
agriculture

Article

The Method and Timing of Weed Control Affect the
Productivity of Intercropped Maize (Zea mays L.) and Bean
(Phaseolus vulgaris L.)

Sabine Andert

����������
�������

Citation: Andert, S. The Method and

Timing of Weed Control Affect the

Productivity of Intercropped Maize

(Zea mays L.) and Bean (Phaseolus

vulgaris L.). Agriculture 2021, 11, 380.

https://doi.org/10.3390/

agriculture11050380

Academic Editor: Roberto Mancinelli

Received: 7 April 2021

Accepted: 21 April 2021

Published: 23 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Crop Health, Faculty of Agricultural and Environmental Sciences, University of Rostock, Satower Straße 48,
18051 Rostock, Germany; sabine.andert@uni-rostock.de

Abstract: Intercropping results in high overall system productivity on a given piece of land due to the
efficient use of available plant growth resources. Weed control in intercropping systems is, however,
still a challenge. This study focuses on the effect of the type of weed control (chemical/mechanical)
and the timing of chemical herbicide application (pre-emergence/post-emergence) on weed control
and crop productivity in a maize bean mixture. For this purpose, the results of a three-year field
experiment (2017 to 2019) in northeast Germany will be presented. The experimental setup included
a control, three chemical methods, and one mechanical method of weed control. Except for the
mechanical treatment, a completely randomized block design was established. Weeds were assessed
at BBCH 12 of the maize, immediately before the first weed control treatments to estimate the initial
weed infestation, and twice in the six to eight leaf stage of the maize. The weed coverage (%) was
estimated. The maize bean mixture was harvested and yields (t ha−1) were measured. The results
confirm that the type of weed control, as well as the timing of herbicide application, significantly
affects the weed coverage of the maize bean mixture. The most successful weed control strategy was
the double chemical herbicide application, in which chemical herbicides are in used pre-emergence
beans (BBCH 12 maize) and post-emergence beans (BBCH 12 bean). Weed coverage was reduced
by up to 75% using this most effective herbicide strategy and by up to 61% through mechanical
weed control, compared to the control. The additional effects of post-emergence treatment on the
pre-emergence herbicide control resulted in a 16.5% weed coverage decline. The yield surplus of
double chemical herbicide application (pre/post-emergence) was up to 53%, and for the mechanical
weed control up to 23%. Additionally, post-emergence herbicide use in intercropped maize and
bean resulted in a 16% yield surplus, compared to the single pre-emergence chemical weed control.
Optimal timing of weed control during the most sensitive phenology stages of the maize bean mixture
is crucial for productivity. The results of this study provide an additional option for suitable weed
control of intercropped maize and bean.

Keywords: intercropping; chemical herbicide use; mechanical weed control; pre/post-emergence
herbicide application

1. Introduction

Sustainable development is one of the fundamental objectives of the European Union
(EU). Thus, sustainable governing processes have emerged in the EU and its member
states. In 2009, the EU adopted the Renewable Energy Directive, which is one of the
most important regulations for sustainability in relation to biofuels (European Directive
2009/28/EC). Biomass-derived energy carriers, such as biofuels, biogas, biodiesel, and
bioethanol have been a particularly important and versatile renewable energy source
worldwide. It is expected to play a leading role in the transformation of the energy supply
to renewable energy [1,2].

Due to its high biomass and energy yields, silage maize is the most important co-
substrate in biogas production [3,4]. The high proportion of arable land devoted to maize
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(Zea mays L.) production, however, may cause some serious environmental concerns [5].
Conventional maize monoculture is particularly criticized for environmental reasons, e.g.,
soil erosion, nitrate leaching, phytosanitary risks, and excessive irrigation [6].

Intercropping is highlighted as one of the efficient cropping systems that increase the
overall system productivity on a given piece of land due to efficient use of the available
plant growth resources [7–9]. Nutrients, water, and light can be used more effectively by
mixtures and contribute to an increase in yields or yield stability [10–12].

Intercropping with maize and the common bean (Phaseolus vulgaris L.) is one of the
widely used practices of producing food crops on smallholder farms [13], especially since
the intercropped cultivation system ensures avoidance of risks associated with complete
crop failure [14]. Moreover, mixed intercropping with perennial grasses/legumes and
winter wheat/red clover are already widely implemented in industrialized agricultural
landscapes [15], even though intercropped maize and bean has been suggested as an alter-
native cropping system with environmental benefits [16,17]. The common bean improves
soil fertility through fixation of atmospheric nitrogen in symbiosis with rhizobia [18,19].

Generally, intercropping has been shown to reduce the risks of pests, especially the
infestation of weeds, while intercrops can utilize available resources more effectively than
separately grown crops. This results in a reduction of the number of resources that are
available to weeds [9,20–22]. Effective weed control in intercropped maize and bean is
necessary to minimize yield losses due to weeds. Weed management is, however, still
a challenge in intercropped systems [16,23] for both conventional and organic cropping
systems. Intercropping a dicotyledonous crop with a monocotyledonous crop reduces
the number of possible herbicides that can be used for chemical control [15]. Currently,
there are only three active ingredients that are registered in Germany: pendimethalin,
dimethenamid-P, and clomazone [24]. All three active ingredients are registered as pre-
emergence herbicides. The application of the pre-emergence herbicides is an established
method to control a weed, maize, and bean mixture [25,26]. However, pre-emergence
herbicide use provides merely suboptimal weed control of late-emerging weeds [25]. Pre-
emergence herbicide application followed by one mechanical weed control results in a
higher weed control efficiency [27]. Nevertheless, mechanical weed control management in
intercropped maize and bean is limited due to the different sowing dates, emergence times
of the two crops, and, particularly, soil characteristics such as soil texture and soil moisture
content. Weed control of late-emerging weeds by using post-emergence herbicides might
be an alternative method in intercropped maize and bean.

Currently available studies fail to measure the effect of post-emergence herbicide
application in maize bean mixtures [25,27]. This study focuses on the effect of post-
emergence herbicide use in intercropped maize and bean. For this purpose, the type of
weed control (chemical/mechanical) and the timing of chemical herbicide use (pre/post-
emergence) on the weed infestation in intercropped maize and bean was analyzed.

Post-emergence herbicide control is mainly used for the control of annual grasses.
It will be still hypothesized that the post-emergence herbicide use, additionally to pre-
emergence treatments, might be suitable to minimize the overall weed infestation in
intercropped maize and bean.

2. Materials and Methods
2.1. Sampling Sites

In the years 2017 to 2019, a field trial was set up in northeast Germany (location
“Rostock”: 12◦07′ E, 54◦05′ N) (Figure 1). The experimental field was located 15 km away
from the Baltic Sea coast at 45 m above sea level [28]. The mean annual temperature
between 1981 and 2010 was 9.2 ◦C with mean annual precipitation of 646 mm. The soil
type is loamy sand.
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Figure 1. Location of “Rostock” in northeast Germany.

The local weather conditions of “Rostock” are favorable for common bean cultivation
due to the moderate maritime climate. Fairly cool springs/summers and plentiful rainfall
seems to increase seed quality mainly through increasing the maximum quality attainable
during the course of crop development [29]. The average yield (2012 to 2017) level of
the common bean (main crop) from the Rostock area (federal state Mecklenburg-Western
Pomerania) is higher compared to the average bean yield in northeast Germany [30].

The crop management of intercropped maize and bean was similar among the three
experimental years (Table 1). Maize (variety Sofala DUO) was sown at the end of April or
the beginning of May depending on weather conditions in the three experimental years.
Maize seeds were treated with the insecticide Flowsan FS® (active ingredient Thiram) and
the fungicide Influx XL® (active ingredients Fludioxonil/Metalaxyl M) before sowing. The
maize was sown with a density of 7 seeds m2 and the beans were sown in the two to
three-leaf stage of maize at a distance of 0.125 m on either side of the maize row, also at a
density of 7.0 seeds m2. The common bean cultivar “Preisgewinner”, which is particularly
suitable for maize bean intercropping [23], has been cultivated. Row spacing between
maize plants was 0.75 m.

Table 1. Management data of intercropped maize and bean for each experimental year. Pre-crop,
type of tillage, sowing dates and densities of maize and bean, mineral fertilization, and harvest date.

Management 2017 2018 2019

Pre-crop Cauliflower (Brassica
oleracea L. var. botrytis)

Maize
(Zea mays L.)

Maize
(Zea mays L.)

Tillage Plough Plough Plough
Sowing maize

Date 9 May 2 May 21 April
Density (seeds m2) 7 7 7

Sowing bean
Date 7 June 1 June 22 May

Density (seeds m2) 7 7 7
Mineral fertilization
Nitrogen (kg ha−1) 80 80 80

Potassium (kg ha−1) 60 60 60
Harvest date 1 September 21 August 4 September
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The three experimental years (2017 to 2019) varied in weather conditions (Table 2). In
2017, the temperatures and the precipitation in the period between 1 April and 30 August
correlated with the long-term average in Rostock (temperatures 1981 to 2010: 14.3 ◦C;
precipitation 1981 to 2010: 347 mm). April and May 2018, however, marked the warmest
temperatures ever recorded in this area and time of year. The ensuing period brought one
of the greatest droughts in the climate history of Germany. On top of this, in July and
August, one of the longest and most intense periods of heat was recorded. Similar to the
exceptionally warm summer of 2018, the main parts of summer 2019 were also especially
dry and hot.

Table 2. Environmental conditions (precipitation (mm)), mean temperature (◦C) at the sampling sites
for each experimental year from 1 April to 30 August.

2017 2018 2019

Precipitation (mm) 345 131 233
Mean temperature (◦C) 14.5 16.6 15.5

2.2. Experimental Setup

In each year, the experimental setup included a control, three chemical methods, and
one mechanical method of weed control (Table 3). Treatments were repeated four times
per weed control method. The size of the plots was 5 × 1.5 m. Except for the mechanical
treatment, a completely randomized block design was established. Due to technical limits,
the mechanical control plots were located in a row, however, directly located next to the
randomized block design.

Table 3. Treatments, method of weed control, and phenological growth stages (BBCH) of maize and
bean at the treatment time.

Treatment Weed Control Method Phenological Growth Stages (BBCH)

Maize Bean

Control Control - -

CHEM-PRE Chemical pre-emergence
herbicide application 12 -

CHEM-POST Chemical post-emergence
herbicide application - 12

CHEM
PRE/POST

Chemical pre- and
post-emergence

herbicide application
12 12

MECH-C Mechanical control 12 12

Three different chemical weed control methods were tested (Tables 3 and 4). Pre-
emergence herbicides (active ingredients Dimethenamid-P + Pendimethalin) were applied
at the two-leaf stage of maize (treatment CHEM-PRE). Cycloxydim (+adjuvant) was treated
post-emergence at the two-leaf stage of the bean (treatment CHEM-POST). The treatment
CHEM PRE/POST included chemical pre- and post-emergence herbicide application. In
a further treatment, weeds were controlled twice mechanically (MECH-C) with a tined
weeder (BBCH 12 maize), followed by a mechanical hoe with goosefoot sweeps (BBCH 16
maize, BBCH 12 beans).
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Table 4. Active ingredients, HRAC/WSSA code 1, active ingredient content, and dose rates of
the chemical herbicides treatments. 1 Herbicide Mechanism of Action According to the Herbicide
Resistance Action Committee (HRAC) and Weed Science Society of America (WSSA) classification.

Treatment Active
Ingredients

HRAC/WSSA
Code

Active Ingredient
Content (g L−1)

Dose Rate
(L ha−1)

CHEM-PRE Dimethenamid-P +
Pendimethalin 3 + 15 455 + 720 2.8 + 1.4

CHEM-POST Cycloxydim +
adjuvant 1 100 1.5 + 1.5

2.3. Data Collection

Weeds were assessed at BBCH 12 of the maize, immediately before the first weed
control treatments to estimate the initial weed infestation (weed assessment 1). Herbicide
and mechanical treatment efficacies were assessed after pre-emergence bean herbicide
application (weed assessment 2). By that time, the chemical post-emergence treatment
had yet to be applied. The treatment efficacy was further checked 14 days after the post-
emergence herbicide application (weed assessment 3).

The weed coverage (%) was estimated in 1 m2 with four random replications per plot.
The mean weed coverage (%) for each treatment was calculated as the average of the means
per repetition plot. Weeds were identified at the species (if possible) or genus level and
counted on ten subplots of 0.1 m2 within each of these plots, which were cumulated to
1 m2.

The intercropped maize and bean were harvested as silage maize with its biomass
yield being weighed directly on the field from two rows (6 m). Subsamples from the
chopped biomass yield were dried (60 ◦C) to weight constancy, and then the dry matter
was assessed.

2.4. Statistical Analysis

Differences in weed control between the treatments were tested with ANOVA and the
non-parametric Kruskal-Wallis test [31].

Linear mixed models (LMM) were used to estimate the relationship between weed
control treatments, weed coverage (%), and yield, respectively. The models were completed
with variable years as random factors.

The “weed coverage” model is:

WCrj = µ + TRrj + kj + Erjk (1)

The “yield” model is:
YIrj = µ + TRrj + kj + Erjk (2)

where WCrj is the weed coverage and YIrj the yield of repetition r in year j, TR is the fixed
effect of weed control treatment on repetition r in year j. k is the random effect of the
annual conditions in year j, epsilon is the random error term.

Marginal and conditional r-squared (R2) values for LMMs are calculated based on [32].
Marginal R2 provides the variance explained only by fixed effects and conditional R2 pro-
vides the variance explained by the entire model, i.e., both fixed effects and random effects.

R (version 3.6.3) was used for statistical analyses and scientific graphics [33]. The
following R packages were included: “agricolae” (non-parametric Kruskal-Wallis test) [34],
“lme4” and “lmerTest” (mixed models) [26,35], “ggplot2” (graphs) [36], and “performance”
(r-squared values) [37].
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3. Results
3.1. Weed Species before Weed Control

The weed coverage was evenly distributed before the first weed control treatment
(Supplementary Table S1). The weed species composition was typical for maize fields
(Table 5). Dicotyledons dominated the weed communities. The species that occurred in
each experimental year were Chenopodium spp., Lamium spp., Polygonum spp.

Galinsoga spp., Stellaria media L., Spergula arvensis L., and Veronica spp. were frequently
found in 2017 and 2019. In each year, however, the monocotyledon Poa spp. was the
dominant weed.

Table 5. Mean weed species density m−1 per experimental year (2017 to 2019) recorded before the
first weed control treatment.

Weed Species EPPO Code Plant Density m−1

2017 2018 2019

Monocotyledon
Poa spp. POASS 35 80 78

Dicotyledons
Capsella bursa-pastoris CAPBP 18 - 6

Chenopodium spp. CHESS 14 7 69
Galinsoga spp. GASSS 15 - 86
Lamium spp. LAMSS 20 12 37

Matricaria spp. MATSS - - 4
Polygonum spp. POLPE 25 20 52
Stellaria media STEME 12 - 15

Spergula arvensis SPRAR 14 - 42
Thlaspi arvense THLAR - - 12
Veronica spp. VERSS 12 - 25

3.2. Weed Coverage in the Treatments

Weed assessment 2 (after the pre-emergence bean herbicide application) revealed
significant differences in weed coverage (%) among the treatments (Figure 2a–c).

In each experimental year, the highest weed coverage was recorded for the control
and POST-EM treatments. In 2017, no significant differences in weed coverage were
found between the MECH-C and CHEM-PRE/POST treatments. Across all treatments, the
CHEM-PRE resulted in the significantly lowest weed coverage. In 2018, the levels of weed
coverage for the treatments MECH-C, CHEM-PRE, and CHEM-PRE/POST were uniform.
In 2019, weed coverage was lowest for the CHEM-PRE/POST treatment, followed by weed
coverage of the treatments MECH-C and CHEM-PRE.

In weed assessment 3 (14 days after the post-emergence herbicide application), the
average weed coverage of all treatments increased compared to weed assessment 2. In
2017 and 2019, the weed coverage was significantly lowest for the CHEM-PRE/POST
treatment. In 2018, treatments MECH-C, CHEM-PRE, and CHEM-PRE/POST resulted in
similar levels of weed coverage.
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3.3. Weed Control Effect

Results for the “weed coverage” model are given in Table 6. The model explains 72%
of the total variation (conditional R2 = 0.72). Fixed factors accounted for 56% of the model’s
explained variation (marginal R2 = 0.56).

In general, weed control significantly decreased the mean weed coverage (%) of
intercropped maize and bean compared to the control. Weed coverage was reduced by up
to 75.3% using the CHEM-PRE/POST treatment and by up to 60.7% through mechanical
weed control, compared to the control.

The single post-emergence herbicide effect (CHEM-POST) accounts for 8.6% relative
to the control. The additional effect of post-emergence treatment on the pre-emergence
herbicide control resulted in a 16.5% weed coverage decline (Table 6).
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Table 6. Regression: effect of weed control treatments on weed coverage (%). The proportion of the
model’s explained variance and significance (F-test). Marginal R2 provides the variance explained
only by fixed effects and conditional R2 provides the variance explained by the entire model, i.e.,
both fixed effects and random effects.

Estimate P(t) Effect Relative to the Control (%)

Mean weed coverage (%) of control 85.5 0.0041 **
Difference to the control

CHEM-POST −7.9 0.0357 * −8.6
MECH-C −51.9 <2e-16 *** −60.7

CHEM-PRE −50.3 <2e-16 *** −58.8
CHEM-PRE/POST −64.4 <2e-16 *** −75.3

Fitting quality of the model
Conditional R2 0.72

Marginal R2 0.56

* p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. Crop Productivity

Intercropped maize and bean yield significantly differ between the different methods
of weed control (Figure 3). In each experimental year, significant treatment effects on
dry matter (DM) yield (t ha−1) occurred. Across all years, the DM yield of the treatment
CHEM-PRE/POST was significantly the highest. In 2017, DM yield of the treatments
CHEM-PRE/POST and CHEM-PRE did not differ significantly among each other. The
MECH-C treatment achieved a significantly higher DM yield compared to the DM yield
of the control and POST-EM treatments. In 2018, DM yield differences among treatments
were not statistically significant except for the CHEM-PRE/POST treatment. DM yields of
MECH-C and CHEM-PRE treatments did not significantly differ in 2019. The CHEM-PRE
treatment DM yields were significantly higher than the DM yield of the control.
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Results for the “yield” model are presented in Table 7. The models fit well and explain
73% of the variance (conditional R2 = 0.73). The fixed effect (weed control) accounts
for 35% of the variance explained by the model (marginal R2 = 0.35). Compared to the
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control, the yield surplus of the treatment CHEM-PRE/POST was 53.4%, for the MECH-C
treatment 22.9%, respectively. The additional effect of post-emergence measurements on
the pre-emergence herbicide control resulted in a 16.1% yield surplus compared to the
single pre-emergence chemical weed control (Table 7).

Table 7. Regression: effect of weed control treatments on yield (t ha−1). The proportion of the
model’s explained variance and significance (F-test). Marginal R2 provides the variance explained
only by fixed effects and conditional R2 provides the variance explained by the entire model, i.e.,
both fixed effects and random effects.

Estimate P(t) Effect Relative to the Control (%)

Mean yield (t ha−1) of control 7.23 0.00800 **
Difference to the control

CHEM-POST +0.27 0.60517 +3.7
MECH-C +1.66 0.00286 ** +22.9

CHEM-PRE +2.70 4.59e-06 *** +37.3
CHEM-PRE/POST +3.86 1.59e-09 *** +53.4

Fitting quality of the model
Conditional R2 0.73

Marginal R2 0.35

** p < 0.01, *** p < 0.001.

4. Discussion

This study expands the understanding of weed control strategies in intercropped
maize and bean. The three-year field experiments revealed further options for weed man-
agement in a maize and bean mixture. Weed species composition is generally associated
with farmers’ management strategies [38], the weed suppression effect of the cultivated
crop [39,40], and environmental conditions [41]. The results of this study confirm the major
effect of environmental factors on weed infestation and dry matter yields of maize and bean
mixtures. Particularly, in 2018, the experiment was strongly affected by unusual weather
conditions, which were characterized by longer periods of drought and strongly reduced
rainfall. Nevertheless, the effects of the treatments on weed control and crop productivity
in intercropped maize and bean are similar among the three experimental years.

The most successful weed control strategy was the chemical pre- and post-emergence
herbicide application (Figure 2). Weed coverage was reduced by up to 75.3% using the
CHEM-PRE/POST treatment. The application of pre-emergence herbicides is an estab-
lished method to control the infestation of weeds in a maize and bean mixture [25,27]. The
active ingredients Dimethenamid-P and Pendimethalin effectively control a wide range
of annual grass and annual broad-leaved weeds during an early sensitive stage of maize
development [42–45]. Nevertheless, when the herbicide activity declines, new-emerging
weeds occur and postemergence herbicides must be applied for optimal weed control as
they can also be competitive. In this study, therefore, herbicides were also applied after
the emergence of the bean. This type of weed control is not an established method in
intercropped maize and bean cultivation due to the limited chemical herbicide options.
The registered active ingredient Cycloxydim has a broad spectrum of activity against
monocot weeds but remains largely ineffective against dicotyl weeds. The additional effect
of post-emergence treatment on the pre-emergence herbicide control resulted in a 16.5%
weed coverage decline (Table 6). Particularly, the weed coverage results in 2017 and 2018
(Figure 2d,f) confirm the additional effects of the post-emergence herbicide application
on the overall herbicide efficacy of the treatment CHEM-PRE/POST. The additional effect
of post-emergence measurements on the pre-emergence herbicide control was confirmed
by [27]. The mentioned study combined a pre-emergence herbicide application of the
active ingredient pendimethalin followed by one mechanical rotary hoeing.

For the single post-emergence treatment (CHEM-POST) with the active ingredient
Cycloxydim, the efficacy was significantly reduced. In each experimental year, the weed
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coverage of the CHEM-POST treatment at the post-emergence application date was already
particularly high (Figure 2). It is probable that the broad-leaved weeds covered the mono-
cotyledons and, therefore, the grass weeds have not been controlled. Hence, these results
suggest that the active ingredient Cycloxydim should be used to control monocot weeds,
while a broadly effective herbicide has already been applied at an earlier stage of maize
development.

The results further confirmed that the type of weed control has a significant effect on
the weed coverage (Figure 2). Optimal timing of weed control during the most sensitive
stage of maize development is crucial for the establishment of a maize and bean mixture
when weed control is done mechanically. Purely mechanical weed control (treatment
MECH-C) resulted in significantly lower weed coverage in the maize and bean mixture
compared to the control and chemical post-emergence control (Table 6). At the final weed
assessment in 2017 and 2018, 14 days after the last treatments, the MECH-C treatment led to
no significant difference in weed coverage compared to the treatment CHEM-PRE. Hence,
in the mechanical treatment, weeds were controlled twice mechanically (BBCH 12 maize
and BBCH 16 maize/BBCH 12 beans), whereas the chemical pre-emergence herbicide
application is a single weed control measurement in BBCH 12 of the maize. Moreover,
in 2018, the mechanical treatment MECH-C obtained the same low weed coverage as
both chemical treatments (Figure 2e), and hereby, provided sufficient weed control. The
possibilities for using mechanical tools for in-crop cultivation depend particularly on
field and weather conditions [46]. Obviously, the dry weather conditions in 2018 highly
promoted the effectiveness of the mechanical weed control treatment.

The control of early-emerging weeds is essential to protect the yield potential of
conventional monoculture maize [47], likewise for the maize bean mixture [25]. In all three
experimental years, the DM yield of the treatment CHEM-PRE/POST was significantly
the highest (Figure 3). The additional effect of post-emergence measurements on pre-
emergence herbicide control resulted in a 3 to 17% yield surplus (Table 7). Compared to
the control, the yield surplus of the treatment CHEM-PRE/POST was 53.4%.

The DM yield significantly increased with the higher weed control efficacy of the
treatments (Figure 3, Table 7). Nevertheless, for all three experimental years, the DM
yields of the intercropped maize and bean performed badly in all treatments. Generally,
the total yield in intercropped maize and bean is comparable with that of pure maize
stands [23]. In this study, the yields of the mixture were much lower than the regional
mean silage maize yields in northeast Germany [48]. From an experimental setup view,
the fertilization management of the mixture surely limited the DM yields. High soil
phosphorus (P) levels are essential to obtain high maize yields. Generally, phosphorus will
be applied broadcast or as banded fertilization in intercropped maize and bean. The results
of this study underline that P fertilizer is a major concern for producers striving to achieve
maximum economic yield. Besides, in 2018 and 2019, the low DM yields of the mixture
were probably highly influenced by the dry weather conditions in spring and summer.
Excluding environmental variables, yield losses in maize are further mainly caused by
competition from weeds [49]. For maize bean mixtures, a weed coverage of up to 10% may
be tolerated, without a large yield reduction [25]. Hence, the higher weed coverages of all
treatments in 2017 and 2019 might probably have limited the maize and bean mixture yield.

5. Conclusions

Optimal timing of weed control during the most sensitive phenology stages of the
maize and bean mixture is crucial for productivity. The results of this study provide
an additional option for suitable weed control for intercropped maize and bean. By
further optimizing the weed control through using post-emergence herbicides, maize and
bean mixtures might probably present an alternative to the monoculture of maize. Thus,
intercropping of maize and bean might be one option of sustainable systems’ intensification
in European arable farming.
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Agriculture in the European Union is currently in a phase characterized by the transi-
tion from conventional to Integrated Pest Management (IPM) systems (European Directive
128/2009), as well as by the withdrawal of products and restriction on the use of pesticides.
The previous results confirm that mechanical weed control may reduce the reliance on
chemical herbicides in intercropped maize and bean.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/agriculture11050380/s1, Table S1: Mean weed coverage and standard deviation (sd) of the
treatments before herbicide application 2017 to 2019. In each year, we did not analyze significant
differences (p < 0.05) in weed coverage between the treatments. Kruskal-Wallis Test. Table S2: Mean
dry matter content (%) and standard deviation (sd) of the treatments.
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