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Abstract

This study evaluated the effects of different mechanical weed control systems on weed
biomass, weed flora composition and maize grain yield during a three-year field experiment
conducted from 2021 to 2023 in the Zagreb area, Croatia, using a randomized complete
block design with three replications. The following three weed control treatments were
compared. T1—mechanical weed control between the crop rows with a motor cultivator
combined with manual hoeing within the crop rows. T2—mechanical weed control between
the crop rows with a motor cultivator without weed control within the crop rows. T3—
without any weed control as control. The weed control system had a statistically significant
effect (p < 0.001) on weed biomass and maize grain yield throughout the study. The
lowest average weed biomass and the highest average grain yield were recorded in T1,
whereas the untreated control (T3) had the highest weed biomass and the lowest grain
yield. Regression analysis indicated a strong negative association between weed biomass
and maize grain yield (R2 = 0.833), demonstrating that higher weed biomass was associated
with lower grain yield. During the three-year experiment, 14 weed species were recorded,
with Amaranthus retroflexus, Ambrosia artemisiifolia, Sorghum halepense and Chenopodium
album being the dominant species. The results indicate that combining mechanical weed
control between the crop rows with manual hoeing within the crop rows was the most
effective weed control strategy under the conditions of this study.

Keywords: maize; mechanical weed control; weed infestation; grain yield; three-year
field experiment

1. Introduction
Maize (Zea mays L.) is one of the most economically important field crops worldwide

and ranks first among cereals in terms of total production. Due to its high genetic yield
potential, broad adaptability to diverse agro-ecological conditions, and wide range of
applications in human nutrition, livestock feeding, and industrial processing, maize plays
an extremely important role in global agricultural production [1,2]. Owing to its high
yield potential, nutritional value, and versatility in terms of end-use products, maize
is considered the cereal of the future [3,4]. The yield potential of maize is very high,
with yields between 8 and 9 t ha−1 being common in many countries [5]. The global
average maize yield at the beginning of the 21st century was 4.3 t ha−1; however, an
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increasing trend has been observed since then. The average maize yield per hectare reached
5.11 t ha−1 in 2010 and 5.65 t ha−1 in 2016 worldwide [6,7]. Maize yield is influenced by the
genetic potential of the hybrid, soil characteristics, agronomic practices, and agro-climatic
factors [8]. In the American Corn Belt, where the largest maize production area in the world
is located and where soil and climatic conditions are highly favorable for maize production,
average yields in favorable years exceed 11 t ha−1, while yields of 20 t ha−1 have also
been recorded. Such high maize yields can only be achieved under favorable climatic and
soil conditions through the use of high-yielding hybrids and the application of modern
production technologies [9]. In contrast, average maize yields in Africa remain considerably
lower, ranging between 1.3 and 1.5 t ha−1 [10]. These large differences in maize yield are
the result of complex interactions among climatic conditions, soil fertility, socioeconomic
factors, and differences in management practices and production intensity [11].

In Croatia, maize is the most widely cultivated field crop and is extensively used
in human nutrition, livestock feeding, and the processing industry [12]. Maize is grown
in Croatia on more than 300,000 ha annually on average, with considerable variations
in annual yields, ranging from 4.2 to 8.0 t ha−1. Weather conditions, particularly the
amount and distribution of precipitation and average air temperatures, are the main
factors responsible for such differences in maize yield among years [13]. However, in
addition to meteorological conditions, achieving high and stable yields depends on several
factors, including soil fertility, hybrid selection, agronomic practices, and effective weed
management. Weeds represent one of the most important biotic constraints in maize
production. Their presence reduces the availability of water, nutrients, and light for the
crop and may interfere with field operations and harvesting while also negatively affecting
grain quality [14]. It is estimated that weeds cause the greatest potential yield losses among
all harmful organisms in agricultural production if adequate control measures are not
implemented [15]. In maize, the severity of weed interference depends on weed density,
weed species composition, the timing of weed emergence relative to crop development,
and weather conditions during the growing season.

Besides climatic and soil conditions, weeds are among the most important factors
responsible for maize yield losses. They compete with maize plants for essential resources
such as light, nutrients, water, and space, affecting crop morphology and phenological
development. Therefore, effective weed control is essential for achieving the maximum
yield potential of maize [16]. Worldwide maize yield losses caused by weeds are estimated
at approximately 32%, highlighting the importance of weed management in maize pro-
duction [14]. Weed problems in maize are particularly pronounced due to the relatively
wide row spacing, which provides favorable conditions for weed establishment, and the
slow early growth of maize plants, which reduces their competitive ability during the
initial stages of crop development. Consequently, weeds can overgrow maize plants during
emergence or shortly afterward, resulting in substantial yield losses [16]. Depending on
weed species and infestation density, weeds can reduce maize yields by 33–50%, while
uncontrolled weed competition during critical periods may result in yield losses of up
to 100% [17]. Weed species composition and density in maize fields vary depending on
geographical location, climatic conditions, soil properties, and numerous other factors
influencing the structure of weed communities [18].

Herbicides remain the primary choice among farmers for weed control in most coun-
tries. Consequently, herbicides account for approximately 60% of all chemical plant protec-
tion products used worldwide [19]. The application of herbicides represents the simplest
and most economical approach to weed control; however, the long-term effects of chemical
products on the environment and human health have raised increasing concerns. The shift
in focus from herbicide-based weed control towards non-chemical approaches has been
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driven by growing public awareness of environmental issues and concerns regarding the
negative consequences of intensive herbicide use. Non-chemical weed control strategies
aim to reduce dependence on herbicides and promote more sustainable weed management
solutions [20]. Long before the introduction of herbicides, weeds were controlled mechan-
ically using various tools and implements. More recently, increasing interest in organic
farming and the implementation of herbicide restrictions in many European countries and
other regions worldwide have contributed to the renewed interest in mechanical weed
control [21]. This trend began in the 1990s and has accelerated due to further restrictions
on herbicide use, the increasing occurrence of herbicide resistance, and limited prospects
for the development of herbicides with new modes of action [22]. Today, a wide range of
machine designs and tools for mechanical weed control are available. These tools generally
rely on three main mechanisms of action: weed burial, cutting, and uprooting. However,
inter-row machines, such as cultivators and motorized cultivators, remain the most com-
monly used solutions [23]. The main limitation of these machines is that they effectively
control weeds only in the area between crop rows, while weeds within the crop row and
in the immediate vicinity of crop plants often remain unaffected. Numerous studies have
shown that weeds growing in these areas can cause substantial crop losses due to direct
competition with the crop. Several commercial tools designed for inter-row weed control
are available; however, their main limitation is that they can only be applied after crops
have reached a certain height and sufficient stem strength. When weeds are similar in
size to or larger than the crop, these tools may fail to effectively control weeds within the
crop row and may also cause mechanical damage to crop plants [24,25]. Mechanical weed
control effectively controls weeds between maize rows, but its effectiveness is limited to
the inter-row area, while weeds within the crop rows remain undisturbed and continue
to compete with maize plants. Therefore, in some production systems, mechanical weed
control between the crop rows is combined with manual weeding within the crop rows to
achieve more complete weed control [26,27]. Weeds growing between maize plants within
the crop row are commonly removed by hand hoeing; however, this method requires sub-
stantial human labor, which is often limited during the early stages of crop development
when effective weed control is most critical [28].

Most previous studies on the effectiveness of mechanical weed control have been
conducted during a single growing season and have mainly focused on the immediate
effects of individual interventions on weed biomass and crop yield. Far fewer studies
have evaluated the cumulative effects of repeated application of different mechanical weed
control systems on weed biomass, weed flora composition, and maize productivity over
several consecutive years. Such studies can provide valuable information on changes in
weed flora associated with repeated weed management practices under varying environ-
mental conditions. Therefore, the aim of this study was to determine the effects of different
mechanical weed control systems on weed biomass, weed flora composition, and maize
grain yield during a three-year field experiment.

2. Materials and Methods
2.1. Experimental Site

The field experiment was conducted during 2021–2023 near the settlement of Markovo
Polje (45◦51′43′′ N, 16◦06′50′′ E), located in the eastern part of the City of Zagreb, Croatia.
The experiment was set up on pseudogley, whose mechanical composition was determined
in the analytical laboratory of the Department of Plant Nutrition, Faculty of Agriculture,
University of Zagreb, according to the standard HRN ISO 11277:2011 [29]. According to the
soil particle size distribution, the soil of experimental field belongs to silty loam (Table 1).
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Table 1. Soil particle size distribution of experimental field.

Depth Particles Size Distribution (%)

0–30 cm
coarse sand fine sand coarse silt fine silt clay
2.0–0.2 mm 0.2–0.063 mm 0.063–0.02 mm 0.02–0.002 mm <0.002 mm

2.0 27.2 38.8 24.7 7.3

The basic chemical properties of the soil were determined in the same laboratory
using standard analytical methods. The soil reaction was determined according to the
HRN ISO 10390:2005 standard [30], the total nitrogen content according to the HRN ISO
11261:2004 standard [31], the humus content according to the Tjurin bichromate method,
while the plant-available phosphorus and potassium content were determined by the AL
method. The soil had a weak alkaline reaction (pH in H2O 7.54), weak humus content
(2.13% humus), was well supplied with total nitrogen and poorly supplied with available
phosphorus and potassium (Table 2).

Table 2. Basic chemical properties of the soil of experimental field.

Depth pH % Al-mg/100 g

H2O KCl humus N P2O5 K2O
0–30 cm 7.54 6.71 2.13 0.13 4.0 10.0

The preceding crop on the experimental field was potato. In all three years of the
experiment, primary soil tillage was performed in autumn by moldboard plowing to a
depth of 25–30 cm, while seedbed preparation was carried out in spring before sowing
using disc harrowing. The same agronomic practices for maize production were applied
throughout the three-year experiment, while the experimental treatments differed only
in the applied weed control method. The timing of the main agronomic field operations
during the three-year experiment is presented in Table 3.

Table 3. Dates of the most important agrotechnical field operations during the three-year experiment.

Year Sowing Mechanical Weed Control Harvesting

2021 8 May 8 June 9 October
2022 5 May 8 June 8 October
2023 10 May 12 June 12 October

Before sowing, fertilization was performed in all three experimental years using
a complex NPK fertilizer (15-15-15) at a rate of 60 kg N ha−1, 60 kg P2O5 ha−1, and
60 kg K2O ha−1. In addition, nitrogen was applied in the form of urea (46% N) at a rate of
80 kg N ha−1, corresponding to approximately 175 kg urea ha−1. The BC-572 maize hybrid
(FAO 520), belonging to the late FAO maturity group, was used in this experiment due to its
wide adoption in commercial production in continental Croatia and its good adaptation to
the agro-ecological conditions of the experimental area. Maize was sown using a precision
pneumatic planter with a row spacing of 70 cm. The target plant density was approximately
65,000 plants ha−1, and seeds were sown at a depth of 5 cm. Mechanical weed control was
performed once during the growing season at the BBCH 14–16 maize development stage
according to the standardized BBCH scale [32]. This stage was selected because it represents
the beginning of intensive vegetative growth in maize, while weeds are still at early
developmental stages and more susceptible to mechanical removal. In all experimental
years, a single mechanical weed control operation was performed, as this represents the
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common practice adopted by local farmers in the study area. Mechanical weed control
between crop rows was carried out using an MTD T/450 walk-behind motor cultivator
(MTD PRODUCTS, Saarbruecken, Germany) equipped with standard cultivating tines. The
motor cultivator had an engine power of 6.5 HP (4.8 kW), a working width of 46 cm and
an approximate working depth of 5–8 cm. In treatment T1, weeds remaining within the
crop row were subsequently removed manually using a hand hoe, whereas no additional
in-row weed control was performed in treatment T2. Representative photographs of the
motor cultivator in operation and the applied hand hoeing are presented in Figure 1.

 

Figure 1. Weed control methods used in the experiment: (a) Mechanical weed control between the
crop rows with a motor cultivator; (b) manual hoeing within the crop row.

Maize was harvested annually after reaching physiological maturity, when grain
moisture content allowed reliable yield determination. Harvest timing was adjusted
according to maize maturity dynamics in each growing season and prevailing weather
conditions. Due to differences in temperature patterns and precipitation distribution among
years, harvest timing varied slightly; however, in all years harvesting was performed at the
optimal maturity stage for the BC-572 hybrid.

The experimental site is located in the temperate humid climate zone (Cfb) according
to the Köppen–Geiger climate classification [33]. Long-term climatic conditions are gen-
erally favorable for maize production; however, considerable year-to-year variability in
temperature and precipitation can significantly affect crop development, weed dynamics,
and grain yield. Meteorological data, including monthly precipitation totals and mean
monthly air temperatures, for the experimental period (2021–2023) and the long-term refer-
ence period (2000–2020) were obtained from the nearest meteorological station operated by
the Croatian Meteorological and Hydrological Service. These data were used to characterize
weather conditions during the experimental period and to assess their potential influence
on maize growth, weed development, and yield formation.

2.2. Experimental Design

The experiment was set up according to a Randomized Complete Block Design (RCBD)
with three treatments and three replications. The total area of the experimental field was
2700 m2, and each experimental plot was 300 m2 (30 × 10 m). The same treatment schedule
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was maintained throughout this three-year experiment to assess the cumulative effect of
different mechanical weed control systems on weed infestation and maize grain yield.

Three weed control systems were applied as follows.
T1—mechanical weed control between the crop rows with a motor cultivator combined

with manual hoeing within the crop rows,
T2—only mechanical weed control between the crop rows with a motor cultivator

without weed control within the crop rows,
T3—without any weed control as control.
Such an experimental design allowed for a comparison of the effectiveness of complete

and partial mechanical weed control and an assessment of the consequences of several
years of no weed control on the development of the weed flora and maize grain yield. Rep-
resentative photographs of the experimental plots under the three weed control treatments
are shown in Figure 2.

 

Figure 2. The experimental plots under the three weed control treatments: (a) T1—mechanical
weed control between the crop rows combined with manual hoeing within the crop rows; (b) T2—
mechanical weed control between the crop rows only; (c) T3—untreated plot.

2.3. Weed Assessment and Maize Grain Yield Determination

The determination of weed flora and fresh weed biomass was carried out approx-
imately one month before the maize harvest, when the weed vegetation was in full de-
velopment and the above-ground weed biomass reached or approached its maximum
value. Weed biomass was assessed approximately one month before harvest to quantify
the cumulative response of weed communities to the different mechanical weed control
treatments while avoiding destructive sampling during the period of active grain formation.
Five samples were randomly selected from each experimental plot using a metal frame
with an area of 1 m2. All weed species within the frame were determined to the species
level using standard floristic keys [34], after which their total fresh biomass was determined
by weighing on a precise laboratory scale. The results are expressed as weed biomass
(kg m−2). Based on the determined species, a list of weed flora was compiled and their
relative abundance in individual treatments was estimated during the three-year study.
The relative abundance of individual species is shown on a four-level scale (+ to ++++).

Maize was harvested at the end of the growing season at technological maturity. On
each experimental plot, the yield was determined on five representative samples of 1 m2.
The maize ears were hand-picked, after which the kernels were separated from the cobs
and weighed using a PRECIA MOLEN X932-A precision balance (PRECIA MOLEN, Privas,
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France). Grain moisture content was measured using a DICKEY-john GAC 2000 grain
moisture analyzer (DICKEY-john®, Auburn, IL, USA). The maize grain yield was calculated
on a hectare basis, adjusted to a standard grain moisture content of 14%, and expressed as
kg ha−1.

2.4. Statistical Analysis

Statistical analyses were performed using SAS® 9.4 software (SAS Institute Inc., Cary,
NC, USA) [35]. Means and standard deviations were calculated for all measured variables.
Because the same experimental plots were evaluated over three consecutive years, the
effects of experimental year, mechanical weed control treatment, and their interaction on
weed biomass and maize grain yield were analysed using a linear mixed-effects model
(PROC MIXED) with repeated measurements. Treatment, year, and their interaction were
specified as fixed effects, while block was included as a random effect. Repeated mea-
surements over years were modelled at the plot level. When significant differences were
detected, estimated marginal means (LSMeans) were compared using Tukey’s honestly
significant difference (HSD) test at p < 0.05. The relationship between weed biomass and
maize grain yield was additionally examined using simple linear regression analysis. Re-
gression analysis was used only as a descriptive assessment of the association between the
measured variables. The strength of the relationship was expressed by the coefficient of
determination (R2), and the significance of the regression model was evaluated at p < 0.05.

3. Results
3.1. Weather Conditions

Meteorological data on monthly precipitation totals and mean monthly air tempera-
tures during the experimental period (2021–2023) at the experimental site, together with
the multi-year averages for the reference period (2000–2020), are presented in Table 4.
The multi-year averages were used to assess deviations in weather conditions during the
experimental years. Meteorological conditions during the maize growing season differed
between the experimental years. Meteorological conditions during the maize growing sea-
son differed considerably among the experimental years. The year 2021 was characterized
by a pronounced precipitation deficit in June and higher air temperatures during June
and July compared with the multi-year average. These unfavorable conditions negatively
affected the initial growth and development of maize and reduced yield potential. The 2022
growing season was characterized by higher temperatures than the multi-year average,
along with insufficient precipitation during May, July, and particularly August, when only
20.8 mm of precipitation was recorded. Although increased precipitation in September
partially alleviated the effects of summer drought, unfavorable conditions during flowering
and grain filling reduced the yield potential, resulting in growing conditions only slightly
more favorable than those in 2021. In contrast, 2023 was characterized by substantially
higher precipitation throughout the growing season, particularly in May, July, August, and
September. Air temperatures were close to or slightly above the multi-year average, and
the more favorable precipitation distribution combined with adequate soil water availabil-
ity provided significantly better conditions for maize growth and development. These
favorable conditions were reflected in higher yields across all weed control treatments.
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Table 4. Weather conditions in the period 2021–2023 and multi-year averages (2000–2020).

Month
Precipitation (mm) Mean Air Temperature (◦C)

2021 2022 2023 2000–2020 2021 2022 2023 2000–2020

January 78.4 19.2 155.7 52.5 2.8 2.0 4.9 1.4
February 48.5 31.8 35.4 64.3 5.7 5.6 4.2 3.2

March 41.8 6.4 69.9 48.1 6.8 6.3 9.0 7.7
April 64.9 84.1 91.6 53.8 9.8 11.0 10.8 12.6
May 110.7 46.0 136.1 83.3 14.7 18.5 16.5 17.0
June 7.8 88.5 57.7 85.6 23.3 23.3 21.1 21.0
July 68.9 57.2 145.7 79.1 24.0 24.0 23.5 22.6

August 50.7 20.8 126.0 83.0 21.4 23.6 22.0 22.1
September 53.9 227.4 120.2 102.9 17.8 16.8 19.9 16.8

October 106.4 22.5 62.2 91.7 10.1 14.3 15.6 12.1
November 78.6 97.1 119.5 82.4 6.5 7.9 7.3 7.4
December 79.7 92.7 100.2 65.6 3.6 4.7 4.8 2.4

Sum/
Average 790.3 793.7 1220.2 903.0 12.2 13.2 13.3 12.2

3.2. Weed Biomass Under Different Weed Control Treatments

The average weed biomass differed significantly among the evaluated weed control
treatments during all three experimental years (Figure 3). The lowest weed biomass was
recorded in treatment T1, where mechanical weed control was performed between the crop
rows combined with manual hoeing within the crop rows, while the highest biomass was
recorded in the control treatment T3, where no weed control was applied. Treatment T2,
in which only mechanical weed control between the crop rows was performed, resulted
in intermediate weed biomass values between the two previously described treatments.
Throughout the experiment, a gradual increase in weed biomass was observed in treatments
T2 and T3, with the highest average biomass recorded in 2023. In contrast, weed biomass
in treatment T1 remained consistently low throughout the experimental period, with only
minor year-to-year variations. The most pronounced differences among treatments were
observed in 2023, when more favorable weather conditions promoted more intensive weed
growth and development.

 
Figure 3. Weed biomass under different weed control treatments during a three-year field experiment
(kg m−2). Means followed by different letters differ significantly according to Tukey’s HSD.
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3.3. Weed Flora Composition and Relative Abundance

A diverse weed flora consisting of annual and perennial broadleaf and grass weed
species was identified in the experimental field. Based on qualitative field observations
of weed abundance, the greatest contribution to total weed biomass during the three-year
experiment was made by Amaranthus retroflexus, Ambrosia artemisiifolia, Sorghum halepense,
and Chenopodium album (Table 5). These species are characterized by high competitiveness
and an ability to efficiently utilize available resources. Their abundance was lowest in
the treatment with the most intensive weed control (T1), increased in the treatment with
inter-row mechanical weed control without weed removal within the crop row (T2), and
was highest in the untreated control (T3). This pattern was consistent with the observed
increase in total weed biomass.

Table 5. Qualitative occurrence and relative abundance of weed species recorded under different
mechanical weed control treatments during the three-year experiment.

Botanical Name Family Common Name T1 T2 T3

Amaranthus retroflexus Amaranthaceae Common amaranth ++ +++ ++++
Ambrosia artemisiifolia Asteraceae Ragweed ++ +++ ++++

Sorghum halepense Poaceae Johnson grass + ++ +++
Chenopodium album Chenopodiaceae White goosefoot ++ ++ +++

Echinochloa crus-galli Poaceae Cockspur grass ++ ++ ++
Setaria spp. Poaceae Foxtail ++ ++ ++

Convolvulus arvensis Convolvulaceae Field bindweed + + ++
Elymus repens Poaceae Couch grass + + ++

Cynodon dactylon Poaceae Bermuda grass + + ++
Cirsium arvense Asteraceae Creeping thistle + + ++

Polygonum persicaria Polygonaceae Lady’s thumb + + +
Lolium spp. Poaceae Ryegrass + + +

Sinapis arvensis Brassicaceae Field mustard + + +
Equisetum arvense Equisetaceae Field horsetail + + +

Legend: + sporadic occurrence; ++ moderate abundance; +++ common species; ++++ dominant
species.

Amaranthus retroflexus and Ambrosia artemisiifolia are highly competitive annual
broadleaf weed species characterized by rapid early growth, large leaf area, and the produc-
tion of substantial above-ground biomass. Both species efficiently utilize available water,
light, and nutrients and, under favorable growing conditions, can significantly reduce light
availability for young maize plants. Their increased abundance in treatments T2 and partic-
ularly T3 may explain the observed increase in weed biomass and the associated reduction
in maize yield during the study period. Sorghum halepense exhibits a different development
strategy compared with annual weed species. In addition to reproduction by seeds, it
spreads effectively through rhizomes, which contributes to its increasing importance in
crops under conditions of insufficient long-term control. Due to its vegetative propagation
ability, a gradual increase in its abundance was observed during the study, particularly in
treatment T3. Although the abundance of Chenopodium album did not increase as markedly
as that of Amaranthus retroflexus or Sorghum halepense during the experiment, its continu-
ous presence contributed to overall weed infestation, especially in the treatment without
weed control.

Annual grass weed species, primarily Echinochloa crus-galli and Setaria spp., were
present in all treatments throughout the experiment. Their relatively stable abundance
indicates that they represented a consistent component of the weed community but were
not the main contributors to the increase in total weed biomass over the years. In contrast,
perennial weed species such as Convolvulus arvensis, Elymus repens, Cynodon dactylon, and
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Cirsium arvense showed a gradual increase in abundance over the experimental period.
Their ability to propagate vegetatively through underground organs enables gradual
spread under conditions of incomplete or absent weed control, making their contribution
increasingly important in long-term experiments. Conversely, species such as Equisetum
arvense, Lolium spp., Sinapis arvensis, and Polygonum persicaria occurred sporadically and
contributed less to total weed biomass and competitive pressure on maize.

3.4. Maize Grain Yield Under Different Weed Control Treatments

The average maize grain yield differed significantly among the evaluated weed control
treatments during all three experimental years (Figure 4). The highest average yield was
achieved in treatment T1, where mechanical weed control between the crop rows was
combined with manual hoeing within the crop row, while the lowest yield was recorded
in the untreated control treatment T3. Treatment T2, in which weeds were controlled
only by mechanical weed control between the crop rows, resulted in intermediate grain
yield values between the two treatments. This yield pattern was consistent throughout
the three-year experiment, with T1 achieving the highest and T3 the lowest grain yield in
each year. Across all treatments, the highest average yield was recorded in 2023, whereas
yields in 2021 and 2022 were lower and comparable. Differences among treatments were
observed in each experimental year and were particularly pronounced between T1 and
T3. The average maize grain yield over the three-year experimental period in treatment T1
was 6683 kg ha−1. Compared with T1, the average yield in treatment T2 was 55.4% lower,
while in treatment T3 it was 81.9% lower. These results indicate a consistent positive effect
of more intensive weed control on maize grain yield throughout the three-year experiment.

 

Figure 4. Maize grain yield under different weed control treatments during a three-year field experi-
ment (kg ha−1). Means followed by different letters differ significantly according to Tukey’s HSD.

3.5. Relationship Between Weed Biomass and Maize Grain Yield

Figure 5 shows the relationship between weed biomass and maize grain yield based on
observations obtained during the three-year field experiment. Regression analysis revealed
a strong inverse linear relationship between weed biomass and grain yield (R2 = 0.8334),
indicating that plots with higher weed biomass generally had lower grain yields. The
regression model explained approximately 83.3% of the variability in maize grain yield,
while the remaining variation may be attributed to differences among years, weed control
treatments, environmental conditions, and other sources of experimental variability. This
relationship should be interpreted as an overall association between the two variables rather
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than evidence of a direct causal relationship, as maize grain yield was also influenced by
the experimental design and environmental conditions.

 

Figure 5. Correlation between weed biomass and maize grain yield during the three-year
field experiment.

The linear mixed-effects model with repeated measurements showed that both year
and weed control treatment significantly affected weed biomass and maize grain yield
during the three-year experiment (Table 6). The treatment effect was highly significant
for both response variables, indicating consistent differences in weed biomass and grain
yield among the evaluated weed control systems. The significant effect of year reflected
year-to-year variability in environmental conditions, while the significant year × treatment
interaction indicated that the magnitude of treatment effects differed among experimental
years. Nevertheless, the overall ranking of treatments remained unchanged throughout
the experiment, with treatment T1 consistently resulting in the lowest weed biomass and
highest grain yield, whereas treatment T3 showed the highest weed biomass and lowest
grain yield.

Table 6. Results of the linear mixed-effects model with repeated measurements for weed biomass
and maize grain yield during the three-year experiment.

Source of Variation Weed Biomass
(F) p Maize Grain

Yield (F) p

Treatment 205.64 <0.001 298.06 <0.001
Year 3.49 0.031 165.25 <0.001

Year × Treatment 3.79 0.004 40.40 <0.001
Legend: F = F-test value; p = probability level.

Statistical analysis further confirmed that weed control system was the most influential
factor affecting weed infestation level and maize grain yield. Although meteorological
conditions differed among the experimental years, particularly regarding precipitation
distribution during the growing season, the effect of weed control treatment was more
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pronounced than the effect of year. This was reflected by the higher F-values obtained for
the treatment factor compared with the year factor for both weed biomass and grain yield.
These results indicate that more favorable climatic conditions alone could not compensate
for the negative effects of insufficient weed control; rather, they enabled higher yields
primarily in plots where weed competition was effectively reduced.

4. Discussion
The results of the three-year experiment clearly demonstrated that the mechanical

weed control system was a key factor affecting weed infestation level and maize grain
yield. Throughout all three experimental years, the lowest weed biomass was recorded in
the treatment where mechanical weed control between the crop rows was supplemented
with manual hoeing within the crop rows (T1), whereas the highest weed biomass was
observed in plots without weed control (T3). These results indicate that effective mechanical
weed management cannot rely solely on mechanical weed control between the crop rows,
as weeds remaining within the crop rows continue to compete with maize plants for
water, light, and nutrients during critical growth stages. Therefore, combining mechanical
weed control between crop rows with weed removal within the crop rows appears to be
necessary for achieving more effective and stable weed suppression over multiple growing
seasons. In recent years, increasing restrictions on herbicide use, together with growing
concerns regarding herbicide resistance and environmental impacts, have renewed interest
in mechanical weed control as a sustainable weed management strategy [36].

Three-year monitoring of the experimental field also enabled the assessment of changes
in weed flora composition over time. During the study, Amaranthus retroflexus, Ambrosia
artemisiifolia, Sorghum halepense, and Chenopodium album were the most dominant weed
species, which is consistent with the weed flora composition commonly reported in maize
production systems in continental Croatia and neighboring countries [37,38]. The most
pronounced increases in abundance were observed for Amaranthus retroflexus, Ambrosia
artemisiifolia, and particularly Sorghum halepense in treatments with insufficient or no weed
control. This development is consistent with the biological characteristics of these species,
including high competitiveness, strong reproductive capacity, and good adaptation to dis-
turbed agroecosystems. Sorghum halepense deserves particular attention due to its perennial
growth habit and ability to reproduce both by seeds and underground rhizomes. Conse-
quently, its abundance may increase when effective control measures are not implemented
over several consecutive years [39–41]. In contrast, species such as Echinochloa crus-galli,
Setaria spp., and Chenopodium album maintained relatively stable abundance throughout the
experiment, whereas perennial species such as Convolvulus arvensis, Elymus repens, Cynodon
dactylon, and Cirsium arvense showed a gradual increase, particularly in treatments T2 and
T3. These changes indicate that incomplete long-term weed control may favor the gradual
increase of competitive perennial species, which can make their management more difficult
and increase weed control costs in subsequent production cycles [42,43].

According to Glowacka [44], the weed species most frequently occurring in maize
crops across Europe include Chenopodium album, Echinochloa crus-galli, Setaria spp., Ama-
ranthus retroflexus, Elymus repens, and Polygonum persicaria. As shown in Table 5, all of
these species were also identified in the present study. Bensch et al. [45] conducted a
nationwide weed survey in 577 maize fields representing all major maize-growing regions
in Germany during 2017 and 2018, identifying 119 weed species. The most frequently
occurring species were Chenopodium album (82%) and Echinochloa crus-galli (50%). How-
ever, Ambrosia artemisiifolia and Sorghum halepense, which are among the most important
maize weeds in Croatia and neighboring countries, were not recorded in German maize
fields. Essl et al. [46] analyzed weed vegetation in maize fields across Central Europe using
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data collected between 2012 and 2022. The species most frequently recorded across the
analyzed plots were Echinochloa crus-galli (121 plots), Chenopodium album (114 plots), and
Convolvulus arvensis (83 plots). In a maize field experiment conducted in Turkey, the most
abundant weed species among the 11 recorded species were Echinochloa colonum, Amaran-
thus retroflexus, Echinochloa crus-galli, and Portulaca oleracea [47]. The weed flora recorded in
the present study differed from that reported in several other European maize-growing
regions, confirming the observation of Kremer [18] that weed species composition in maize
is strongly influenced by geographical location, climatic conditions, soil characteristics
and crop management. For example, a field experiment conducted in Romania in 2023
identified Solanum nigrum, Atriplex patula, Portulaca oleracea and Digitaria sanguinalis as the
dominant weed species, with their relative abundance varying according to previous crop
and pedo-climatic conditions [48]. A three-year field trial conducted in Slovakia (2014–
2016) reported Amaranthus retroflexus, Chenopodium album, Persicaria maculosa, Echinochloa
crus-galli, Cirsium arvense, Convolvulus arvensis and Cardaria draba as the predominant weed
species in maize [49]. Differences in the overall composition of the weed flora further
support the influence of local agroecological conditions on weed emergence. According to
Buhler [50], weed species composition and abundance in a particular area are determined
by several interacting factors, and in most cases only a limited number of species become
dominant. This pattern was also observed in the present experiment, where a relatively
small number of weed species contributed most to the total weed infestation.

Maize grain yield was strongly negatively correlated with measured weed biomass.
Regression analysis revealed a very high coefficient of determination (R2 = 0.833), indicating
that variation in weed biomass explained a large proportion of the variability in maize grain
yield. This relationship was expected because weeds compete with maize for water, light,
nutrients, and space throughout the growing season, with competition being particularly
important during the early stages of crop development. Numerous studies have confirmed
that weeds remaining within the crop row have the greatest negative impact on yield, as
they grow in close proximity to maize plants and compete directly for the same resources
during critical growth periods.

The omission of weed control within maize rows through manual hoeing resulted in an
average yield reduction of 55.4%, supporting the conclusion that weeds growing within the
crop row and in close proximity to maize plants cause substantial yield losses [24]. The ab-
sence of weed control resulted in an even greater yield reduction, reaching 81.9% compared
with the integrated weed control system combining mechanical weed control between the
crop rows and manual hoeing within the crop rows. Although some authors [17,51] have
reported that maize yield losses can reach up to 100% under uncontrolled weed infestation,
such a complete yield loss was not observed in the present experiment. Similar maize grain
yields under conditions without weed control (1.31 and 1.39 t ha−1) were reported by Takim
et al. [52] and Silva et al. [53]. In the present study, weed control was performed only once
during the growing season, whereas Damian [54] applied multiple weed control operations
by combining mechanical cultivation and manual hoeing. This author concluded that
repeated weed control (two or three operations) can significantly increase maize yield.
Similar conclusions regarding the benefits of repeated weed control were reported by Silva
et al. [53]. However, labor availability is often limited during the early stages of maize
growth, when weed competition must be controlled. Furthermore, weeds that are allowed
to develop extensively require greater labor inputs for effective removal, while delayed
weed control can result in substantial yield losses [28].

Maize yields obtained in plots with the most effective weed control system during
the first two experimental years were significantly lower than the average maize yield
of approximately 8 t ha−1 reported for Croatia [13], which was mainly attributed to un-
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favorable climatic conditions during the growing seasons. In 2023, substantially higher
precipitation during the vegetation period created more favorable conditions for maize
growth and development. However, these conditions also promoted more intensive weed
development, resulting in the highest weed biomass across all treatments. Despite the
increased weed growth, the greatest yield improvement was achieved in treatment T1,
where effective weed suppression allowed maize plants to fully utilize the favorable en-
vironmental conditions. In treatments T2 and T3, increased weed competition limited
the positive effects of favorable weather conditions, resulting in yield increases that were
not proportional to the improved growing conditions. According to Landau et al. [55],
favorable meteorological conditions alone are insufficient for achieving high yields if weed
competition is not effectively controlled, which was also demonstrated in the present study.

The results obtained in this experiment indicate that effective weed control not only
reduces current weed abundance and biomass but also prevents long-term changes in weed
community structure that may favor the development of highly competitive annual species
and the gradual spread of perennial weeds. Such changes are particularly pronounced in
years with favorable meteorological conditions, when increased availability of water and
nutrients promotes not only maize growth but also intensive weed development. Therefore,
the positive effect of favorable climatic conditions on yield can be fully realized only in
production systems where weed competition is effectively controlled [56]. Mechanical
weed control represents a non-chemical alternative to herbicide-based weed management
and, due to its compatibility with established agricultural practices in many regions, can be
effectively incorporated into integrated weed management systems [54]. The present study
evaluated a single mechanical weed control operation, reflecting common agricultural
practice in the study region. Although this approach effectively reduced overall weed
biomass and increased maize grain yield, it cannot completely suppress late-emerging weed
cohorts or perennial species capable of regrowth after cultivation. This was particularly
evident for species such as Sorghum halepense, which remained present in the untreated and
partially treated plots. Consequently, additional mechanical interventions or integration
with other non-chemical weed management practices may be necessary under conditions
of prolonged weed emergence or high perennial weed pressure. A limitation of the present
study is that weed biomass was assessed only once, approximately one month before
harvest. Consequently, the measurements represent the cumulative outcome of weed
development under each treatment rather than the intensity of weed competition during the
critical early growth stages of maize. Future studies including repeated weed assessments
throughout the growing season would provide a more detailed understanding of the
temporal dynamics of crop–weed competition.

5. Conclusions
The weed control systems evaluated in this three-year field experiment significantly

affected weed biomass and maize grain yield. The lowest weed biomass and the highest
grain yield were achieved in Treatment T1, which combined inter-row mechanical cultiva-
tion with manual hoeing within the crop row, whereas the untreated control (T3) showed
the highest weed biomass and the lowest yield. Inter-row mechanical cultivation alone
(T2) reduced weed biomass compared with the untreated control but was less effective
than the combined treatment because weeds remaining within the crop row continued to
compete with maize. Qualitative assessment of the weed flora indicated differences in the
occurrence of dominant weed species among treatments, particularly Amaranthus retroflexus,
Ambrosia artemisiifolia and Sorghum halepense. Although more favourable weather conditions
in 2023 increased maize grain yield in all treatments, they did not eliminate the negative
effect of weed competition. Under the agroecological conditions of this study, effective
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weed control both between and within the crop rows proved essential for reducing weed
biomass and achieving high maize grain yield. Because the experiment was conducted at a
single location using one maize hybrid and one weed control operation per season, further
multi-location studies are needed to confirm the wider applicability of these findings.

Author Contributions: D.F. organized the execution of the experimental setup, evaluated the results,
and prepared the manuscript. M.G. helped with the data analysis and participated in the preparation
of the manuscript. I.K. analyzed and processed the data and participated in the preparation of the
manuscript. N.B. designed the experimental setup and revised the paper. K.C. and B.S. helped design
the experiments and prepare the paper. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ranum, P.; Pena-Rosas, J.P.; Garcia-Casal, M.N. Global maize production, utilization, and consumption. Ann. N. Y. Acad. Sci.

2014, 1312, 105–112. [CrossRef] [PubMed]
2. FAO. FAOSTAT Statistical Database; Food and Agriculture Organization of the United Nations: Rome, Italy, 2023.
3. Abdullahi, S.; Ghosh, G.; Dawson, J. Effect of different weed control methods on growth and yield of maize (Zea mays L.) under

rainfed condition in Allahabad. J. Agric. Vet. Sci. 2016, 9, 44–47.
4. Soji, P.A. The potential importance of maize (Zea mays L.) in Nigeria. Adv. Biochem. 2020, 8, 1–10. [CrossRef]
5. Shariot-Ullah, M.; Mojid, M.A.; Tabriz, S.S.; Acharjee, T.K.; Adham, A.K.M. Growth and yield of three hybrid maize varieties

under different irrigation levels. J. Agric. Technol. 2013, 9, 1749–1758.
6. Jones, P.G.; Thornton, P.K. The potential impacts of climate change on maize production in Africa and Latin America in 2055.

Glob. Environ. Change 2003, 13, 51–59. [CrossRef]
7. Erenstein, O.; Jaleta, M.; Sonder, K.; Mottaleb, K.; Prasanna, B.M. Global maize production, consumption and trade: Trends and

R&D implications. Food Secur. 2022, 14, 1295–1319. [CrossRef]
8. Tandzi, L.N.; Mutengwa, C.S. Estimation of maize (Zea mays L.) yield per harvest area: Appropriate methods. Agronomy 2020,

10, 29. [CrossRef]
9. Nafziger, E.D. Growth and production of maize: Mechanized cultivation. In Encyclopedia of Life Support Systems: FOOD and

Agricultural Sciences, Engineering and Technology Resources; Verheye, W.H., Ed.; Soils, plant growth and crop production; UNESCO-
EOLSS Publications: Paris, France, 2010; Volume 1.

10. Olatunji, A.; Adejoro, S.A.; Ayelari, O.P.; Aladesanwa, R.D. Evaluation of selected weeding methods for weed control and
performance of maize in south western Nigeria. Appl. Trop. Agric. 2016, 21, 15–23.

11. Dutta, S.; Chakraborty, S.; Goswami, R.; Banerjee, H.; Majumdar, K.; Li, B.; Jat, M.L. Maize yield in smallholder agriculture
system—An approach integrating socio-economic and crop management factors. PLoS ONE 2020, 15, e0229100. [CrossRef]
[PubMed]

12. Kovacevic, V.; Rastija, M. Grains; Josip Juraj Strossmayer University of Osijek, Faculty of Agriculture: Osijek, Croatia, 2014.
(In Croatian)

13. Kovacevic, V.; Rastija, M.; Brkic, J.; Iljkic, D. Weather effects on maize yields in Croatia in 2010 and 2011. Agroznanje 2012, 13,
199–208.

14. Oerke, E.C.; Dehne, H.W. Safequarding production-losses in major crops and the role of crop protection. Crop Prot. 2004, 23,
275–285. [CrossRef]

15. Oerke, E.C. Crop losses to pests. J. Agric. Sci. 2006, 144, 31–43. [CrossRef]
16. Jhala, A.J.; Knezevic, S.Z.; Ganie, Z.A.; Singh, M. Integrated weed management in maize. In Recent Advances in Weed Management;

Chauhan, B.S., Mahajan, G., Eds.; Springer Science+Business Media: New York, NY, USA, 2014.
17. Kumawat, N.; Yadav, R.K.; Bangar, K.S.; Tiwari, S.C.; Morya, J.; Kumar, R. Studies on integrated weed management practices in

maize—A review. Agric. Rev. 2019, 40, 29–36.
18. Kremer, R.J. Weed control. In Corn: Origin, History, Technology and Production; Smith, C.W., Betran, J., Runge, E.C.A., Eds.; John

Wiley & Sons: Hoboken, NJ, USA, 2004.

https://doi.org/10.3390/agronomy16161589

https://doi.org/10.1111/nyas.12396
https://www.ncbi.nlm.nih.gov/pubmed/24650320
https://doi.org/10.11648/j.ab.20200801.11
https://doi.org/10.1016/s0959-3780(02)00090-0
https://doi.org/10.1007/s12571-022-01288-7
https://doi.org/10.3390/agronomy10010029
https://doi.org/10.1371/journal.pone.0229100
https://www.ncbi.nlm.nih.gov/pubmed/32092077
https://doi.org/10.1016/j.cropro.2003.10.001
https://doi.org/10.1017/s0021859605005708
https://doi.org/10.3390/agronomy16161589


Agronomy 2026, 16, 1589 16 of 17

19. Naruhn, G.P.; Peteinatos, G.G.; Butz, A.F.; Moller, K.; Gerhards, R. Efficacy of various mechanical weeding methods—Single and
in combination—In terms of different field conditions and weed densities. Agronomy 2021, 11, 2084. [CrossRef]

20. Duwadi, A.; Acharya, A.; Gautam, S. A review on non-chemical weed management in maize (Zea mays L.). Food Agri Econ. Rev.
2021, 1, 46–51. [CrossRef]

21. Melander, B.; McCollough, M.R. Advances in Mechanical Weed Control Technologies; Burleigh Dodds Science Publishing: Cambridge,
UK, 2021.

22. Kudsk, P.; Mathiassen, S.K. Pesticide regulation in the European Union and the glyphosate controversy. Weed Sci. 2020, 68,
214–222. [CrossRef]

23. Cloutier, D.; Van Der Weide, R.Y.; Peruzzi, A.; Leblanc, M.L. Mechanical weed management. In Non-Chemical Weed Management:
Principles, Concepts and Technology; Upadhaya, M.K., Blackshaw, R.E., Eds.; CABI: Wallingford, UK, 2007.

24. Gobor, Z. Mechanical weeding of the intra-row area in row crops by application of robotic systems. Contemp. Agric. Eng. 2006, 32,
63–70.

25. Pannacci, E.; Tei, F. Effects of mechanical and chemical methods on weed control, weed seed rain and crop yield in maize,
sunflower and soyabean. Crop Prot. 2014, 64, 51–59. [CrossRef]

26. Bond, W.; Grundy, A.C. Non-chemical weed management in organic farming systems. Weed Res. 2001, 41, 383–405. [CrossRef]
27. Melander, B.; Rasmussen, G. Effects of cultural methods and physical weed control on intrarow weed numbers, manual weeding

and marketable yield in direct-sown leek and bulb onion. Weed Res. 2001, 41, 491–508. [CrossRef]
28. Chikoye, D.; Schulz, S.; Ekeleme, F. Evaluation of integrated weed management practices for maize in the northern Guinea

savanna of Nigeria. Crop Prot. 2004, 23, 895–900. [CrossRef]
29. HRN ISO 11277:2011; Soil Quality—Determination of Particle Size Distribution in Mineral Soil Material—Method by Sieving and

Sedimentation. Croatian Standards Institute: Zagreb, Croatia, 2011.
30. HRN ISO 10390:2005; Soil Quality—Determination of pH. Croatian Standards Institute: Zagreb, Croatia, 2005.
31. HRN ISO 11261:2004; Soil Quality—Determination of Total Nitrogen—Modified Kjeldahl Method. Croatian Standards Institute:

Zagreb, Croatia, 2004.
32. Meier, U. Growth Stages of Mono- and Dicotyledonous Plants: BBCH Monograph, 2nd ed.; Julius Kühn-Institut: Quedlinburg,

Germany, 2018.
33. Rafiqpoor, M.D.; Breckle, S.W. The Köppen’s Climate Classification and Its Perception from 1900 to Today. In The World’s

Ecoclimates. SpringerBriefs in Earth System Sciences; Rafiqpoor, M.D., Breckle, S.W., Eds.; Springer: Cham, Switzerland, 2026.
34. Domac, R. Flora of Croatia—A Manual for Identifying Plants; Skolska knjiga: Zagreb, Croatia, 2002. (In Croatian)
35. SAS Institute Inc. SAS/STAT® 9.4 User’s Guide; SAS Institute Inc.: Cary, NC, USA, 2020.
36. Kaushik, V.; Chaudhary, A.; Raghav, Y.; Gulaiya, S. Mechanical weed control: An alternative to chemical herbicides. Agri Mag.

2025, 2, 171–174.
37. Svecnjak, Z.; Baric, K.; Macesic, D.; Duralija, B.; Gunjaca, J. Integrated weed management for maize crop in Croatia. Bull. Univ.

Agric. Sci. Vet. Med. Cluj.-Napoca. Agric. 2009, 66, 505–512.
38. Savic, A.; Popovic, A.; Durovic, S.; Pisinov, B.; Ugrinovic, M.; Todorovic, M.J. A framework for understanding crop–weed

competition in agroecosystems. Agronomy 2025, 15, 2366. [CrossRef]
39. Brankov, M.; Simic, M.; Tabakovic, M.; Vukadinovic, J.; Djuric, N.; Brankovic-Radojcic, D.; Dragicevic, V. Weed management

practices for redroot pigweed (Amaranthus retroflexus L.) and smooth pigweed (A. hybridus L.) control in maize. Chil. J. Agric. Res.
2022, 82, 611–618.

40. Dorner, Z.; Osman, M.G.A.; Kukorellyne Szenasi, A.; Zalai, M. Assessment of Common Ragweed (Ambrosia Artemisiifolia L.) Seed
Predation in Crop Fields and Their Adjacent Semi-Natural Habitats in Hungary. Diversity 2024, 16, 609. [CrossRef]

41. Paterson, A.H.; Kong, W.; Johnston, R.M.; Nabukalu, P.; Wu, G.; Poehlman, W.L.; Goff, V.H.; Isaacs, K.; Lee, T.-H.; Guo, H.; et al.
The evolution of an invasive plant, Sorghum halepense L. (‘Johnsongrass’). Front. Genet. 2020, 11, 317. [CrossRef] [PubMed]

42. Roberts, J.; Florentine, S. Current and future management challenges for globally invasive grasses, with special reference to
Echinochloa crus-galli, Panicum capillare and Sorghum halepense. Weed Res. 2025, 65, e70005. [CrossRef]

43. Dekker, J. The foxtail (Setaria) species-group. Weed Sci. 2003, 51, 641–656. [CrossRef]
44. Glowacka, A. Dominant weeds in maize (Zea mays L.) cultivation and their competitiveness under conditions of various methods

of weed control. Acta Agrobot. 2011, 64, 119–126. [CrossRef]
45. Bensch, J.; Pannwitt, H.; Gerowitt, B. Traits of weed species present in maize respond to tillage and cropping systems. Front.

Agron. 2023, 5, 1284887. [CrossRef]
46. Essl, F.; Follak, S.; Glaser, M. Changes in weed vegetation across transects in maize fields. Basic Appl. Ecol. 2025, 82, 1–10.

[CrossRef]
47. Kir, K.; Dogan, M.N. Weed control in maize (Zea mays L.) with effective minimum rates of foramsulfuron. Turk. J. Agric. For. 2009,

33, 601–610. [CrossRef]

https://doi.org/10.3390/agronomy16161589

https://doi.org/10.3390/agronomy11102084
https://doi.org/10.26480/faer.01.2021.46.51
https://doi.org/10.1017/wsc.2019.59
https://doi.org/10.1016/j.cropro.2014.06.001
https://doi.org/10.1046/j.1365-3180.2001.00246.x
https://doi.org/10.1046/j.1365-3180.2001.00252.x
https://doi.org/10.1016/j.cropro.2004.01.013
https://doi.org/10.3390/agronomy15102366
https://doi.org/10.3390/d16100609
https://doi.org/10.3389/fgene.2020.00317
https://www.ncbi.nlm.nih.gov/pubmed/32477397
https://doi.org/10.1111/wre.70005
https://doi.org/10.1614/p2002-ir
https://doi.org/10.5586/aa.2011.023
https://doi.org/10.3389/fagro.2023.1284887
https://doi.org/10.1016/j.baae.2024.11.006
https://doi.org/10.3906/tar-0903-23
https://doi.org/10.3390/agronomy16161589


Agronomy 2026, 16, 1589 17 of 17

48. Sampaio, H.N.; Silva, P.S.L.; Monteiro, A.L.; Tavella, L.B.; de Oliveira, V.R. Weed management in maize using hoeing and
intercropping with Mimosa caesalpiniifolia. Rev. Bras. Eng. Agic. Ambien. 2015, 19, 541–547. [CrossRef]

49. Kumar, R.; Mishra, J.S.; Saurabh, K.; Upadhyay, P.K. Integrated weed management in maize. Indian Farming 2019, 69, 32–35.
50. Buhler, D.D. Weed population responses to weed control practices. I. Seed bank, weed populations, and crop yields. Weed Sci.

1999, 47, 416–422. [CrossRef]
51. Patel, V.J.; Upadhyay, P.N.; Patel, J.B.; Meisuriya, M.I. Effect of herbicide mixture on weeds in Kharif maize (Zea mays L.) under

middle Gujarat conditions. Indian J. Weed Sci. 2006, 38, 54–57.
52. Takim, F.O.; Fadayomi, O.; Ekeleme, F. Influence of cropping system and weed management practice on emergence, growth of

weeds, yield of maize (Zea mays L.) and cowpea (Vigna unguiculata L.). Agriculture 2014, 20, 10–15.
53. Silva, P.S.L.; Mesquita, S.S.X.; Antonio, R.P.; Silva, P.I.B. Number and time of weeding effects on maize grain yield. Rev. Bras. M.S.

2010, 3, 204–213.
54. Damian, A. Weed control in maize crop by mechanical and manual management practices. Sci. Pap. UASVM Buchar. Ser. A 2011,

54, 262–268.
55. Landau, C.A.; Hager, A.G.; Williams, M.M. Diminishing weed control exacerbates maize yield loss to adverse weather. Glob.

Chang. Biol. 2021, 27, 6156–6165. [CrossRef] [PubMed]
56. Zhang, Z.; Wei, J.; Li, J.; Jia, Y.; Wang, W.; Li, J.; Lei, Z.; Gao, M. The impact of climate change on maize production: Empirical

findings and implications for sustainable agricultural development. Front. Environ. Sci. 2022, 10, 954940. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/agronomy16161589

https://doi.org/10.1590/1807-1929/agriambi.v19n6p541-547
https://doi.org/10.1017/s0043174500092018
https://doi.org/10.1111/gcb.15857
https://www.ncbi.nlm.nih.gov/pubmed/34420247
https://doi.org/10.3389/fenvs.2022.954940
https://doi.org/10.3390/agronomy16161589

	Introduction 
	Materials and Methods 
	Experimental Site 
	Experimental Design 
	Weed Assessment and Maize Grain Yield Determination 
	Statistical Analysis 

	Results 
	Weather Conditions 
	Weed Biomass Under Different Weed Control Treatments 
	Weed Flora Composition and Relative Abundance 
	Maize Grain Yield Under Different Weed Control Treatments 
	Relationship Between Weed Biomass and Maize Grain Yield 

	Discussion 
	Conclusions 
	References

