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Abstract: Herbicides are essential tools for the phytosanitary security of agricultural areas, but their
excessive use can cause problems in agricultural production systems and have negative impacts on
human health and the environment. The objective of this study was to present and discuss the main
causes behind the increase in herbicide commercialization in Brazil between 2010 and 2020. Data from
the Brazilian pesticide database, provided by the Instituto Brasileiro do Meio Ambiente e dos Recursos
Naturais Renováveis (IBAMA), were used. In 2010 and 2020, Brazil sold 157,512 and 329,697 tons
of herbicide active ingredients, respectively, representing a 128.1% increase in commercialization
over 11 years. Some herbicides, such as clethodim, haloxyfop-methyl, triclopyr, glufosinate, 2,4-D,
diclosulam, and flumioxazin, showed increases in sales volumes between 2010 and 2020 of 2672.8%,
896.9%, 953.5%, 290.2%, 233.8%, 561.3%, and 531.6%, respectively, percentages far exceeding the
expansion of Brazil’s agricultural area. The primary reason for this sharp increase in herbicide
sales was the worsening cases of weeds resistant and tolerant to glyphosate, with species such as
Conyza spp., Amaranthus spp., Digitaria insularis, and Eleusine indica standing out. This situation
created the necessity of the use of additional herbicides to achieve effective chemical control of these
weed species.

Keywords: chemical control; genetically modified crops; integrated management; pesticide market

1. Introduction

Herbicides are a class of pesticides used to control weeds, serving as a crucial
tool in integrated management [1,2], particularly in large-scale agricultural operations.
Their importance lies in the fact that, without weed control, agricultural activities suffer
severe damage, leading to significant yield losses that can even make crop harvests
unfeasible [3,4]. On a global scale, inefficient weed control causes yield losses of approxi-
mately 32% across various crops [5]. In this context, herbicide application aims to protect
crops from interference by weed communities [6,7], which tend to occur at higher densities
in agricultural areas and exhibit superior adaptation to the competitive process for essential
natural resources [8]. Weeds can also serve as alternative hosts for insect pests and plant
disease-causing microorganisms [9,10] and exhibit allelopathic activity [11,12].

Due to their efficacy and ease of application, allowing high operational efficiency [13],
herbicide use has rapidly intensified in Brazil’s agricultural, forestry, and pasture areas.
The widespread adoption of chemical control also results from the labor shortage in rural
areas caused by the ongoing migration to urban centers, driving a preference for herbicide
use over manual weed control [14]. In recent decades, glyphosate has become prominent
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among herbicides registered in Brazil, primarily due to its favorable agronomic characteris-
tics, such as broad-spectrum activity [15,16], effectiveness in controlling weeds at advanced
developmental stages [17], efficiency in managing perennial species that propagate vegeta-
tively [18,19], and the absence of soil active residues [20,21]. Two transformative events
in Brazilian agriculture have driven the significant increase in glyphosate use. The first
was the introduction and rapid adoption of the no-tillage system in grain production areas,
where pre-sowing burndown became a routine operation, initially with glyphosate as
the main herbicide used for this purpose [22]. The second event was the introduction
of genetically modified (GMO) cultivars, such as soybean, corn, and cotton, which were
engineered to be glyphosate-resistant [23].

The lack of or insufficient rotation of herbicides with different modes of action, along
with the failure to implement integrated weed management principles, led to excessive
selection pressure for glyphosate on the weed community [24,25]. Over years of intensive
glyphosate use, weed biotypes that are resistant to this herbicide were selected, spreading
to the point that glyphosate-resistant populations are now found throughout Brazil [26,27].
Currently, there have been official reports of 20 cases of weeds with simple or multiple
resistance to glyphosate [28]. Resistant biotypes identified in Brazil include the following
species: Lolium perenne, Conyza bonariensis, Conyza canadensis, Digitaria insularis, Conyza
sumatrensis, Chloris elata, Amaranthus palmeri, Eleusine indica, Amaranthus hybridus, Euphorbia
heterophylla, Echinochloa crus-galli, and Bidens subalternans [29–32]. In addition to these
species, a noteworthy challenge is the management of volunteer glyphosate-resistant corn
plants, where grain losses during corn harvests have led to infestations in subsequent
soybean crops, complicating chemical control [33,34].

The emergence and spread of resistant biotypes across various regions of Brazil neces-
sitated the use of additional herbicides to complement glyphosate’s action on previously
controlled species [35]. Among the herbicides that began to be more intensively used as
a result of the spread of resistant biotypes in Brazil’s grain production areas are 2,4-D,
triclopyr, diclosulam, flumioxazin, haloxyfop-methyl, clethodim, and glufosinate. Despite
the increase in resistant populations, glyphosate remains the primary active ingredient
used in Brazilian agriculture, with variations in formulations depending on the type of
salt utilized.

Thus, the objective of this study was to present and discuss data on herbicide com-
mercialization in Brazil, with the main hypothesis being that the increase in herbicide
consumption is driven by the worsening cases of glyphosate-resistant weeds.

2. Materials and Methods

The primary data used for the analysis of pesticide commercialization and the number
of formulated products per active ingredient were obtained from the Instituto Brasileiro
do Meio Ambiente e dos Recursos Naturais Renováveis (IBAMA), the agency responsible for
releasing commercialization data in Brazil. According to Brazilian legislation, manufac-
turing and importing companies must report their annual sales volume to IBAMA, which
compiles this information to produce and publish reports on pesticide sales in the coun-
try. The data collection period from IBAMA covered from 2010 to 2020. After analyzing
the primary database, it was necessary to make adjustments and standardize the his-
torical series to align it with the guidelines of the Food and Agriculture Organization
of the United Nations (FAO) [36] and the Organisation for Economic Co-operation and
Development (OECD) [37].

To normalize and standardize the data from the IBAMA primary database, the fol-
lowing data were excluded: (1) The volume of non-agricultural pesticide (NA) sales
in Brazil between 2010 and 2020. (2) The sales volume of products registered exclu-
sively as adjuvants or surfactants (2010 to 2017), which were no longer classified as pes-
ticides in Brazil following the Ministério da Agricultura e Pecuária (MAPA) act no 104 of
20 November 2017, published in the Official Gazette of 21 November 2017. From 2018
onward, these products were no longer included in IBAMA’s database, and by excluding
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data from 2010 to 2017, the historical series was standardized. (3) The sales volume of
products classified as semiochemicals and microbiologicals (2010 to 2013). Since 2014,
IBAMA began reporting these biopesticides separately from chemical, biochemical, and
phytochemical products in its bulletins, and (4) sales of formulated pesticide products
between industries in Brazil (2010 to 2020), because counting inter-company sales could
result in double counting.

Additionally, after direct consultation with FAO and OECD technicians and statisti-
cians, who also develop and disseminate international databases related to agricultural sus-
tainability indicators, the following standardizations were implemented: (1) For the herbi-
cides 2,4-D, glyphosate, picloram, MCPA, aminopyralid, florpyrauxifen-benzyl, fluroxypyr,
haloxyfop-methyl, imazapic, imazaquin, imazapyr, imazethapyr, triclopyr, and cyhalofop-
butyl, the data were recorded in acid equivalent (a.e.). These herbicides are formulated
with different derivatives to ensure formulation stability, where standardizing the data in
a.e. allows normalization regardless of the derivative used in the formulation. (2) For the
herbicides diquat and paraquat, the data were recorded in tons of ion equivalent. Similar to
the herbicides mentioned in Item 1, these compounds are also formulated with derivatives,
and data standardization ensures consistent reporting. (3) For the fungicides copper hy-
droxide, copper oxychloride, copper oxide, and copper sulfate, the data were recorded in
tons of metallic copper equivalent to maintain consistency, and (4) for all other pesticides,
the data were recorded in tons of active ingredient (a.i.).

The increase in herbicide sales in Brazil from 2010 to 2020 was compared with the
growth of the Brazilian agricultural area (perennial and temporary crops) and soybean
area, using data from the SIDRA system, provided by the Instituto Brasileiro de Geografia e
Estatística (IBGE) [38]. Additionally, it was compared with the expansion of non-degraded
pasture areas (pastures that effectively use agricultural inputs, such as herbicides), calcu-
lated using data from the Image Processing and Geoprocessing Laboratory of the Universi-
dade Federal de Goiás (LAPIG/UFG) [39].

3. Results and Discussion
3.1. Pesticide Sales in Brazil (2010 to 2020)

The data presented in Table 1 show the evolution of pesticide sales in Brazil, divided
by usage classes, from 2010 to 2020. During this period, herbicides accounted for the
highest sales volume among pesticides used in Brazilian agriculture. In 2010, 157,512 tons
of herbicide active ingredients were sold in Brazil, representing 53.34% of all pesticides
(chemical, biochemical, and phytochemical) commercialized that year. However, by 2020,
herbicide sales had reached 329,697 tons of active ingredients, marking a 128.11% increase
over 11 years and accounting for 58.89% of total pesticide sales in Brazil. For comparison
on a global scale, in 2019 herbicides represented approximately 52% of the total pesticide
market share [40], which is slightly lower than the Brazilian percentage. Additionally, the
global increase in herbicide consumption from 2010 to 2020 was 29.92% [36], significantly
lower than the increase recorded in Brazil.

Two reasons can be given to justify the use of higher quantities of herbicides compared
to other pesticide categories. The first reason is that fungicides and insecticides are typically
applied during the crop cycle (from sowing to harvest), whereas herbicides are used before,
during, and after the crop cycle [41]. Their use is common before crop establishment
(pre-sowing burndown) and after harvest (burndown of spontaneous vegetation during the
fallow period). The second reason is the limited availability of bioherbicides in the Brazilian
market, unlike bioinsecticides and biofungicides, which are already well-established in
Brazilian agriculture. This has led to the exclusive use of chemical molecules for weed
control in agricultural areas. Bioherbicides can be formulated with microorganisms or
phytotoxins derived from microorganisms, insects, or plant extracts that act as natural
agents for weed control [42].
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Table 1. Sales data and representative percentage of each pesticide class (2010 to 2020). Grouping
standard proposed by OECD [37].

Year
Total Insecticides 1 Fungicides 2 Herbicides Others 3

Tons of Active Ingredient 4

2010 295,287 72,856 63,365 157,512 1554
2011 314,862 77,950 61,298 173,171 2443
2012 383,999 75,146 55,117 251,094 2642
2013 407,792 96,135 53,541 256,004 2112
2014 420,467 104,172 61,028 252,765 2502
2015 445,684 95,636 74,354 272,852 2842
2016 451,276 86,627 85,605 276,147 2897
2017 453,111 86,174 90,882 273,502 2553
2018 490,495 83,711 110,698 293,053 3033
2019 564,635 98,562 132,357 329,697 4019
2020 610,098 101,783 144,241 359,308 4766

Percentage (%) of total sales in the year

2010 100.00 24.67 21.46 53.34 0.53
2011 100.00 24.75 19.47 55.00 0.78
2012 100.00 19.57 14.35 65.39 0.69
2013 100.00 23.57 13.13 62.78 0.52
2014 100.00 24.78 14.50 60.12 0.60
2015 100.00 21.46 16.68 61.22 0.64
2016 100.00 19.20 18.97 61.19 0.64
2017 100.00 19.02 20.06 60.36 0.56
2018 100.00 17.07 22.57 59.74 0.62
2019 100.00 17.46 23.44 58.39 0.71
2020 100.00 16.68 23.64 58.89 0.79

1 Includes insecticides, acaricides, molluscicides, and nematicides. 2 Includes fungicides, bactericides, and
pesticides used in seed treatment. 3 Includes fumigants, growth regulators, and seed protectants. 4 For the
herbicides 2,4-D, glyphosate, picloram, MCPA, aminopyralid, florpyrauxifen-benzyl, fluroxypyr, haloxyfop-
methyl, imazapic, imazaquin, imazapyr, imazethapyr, triclopyr, and cyhalofop-butyl, data are reported in tons of
acid equivalent. For the herbicides diquat and paraquat, data are reported in tons of ion equivalent. For fungicides
such as copper hydroxide, copper oxychloride, copper oxide, and copper sulfate, data are reported in tons of
metallic copper equivalent. All other pesticides are reported in tons of active ingredients.

Regarding pesticide sales data, the introduction of Bt technology in soybean, corn, and
cotton cultivars, combined with the increased use of bioinsecticides (both microbiological
and macrobiological), likely contributed to the reduced share of chemical insecticides in
the Brazilian pesticide market [43,44]. On the other hand, the growing share of fungicides
in Brazil can be attributed mainly to the following factors: (1) weakening of some breeding
programs focused on disease resistance/tolerance, resulting in the release of cultivars
susceptible to various diseases and requiring more chemical control intervention; and
(2) increased pathogen resistance to fungicides, leading to a significant rise in the use of
multi-site fungicides in preventive applications, particularly in crops like soybeans [45,46].
It is worth noting that the recommended dose per area for multi-site fungicides is signifi-
cantly higher than for more recently introduced site-specific fungicides.

Several factors explain the increased use of herbicides during the studied period
(2010 to 2020) in Brazil: (1) expansion of no-till farming areas [47,48], where herbicide
applications for pre-sowing burndown are common, with higher doses often used due
to the more advanced growth stages of weeds. Brazilian farmers have become more
aware of soil conservation [49], leading to the replacement of mechanical weed control
practices, such as plowing, harrowing, and scarifying, which expose the soil to erosion;
(2) growth in second-crop corn areas [50], where farmers use herbicides for pre-harvest
soybean desiccation to advance corn sowing, in addition to increased herbicide use in
corn crops themselves; (3) reduction in rural labor availability, which hinders the use of
manual weed control methods [51]. Data from the World Bank Group [52] show that
the rural population in Brazil decreased by 31.58% between the years 2000 and 2020;
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(4) lack of bioherbicides or microbiological herbicides on the Brazilian market, unlike the
growing availability of bioinsecticides and biofungicides; and (5) greater availability of
products formulated from the same herbicide active ingredient, increasing competition
among manufacturers/importers, which may have driven prices down for some herbicides.
Examples of this price reduction can be found in the database of the Companhia Nacional de
Abastecimento (CONAB) [53]: The herbicide clethodim (same formulated product and same
active ingredient concentration) was sold for USD 51.41 per liter in 2010 and was marketed
for USD 8.45 per liter in 2020 (based on data from Paraná State, Brazil). The herbicide
haloxyfop (same formulated product and same active ingredient concentration) was sold
for USD 32.82 per liter in 2010 and was marketed for USD 9.92 per liter in 2020 (based on
data from São Paulo State, Brazil). (6) Increased areas infested with herbicide-resistant
weed biotypes, particularly for glyphosate [54–56].

Herbicide-resistant weeds are the most significant factor behind the increased herbi-
cide sales and are the central theme of the present material. It is important to note that the
rise in herbicide sales does not necessarily indicate abusive behavior by farmers. Unlike
other pesticides, there is often resistance among agricultural experts to increasing herbicide
doses, as this could increase the risk of crop injuries, prolong residual herbicide activity,
and cause carryover problems for subsequent crops. Additionally, higher herbicide doses
raise production costs.

In addition to evaluating the commercialization of herbicides, it is relevant to investi-
gate whether the environmental hazard potential profile of these products changed during
the analyzed period. In Brazil, IBAMA is the institution responsible for assessing pesticides
based on the environmental risks associated with their use, categorizing them into four
classes: Class I: Highly hazardous to the environment; Class II: Very hazardous to the
environment; Class III: Hazardous to the environment; and Class IV: Slightly hazardous
to the environment To determine these classifications, IBAMA evaluates various factors,
such as bioaccumulation, toxicity to non-target organisms, biodegradation, and soil mo-
bility. In 2010, 0.001% of the herbicides sold in Brazil were classified as Class I, while
18.90% belonged to Class II and 81.10% to Class III. These proportions changed minimally
by 2020, with 0.02% of the herbicides classified as Class I, 20.63% as Class II, and 79.35% as
Class III. Notably, during this time frame, no herbicides classified as Class IV were sold
in Brazil.

Regarding the human toxicity potential of herbicides sold in Brazil, it is important
to highlight that between 2010 and 2020, no herbicides classified by the World Health
Organization [57] as Ia (extremely hazardous) or Ib (highly hazardous) were marketed.
An integrative analysis of the consolidated database showed that not all herbicide active
ingredients experienced increased sales in Brazil from 2010 to 2020. Therefore, this study
presents and discusses the sales results for herbicides that saw the highest sales growth
during this period and are recommended for use in grain production areas.

3.2. Evolution of Herbicide Sales in Brazil (from 2010 to 2020)

The evolution of 2,4-D herbicide sales (tons of acid equivalent) is represented in
Figure 1A, where a nearly linear increase from 2010 to 2020 can be observed. The herbicide
2,4-D is a synthetic auxin, characterized by causing various metabolic disturbances in
sensitive plants, such as abnormal growth, death of root tissues, epinasty, and obstruction
of phloem [58]. In Brazil, the herbicide 2,4-D is primarily marketed in the form of amine
salt and is indicated for the control of broadleaf weeds [59]. In Brazil, 15,323 tons of
this herbicide’s active ingredient were sold in 2010, while in 2020, this number rose to
51,149 tons, representing an increase of 233.8%. The observed increase in usage exceeds the
increase recorded during this 11-year period concerning the area of agriculture designated
for harvesting (annual and perennial crops) (24.3%), the soybean area (59.4%), and the area
of pastures without degradation (16.0%), which can be classified as the most demanding
agricultural activities for 2,4-D in the country (Figure 1B).
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The main reason for the increased use of 2,4-D during this period is the worsening cases
of glyphosate-resistant weed biotypes, specifically the increasing infestation of biotypes
from different Conyza spp. species and areas infested with resistant Amaranthus spp.
biotypes [27,60]. As a result, glyphosate, which previously provided effective control
of these weed species, began requiring complementary herbicides during pre-sowing
burndown to help manage resistant biotypes, driving the sales of 2,4-D in Brazil. It is
important to note that the Enlist™ technology, which enables the selective use of 2,4-D,
glyphosate, and glufosinate in crops like soybean and corn [61], was not available in the
Brazilian market during the evaluated period (2010 to 2020) and, therefore, cannot be
considered one of the factors responsible for the observed increase in use.

Other factors may have also contributed to this rise in 2,4-D consumption in Brazil,
including: (1) increased use of herbicides in pastures between 2010 and 2020 [62]; (2) expan-
sion of no-till farming in Brazil, as the main agricultural use of this herbicide is linked to
pre-sowing burndown, especially before soybean crops; (3) increased availability of 2,4-D
products in the Brazilian market. In 2010, 27 formulated products containing the active
ingredient 2,4-D were sold, 14 containing only 2,4-D (as a single active ingredient) and
13 pre-formulated mixtures with other active ingredients. By 2020, the number of formu-
lated products containing 2,4-D had increased to 55 (22 single active ingredient products and
33 pre-formulated mixtures), representing a 103.7% increase in product availability (Figure 1C);
(4) expansion of agricultural areas infested with glyphosate-tolerant weeds, such as
Commelina benghalensis, Spermacoce latifolia, Ipomoea spp., and Tridax procumbens [63,64]; and
(5) shorter plantback intervals for soybean sowing compared to other auxin herbicides.

Another auxin herbicide, triclopyr, also experienced an increase in sales between 2010
and 2020 (Figure 2A). In 2010, 228 tons of triclopyr (acid equivalent) were sold, while in
2020, this volume increased to 2405 tons, representing a 953.5% increase in sales. This rise
far exceeds the increase in soybean area (59.4%) and the area of pastures without degrada-
tion (16.0%), two agricultural activities where triclopyr is potentially used (Figure 2B). The
main causes for the increase in triclopyr sales from 2010 to 2020 are as follows: (1) worsen-
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ing cases of glyphosate-resistant weed biotypes, particularly the increased infestation of
Conyza spp. biotypes, including those resistant to 2,4-D (rapid necrosis) [65], where triclopyr
became a tool for management [66], and (2) expansion of areas infested with species from
the genera Spermacoce, Borreria, and Mitracarpus, with triclopyr becoming one of the go-to
herbicides for controlling these species during the off-season. Other less impactful factors
may have also contributed to the rise in triclopyr sales, such as (1) increased availability
of triclopyr-based products in the Brazilian market, especially products formulated with
triclopyr as the sole active ingredient (a 400% increase in the availability of single-active
ingredient formulations from 2010 to 2020) (Figure 2C), and (2) lower antagonism when
mixed with ACCase-inhibiting herbicides compared to 2,4-D [67].
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Haloxyfop-methyl and clethodim are herbicides used for post-emergence control of
grasses, being selective for broadleaf crops such as soybean [68]. Both herbicides inhibit
the enzyme acetyl-CoA carboxylase (ACCase), blocking lipid synthesis and, consequently,
the formation of cell walls [69]. These two graminicides had increases in sales in Brazil
between 2010 and 2020 (Figure 3A). In 2010, 111.3 tons of haloxyfop-methyl and 244.5 tons
of clethodim (active ingredient/acid equivalent) were sold. By 2020, these amounts rose
to 1109.8 tons of haloxyfop-methyl and 6779.6 tons of clethodim, representing an 896.9%
increase in haloxyfop-methyl consumption and a 2672.8% increase for clethodim (Figure 3B).
These increases far exceed the growth in agricultural area (24.3%) and soybean-planted
area (59.4%) during the same period.

Among the main reasons for the sharp increase in the consumption of haloxyfop-
methyl and clethodim herbicides are: (1) a significant rise in grain-growing areas infested
with glyphosate-resistant biotypes of Digitaria insularis [26]. This situation created the need
for supplementary control of this species, both in pre-sowing burndown operations and
in post-emergence soybean management, substantially increasing the demand for these
herbicides. More recently, another grass species resistant to glyphosate that could contribute
to the increased use of haloxyfop-methyl and clethodim is Eleusine indica. However, this
trend has not been observed with the same intensity, as multiple-resistant biotypes (EPSPS
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and ACCase) of this species have spread, limiting the effectiveness of these herbicides [70];
and (2) the increasing challenge posed by volunteer glyphosate-resistant corn plants. With
the growing adoption of glyphosate-resistant corn hybrids in Brazil, controlling volunteer
corn plants, resulting from mechanical harvesting failures, has become more problematic.
This created the need to introduce new herbicides for controlling these plants before
soybean sowing or even in established soybean fields. Among the effective herbicides for
this purpose are ACCase inhibitors, such as haloxyfop-methyl and clethodim [71].
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The increased availability of haloxyfop-methyl and especially clethodim products
may have also contributed to the rise in herbicide sales. In 2010, only one formulated
product containing the isolated active ingredient haloxyfop-methyl was available in the
Brazilian market. By 2020, this number had grown to nine products, including seven
with haloxyfop-methyl as a single active ingredient and two pre-formulated mixtures
(Figure 4A), representing an 800% increase in haloxyfop-methyl-based product availability
over 11 years. For clethodim, the increase in formulated products during the same period
was 600%, rising from two products in 2010 (one isolated and one pre-formulated mixture)
to 14 products in 2020 (11 isolated and three pre-formulated mixtures) (Figure 4B).

The higher increase in clethodim consumption compared to haloxyfop-methyl may be
related to the lower cost per hectare of clethodim application. It is important to note that the
rise in glyphosate-resistant Digitaria insularis biotypes and volunteer corn plants (Roundup
Ready™—RR™) was a key driver encouraging pesticide manufacturers and importers
to register and market generic products based on haloxyfop-methyl and clethodim in
Brazil, as these resistance cases created substantial demand for this group of herbicides. In
summary, the increased availability of formulated products can be seen as a response to the
worsening weed resistance to glyphosate in Brazil.

Three key factors can be identified as predominant drivers of the increase in the
commercialization of the herbicide glufosinate in Brazil (Figures 3 and 4C): (1) increase
in areas infested with glyphosate-resistant weeds, such as Conyza spp., Digitaria insularis,
Eleusine indica, and Amaranthus spp. [72]. This is the most important factor driving the
rise in glufosinate sales in Brazil; (2) introduction of transgenic soybean, corn, and cotton
cultivars resistant to post-emergence applications of glufosinate in the Brazilian market;
and (3) growth in the availability of glufosinate-based formulated products, especially
after 2017 (one formulated product in 2010; nine in 2020). This increase is largely due to
the sharp rise in glyphosate-resistant weeds in Brazil’s grain crops, which has spurred
companies’ interest in marketing this active ingredient. It is also important to note that the
ban on paraquat use in Brazil had a significant impact on glufosinate sales. Glufosinate
shares some similar agronomic characteristics with paraquat, such as a broad spectrum of
control, contact action, and the absence of residual soil activity [73]. However, the impact
of this ban became more evident only in the later years of the analyzed period.
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Figure 4. Number of formulated products based on haloxyfop-methyl (A), clethodim (B), and
glufosinate (C) marketed in Brazil, subdivided by products containing only the active ingredient
(isolated) or pre-formulated mixtures containing the respective herbicides (period from 2010 to 2020).

In the context of glyphosate-resistant weeds, the use of herbicides with residual soil
activity has re-emerged in recent years in grain production areas. Looking ahead, there
are expectations for the increased adoption of these herbicides in agricultural production
systems, as they can control weed populations in the pre-emergence stage of crops [74].
Figures 5 and 6 show the sales data (tons of active ingredient and percentage growth)
and the number of formulated products for the herbicides diclosulam and flumioxazin,
which experienced sales growth between 2010 and 2020. Although flumioxazin had higher
sales volumes, comparing the application rates per hectare for the crops registered for
diclosulam suggests that diclosulam usage also increased substantially and is comparable
to flumioxazin (Figure 5A). Moreover, considering only the percentage increase in sales
relative to the first year of analysis (2010), both diclosulam and flumioxazin saw growth,
with increases exceeding 520.0% (Figure 5B).
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Figure 5. Sales of diclosulam and flumioxazin (tons of a.i.) (A). Evolution of herbicide sales compared
to the year 2010, alongside the evolution of soybean area (IBGE) and the area of agriculture designated
for harvest (temporary and permanent) (IBGE) (B).
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Several factors can explain the increase in the commercialization of diclosulam and
flumioxazin in the Brazilian market, among which the following stand out: (1) increased
adoption of herbicides used in soybean pre-emergence applications, as certain products
containing these active ingredients rank among the most widely used for this purpose [75];
(2) greater occurrence of glyphosate-resistant weeds, including Conyza spp. and the
Amaranthus spp. complex (A. hybridus and A. palmeri), which diclosulam and flumioxazin
effectively control in pre-emergence [60]; and (3) increased use of herbicides with residual
soil activity, such as diclosulam and flumioxazin, in pre-sowing burndown applications for
soybean crops.

Regarding the evolution of formulated products containing diclosulam and flumiox-
azin in the Brazilian agrochemical market, distinct behaviors can be observed depending on
the active ingredient (Figure 6). For diclosulam, only two formulated products containing
this active ingredient, one registered for sugarcane and another for soybean, were marketed
during the period analyzed in this study (Figure 6A). Given the herbicide’s high efficacy
in controlling the main weeds infesting the crops for which diclosulam is registered [76],
future prospects suggest a potential increase in the number of formulated products based
on this active ingredient.

For flumioxazin, the number of formulated products marketed in Brazil increased,
particularly from 2015 onward (Figure 6B). This reflects one of the unique characteristics of
flumioxazin’s weed control action: unlike other herbicides, flumioxazin exhibits residual
soil activity (pre-emergence control), offering the added benefit of effective weed control in
early post-emergence stages through contact action [77,78]. This is especially true when
flumioxazin is used in combination with other herbicides. Additionally, due to its lower
acquisition cost compared to other pre-emergent herbicides, along with these agronomic
advantages, the number of formulated products containing flumioxazin has increased in
recent years.

Despite the issues of weed resistance and tolerance discussed throughout this
manuscript, data presented in Table 2 show that the commercialization of glyphosate in
Brazil increased from 101,385 tons of active ingredient in 2010 to 209,345 tons in 2020,
representing a 106.5% increase over the period. Furthermore, in 2010, glyphosate sales
accounted for 64.37% of total herbicide sales in Brazil, whereas in 2020 this percentage
dropped to 58.26%, indicating that other herbicides experienced higher growth rates in sales
compared to glyphosate. This shift may reflect the widespread occurrence of glyphosate-
resistant biotypes in agricultural areas across the country. Notably, glyphosate accounted for
34.33% of all pesticide sales in Brazil in 2010, a scenario that remained virtually unchanged
in 2020 (34.31%). Several factors may explain the increased use of glyphosate in Brazil,
including: (1) expansion of no-till farming; (2) greater adoption of GMO cultivars resistant
to glyphosate, such as soybean, corn, and cotton; (3) increased use of cover crops (e.g.,
Brachiaria and Panicum), either in monoculture or intercropped systems, where glyphosate
is the main tool for pre-sowing burndown [79]; (4) additive or synergistic effect when mixed
with other herbicides with different modes of action, enhancing weed control [80]; and
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(5) increased availability of glyphosate-based products. In 2010, 36 glyphosate-formulated
products were sold in Brazil, including 35 single-ingredient products and only one pre-
mix. By 2020, this number rose to 47 products, a 30.6% increase, with 45 single-ingredient
products and two pre-mixes (Table 2).

Table 2. Information on glyphosate commercialization in Brazil in 2010 and 2020.

Information
Year

2010 2020

Glyphosate commercialization (tons of active ingredients) 101,385 209,345
% of total herbicide commercialization 64.37 58.26
% of total pesticide commercialization 34.33 34.31
Number of Formulated products 36 47
Number of isolated formulated products 35 45
Number of pre-formulated mixtures with other active ingredients 1 2

Salt formulation % of total glyphosate sales

Isopropylamine 51.59 12.55
Ammonium 21.49 27.06
Potassium 26.92 35.88
Dimethylammonium 0.00 0.75
Diammonium 0.00 9.26
[Isopropylamine + potassium] 0.00 14.50

The type of salt formed from glyphosate also changed between 2010 and 2020. Chemi-
cally, glyphosate is formulated as ammonium, diammonium, dimethylammonium, potas-
sium, or isopropylamine salts [81]. In 2010, isopropylamine salt accounted for 51.59% of
glyphosate sales in Brazil. However, by 2020, its share dropped to 12.55%, with potas-
sium salt becoming the most sold, representing 35.88% of total glyphosate sales (Table 2).
Changes in the type of glyphosate salt used in commercial products can affect the speed of
weed control [22] and influence environmental factors after application, such as absorption
speed and the impact of rainfall following application (rainfastness).

The data indicate disproportionate growth in the sale of herbicides used to man-
age glyphosate-resistant weeds, including both pre- and post-emergence products. This
suggests that the resistance of weeds to glyphosate is a primary factor driving increased
herbicide consumption. As a result, the quantitative data clearly highlight the negative im-
pacts of glyphosate resistance, leading to agronomic and economic losses and significantly
increasing the need for additional herbicides.

Despite the spread of resistant biotypes, glyphosate has not been widely replaced
by other herbicides. Instead, it is often supplemented with additional molecules [82], as
discussed in this study, contributing to the rising consumption of herbicides in Brazil. This
increase in herbicide use is primarily due to a greater number of active ingredients applied
per season, not higher doses. It is important to note that herbicide selectivity for crops is
based on dose limits [83], since exceeding these limits can cause significant yield losses.
Before resistance became widespread, glyphosate isolated was considered sufficient to
control weeds across many agricultural areas [84]. Today, however, most soybean fields
require two, three, or more active ingredients to complement glyphosate’s action, both
before sowing (burndown) and during the crop cycle (pre- and post-emergence).

Given this scenario, it is essential to implement integrated weed management strate-
gies, including preventive control (e.g., cleaning machinery and acquiring certified, weed-
free seeds), and cultural control (e.g., crop rotation, no-till farming with surface mulch,
narrower row spacing, selecting fast-growing cultivars, and using high-vigor seeds). Ad-
ditionally, whenever possible, herbicide rotation with different modes of action should
be practiced, along with the use of sprayers equipped with weed-detecting sensors for
post-emergence applications. Research investments aimed at identifying biological control
agents to develop bioherbicides, as well as improving physical weed control methods (e.g.,
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robotics, laser beams, electromagnetic waves, or boiling water with sealing foam), are also
strategic and sustainable approaches. These combined efforts are crucial to preventing a
future collapse in chemical weed control effectiveness and avoiding unsustainable herbicide
loads in agricultural environments.

4. Conclusions

The commercialization of herbicides in Brazil saw an increase between 2010 and
2020. Some herbicides, such as clethodim, haloxyfop-methyl, triclopyr, glufosinate, 2,4-D,
diclosulam, and flumioxazin, experienced increases in sales of 2672.8%, 896.9%, 953.5%,
290.2%, 233.8%, 561.3%, and 531.6%, respectively, far exceeding the growth rate of Brazil’s
agricultural area. Several factors may have contributed to this substantial rise in herbi-
cide consumption; however, the primary cause was the worsening cases of glyphosate-
resistant weed biotypes in Brazilian agricultural areas, particularly among species such as
Conyza spp., Amaranthus spp., Digitaria insularis, and Eleusine indica. This situation created
the need to supplement glyphosate with other herbicides to achieve effective chemical
control of these species.

The data highlight that weed resistance to glyphosate has driven a substantial in-
crease in the commercialization of herbicides with different profiles for both pre- and
post-emergence applications, resulting in agronomic and economic impacts. This scenario
led to the need for glyphosate to be supplemented with other molecules rather than re-
placed, contributing to an increase in the number of active ingredients used per season.
This situation underscores the importance of integrated practices, such as rotating herbi-
cide modes of action and implementing preventive and cultural controls, to ensure the
effectiveness of chemical control and reduce dependency on herbicides. Investments in
bioherbicides, nanotechnology related to herbicide formulation, and physical methods
such as robotics and laser emissions are becoming essential to tackle future challenges and
offer innovative and sustainable alternatives in weed management.
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