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1.	 Introduction 

The species of the genus Amaranthus are among the main weeds found in soybean-
producing regions in Brazil. They are characterized by rapid growth and initial 
development, intense production of viable seeds per plant, and uneven germination, 
resulting in emergence flows throughout the growth of agricultural crops (Horak, 
Loughin, 2000; Netto et al., 2016). Among the species with a wide distribution in 
Brazil, Amaranthus hybridus stands out with reports of multiple resistance to herbicide 
inhibitors of the enzymes 5-enolpyruvyl-shikimate-3-phosphate synthase (EPSPs) and 
acetolactate synthase (ALS) (Heap, 2020). Thus, the ecophysiological characteristics of 
this species and the existence of biotypes resistant to the most used herbicides for the 
management of eudicotyledonous weeds make their control difficult and increase the 
chances of coexistence and competition with soybean.

Competition with weeds is one of the greatest limitations to crop productivity. 
The level of competition depends on species, population density, phenological stage, 
and time of weed coexistence with the crop (Vitorino et al., 2017). There are reports 
of reductions of up to 82% in soybean productivity due to competition, influencing 
the formation of productivity components, such as number of pods, number 
of grains per pod, and weight of grains (Soltani et al., 2017). As an example of 
species that promote high yield losses in agricultural crops are species of the genus 
Amaranthus. In cotton, yield losses due to competition with Amaranthus palmeri 
vary between 6 and 65% depending on time of emergence and population density 
(Berger et al., 2015). Similarly, Amaranthus retroflexus in populations of up to 32 
plants m-2 promote reductions of 81% in the productivity of common beans due to 
competition (Amini et al., 2014).

The evaluation and quantification of crop yield loss by competition due to weeds can 
use mathematical models, where equations predict the ecophysiological behavior of the 
crop in the presence of a certain weed (Fleck et al., 2007; Ulguim et al., 2020). Among 
the models, the most widely used is the rectangular hyperbola model, as it simulates 
the effects of interference and demonstrates the unit yield loss in relation to plant 
populations through mathematical parameters (Cousens, 1985a; Fleck et al., 2007). 
Also, the rectangular hyperbola model makes it possible to estimate the economic 
threshold (ET) of weeds in crops. 

The ET is a measurement for a certain weed population in which the damage 
caused to the crop grain yield is greater than the cost of the required control measures 
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(Vidal et al., 2010). This tool can help in sustainable use 
of chemical control. The ET equation considers crop yield 
losses resulting from competition with weeds, expected final 
productivity, the price paid for the grains produced, costs, 
and efficiency of weed control (O’Donovan et al., 2005). In 
this sense, ET is an integrated weed management strategy, 
since it values the application of herbicides only when they 
are required (Nunes et al., 2010), thus contributing to 
maintain the economic viability of agricultural production 
and bringing socioeconomic benefits to farmers.

With the growing interest in more sustainable 
production systems that aim to reduce environmental 
impacts resulting from the use of pesticides and to reduce 
the selection pressure on weeds by herbicides, models such 
as the ET help to rationalize the use of herbicides and to 
determine the ideal population for adopting weed control 
measures. Thus, the objective of this study is to determine 
the interference of Amaranthus hybridus escaped from an 
herbicide program and with multiple resistance to EPSPs 
and ALS-inhibiting herbicides on soybean productivity and 
its economic threshold. 

2.	 Materials and methods 

Two experiments were conducted at the field of Fazenda 
Chaparral, located at 31º59’49.10’’ S and 53º3’29.46’’ W, 
in the municipality of Herval, Rio Grande do Sul, Brazil, 
during the 2018/19 and 2019/20 farming seasons. The 
soil in the area is classified as deep eutrophic Red Yellow 
Argisol, with an undulating relief. 

The experiments were conducted in a no-tillage system 
in an area with ryegrass (Lolium multiflorum) previously 
burndown with the herbicides clethodim (120 g a.i. 
ha-1), 2,4-D (1,005 g a.e. ha-1), and 0.5% v/v of Assist® 
adjuvant. On the day of soybean sowing, paraquat (300 g 
a.i. ha-1) was applied to control the remaining weeds and 
emerged weeds after the burndown and sulfentrazone + 
diuron (245 + 490 g a.i. ha-1) were applied as pre-emergent 
herbicides. The herbicide applications were carried out 
with a self-propelled sprayer equipped with 27 m bars and 
Teejet 110.02 flat jet tips spaced 0.5 m apart. The spray 
volume was calibrated to 120 L ha-1. 

The experimental design was randomized blocks (RBD), 
with two replications. The treatments were different 
populations of A. hybridus with multiple resistance to EPSPs 
and ALS-inhibiting herbicides. In experiment 1 (2018/19), 
the populations of A. hybridus were 0, 0.3, 0.6, 1, 2, 5, 7, 9, 
18, 34, and 41 plants m-2; in experiment 2 (2019/20), the 
populations were 0, 0.5, 1, 2, 4, 8, 16, and 32 plants m-2. 
In both experiments, the experimental units with a useful 
area of 11.45 m2 were selected randomly in commercial 
Roundup Ready® soybean field. To obtain populations of A. 
hybridus escaped the herbicide, the emergence and natural 
establishment of this species occurred concomitantly 
with the soybean crop and the control with the herbicide 
fomesafen (250 g a.i. ha-1) 20 days after crop emergence. 

The plants escaped the herbicide were monitored, and the 
population was determined at crop pre-harvest.

The soybean cultivar was BRASMAX ZEUS IPRO®, 
with a population of 240,000 plants ha-1, in rows spaced 
at 0.45 m. The soil fertilization was carried out at a 
variable rate following the maps of precision agriculture 
and the recommendations of the Manual of Fertilization 
and Liming for the State of Rio Grande do Sul and Santa 
Catarina to obtain an expected productivity of 3.9 Mg ha-1 
(Comissão de Química e Fertilidade do Solo, 2016). The weed 
control which was not the  objective of this study occurred 
through the application of glyphosate (356 g a.e. ha-1). The 
management of pests and diseases followed the technical 
recommendations for soybean.

To verify the interference of populations of A. hybridus, 
the following components of productivity were evaluated 
at the time of harvest: number of pods per plant (NPP), 
number of grains per plant (NGP), total productivity 
(PROD), and weight of 1,000 grains (WTG) of soybean. 
To determine NPP and NGP, the plants were harvested 
in one meter of row and then counted. The WTG was 
determined by counting eight repetitions of 100 grains per 
sample and later weighing them on a precision analytical 
balance. The PROD was obtained by manually harvesting 
plants in an area of 3.6 and 4.05 m2 in the first and second 
experiments, respectively. The samples were trailed, 
cleaned and weighed, and moisture was been determined. 
Subsequently, the weight was corrected to 13% moisture 
and the grain yield was estimated per hectare (kg ha-1). 
These data were converted into percentage in relation to 
the controls without the presence of A. hybridus in order to 
define the loss of each variable by competition, according to 
the equation:

R = ∙ 100
(Ta – Tb)

Ta
	 (Eq. 1)

where: R = percentage reduction of each response 
variable compared to the control; Ta = treatment value 
without the presence of A. hybridus (control); and 
Tb = observed treatment value.

The data were subjected to analysis of variance by F test 
(p<0.05), and when significant the linear regression model 
was fitted for productivity components, as follows:

y = a + bx	 (Eq. 2)

where: y = response variable; a and b= parameters of 
linear regression, where a is the intercept and b is the slope.

The relations between the percentage losses of soybean 
yield as a function of plant population were calculated 
using the nonlinear regression model derived from the 
rectangular hyperbola, as proposed by Cousens (1985b):

PR =
(i ∙ x)

(1 +      ∙ x)i
x

	 (Eq. 3)

where: PR = yield loss (%); x = plant population of A. 
hybridus; i= percentage of yield loss per weed unit when 
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was unable to estimate the total yield loss that year. This 
usually occurs when populations are not sufficient to cause 
such damage, as reported for populations of Echinochloa 
spp. in a study that assessed the Oryza sativa L. yield loss 
(Ulguim et al., 2020).

Regarding productivity components, the effects of 
the competition of A. hybridus populations on the loss of 
pods plant-1 of soybean were similar in both test years. 
The linear coefficient (b) was 0.75 for 2018/19 (Figure 
1a) and 0.80 for 2019/20 (Figure 1b). As for the loss of 
soybeans grains plant-1, the experiment conducted in 
2018/19 presented a linear coefficient (b) of 0.57 (Figure 
2a) and the experiment conducted in 2019/20 had a linear 
coefficient of 1.07 (Figure 2b), showing a greater grain 
loss in the second year of the experiment. In general, 
in both growing seasons, the increase in the population 
of A. hybridus promoted a decrease in the number of 
pods and grains plant-1 of soybean. In the 2018/19 and 

the population approaches zero; and a= percentage of yield 
loss when the weed population tends to infinity. The model 
fitting was performed using the multivariate analysis 
procedure Proc Nlin in the SAS software. For this procedure, 
the Gauss-Newton method was used, and the graphs were 
plotted using the software SigmaPlot 12.3.

To calculate ET, the estimates of parameter i were used, 
obtained from the equation proposed by Cousens (1985b) 
and the equation adapted from Lindquist and Kropff 
(1996), as follows:

ET =
(CC)

(R ∙ P ∙         ∙        )E
100

i
100

	 (Eq. 4)

where: ET = level of economic damage (plants m-2); Cc 
= control cost (herbicide and application costs, in dollars 
ha-1); R = productivity of soybeans (kg ha-1); P = soybean 
price (dollars kg-1 of grains); i = percentage of soybean 
yield loss per weed unit when its density approaches 
zero, obtained by equation 1; and E = level of herbicide 
efficiency (%).

To calculate ET, three values were estimated for R, P, Cc, 
and E. The crop yield range was estimated at 2,400, 4,200, 
and 5,400 kg ha-1, representing low, medium, and high 
technological level scenarios, respectively. For the price 
of soybeans, the values of US$ 0.17, 0.25, and 0.34 kg-1 
were considered representing the minimum, average, and 
maximum prices of kg of soybeans, respectively, in the last 
five years according to the average of Rio Grande do Sul 
(Companhia Nacional de Abastecimento, 2020). The control 
cost range was estimated as $7.01, 12.23, and 29.32 ha-1, 
based on three management scenarios of A. hybridus, 
respectively: scenario 1 (A. hybridus susceptible to EPSPs 
inhibiting herbicides), scenario 2 (A. hybridus resistant to 
EPSPs inhibiting herbicides), and scenario 3 (A. hybridus 
resistant to EPSPs and ALS inhibiting herbicides). The 
herbicide’s efficiency level was established in the order of 
80, 90, and 100% of control, where 80% is the minimum 
control considered effective in the weed. In ET simulations, 
average values were used for each parameter that was not 
the object of calculation (R = 4,200 kg ha-1; P = US$ 0.25 kg-1; 
E = 90%), except for control cost, which value was that of 
scenario 3 (US$ 29.32 ha-1).

3.	 Results and discussion 

The result of the analysis of variance indicates 
significance for all variables analyzed related to yield 
components in both experiments, except for WTG. The 
linear polynomial regression model was fitted data obtained 
for the yield components variables with a statistical 
significance (Figures 1, 2). Regarding the variable yield loss 
of grains plant-1, there was significance in the two years of 
test, and the rectangular hyperbola model was fitted this 
variable (Figure 3). To analyze this variable in 2019/20, it 
was necessary to set the value of the parameter a of the 
rectangular hyperbola at 100% (Figure 3b), as the model 
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Figure 1 - Pods loss plant-1 of soybean (%) as a function of 
Amaranthus hybridus populations with multiple resistance 
to EPSPs and ALS-inhibiting herbicides in the experiments 
conducted in 2018/19 (a) and 2019/20 (b)
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Based on the regression analysis using the rectangular 
hyperbola model, the estimated parameter i was 4.47 
and 8.32% for the experiment conducted in 2018/19 and 
2019/20, respectively. These results show that each plant of 
A. hybridus reduced the productivity of soybeans by 4.47% 
and 8.32% in the first and second year, respectively, which 
represents a greater unit yield loss per plant of A. hybridus 
in the second crop season (Figure 3a, b). 

Comparisons between the interference of different 
weed species in crops can be performed using the estimated 
parameter i (Rizzardi et al., 2003). Thus, in relation to other 
species of Amaranthus, the loss of soybean yield when the 
density of Amaranthus palmeri is close to zero was 20.28%, 
with a maximum yield loss around 49% (Basinger et al., 
2019). Also, in relation to the yield loss of soybeans, the 
values of the parameter i varied from 6.30 to 30.80% and 
from 7.80 to 66.40%. The maximum yield loss was from 
3.70 to 44.90% and from 21.80 to 62.80% for Amaranthus 

2019/20 crops, losses of pods plant-1 reached 45 and 50%  
(Figure 1a, b), while losses of beans plant-1 reached 49 and 
56% (Figure 2a, b), respectively. 

Similarly to the results found in this study, the 
interference of Conyza bonariensis negatively affected 
the soybean yield components. There was a reduction in 
the number of pods plant-1, number of pods plant-1, and 
weight of a thousand grains plant-1 with the increase in 
populations (Trezzi et al., 2015). Likewise, these same 
variables responded in an inversely proportional way to the 
increase in populations of Ipomoea grandifolia and Ipomoea 
purpurea. Plant population was the main interfering factor 
in soybean yield components (Pagnoncelli et al., 2017). In 
other crops such as chickpeas (Cicer arietinum L.), the same 
behavior also occurred. The increase in the population from 
5 to 40 plants m2 of Euphorbia dracunculoides promoted 
reductions of 50 and 80% in the number of pods and grains 
plant-1, respectively (Tanveer et al., 2015).
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retroflexus and Amaranthus rudis, respectively, depending on 
the location and the experiment year (Bensch et al., 2003). 
In maize, each plant of A. retroflexus promoted a reduction 
of 7.45 to 10.82% in grain productivity and maximum 
yield losses of 35.50 to 52.40% according to the crop 
plant density (Vazin, 2012). These results show the 
high interference capacity of Amaranthus species in crop 
productivity, evidencing an adequate management of these 
species in agricultural areas.

The unitary soybean yield losses found for A. hybridus 
in the present work (4.47 and 8.32%) are higher when 
compared to Sida rhombifolia (i = 0.24 to 2.20%), Cyperus 
rotundus (i = 0.83 to 1.0%), and Urochloa plantaginea (i 
= 1.0 to 2.5%), that are also important weeds in soybean 
(Das et al., 2014; Fleck et al., 2002; Galon et al., 2019). 
However, Ipomoea purpurea and Ipomoea grandifolia are 
more competitive with soybean: the parameter i was 26% 

and the maximum yield loss was 80% in a population of 
20 plants m-2 (Pagnoncelli et al., 2017). Likewise, for the 
soybean cultivar BRASMAX TURBO in the presence of 
C. bonariensis resistant to the herbicide glyphosate, the 
parameter i was 25.90% and the maximum yield losses were 
95% (Agostinetto et al., 2017).

The ET values calculated for A. hybridus depend on the 
productive potential of the soybean crop, price paid for the 
grains produced, control cost, and efficiency in weed control 
(Figure 4). Thus, the decisions for the economic control of A. 
hybridus changed according to the levels of these parameters. 
In addition, the ET varied between test years, with values 
from 0.16 to 1.21 plants m-2 in 2018/19 and from 0.09 to 
0.65 plants m-2 in 2019/20. In the second year (2019/20), due 
to a greater soybean yield loss per unit of A. hybridus (Figure 
3b), the ET for this weed was obtained in smaller populations 
compared to the first year in all simulations (Figure 4). 
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In simulations of increased soybean yield potential from 
2,400 to 5,400 kg ha-1 and the price of grains produced 
from 0.17 to 0.34 US$ kg-1, there was a reduction of 
around 55 and 50%, respectively, in the ET values in both 
years (Figure 4a, b). This result shows that in areas where 
management is based on higher soybean yield expectations, 
the ET is achieved in smaller populations of A. hybridus, 
compensating for the adoption of control measures. This is 
also observed for the price paid for produced grains, which 
fluctuates according to the supply and demand of this 
commodity: as prices increase, the control of A. hybridus 
in smaller populations becomes economically viable. 
Corroborating these results, in scenarios of increased 
expectations of soybean productivity and the price paid 
for grains there were lower values of ET for glyphosate-
resistant C. bonariensis (Agostinetto et al., 2017).

Weed resistance to herbicides results in an increase in the 
control cost due to the need to use alternative herbicides, 
increasing the production costs of agricultural activity 
(Pannell et al., 2016). In this sense, in a scenario of multiple 
resistance of A. hybridus to EPSPs and ALS-inhibiting 
herbicides, the estimated control costs were US$ 22.31 higher 
than the control cost of susceptible A. hybridus. The increase 
in the control cost from $ 7.01 (A. hybridus susceptible) to 
$ 29.32 (A. hybridus with multiple resistance) resulted in 
an increase in ET from 0.16 to 0.69 plants m-2 and 0.09 for 
0.37 plants m-2 in 2018/19 and 2019/20, respectively. Thus, 
the use of alternative herbicides to control A. hybridus with 
multiple resistance, such as protoporphyrinogen oxidase 
(PROTOX) inhibitors used for the simulation in the present 
study, increases the control cost and makes it economically 
viable at higher infestation levels.

Another important factor in determining the ET is 
control efficiency. When control efficiency is low due 
to factors related to herbicide, weed, and/or climatic 
conditions, larger weed populations are necessary to 
economically justify the adoption of control measures 
(Aguiar et al., 2018). The increase in the efficiency of the 
herbicide leads to a decrease in ET values (Figure 4d). There 
were small variations in the ET calculated for A. hybridus in 
relation to the increase in efficiency, ranging from 0.62 to 
0.78 plants m-2 in 2018/19 and from 0.33 to 0.42 plants m-2 
in 2019/20. However, these ET values can be easily reached 
at different times in the crop development due to the long 
period of Amaranthus spp. emergence and the ease of seed 
bank renewal due to the large amount of seeds produced 
per plant. 

Among the simulations carried out in 2018/19 and 
2019/20, the maximum ET value found for A. hybridus with 
multiple resistance to EPSPs and ALS-inhibiting herbicides 
in soybeans was 1.21 plants m-2. Compared to this result, 
the maximum ET found for A. retroflexus in corn was 0.13 
plants m-2 (Vazin, 2012) and for voluntary corn Roundup 
Ready in soybeans was 0.48 plants m-2 (Aguiar et al., 
2018), showing economic control of populations smaller 
than those found for A. hybridus (Figure 4). Likewise, 
higher ET values in relation to those found in this study 
occur for weeds such as Urochloa plantaginea (Galon et al., 
2019), C. bonariensis (Trezzi et al., 2015), Bidens spp. 
(Rizzardi et al., 2003), and S. rhombifolia (Fleck et al., 
2002), with maximum estimated ETL values of 2.16, 4, 33, 
and 50 plants m-2, respectively.

From a strategic point of view, the knowledge of 
these parameters helps in decision-making and in the 
development of management programs for A. hybridus with 
multiple resistance to herbicides inhibiting the enzymes 
EPSPs and ALS. As the economic threshold of plants of  
A. hybridus in soybean is reached in populations smaller 
than 1.21 plants m-2, control measures must be effectively 
carried out even in low populations, as they are economically 
viable and, above all, reduce the possibility of propagating 
the species and renewing the weed seed bank. 

4.	 Conclusion

Only one plant of A. hybridus per m-2 with multiple 
resistance to the EPSPs and ALS-inhibiting herbicides 
can reduce on average 6.4% the soybean grain yield. The 
threshold level occurs within the range of 0.09 to 1.21 
plants per m-2.
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