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ABSTRACT: Species from the genre Amaranthus represent the main weeds present in Brazilian agricultural areas. Amaranthus hybridus
(smooth pigweed) is distinguished by its ecophysiological characteristics and the presence of resistant biotypes to the ALS and EPSPs inhibiting
herbicides. Crop-weed competition is one of the major constraints to grain yield. To avoid decreases in production, crop-weed competition
studies are developed to determine the critical periods of interference, aiming to define the best time for weed control. The aim of this study is
to determine the critical periods of 4. Aybridus control in soybeans and their effects on grain yield. Therefore, two experiments were carried out
during the 2020/21 and 2021/22 growing seasons in an area infested naturally by 4. hybridus. The treatments consisted of various coexistence
periods between soybean and A. hybridus. The experimental designs were randomized block designs arranged in a factorial scheme; the first
factor was the presence or absence of the weed, and the second factor was the coexistence period from 0 to 60 DAE (0, 10, 20, 30, 40, 50 and
60 DAE). The presence of 4. hybridus at soybean emergence caused a 35.47% decrease in grain yield in the 2020/21 growing season and
25.26% in 2021/22. The critical control periods were determined based on the data adjusted to fit the four-parameter logistic regression model.
Thus, the CWFP occurs at 7 to 56 DAE of soybean, the CTWR goes from 0 to 7 DAE, and the CPWC continues from 0 to 56 DAE of the crop.
Key words: Amaranthus hybridus (L.), Glycine max (L.) Merril, coexistence periods, crop-weed competition, interference.

Periodo critico de controle de caruru na soja

RESUMO: As espécies do género Amaranthus estdo entre as principais plantas daninhas que infestam areas agricolas brasileiras. O Amaranthus
hybridus se destaca por suas caracteristicas ecofisiologicas e pela presenga de bidtipos resistentes aos herbicidas inibidores das enzimas ALS
e EPSPs. A competi¢@o entre plantas daninhas e culturas ¢ um dos principais entraves no rendimento de grios. A fim de evitar estas perdas de
rendimento, sdo desenvolvidos estudos de competi¢ao entre plantas daninhas e culturas, os quais determinam os periodos criticos de interferéncia
que visam definir o melhor momento para o controle de plantas daninhas. O objetivo deste estudo foi determinar os periodos criticos de controle
para caruru-roxo em soja e seus efeitos na produtividade de grdos. Para tanto, foram desenvolvidos dois experimentos nas safra 2020/21 e
2021/22 em area naturalmente infestada por A. hybridus. Os tratamentos consistiram em periodos de convivéncia entre a soja e A. hybridus. Os
experimentos foram desenvolvidos em delineamento de blocos ao acaso com arranjo fatorial, em que o primeiro fator foi a presenga ou a auséncia
da planta daninha, ¢ o segundo fator foram os periodos de convivéncia dos 0 aos 60 DAE (0, 10, 20, 30, 40, 50 ¢ 60 DAE). A presenga de A.
hybridus desde a emergéncia da cultura causou a redugio de 35,47% no rendimento de gros na safra 2020/21, e de 25,26% na safra 2021/22. Com
base no ajuste dos dados no modelo de regressdo de quatro parametros foram determinados os periodos criticos de controle, sendo que o PCPI
ocorre dos 7 aos 56 DAE da cultura; o PAI perdura dos 0 aos 7 DAE, e o PTPI se estende dos 0 aos 56 DAE da soja.

Palavras-chave: Amaranthus hybridus (L.), Glycinemax (L.) Merril, periodos de convivéncia, matocompetigdo, interferéncia.

INTRODUCTION the crop cycle (NETTO et al., 2016). Among the
Amaranthus species widely distributed in Brazil,

In Brazilian soybean-producing regions, Amaranthus  hybridus (smooth pigweed) is the

species from the genus Amaranthus are among the most relevant, with biotypes exhibiting multiple
most problematic weeds (ZANDONA et al., 2022). resistance to acetolactate synthase (ALS) and
Commonly known as pigweeds, these species are 5-enolpyruvylshikimate-3-phosphate (EPSP) synthase
characterized by rapid initial growth, high seed inhibitor herbicides (HEAP, 2024). The combination
production and viability, and uneven germination, of herbicide-resistant biotypes and the species’

leading to continuous seedling emergence throughout ecophysiological traits makes 4. Hybridus particularly
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difficult to control, increasing the likelihood of
competition and coexistence with soybean.

Weed competition is one of the major
challenges affecting crop yield (CORREIA, 2023).
The extent of this competition depends on factors
such as the weed species present, population
density, growth stage, and duration of coexistence
with the crop, as well as edaphoclimatic conditions
(VITORINO et al., 2017). The intensity and duration
of weed interference directly influence yield losses,
which can reach up to 90% in soybean if no control
measures are implemented (ALMARIE, 2017).

However, during the early growth
stages, soybean can tolerate weed presence without
significant yield losses. This phase is known as the
critical time for weed removal (CTWR) (RIZZARDI
et al., 2020), in which environmental resources can
sustain both crop and weed development. In contrast,
during the critical period for weed control (CPWC),
weed interference must be minimized to prevent yield
reductions. At the end of the total period of weed
interference (TPWI), the crop gains competitive
advantage and can suppress emerging weeds without
significant yield impact (KNEZEVIC & DATTA,
2015). The interval between CTWR and CPWC is
referred to as the critical weed-free period (CWFP),
during which effective weed management is essential
to prevent irreversible yield losses (KNEZEVIC
& DATTA, 2015). Since yield losses may already
occur during CWFP, weed control strategies should
be implemented as close as possible to CTWR
(AGOSTINETTO et al., 2020).

Studies on weed interference aim to
define critical periods for weed control, ensuring
optimal crop management and preventing yield
reductions (FURTADO et al., 2012; RONCATTO
et al., 2023). Given the competitive nature and
widespread occurrence of 4. Hybridus in soybean
fields, understanding its interference dynamics is
crucial for improving control strategies. Therefore,
this study determined the critical periods for A.
hybridus control in soybean crops and assess their
effects on grain yield.

MATERIALS AND METHODS

Two field experiments were conducted
during the 2020/21 and 2021/22 growing seasons to
determine the critical periods of Amaranthus hybridus
(smooth pigweed) control in soybean (Glycine max).
The trials were carried out in a field naturally infested
with A. hybridus located in Passo Fundo, RS, Brazil
(28°2°317 S, 52°34°49” W; 695 m a.s.1.).

The experimental design was a randomized
complete block with four replications. Treatments
consisted of different soybean—weed coexistence
periods (0, 10, 20, 30, 40, 50, and 60 days after
soybean emergence [DAE]) to determine the period
before interference (PBI). Corresponding weed-free
treatments for the same periods (0 to 60 DAE) were
included to determine the total period of interference
prevention (TPIP).

To ensure uniform emergence and
consistent interference across plots, 4. Hybridus
was artificially sown at a density of approximately
200 seeds m™?, seven days prior to each coexistence
period. This procedure; although, differing from
natural emergence dynamics, allowed for controlled
experimental conditions and reproducibility, and is
a common approach in weed interference studies.
Weed density at the end of the coexistence period was
determined by counting individuals within a 0.5 m?
quadrat (0.25 m x 0.25 m) per plot.

Soybean was sown on October 30, 2020,
in the first season using cultivar SYN 1059RR
(maturity group 5.9), and on November 11, 2021,
in the second season with cultivar BRS 5804RR
(maturity group 5.8). Both are early-maturing
cultivars with high yield potential. The preceding
crop was black oat (Avenastrigosa). Sowing was
performed in no-till systems, at 0.45 m row spacing,
and at a rate of 14 seeds per meter. Each plot
measured 5 m X 4 m, with a central area of 1.5 m (two
rows) used for final yield evaluation. Fertilization
and pest management followed regional technical
recommendations (MARTIN et al., 2022). All other
weeds were manually removed weekly throughout
the growing season.

The evaluated variables included A.
hybridus aboveground biomass, plant height, number
of pods per plant, number of grains per pod, and grain
yield. Aboveground biomass of A. hybridus was
determined by harvesting all plants within a 0.5 m?
quadrat per plot at the end of the coexistence period,
followed by drying at 65 °C for 72 hours. Plant height
was measured at the R3 stage, from the soil surface
to the inflorescence tip in 4. hybridus and to the
last node bearing a fully developed trifoliate leaf in
soybean. The number of pods per plant was obtained
by counting the pods of 10 randomly selected soybean
plants per plot at the R6 stage, and the number of
grains per pod was assessed using the same plants.
Grain yield was estimated by harvesting two central
rows (1.5 m in total length) per plot and adjusting the
grain moisture to 13%. Weather conditions during the
crop cycle in each season are presented in figure 1.
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Figure 1 - Accumulated rainfall (mm) and air temperature (°C) daily average
in the 2020/2021 (A) and 2021/2022 (B) harvests.
(MAccumulated rainfall and average air temperature data were grouped by
fortnight during the period during which the experiments were carried out.
In this way, Figure A alluding to the 2020/21 harvest shows the period from
11/01/2020 to 04/30/2021. Figure B, referring to the 2021/2022 harvest, shows
the period from 11/01/2021 to 04/30/2022. The fortnights are represented by the
numbers 1 to 12 in the Figures, with *“1” referring to the period from 11/01/2020
to 11/15/2020, “2” to the period from 11/16/2020 to 11/30/2020 and so on.
Source: Adapted from INMET, 2022.
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Data were subjected to analysis of variance
(ANOVA), and means were compared using the Tukey-
test (P < 0.05). Normality of residuals was assessed by

the Shapiro-Wilk test, and homogeneity of variance
was verified using Bartlett’s test using software R.
When appropriate, data were fitted to a four-parameter
logistic regression model (Equation 1) to estimate the

critical time for weed removal (CTWR) and the
critical period for weed control (CPWC), based
on yield loss thresholds of 2.5%, 5%, and 10%,
relative to the weed-free control (KNEZEVIC
& DATTA, 2015). The critical weed-free period
(CWFP) was calculated as the difference between
CPWC and CTWR.

Ciéncia Rural, v.56, n.7, 2026.
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Equation 1:
a

1+ exp— (x—x0/b)

where y is the predicted grain yield (kg ha™); yo is
the minimum yield under weed interference; a is the
difference between maximum yield (weed-free) and
minimum yield (weedy); x is the time in DAE; xo is
the time at which yield is reduced by 50%; and b is
the slope of the curve.

y=y0 +

RESULTS AND DISCUSSION

The number of pods per plant was higher
in the absence of A. hybridus, with an average of 21
pods per plant (Table 1). In contrast, when the weed
was present, the average decreased to 18 pods per
plant. A 45% to 50% reduction in the number of pods
per soybean plant was observed as the Amaranthus
hybridus population increased (ZANDONA et al.,
2022). However, the number of grains per pod did not
significantly differ between the coexistence periods
with and without 4. hybridus (Table 1).

Soybean density ranged from 15 to 17 plants
per meter, indicating that the coexistence periods did not
interfere with crop establishment (Table 2). However,
soybean plants exhibited greater height in the presence
of A. hybridus compared to when the weed was absent.
This response is likely due to competition for light,
which prompts crops to grow taller to enhance light
capture one of the first symptoms of plant competition
(VITORINO et al., 2017).

Amaranthus hybridus plants were taller
when competing with soybean from the start of crop

establishment (Table 3). Weed dry mass was highest
during the 0 and 30 DAE coexistence periods, with
values ranging from 32.1 to 50.5 g. At 40 DAE, dry
mass accumulation was similar in both weed-free
and infested conditions. However, at 50 and 60 DAE,
dry mass accumulation was greater in the weed-free
environment than in the presence of A. hybridus. This
pattern was expected, as early coexistence periods
allowed more time for A. hybridus to develop and
accumulate biomass. The accumulated dry mass of
a plant is a direct result of available environmental
resources. Plants that accumulate more dry mass
exert stronger competition for resources, thereby
suppressing the growth and development of
neighboring plants (AGOSTINETTO et al., 2020).
Grain yield was significantly affected
by smooth pigweed competition in both growing
seasons (Table 4). In 2020/21, yield was higher at 0
and 20 DAE in the weed-free treatments compared
to those with weed presence. Similarly, in 2021/22,
higher yields were recorded at 0 and 10 DAE in the
absence of A. hybridus. Notably, weed absence from
60 DAE onward led to a yield decrease compared to
treatments with weed presence in the same period.
The calculated yield values for 2020/21 were 4502
kg ha! (weed-free) and 3646 kg ha' (with weed). In
the 2021/22 season, yields were 2122 kg ha! (weed-
free) and 1722 kg ha' (with weed). Throughout the
0 to 60 DAE coexistence period, a gradual increase
in yield loss was observed as competition duration
extended, supporting the principle that prolonged
weed interference intensifies competition stress on
crops (AGOSTINETTO et al.,, 2020). Early crop
cycles may tolerate weed interactions with minimal

>
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Table 1 - Effect of the presence and absence of Amaranthus hybridus on the number of pods per plant and the number of grains per pod
of soybean in the 2021/22 growing season (cultivar BRS 5804RR).

Period 0000 e Number of pods plant™ Number of grains pod'-----------------
Weed Weed free Weed Weed free

0 DAE 20" 21 1.94™ 1.84

10 DAE 22 21 2.2 2.06

20 DAE 18 22 1.86 22

30 DAE 18 21 1.99 2.05

40 DAE 18 20 2.28 2.15

50 DAE 17 23 2.09 2.09

60 DAE 19 21 2.33 1.98

CV (%) 15.02 14.11

'Means followed by the same letter in the column (lowercase) and in the line (uppercase) do not differ from each other by Tukey’s test
(P <0.05).
ns: not significantly differing.
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Table 2 - Effect of the presence and absence of Amaranthus hybridus on the number of plants per meter and plant height in the 2021/22

growing season (cultivar BRS 5804RR).

Period =000 e Soybean plants m™ Soybean plant height-------------------
Weed Weed free Weed Weed free

0 DAE 15" 16 0.76 ™ 0.73

10 DAE 16 16 0.76 0.76

20 DAE 16 16 0.74 0.74

30 DAE 16 17 0.76 0.73

40 DAE 15 16 0.73 0.70

50 DAE 16 15 0.73 0.71

60 DAE 15 15 0.72 0.70

CV (%) 9.21 4.4%

'Means followed by the same letter in the column (lowercase) and in the line (uppercase) do not differ from each other by Tukey’s test

(P <0.05).
ns: not significantly differing.

yield impact, but competition intensifies as the season
progresses (RIZZARDI et al., 2020).

The overall yield reductions were more
pronounced in the 2021/22 season compared to
2020/21, likely due to the drought that affected
Southern Brazil during that period (Figure 1).
Differences in soybean yield across coexistence
periods were more significantin 2020/21, witha35.5%
reduction in yield when smooth pigweed was present
from 0 DAE compared to 60 DAE. In 2021/22, the
reduction was 25.6% for the same period. Previous
studies found that competition between Amaranthus
rudis and soybean for ten weeks post-unifoliate leaf
expansion resulted in a 43% yield decrease (HAGER

et al., 2002). Additionally, one A4.hybridus plant per
square meter can reduce soybean yield by 4.5% to
8.3% (ZANDONA et al., 2022). Early establishment
of Amaranthus palmeri (0-2 weeks after soybean
emergence) can reduce yield by 24% compared to late
establishment (8 weeks after emergence) (KORRES
etal., 2019).

The effects of soybean—Amaranthus
hybridus coexistence periods in 2020/21 are illustrated
infigure 2. Removing A. Hybridus after approximately
40 DAE does not mitigate the damage caused by
early interference. This reinforces the importance of
timely weed control to avoid irreversible yield loss.
Crop—weed competition results in irreversible yield

Table 3 - Plant height and dry mass accumulation of Amaranthus hybridus because of the coexistence periods with soybean in the

2021/22 growing season (cultivar BRS 5804RR).

Period =00 e Height (cm) Dry mass (g)----------------------—-
Weed Weed free Weed Weed free

0 DAE 1.06 ™ 1.10 50.5 aA 0.7 bF

10 DAE 1.21 1.09 32.3aB 11.2bE

20 DAE 1.10 1.14 32.1aB 15.3 bDE

30 DAE 1.12 1.02 32.7 aB 18.6 bCD

40 DAE 1.18 1.09 27.5 aB 24.5 aBC

50 DAE 1.08 0.95 16.3 bC 27.5 aAB

60 DAE 1.14 1.01 14.5 bC 31.7 aA

CV (%) 10.99 12.17

'Means followed by the same letter in the column (lowercase) and in the line (uppercase) do not differ from each other by Tukey’s test

(P <0.05).
ns: not significantly differing.

Ciéncia Rural, v.56, n.7, 2026.
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Table 4 - Effect of the presence and absence of Amaranthus hybridus on soybean yield in the 2020/21 (cultivar Syn 1059RR) and

2021/22 growing season (cultivar BRS 5804RR).

Period Soybean yield (kg ha™) A
------------------ 2020/21 growing season 2021/22 growing season----------------- ‘\“
Weed Weed free Weed Weed free k 98
0 DAE 2905 bC 4433 a™ 1586 bB 2050a™ :“
10 DAE 3206 bBC 4305 a 1611 bB 1981 a
20 DAE 3356 bABC 4282 a 1714 aAB 1911 a
30 DAE 3495 aABC 4109 a 1778 aAB 1875 a
40 DAE 4005 aABC 3958 a 1842 aAB 1825 a
50 DAE 4270 aAB 4456 a 1964 aAB 1786 a
60 DAE 4502 aA 3646 b 2122 aA 1722 b
CV (%) 14,6 11,31

'Means followed by the same letter in the column (lowercase) and in the line (uppercase) do not differ from each other by Tukey’s test

(P <0.05).
ns: not significantly differing.

losses, emphasizing the importance of early control
(AGOSTINETTO et al., 2020). The earlier the weed
establishes, the greater its impact on yield (KORRES
et al., 2019).

The 2021/22 season, severely affected by
drought (Figure 1), exhibited different competition
dynamics. Figure 3 shows that, in contrast to
the previous season, regression curves intersect
slightly before 40 DAE, suggesting that water stress

intensified the effects of early competition under
drought conditions. As a result, the critical weed-free
period (CWFP) started earlier and lasted longer.
Table 5 presents the four-parameter
logistic regression model parameters for soybean—
Amaranthus hybridus coexistence periods. The model
fit the data well in both seasons (R? = 0.99); however,
statistical significance (P <0.05) was observed only in
2020/21. Using regression models, the critical periods

4800

4800

4400

Yield (kg ha™)
[
g

3200 Weed
y=2749+2284/1 +exp-(x-3B)17 R*=099
3000 - 2 Weed Free
e y=3008+1405/1 +axp-(x-511/19 R*=0,99
2800 T T T T T
+] 10 20 30 40 20 G0

Days after emergence (DAE)

Figure 2 - Effect of the coexistence periods in the presence and absence of Amaranthus
hybridus on soybean yield in the 2020/21 growing season (cultivar Syn 1059RR).
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Figure 3 - Effect of the coexistence periods in the presence and absence of Amaranthus
hybridus on soybean yield in the 2021/22 growing season (cultivar BRS

5804RR).

for A. Hybridus control were determined for yield loss (2021/22) and 0 to 41 DAE (2020/21), while CTWR
thresholds of 2.5%, 5%, and 10% (Table 6). These ended at 30 and 35 DAE, resulting in CWFP periods
thresholds were chosen as they represent acceptable of 30 to 46 and 35 to 41 DAE, respectively.
yield losses; although, adjustments may be made based Considering soybean prices and control
on weed control costs and financial gains (KNEZEVIC costs, a2.5% yield loss threshold is the most acceptable
& DATTA, 2015). (KNEZEVIC & DATTA, 2015). Consequently, A.

For a 2.5% yield loss threshold, the period hybridus control must occur between 7 and 56 DAE
prior to interference (PPI) lasted from 0 to 9 DAE in to prevent yield losses. Early weed removal, around
2020/21 and from 0 to 7 DAE in 2021/22. The CPWC 7 DAE, ensures effective control while minimizing
ended at 55 and 56 DAE for the respective seasons, biomass  accumulation,  thereby  enhancing
resulting in a CWFP of 7 to 56 DAE. At a 5% yield management efficiency (AGOSTINETTO et al,
loss threshold, CPWC persisted from 0 to 53 DAE 2020). Residual herbicides, like flumioxazin, can
in 2021/22 and from 0 to 50 DAE in 2020/21, while extend the critical time for weed removal, facilitating
CTWR ended at 15 and 17 DAE, respectively. Thus, crop establishment and controlling additional weed
CWFP lasted from 15 to 53 DAE in 2021/22 and emergence (RIZZARDI et al., 2020).
from 17 to 50 DAE in 2020/21. With a 10% yield Keeping fields weed-free throughout
loss threshold, CPWC ranged from 0 to 46 DAE the crop cycle is crucial to preventing the spread of

Table 5 - Parameters of the four-parameter logistic regression equation to the presence and absence of Amaranthus hybridus, in the
2020/21 and 2021/22 growing seasons.

""‘/¢ .

e
s

Coexistence period Growing season y0 x0 a b R? P
Weed 2020/21 2749 38.7 2284 17.17 0.99 0.0076
e 2021/22 1396 262 67872 44.53 0.99 0.0505

2020/21 3099 51.3 1406 -19.56 0.99 0.0620

Weed free 2021/22 1220 367 17848 S121.19 099 0.8211

Ciéncia Rural, v.56, n.7, 2026.
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Table 6 - Critical weed-free period (CWFP) estimated values of Amaranthus hybridus in soybean by the four-parameter logistic

regression equation, based on the arbitrary levels of yield reduction of 2.5; 5 e 10%.

Accepted levels of yield reduction (%) Growing season

Js 2020121
2021/22
2020121
> 2021/22
2020121
10 2021/22

herbicide-resistant Amaranthus hybridus populations.
Amaranthus palmeri and Amaranthus tuberculatus
exhibit high seed retention rates during soybean
maturation, leading to increased weed seed dispersal
during harvest (SCHWARTZ et al., 2016). Identifying
critical weed control periods aids in optimizing
management decisions, reducing herbicide use,
and promoting sustainable agricultural practices
(GALON et al., 2022). These results emphasize the
need to implement proactive management strategies,
particularly the use of pre-emergence residual
herbicides and early post-emergence applications
to minimize interference. Integrating multiple weed
management strategies beyond chemical control is
essential for long-term sustainability.

CONCLUSION

The critical weed-free period for
Amaranthus hybridus in soybean spans from 7 to 56
days after crop emergence when 2,5% loss is adopted.
Weed removal should begin within the first week after
emergence to prevent early-season competition and
must be sustained until the end of the critical period to
ensure yield preservation. These findings highlighted
the importance of timely weed control and suggested
that integrating pre-emergence residual herbicides,
early post-emergence applications, and non-chemical
methods can enhance management effectiveness.
Preventing seed production of herbicide-resistant
Amaranthus species is essential for sustainable weed
management in soybean production systems.
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