrator of the ability of a
species to capture and use resources. In this study, we investigated
whether it is possible to predict weed biomass in an intercrop based on
the observed weed biomasses in the pure stands of both component crop
species. For this we used three models (arithmetic mean, weighted
arithmetic mean and weighted harmonic mean), which all used weed
biomass observed in pure stands of the component crop species as their
basis. Additionally, the last two models used supplemental information
on the relative densities of the component species in intercrop. The
intention of the analysis was to reveal the factors determining the weed
suppressive ability of intercrops (e.g. species composition, mixing ratio
and total plant density), as well as the importance of characteristic
mechanisms, specifically density, selection and complementarity, at the
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that both component crop species suppress weeds in a similar way as in
their respective pure stands and has been suggested for intercrops with a
replacement design (e.g. Szumigalski and Acker, 2005; Nelson et al.,
2012). The model only considers the weed suppressive ability of the two
component crop species, as expressed in the weed biomass obtained in
pure stands, but does not account for the sowing densities and mixing
proportion of the species in intercrop. In Fig. 2 the predicted weed
biomass is plotted against the ratio between the relative density of the
stronger weed suppressing species and the relative density total
(ρ1/RDT). It results in a horizontal line exactly in between the weed
biomasses of the pure stands of the two component crop species (Fig. 2).
To be able to account for the mixing ratio of the two species in an
intercrop, a first weighted arithmetic mean (model 2a) was established:

Table 1 (continued )
Species combination

Other (n
= 14)

Maize/field pea
Maize/groundnut
Maize/lentil
Maize/soybean
Maize/cassava (Manihot
esculenta)
Pumpkin (Cucurbita maxima)/
yam (Dioscorea rotundata)
Total

Mix

174

Alternate
row

Strip

2
2
2
2
8

2
2
2
2
0

0

6

95

70

Total

339

Yw,ic =

ρ1
ρ2
*Y +
*Y
ρ1 + ρ2 w,c1 ρ1 + ρ2 w,c2

(2)

where ρi represents the relative density of crop species i in intercrop.
The relative densities are scaled by the factor ρ +1 ρ before serving as
1

2

weight. Note that for a replacement intercrop the sum of ρ1 + ρ2 (RDT) is
equal to one, whereas for additive intercrops ρ1 + ρ2 > 1. Likewise, the
underlying assumption in this model is that component crop species
suppress weeds in a similar way as in their respective pure stands. Next
to the weed suppressive ability of the two component species, this model
accounts for the contribution of the two species in an intercrop, but an
effect of an increased plant density is ignored. Accordingly, in Fig. 2, the
model is represented by a straight line moving from the weed biomass in
the pure stand of the weaker suppressing species to the weed biomass in
the pure stand of the stronger suppressing species.
Next, a model that, apart from weed suppressive ability and mixing
ratio, accounts for total plant density of the intercrop was constructed.
Since weed suppression of crops increases with an increased plant
density, a division by RDT was included, to account for a reduction in
weed biomass resulting from an increased plant density:
Yw,ic =

Yw,ic =

1

(3)

2

ρ1 + ρ2

ρ1
(ρ1 + ρ2 )2

*Yw,c1 +

ρ2
(ρ1 + ρ2 )2

*Yw,c2

(4)

For intercrops with a replacement design, where ρ1 + ρ2 = 1, the
results of model 2a and 2b are identical, but for intercrops with an ad
ditive design the predicted weed biomass based on model 2b is always
smaller than that of model 2a (Fig. 2b).
The observation that an increase in biomass following from an in
crease in plant density can often be accurately described by a rectan
gular hyperbola, also known as the law of constant final yield (Shinozaki
and Kira, 1956), was used as starting point for the mathematical deri
vation of a third model. For a weed species, this corresponds to:

basis of weed suppression in intercrops. For this, we determined the
degree to which weed biomass in intercrop can be predicted based on
the weed suppressive features of component crop species in pure stands.
Obviously, weed suppression evolving from complementarity, being a
synergistic effect between the two component crop species, is not
accounted for in models that solely utilize attributes from the species in
pure stand. Consequently, the contribution of complementarity to weed
suppression in intercropping is assessed in an indirect manner and
related to the bias between predicted and observed weed biomass. In the
following, the three models are described.
As a null model in our analysis (model 1), we assumed that the ex
pected weed biomass in intercrop (Yw,ic) was simply the arithmetic mean
of the observed weed biomasses in pure stands of the respective sole
crops:
Yw,c1 + Yw,c2
2

+ ρ ρ+2ρ *Yw,c2

Reordering this equation shows that an alternative weighted arith
metic mean model arises that is equipped with different weighting fac
tors (model 2b):

Fig. 1. Ratio between weed biomass of the stronger and the weaker sup
pressing crop species that made up the component species of an intercrop. Weed
biomass was measured at harvest in pure stands of the component crop species.
Ratio is plotted against the natural logarithm of the weed biomass obtained in
pure stands of the weaker suppressing component crop species. Corresponding
back-transformed weed biomass (g/m2) is provided. Markers indicate the spe
cies combinations (SG/L = small-grain cereal/legume intercrops; M/L = maize/
legume intercrops; Other = remaining intercrops). Q1, Q2 and Q3 refer to the
25%, 50% and 75% quantile of the ratios.

Yw,ic =

ρ1
ρ1 +ρ2 *Yw,c1

Yw,0 =

Nw
bw0 + bww Nw

(5)

where Yw,0 is weed biomass of a weed stand in the absence of a crop
(g m− 2), Nw is weed plant density (plant m− 2), parameter bw0 represents
the inverse of individual biomass of a weed plant grown in isolation
(plant g− 1), and parameter bww quantifies the effect of intraspecific
competition among weed plants (m2 g− 1). Following Spitters (1983) and
Firbank and Watkinson (1985), the weed biomass in a pure stand of crop
i can be calculated as:

(1)

Yw,ci =

− 2

where Yw,c1 and Yw,c2 are the observed weed biomass (g m ) in pure
stands of crop species 1 and 2, respectively. This calculation assumes

Nw
bw0 + bww Nw + bwci Nci

(6)

where Nci is the plant density of crop i (plants m− 2) and parameter
4
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Fig. 2. Graphical representation of the models
that were used to predict weed biomass in an
intercrop based on the observed weed biomass
in pure stands of the component crop species in
(a) intercrops with a replacement design and in
(b) intercrops with an additive design (RDT =
1.5). Predicted weed biomass is plotted against
the proportion of the stronger suppressing weed
species in intercrop, defined as the relative
density of this species (ρ1) over the relative
density total (RDT). Markers indicate the weed
biomass obtained in pure stands (at standard
density) of the weaker and the stronger weed
suppressing component crop species. Model 1 is
the arithmetic mean, model 2a is the weighted
arithmetic mean with weighting factors ac
counting for mixing ratio, model 2b is the
weighted arithmetic mean with weighting fac
tors accounting for mixing ratio and total plant
density, and model 3 is the weighted harmonic
mean.

bwci (m2 g− 1) is the associated interspecific competition parameter. The
product of plant density and competition parameter quantitatively
characterizes the competitive effect of the crop on the weed.In an
intercrop of crop species 1 and 2, the weed biomass is influenced by both
species, where for each crop this influence is represented by the product
of the crop-specific competition parameter and its density in intercrop.
This results in an equation analogous to Eq. (6), in which:
Yw,ic =

Nw
bw0 + bww Nw + bwc1 ρ1 Nc1 + bwc2 ρ2 Nc2

to:
1
Yw,ic

(7)

Yw,ic

=

1
bwc ρ Nc
bwc ρ Nc
+ 1 1 1+ 2 2 2
Yw,0
Nw
Nw

)
1

ρ1

(
+ ρ2

1

)
(12)

Yw,c2

1

(

Yw,c1

(13)

)
1

+ ρ2

Yw,c2

Characteristic for a harmonic mean is that, compared to the arith
metic mean, the smallest value has a more than proportional influence
on the mean. Since the lowest weed biomass is obtained in the crop with
the stronger weed suppressive ability, this result implies that the more
strongly weed suppressive crop species puts a stronger mark on the weed
suppressive ability of the intercrop than the weaker suppressing crop
species. In ecological terms this phenomenon corresponds to the selec
tion effect, with dominance of the species with the better weed sup
pressive ability. Using a well-established quantitative relation to
describe the influence of individual species on the weed suppressive
ability of intercrops thus accounts for both the density and the selection
effect. Accordingly, model 3 corresponds to a convex function con
necting the weed biomass in the two pure stands (Fig. 2).
For mixtures with an additive design, following Eq. (11), this simple
weighted harmonic mean is extended with a correction term based on
the biomass of a ‘crop-free’ weed population:

(8)

(

Yw,ic =

ρ1

)
1
Yw,c1

(
+ ρ2

)
1
Yw,c2

1

( )
1
+ (1 − ρ1 − ρ2 ) Yw,0

(14)

This correction term relates to the fact that, since in intercrops with
an additive design ρ1 + ρ2 > 1, the weed population itself is over
represented in the first two terms of the denominator. In many experi
ments a crop-free control is simply not present and therefore Yw,0 is
often unknown. Fortunately, under realistic agronomic conditions, the
weed biomass in such a crop-free situation will be many times higher
than the weed biomass in presence of a crop. The implication is that the
inverse of this weed biomass will be much smaller than the inverse of the
weed biomasses in presence of a crop and therefore this correction term
will likely not have a major influence on the harmonic mean. This
suggests that, also for additive designs, Eq. (13) will give a reasonable
approximation of the value that would have been obtained with Eq.
(14). In Fig. 2b, next to the selection effect, also the ‘density effect’ is
included, as the curve representing the predicted weed biomass in

(9)

Substitution of the inverse of the weed biomass in pure stands of crop
species 1 and crop species 2, as represented by Eq. (8), into Eq. (9)
yields:
(
)
(
)
1
1
1
1
1
1
+ ρ2
(10)
=
+ ρ1
−
−
Yw,ic Yw,0
Yw,c1 Yw,0
Yw,c2 Yw,0
which corresponds to:
(
)
(
)
1
1
1
1
+ ρ2
+ (1 − ρ1 − ρ2 )
= ρ1
Yw,ic
Yw,c1
Yw,c2
Yw,0

Yw,c1

(

Yw,ic =

In this equation, the first term on the right-hand side of the equation
reflects the inverse of the biomass of a ‘crop-free’ weed population, and
the second term represents the influence following from competition of
crop i. Similarly, the inverse of weed biomass in intercropping (Eq. 7)
can be written as:
1

)

1

With the inverse of (1/Yw,ic) corresponding to the weighted har
monic mean of the weed biomass observed in pure stands of crop 1 and
crop 2 (model 3):

In this equation ρiNci represents the crop plant density of species i in
intercrop. Direct estimation of the various competition parameters that
are included in Eqs. (6) and (7) is simply not possible. That would
require that each specific intercrop combination at a specific site would
have been planted at a range of densities and density combinations.
Since this is usually not the case, another method was used. Evidently,
the two versions of Eq. (6) (for species 1 and 2) and Eq. (7) are composed
of the same set of competition parameters. Therefore, these equations
were combined and algebraically transformed into an equation that, just
like model 1 and 2, directly expresses weed biomass in an intercrop as a
function of weed biomasses in the pure stands of the component species.
The mathematical derivation proceeds as follows:
Take the inverse of Eq. (6):
1
bw0 + bww Nw bwci Nci
1
bwc Nc
=
+
=
+ i i
Yw,ci
Yw,0
Nw
Nw
Nw

(
= ρ1

(11)

For a replacement design, since ρ1 + ρ2 = 1, the equation simplifies
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intercrops with an additive design (here RDT = 1.5) falls well below the
curve obtained in replacement design (Fig. 2a).
Note that in Eq. (7) weed suppression is solely based on the specific
weed suppressive attributes of both species, as reflected in their
competition coefficients, combined with the densities in which both
species are present. An improved weed suppression emerging from
synergistic effects, like the ‘complementarity’ effect, that only appears in
presence of both species, is thus not accounted for. An indirect estima
tion of the relevance of such a mechanism can however be obtained. If,
next to the density and the selection effect, the complementarity effect is
an important mechanism for weed suppression of intercrops, the pre
dicted weed biomass based on Eq. (7) is likely to result in an over
estimation. A systematic overestimation of weed biomass in intercrops
using Eq. (7) can thus be interpreted as a strong indication that
complementarity matters. The size of the overestimation being a fair
estimate of its relevance.

systematically over- or underestimate the observed values. The second
component is the nonunity slope (NU) and has a transparent relationship
with β1 , the slope of the regression:
1 ∑
NU = (1 − β1 )2 *( * (WBpred − WBpred )2 )
N

The more the slope of the regression deviates from unity, the more
this component contributes to MSD. A high contribution of NU to MSD
thus indicates that the size of the difference between predicted and
observed values is related to absolute weed biomass. The third compo
nent is lack of correlation (LC) and has a transparent relationship with
the r2 of the regression:
1 ∑
LC = (1 − r2 )*( * (WBobs − WBobs )2 )
N

The degree of correspondence between observed and predicted weed
biomass was first evaluated by plotting model predictions (X-axis)
versus measurements (Y-axis). Due to the order of magnitude differences
in weed biomass in different experiments, the data were log-trans
formed:
(15)

The mean bias (MB) was calculated to characterize the mean dif
ference between predicted and observed weed biomass:
MB =

1 ∑
* (WBpred − WBobs )
N

(16)

where N is the number of observations, WBpred is the logarithm of
predicted weed biomass in intercrop based on the observed weed bio
masses in pure stands according to model 1 (arithmetic mean; Eq. (1)),
model 2a and 2b (weighted arithmetic mean; Eqs. (2) and (4)) or model
3 (weighted harmonic mean; Eq. (13)) and WBobs is the logarithm of
observed weed biomass in intercrop. A positive MB value means over
estimation whereas a negative MB value means underestimation.
To support visual inspection, linear regression of measured on
calculated values was conducted:
WBobs = β0 + β1 *WBpred

2.4. Model exploration
Comparison of observed and predicted weed biomass in intercrops
indicated that, based on weed biomass obtained in pure stands of the
component crop species, model 3 provided the most accurate pre
dictions of weed biomass in the intercrop. For that reason, this model
was used to explore the relative importance of crop species, mixing ratio
and plant density in the weed suppressiveness of intercrops. Hypothet
ical intercrops were composed of two component species of which the
ratio between the weed biomass in pure stand of the weaker suppressive
component crop species over that of the stronger suppressive species
(ratio a) was used to characterize their difference in weed suppressive
ability. Values of a in the range from 1.0 to 8.0 were taken to represent
an increasing difference in competitiveness of the component crop
species to weeds. Predicted weed biomass was plotted against the rela
tive contribution of the stronger weed suppressive species in intercrop
(ρ1/RDT), for both replacement and additive intercrops.

(17)

Parameters β0 and β1 are the intercept and slope of the model,
respectively. Parameters and coefficient of determination (r2) were
estimated using least squares estimation in R (function lm).
For a more formal comparison of model-based predictions and
observed values, the mean squared deviation (MSD) was determined
(Kobayashi and Salam, 2000; Gauch et al., 2003). The MSD is the sum of
squared deviations between prediction and observation, divided by the
number of observations:
)
1 ∑(
MSD = *
WBpred − WBobs 2
N

3. Results

(18)

Visual inspection of model output versus observation showed that
the predictions of the arithmetic mean (model 1) systematically over
estimated the actual weed biomass for the dataset as a whole, as well as
for replacement and additive intercrops (Fig. 3a–c). This overestimation
was reflected in positive values of the mean bias (MB) for the whole
dataset (0.52) as well as for additive (0.47) and replacement designs
(0.56). A mean bias on the log scale of predicted weed biomass of 0.52
reflects an overestimation by a factor exp(0.52)=1.68, corresponding to
an overestimation of weed biomass of approximately 68%. Regression of
measured on predicted values revealed a nearly parallel deviation from
the 1:1 line, with a coefficient of determination (r2) close to 0.80.
Although mixing proportion was taken into account in the first
weighted arithmetic mean model (model 2a), the prediction did not
improve compared to the arithmetic mean (Fig. 3d–f). This prediction

The lower the value of MSD, the closer the prediction is to the
observation. The MSD can be partitioned into three distinct and additive
components (Kobayashi and Salam, 2000; Gauch et al., 2003). Here we
used the partitioning proposed by Gauch et al. (2003), as their compo
nents relate in a transparent way to the regression parameters. The first
component, squared bias (SB), is the square of the bias of the mean of the
predicted weed biomass (WBpred ) from the mean of the observed weed
biomass (WBobs ):
SB = (WBpred − WBobs )2

(21)

This component reflects the amount of random scatter around the
regression line.
For the analysis of the three models (i.e. arithmetic, weighted
arithmetic and weighted harmonic mean), next to an evaluation based
on the entire dataset, the dataset was separated into intercrops with a
replacement design and intercrops with an additive design. Next, the
same analyses were performed after separating the dataset according to
other characteristics, specifically 1. Mixing ratio: intercrops with equal
(50%/50%) and unequal representation of the two component species;
2. Species composition: small-grain cereal/legume intercrops, maize/
legume intercrops and other intercrops; 3. Spatial arrangement: mixed,
row and strip intercrops; 4. Temporal separation: simultaneous and
relay intercrops. Since observations on weed biomass in crop-free con
trol were not reported, the weighted harmonic mean was always
calculated using model 3 (Eq. 13), even for intercrops with an additive
design.

2.3. Model evaluation

WB = ln(Yw,ic + 1)

(20)

(19)

Squared bias is numerically identical to the square of the MB (Eq.
16). A high contribution of SB to MSD indicates that the predicted values
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Fig. 3. Observed values (Y-axis) versus model-based predicted values (X-axis) for weed biomass in intercrops. Weed biomass is expressed on a logarithmic scale.
Figures in the first column represent the whole dataset (n = 339), figures in the second column represent replacement intercrops (n = 157), whereas the third column
represents additive intercrops (n = 182). (a)-(c) represent the predictions of the arithmetic mean (model 1); (d)-(f) represent the predictions of the first weighted
arithmetic mean (model 2a); (g)-(i) represent the predictions of the second weighted arithmetic mean (model 2b); (j)-(l) represent the predictions of the weighted
harmonic mean (model 3). MB is the mean bias for the predictions of these models. Dotted black lines represent the lines with intercept equal to zero and slope equal
to one (i.e. 1:1 line). Solid blue lines represent the regression lines. r2 is the coefficient of determination. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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also overestimated the actual weed biomass for the whole dataset (MB =
0.52) as well as for replacement and additive intercrops separately (MB
= 0.45 and 0.59, respectively), whereas the slopes of the regression lines
stayed close to one and the r2 varied between 0.81 and 0.84. No
improvement following from the use of model 2a is to be expected for
intercrops with an equal relative density of the two component crops (ρ1
= ρ2). This characteristic held for a slight majority of the records (183/
339). Separate analysis of the groups of records with equal and nonequal relative share of the two component crops showed that model
2a did also not cause an improvement in the prediction of weed biomass
for the group with non-equal relative share (Supplementary material;
Figs. S3 and S4). The MB even increased marginally (from 0.49 to 0.50).
Accounting for density, as was done in the second weighted arith
metic mean model (model 2b), resulted in a major improvement of
predicted weed biomass for intercrops with an additive design (Fig. 3i).
The MB was reduced from 0.59 to 0.08. The slope of the regression line
stayed close to one and r2 was unaffected (0.84). As the introduction of
density in model 2b simply meant a division by 1 for intercrops with a
replacement design (ρ1 + ρ2 = 1), predictions for this group stayed
identical to that of model 2a (Fig. 3h). With over 50% (181/339) of all
intercrops with an additive design, the predictions for the dataset as a
whole also improved, but to a lesser extent (reduction in MB from 0.52
to 0.25) (Fig. 3g).
The weighted harmonic mean (model 3) gave a much better pre
diction of the observed weed biomass for intercrops with a replacement
design (MB was reduced from 0.45 to 0.08) (Fig. 3k), and following from
that also for the whole dataset (MB from 0.25 to − 0.06) (Fig. 3j). For
intercrops with an additive design the predictions worsened somewhat
and turned from a slight overestimation (MB = 0.08) into a modest
underestimation (MB = − 0.17) (Fig. 3l). The slopes of the regression
lines varied between 0.90 and 0.97, whereas the r2 in all three cases was
high (around 0.90).
The results of the mean squared deviation (MSD) (Fig. 4) were in
general consistent with the visual inspection and the regression results.
The MSDs of model 1 and model 2a were almost identical. Model 2b
showed a considerable reduction in MSD for the predictions of the ad
ditive intercrops, whereas for intercrops with a replacement design the
MSD dropped greatly when using model 3. Opposite to MB, the MSD in
intercrops with an additive design was also smallest with model 3. The
MSD-based analysis enabled us to further investigate the causes of de
viation for the various models by looking into the three components that
add up to MSD. For all models, non-unity slope (NU) was negligible,
corresponding with the regression lines moving nearly parallel to the 1:1
line as also reflected in their slopes being close to one. This implies that
the bias between prediction and observation is independent of actual
weed biomass. For model 1 and 2a the MSD was composed of squared
bias (SB), reflecting the systematic overestimation of these predictions,
and lack of correlation (LC), reflecting the bias that is not captured by
NU or SB. In line with the MB-values, the SB for additive intercrops was
somewhat larger than the SB for replacement intercrops. For model 2b,
SB for intercrops with an additive design nearly completely disappeared,

whereas the random scatter, reflected in LC, stayed the same. The same
model did not provide any improvement for intercrops with a replace
ment design. For the weighted harmonic mean (model 3) the SB became
very small and nearly completely disappeared, whereas the magnitude
of the LC was on average just over half of that of the models based on
arithmetic means. This illustrates the absence of a systematic error in the
predictions based on the weighted harmonic mean. The exception was
the dataset composed of additive intercrops, where SB was somewhat
larger than with model 2b and made up around 13% of MSD. For pre
dictions based on the weighted harmonic mean the MSD thus merely
consisted of random error reflected in the LC-component. This second
analysis thus confirmed the superiority of the weighted harmonic mean
as a predictor of weed biomass in intercrops, though for intercrops with
an additive design the difference with model 2b was modest.
In a further analysis, the dataset was split up according to the other
three classifications presented in Table 1: species composition, spatial
arrangement and temporal separation (Supplementary material:
Figs. S5–S7). MB and MSD-values of these analyses, including the
decomposition in SB, NU and LC, are presented in Fig. 5. For most of the
classes within the three discerned categories a similar pattern was
observed: not much of a difference in MB and MSD between model 1 and
model 2a, followed by a modest reduction and a large drop for model 2b
and model 3, respectively. With the first two models, MSD was already
mostly composed of SB and LC, whereas NU was either absent or really
small. The reduced MSD following from the use of model 2b was merely
due to a reduction in SB. For model 3, the SB component nearly
completely disappeared, and on top of that LC greatly reduced. Within
each of the three classifications, one of the classes showed a somewhat
different pattern: within species composition the class of maize/legume
intercrops, within spatial arrangement the class of strip intercrops and
within temporal separation the class of relay intercrops. For these
diverging classes, also a comparable pattern was observed. Their MSD
dropped strongest between model 2a and model 2b, the transition
characterized by accounting for plant density. Model 3 did not result in a
further improvement, with model 2b having a slightly lower MSD, a
smaller SB and consequently an MB closer to 0. For all three of the
diverging classes, the predictions with model 3 resulted in an underes
timation of weed biomass (negative MB).
Since the weighted harmonic mean gave such accurate predictions of
observed weed biomass in intercrops for most classes, this model was
used to explore the relative importance of crop species composition,
mixing ratio and total plant density in the weed suppressiveness of in
tercrops. In Fig. 6a the results for hypothetical intercrops with a
replacement design are presented. Ratio in weed biomass of the two
component crop species in pure stand (ratio a) varied from 1 to 8. As
expected, the weed biomass in the intercrop becomes smaller if the
strongly weed-suppressive component crop makes up a larger share of
the intercrop. This reduction in weed biomass does not follow a pro
portional pattern, rather a relatively small share of the stronger
competitor already has a major influence. This positive effect of the
stronger weed suppressing species is more prominent if the two
Fig. 4. The mean squared deviation (MSD) and
the three components that add up to MSD (i.e.
squared bias (SB), nonunity slope (NU) and lack
of correlation (LC)) for the predictions of the
arithmetic mean model (model 1), the first
weighted arithmetic mean model (model 2a),
the second weighted arithmetic mean model
(model 2b) and the weighted harmonic mean
model (model 3). The models were tested for
the whole dataset (whole; n = 339) and data
collected in replacement (Repl; n = 157) and in
additive intercrops (Addi; n = 182), separately.
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Fig. 5. The mean squared deviation (MSD) and the three components that add up to MSD (i.e. squared bias (SB), nonunity slope (NU) and lack of correlation (LC)) for
the predictions of the arithmetic mean model (model 1), the first weighted arithmetic mean model (model 2a), the second weighted arithmetic mean model (model
2b) and the weighted harmonic mean model (model 3). The models were tested for three classifications of the whole dataset: Species composition (top row; smallgrain cereal/legume (SG/L), maize/legume (M/L) and other intercrops); Spatial arrangement (middle row; mixed, alternative row, and strip intercrops); Temporal
separation (bottom row; simultaneous and relay intercrops). The values in bracket on top of the bar are the mean bias (MB) for each analysis.

component crop species differ more strongly in weed suppressive ability.
In Fig. 6b, the results for intercrops with an additive design are pre
sented. Here, the density of the weaker competitive crop species is fixed
at its density in the pure stand (ρ2 = 1), whereas the relative density of
the more suppressive crop species (ρ1) is gradually increased until this
species finally reaches the density similar to that of its pure stand. This
point at the right-hand side of the x-axis thus represents an intercrop
with a fully additive design. The observed pattern is very similar to that
of intercrops with a replacement design, except that the weed biomass
drops below the value obtained in the pure stand, at standard density, of
the most weed suppressive crop species. Also, with these intercrops, a
relatively small share of the more suppressive crop species has a major
impact on the competitiveness of the intercrop. In Fig. 6c and d, four
replacement series at different total plant densities (RDT = 1.0, 1.2, 1.5
and 2.0) are presented, with the ratio (a) of weed biomass of the
component crops equal to 2 (Fig. 6c) or 5 (Fig. 6d). In both situations the
positive influence of an increased plant density on weed suppression is
clearly illustrated, with lower weed biomass obtained at higher crop
plant densities. Comparison of the two figures shows that the additional

absolute reductions in weed biomass following from an increased plant
density are less prominent if the two component crop species differ more
in weed suppressive ability. In all situations the relatively strong influ
ence of a relatively small share of the more suppressive component crop
species is evident.
4. Discussion
This study investigated whether it is possible to predict weed
biomass in intercrops based on the weed biomass observed in pure
stands of the component crop species the intercrop is composed of.
Three main models were compared using a recently compiled dataset
(339 records) containing a wide variety of intercrops retrieved from
scientific literature on weed suppression in annual intercropping (Gu
et al., 2021). The aim of this analysis was to enlarge the understanding
on the weed suppressive ability of intercrops, and specifically to shed
light on the relevance of the mechanisms at the basis of weed suppres
sion in intercrops and the factors governing this weed suppression.
The first models (model 1, 2a and 2b) are based on the arithmetic
9
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Fig. 6. Graphical representation of predicted
weed biomass in intercrop plotted against the
proportion of the stronger suppressing compo
nent crop species, defined as the relative den
sity of this species (ρ1) over the relative density
total (RDT). Predicted weed biomass in inter
crop is based on the observed weed biomass in
pure stands of the component crop species (at
standard density) using the weighted harmonic
mean model (model 3). Markers represent the
weed biomass in pure stands of the component
crop species at standard density, whereas
parameter a represents the ratio of weed
biomass in pure stand of the weaker and the
stronger suppressing component crop species.
In (b) only the weed biomass of the weakest
suppressing species is indicated. Weed bio
masses of the stronger suppressing species
(which can be calculated based on ratio a) do
not correspond to the end of the lines and were
therefore omitted. Figures illustrate the influ
ence of weed suppressiveness of the component
crop species, mixing ratio and total plant den
sity on predicted weed biomass in intercrop for
different intercrop designs. (a) intercrops with a
replacement design. (b) intercrops with an ad
ditive design, with the weaker weedsuppressive crop species in a fixed density
equal to its density in pure stand. (c-d) in
tercrops in replacement series with increasing
density (RDT = 1.0, 1.2, 1.5 and 2.0).

Not only did the systematic overestimation nearly completely disappear
(MB = 0.08 instead of 0.45), also the residual error (LC) was reduced by
50%, adding up to a 61% reduction in mean squared deviation (MSD).
For intercrops in additive design the reduction in MSD when moving
from model 2b to model 3 was 26%. With the same move, mean bias
changed from a small overestimation of weed biomass (0.08) to a
moderate underestimation (− 0.18). Such an underestimation is in line
with the neglected correction factor in the prediction of the weed
biomass in additive intercrops. In the complete model, this correction is
based on the inverse of the weed biomass in absence of a crop (Eq. 14).
Due to the absence of a fallow control treatment in all intercropping
experiments this subtraction had to be ignored, resulting in a potential
underestimation of predicted weed biomass for intercrops with an ad
ditive design. The relatively small size of the underestimation also
makes sense. Weed biomass under crop-free conditions will be manifold
higher than the weed biomass obtained in the presence of a crop.
Consequently, the inverse of weed biomass in the absence of a crop used
in Eq. (14) will usually be relatively small, and accordingly the bias
following from its absence in the prediction of weed biomass will be
minor.
Model 3 was mathematically derived based on the hyperbolic yielddensity equation with an extension that accounts for the presence of
other competing species (Spitters, 1983). In this equation, competitive
contributions of component crops are additive, but at the same time
inversely related to weed biomass (Eq. 7). This implies that the absolute
reduction in weed biomass caused by a species is influenced by the weed
suppressive potential and density of the other species. Predicting weed
biomass in intercrop as the weighted harmonic mean of the weed bio
masses obtained in pure stands of the two species assumes that the
stronger competitive species contributes more than proportionally to the
weed suppression in intercrop. A relatively small fraction of a stronger
weed-suppressive crop species then already greatly enhances the weed

mean. In model 1, the simple arithmetic mean, only the weed suppres
sive ability of the component crop species, as expressed in the weed
biomass obtained in pure stand of the species, was considered. The
simple averaging of weed biomasses in pure stand resulted in a sys
tematic overestimation of weed biomass in intercrop. In model 2
weighting factors were included to allow for a more realistic comparison
between pure stands and the related intercrop. Accounting for the
relative contribution of the two species in the intercrop, represented by
relative density of the species scaled by relative density total (model 2a),
did not improve the prediction of weed biomass. For intercrops with an
identical relative share of the two component crops (almost 57% in this
dataset) this was to be expected, but also for intercrops with a nonidentical relative share the improvement was only marginal. With
weighting factors also accounting for total plant density (model 2b) the
predictions for intercrops with an additive design improved substan
tially. Both mean bias (MB) and mean squared deviation (MSD) dropped
considerably (reductions of 86% and 54%, respectively), confirming the
important role of an increased plant density to the weed suppressive
ability of intercrops with an additive design. For intercrops with a
replacement design, adding plant density simply corresponds to a divi
sion by 1. Consequently, predictions did not improve and the systematic
overestimation of weed biomass was maintained. The use of the
weighted arithmetic mean that accounts for mixing ratio and total plant
density (model 2b) basically assumes the crop species to contribute to
weed suppression in intercrop in a comparable way as in their pure
stands. The systematic overestimation of weed biomass in replacement
intercrops when using this model, strongly suggests that the underlying
assumption is invalid. Evidently, the actual intercrops do much better,
confirming that intercrops, in general, suppress weeds comparatively
well (e.g. Liebman and Dyck, 1993; Gu et al., 2021).
The third model, the weighted harmonic mean (model 3), gave a
much improved prediction of weed biomass in replacement intercrops.
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suppression of intercrops mainly composed of a weaker competitive
crop species (Figs. 2 and 6). Although the current analysis was solely
based on observations on weed biomass, it is quite well possible to
comprehend the mechanism underlying the observed pattern of weed
suppression in intercrops. In the intercrops, individuals of the strongly
competitive component species exchange a relatively high level of
intraspecific competition in sole crop for a lower level of interspecific
competition. This net release from competitive pressure then allows
individuals of this species to proliferate. Consequently, this competitive
species contributes more to the weed suppression of the intercrop than
expected based on its performance in pure stand. For individuals of the
weaker competitive component the opposite is true. For this species a
relatively mild level of intraspecific competition is replaced by a much
higher level of interspecific competition. This phenomenon is referred to
as the selection effect (Loreau and Hector, 2001) and was, among others,
clearly illustrated in a study of Baumann et al. (2000) where light
interception in pure stands of leek and celery was compared to light
interception in intercrops of these two species, laid out in replacement
design. Throughout the course of the growing season the pure stand
celery was much better at intercepting radiation than the pure stand of
leek. In intercrop, radiation interception much more closely resembled
the pattern of celery, reflecting the greater contribution of this compo
nent crop species to radiation interception in intercrop. Since the benefit
obtained from the strongly weed-suppressive crop species outnumbers
the impaired contribution of the weaker suppressor, the weed biomass in
intercrop is lower than the prediction based on a simple (model 1) or
weighted (model 2) arithmetic mean (Fig. 3).
Previously it was difficult to unravel the effect of mixing proportion
of component species and higher plant density on weed suppressiveness
of intercrops with an additive design (e.g. Bulson et al., 1997; Haug
gaard-Nielsen et al., 2006; Corre-Hellou et al., 2011). To the best of our
knowledge, the weighted harmonic mean model is the first mathemat
ical approach to disentangle the effects of these two factors on weed
suppression in annual intercropping. This model accounts for both
mixing ratio of species as well as total plant density and allows pre
dicting weed biomass in intercrops based on observed weed biomass in
pure stands of the component crops and their relative densities in
intercrop. The explorations presented in Fig. 6c and d clearly illustrate
that at higher plant density, represented by higher RDT-values, weed
biomass is lower. In addition these figures show that at higher plant
density any further increase in plant density becomes gradually less
effective: the reduction in absolute biomass with an increase in RDT
from 1.0 to 1.2 was comparable in size to the reduction observed with an
increase in RDT from 1.5 to 2.0. This phenomenon is also commonly
observed in sole crops. With an increase in seeding rate at relatively low
seeding rates of the crop the weed suppression is considerably increased,
whereas a similar increase at a higher seeding rate has only limited effect
(e.g. Cousens, 1985; Zhao et al., 2007). Next to total plant density, the
choice of component crop species (their individual weed suppressive
ability) and mixing ratio are important determinants of the level of weed
suppression in intercrop (Fig. 6).
With the dataset split up according to three different classifications
further insight was obtained, which helps to set the extrapolation
domain for the weighted harmonic mean model (Fig. 5). Evidently, for
maize/legume (M/L) systems (species composition), strip intercrops
(spatial arrangement) and relay intercrops (temporal separation) the
predictions obtained with the weighted harmonic mean model did not
result in a further improvement compared to predictions with the
weighted arithmetic mean model (model 2b). Predictions were even
slightly less accurate. Differences were small for MSD, but for MB,
reflecting the average deviation from the 1:1 line, the differences were
striking. In all three instances, the weighted harmonic mean model
systematically underestimated actual observed weed biomass, meaning
that the systems performed less than expected. In relay and strip inter
cropping systems the temporal (relay) or spatial (strip) segregation of
the two component species is relatively large, and consequently the

species are less intimately mixed than in simultaneous intercrops or
intercrops with a mixed or row design. For that reason, the benefits of
species mixing for weed suppression are less than for the other inter
cropping systems. The extended hyperbolic yield-density equation (Eq.
6 and 7) at the basis of model 3 assumes a close to homogenous mixing of
the competing species. It is to be expected that when this assumption is
violated, the predictions of the model are less accurate. Sound pre
dictions of weed biomass in intercrops using the weighted harmonic
mean model seems thus limited to simultaneous intercrops in mixed or
row design. Maize/legume systems contained a high fraction of in
tercrops with a relay or strip design (75% of the records), whereas for
small-grain cereal/legume (SG/L) intercrops (14%) and the group of
other intercrops (27%) these systems made up a much smaller fraction
(Table 1). That likely explains why M/L systems closely resembled the
pattern observed for relay and strip intercrops.
Next to the assumption of near to homogeneous mixing of competing
species, there are some other implicit assumptions at the basis of the
weighted harmonic mean model (model 3). A first is that the interspe
cific competitive effect of a specific crop on the weed, as expressed in its
competition parameter bwc, remains unaffected in a different crop
context. The similarity between predicted and observed weed biomass
suggests this assumption is valid. Another assumption is that the effects
of the intercrop are mainly on the growth of the weeds, rather than on
their establishment. That is, the number of weed plants in pure stand and
intercrop, in the equations at the basis of the weighted harmonic mean
model (Eqs. 6 and 7), are considered identical. Under normal field
conditions, seedbed preparation is the main trigger for weed germina
tion and emergence. Since management of the intercrop and pure stands
within a record were identical, we have no reason to assume that the
establishment rate of the first batch of weeds differed between treat
ments. During later growth phases more open canopies might allow for a
longer establishment phase of weeds. However, relative time of weed
emergence is a crucially important factor for competitive relations be
tween crop and weed (e.g. Cousens et al., 1987). The implication is that
those later emerging weeds will hardly contribute to weed biomass
production.
In model 3, contributions to weed suppression of any synergistic
effect evolving from the combination of species in intercrop, like
complementarity between component species, is not accounted for. The
good correspondence between observed and predicted weed biomass,
and more in particular the absence of a systematic overestimation of
weed biomass (SB close to zero; Fig. 4), strongly suggests that this
omission did not negatively affect the predictions. Absence of niche
complementarity in intercrops contained in the dataset is not a valid
explanation for this, as the analysis of Gu et al. (2021) clearly indicated
the presence of many intercrops with LER > 1 in the dataset. The
observation that weed suppression in intercrops is not better than what
can be expected based on elementary competition principles, driven by
density and selection, strongly challenges the frequently posed sugges
tion that complementarity plays an important role in the more than
average weed suppressive ability of intercrops (e.g. Banik et al., 2006;
Hauggaard-Nielsen et al., 2008; Bilalis et al., 2010). The important role
of a fast canopy closure for weed suppression might be relevant here.
Numerous investigations have shown that early crop closure is a key
factor in minimizing the negative effects of weeds on the crop. Several
weed management principles are based on this phenomenon, like the
use of weed suppressive crop cultivars (e.g. Lemerle et al., 1996; Zhao
et al., 2006), an increased seeding rate and a more uniform crop plant
spacing (e.g. Olsen et al., 2005) and transplanting (e.g. Weaver et al.,
1987). All measures are aimed at minimizing the availability of light for
weeds, particularly during the early growth stages. Whereas resource
complementarity in intercrops is more likely to benefit the crops during
later growth stages in their competition for below ground resources, it is
the selection effect that is more likely to contribute to a fast canopy
closure during early growth stages. It might be for this reason that the
weighted harmonic mean provides such an accurate prediction of weed
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biomass in intercrops and enables weed biomass to be predicted solely
on weed biomass in pure stands and the relative densities of the
component species in intercrop.
There are some important agronomic implications related to the
current findings. Being able to accurately predict weed biomass in in
tercrops based on the weed biomass obtained in pure stands of the
component crop species implies that observations on pure stands alone
already provide clear insight in what to expect from the intercrop.
Related to productivity of intercropping systems, where niche comple
mentarity is an important mechanism for yield maximization, a key
question that is often posed is whether breeders need to select specific
varieties for use in mixed systems, or whether they may simply rely on
varieties that are selected for pure stand cropping (e.g. Annicchiarico
et al., 2019; Evers et al., 2019). The results of this study strongly suggest
that in relation to weed suppression this question is less relevant; strong
weed suppression in pure stand assures the best contribution to superior
weed suppression in intercropping. Choice of intercrop species compo
sition, mixing ratio and total plant density were identified as the main
factors determining weed suppression in intercrop. These factors can all
be used for the design of intercropping systems with adequate weed
suppressive ability. Since density and selection were identified as
important mechanisms of weed suppression in intercrops, care should be
taken that an overemphasis on weed suppressive ability in the design of
intercropping systems does not result in systems with a too high plant
density or systems in which the dominant species outcompetes the
poorer weed-suppressive crop species.
In conclusion, the weighted harmonic mean (model 3) provides a
powerful prediction for weed biomass in two-species annual intercrop
ping systems, in particular for simultaneous intercrops with a mixed or
row design. Model development and evaluation provided new insight in
how weed suppression by intercrops comes about. The achievement of a
good correspondence between observed and predicted weed biomass,
using a model driven by the combination of density and selection, sug
gests that complementarity is of minor importance for the weed sup
pressive ability of intercrops. Species selection, mixing ratio and total
plant density were all found relevant in composing weed suppressive
intercrops.

Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.fcr.2021.108388.
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