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Abstract: Background: Currently, there are few herbicides registered for
the control of weed species infesting canola crops. Objective: to evaluate
the selectivity, the effects on gas exchange, and the yield components
of canola when applying atrazine + mesotrione at different timings and
rates before sowing, and clethodim after crop emergence. Methods:
Phytotoxicity, gas exchange, and grain yield components of canola were
evaluated after herbicide application. Field experiments were conducted
over two years using a randomized block design in a 2x6+ 1+1 factorial,
with four replications. The treatments were: a hand-weeded control, rates
of atrazine + mesotrione (250 + 25; 500 + 50; 750 + 75 g a.i ha™) applied
alone or in combination with clethodim (108 g a.i ha™). The atrazine +
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mesotrione mixture was applied at 10 and 5 days before sowing (DBS),
and clethodim was applied post-emergence when canola plants had three
to four leaves. Results: The mixture atrazine + mesotrione, when applied
at the highest rate, both alone and in combination with clethodim, caused
high phytotoxicity to the Nuola 300 canola hybrid. Atrazine + mesotrione
applied at 500 + 50 and 750 + 75 g a.i ha™, 10 days before sowing, had
a negative effect on the crop’s physiological variables. Conclusions:
Atrazine + mesotrione is a promising herbicide mix that could add options
for protecting yield in canola. This mixture, when applied at the rate of
250 + 25 g a.i ha™, either alone or in combination with clethodim, caused

no injuries.
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1. Introduction

Canola (Brassica napus L. var. oleifera), a member of the Brassicaceae family,
originated from the genetic improvement of rapeseed through the reduction of erucic
acid and glucosinolate content. This adaptation enhanced the crop’s palatability
(Estevez et al.,, 2014). It stands as the third most relevant oilseed globally in terms
of grain production volume, surpassed only by soybean and oil palm. Its versatility
extends to uses as green forage, protein meal for animal feed, and raw material for
oil extraction with a dual purpose: human consumption and biodiesel production
(Brandler et al., 2021; Costa et al., 2025).

In recent years, canola has emerged as a strategic option for crop rotation, replacing
wheat and other winter cereals. This advancement is largely due to the development
of management technologies that have boosted crop productivity and stability
(Costa et al., 2025). Furthermore, canola adoption mitigates phytosanitary issues in
grasses and legumes, thereby improving rotation systems and fostering economically
viable and environmentally sustainable agricultural practices (Nichelati et al., 2020;
Franz et al., 2020; Costa et al., 2025).

Although relatively new to Brazil, canola cultivation already spans 202.2 thousand
hectares, with an average yield of 1,459 kg ha™ and an estimated production of 295.1
thousand tons, with Rio Grande do Sul being the leading producer (Companhia
Nacional de Abastecimento, 2026). However, the average productivity remains
below the potential demonstrated in experimental areas or high-tech commercial
fields. This deficit primarily stems from competition with weeds of the same family
(Brassicaceae), such as wild radish (Raphanus raphanistrum and R. sativus) (Franz et al.,
2020; Nichelati et al., 2020; Brandler et al., 2021).

Beyond resource competition, a significant concern is the contamination of
canola grains by wild radish seeds (Raphanus spp.). Their morphological similarity
compromises the quality of the produced oil. While canola grains typically contain less
than 1% erucic acid, wild radish seeds have levels approaching 15% (Franz et al., 2020).
This distinction is critical because low erucic acid levels enhance the palatability of by-
products, whereas high concentrations are associated with potential human toxicity
(Santos et al., 2018; Ramachandran, Godara, 2025).
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Another relevant weed is ryegrass (Lolium multiflorum),
whose interference causes significant losses in grain yield
and quality (Brandler et al., 2021). For its control in non-
resistant biotypes, graminicide herbicides selective to
canola are employed. This selectivity stems from the crop’s
enzymatic insensitivity to ACCase (acetyl-CoA carboxylase)
inhibitors, which is the mode of action exploited by these
herbicides (Vargas et al., 2011).

Weed competition can reduce canola productivity by
70% to 90%. This significant yield loss is attributed to
competition for water, light, and nutrients, allelopathic
effects, and the role of weeds as hosts for pests and
diseases (Nichelati et al., 2020; Costa et al., 2025). Infesting
species, due to their hardiness and adaptability to adverse
conditions, become aggressive competitors.

In this context, the use of improved hybrids provides
canola with a greater competitive advantage against weeds
compared to conventional varieties. This is a crucial factor
for mitigating losses and ensuring productive stability
under environmental stresses (Nichelati et al.,, 2020;
Brandler et al., 2021).

In Brazil, the registration of herbicides for weed control
in canola remains limited (Costa et al., 2025), especially
for post-emergence control of wild radish (Raphanus
spp.) (Ministério da Agricultura e Pecudria, 2026). While
Clearfield® technology hybrids have recently enabled the
use of ALS inhibitors (such as imazamox), ensuring crop
selectivity (Kozar and Domblides, 2024), conventional
hybrids still lack effective chemical alternatives.

In this context, the mixture of atrazine + mesotrione
emerges as a promising option. Its relevance stems from
its broad spectrum of action (controlling both mono-
and dicotyledonous weeds), prolonged residual activity,
complementary modes of action (Photosystem II and
carotenoid inhibition), and potential to mitigate herbicide
resistance selection in weeds (Correia et al.,, 2021a;
Ministério da Agricultura e Pecudria, 2026).

The herbicide mesotrione inhibits
biosynthesis by interfering with the activity of the
4-hydroxyphenylpyruvate dioxygenase (HPPD) enzyme
in chloroplasts (Rodrigues, Almeida, 2018). In contrast,
atrazine acts as a Photosystem II inhibitor, translocating
via the xylem to the leaves after application. Phytotoxic
symptoms are characterized by photobleaching
(mesotrione) and generalized chlorosis (atrazine),
ultimately progressing to necrosis and tissue death
((Rodrigues, Almeida, 2018). Complementarily, clethodim,
a systemic graminicide herbicide, acts as an acetyl-CoA
carboxylase (ACCase) inhibitor, blocking lipid synthesis.
Its effects manifest as progressive leaf yellowing, necrosis,
and destruction of the apical meristem in grass plants
(Rodrigues, Almeida, 2018).

The lack of herbicide selectivity in certain crops
can lead to injuries, physiological imbalance (including
compromised nutrient uptake), phytotoxicity symptoms,
and deregulation of plant defense mechanisms (Gainesetal.,

carotenoid
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2020; Correia, Carvalho, 2021a; Mucheri et al., 2024). These
negative effects reduce grain size, weight, and quality, as
well as the number of siliques - factors directly associated
with decreased canola productivity (Vargas et al., 2011;
Nichelati et al., 2020).

The physiological parameters
significantly affected by herbicide use, with reductions in
internal CO, concentration (Ci), stomatal conductance
to water vapor (Gs), photosynthetic rate (A), water use
efficiency (WUE), and carboxylation efficiency (CE),
indicating impairment to carbon assimilation and
photosynthetic efficiency. Some studies have shown that
herbicides can compromise photosynthetic function and
increase oxidative stress in susceptible plants, directly
affecting physiological efficiency through reduced
CO, absorption, which can impair energy production,
growth, and plant productivity (Carvalho et al., 2009;
Agostinetto et al., 2016; Durigon et al., 2018; Costa et al.,
2025). These effects suggest that the interaction between
herbicides and plants can cause a combined physiological
stress that compromises the ability of canola to utilize its
resources efficiently, with direct effects on grain yield.

Given the limited number of registered herbicides for
weed control in canola (Costa et al., 2025; Ministério da
Agricultura e Pecudria, 2026), it is essential to test new
products for their selectivity. This approach aims to rotate
modes of action and active ingredients, thereby reducing
the risk of selecting resistant biotypes in weed species.
Some herbicides are registered for use in canola, such as
atrazine, clethodim, dicamba, diquat, fluazifop-P-butyl,
glyphosate, imazamox, imazapyr, and S-metolachlor, which
can be applied before or after sowing, or even for desiccation
in seed and grain production (Ministério da Agricultura e
Pecuaria, 2026).

The research hypothesis is that the application of the
herbicides atrazine + mesotrione prior to canola sowing
and clethodim after crop emergence demonstrates
selectivity, does not alter gas exchange in the plants, and
does not negatively affect yield and yield componentes.
Therefore, the objective of this study was to evaluate the
phytotoxicity, the effects on gas exchange, and the grain
yield components of canola when applying the commercial
mixture of atrazine + mesotrione at different timings and
rates before sowing with and without clethodim after crop
emergence, during two growing seasons.

of canola can be

2. Material and Methods

21 Location and edaphoclimatic characteristics of the experi-
mental area

Two field experiments were conducted at the
Universidade Federal da Fronteira Sul (Federal University of
Southern Frontier, UFFS), at the campus located in Erechim,
Rio Grande do Sul, Brazil (27°47°30”S, 52°17°40"W, 650
m altitude), during the 2022 and 2023 growing seasons.

https://doi.org/10.51694/AdvWeedSci/2026;44:0027
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The region’s climate is classified as Cfa (Koppen-Geiger),
characterized as a humid subtropical climate with hot
summers. It receives uniformly distributed precipitation,
ranging from 1,100 to 2,000 mm annually, and the
average temperature in the warmest month is below 22
°C. Additionally, the area experiences severe and frequent
frosts, with an average occurrence of 10 to 25 days per year
(Peel et al., 2007).

The soil at the experimental site is classified as a
Typic Hapludox (Red Latosol) (Streck et al., 2018).
Soil pH correction and fertilization were performed
according to physical and chemical analysis and technical
recommendations for canola cultivation (Comissio de
Quimica e Fertilidade do Solo, 2016). The chemical and
physical characteristics of the soil were: pH in water 4,8;
OM = 3,3%; P = 6,3 mg dm? K = 106,0 mg dm?3; Al3* =
0,9 cmol, dm?; Ca?* = 5,1 cmol, dm?; Mg?* = 3,3 cmol, dm?;
effective CEC = 9,8 cmol. dm™; pH 7 CEC = 17,6 cmol. dm?3;
H+Al = 8,7 cmol, dm?®; base satturation = 51%, clay = 62%,
sand = 14 and silt = 24%.

Meteorological conditions, such as relative air humidity
(%), precipitation (mm) and temperature (°C), recorded
during the period of experiments can be observed
in Figure 1.

2.2 Experimental design and treatments used

The study employed a randomized complete block
design in a 2 x 6 factorial, supplemented with two control
treatments with four replications. Factor A comprised the
application timings of atrazine + mesotrione: 10 and 5
days before sowing (DBS). Factor B included six herbicide
treatments (rates of the mixture applied alone or combined
with clethodim), in addition to two controls: a weeded

Selectivity of herbicides in canola

control and clethodim applied alone (detailed in Table 1).
Each plot measured 3 m x 5 m, consisting of six sowing
rows spaced 0.5 m apart. For evaluations, the four central
rows were considered the usable area, excluding one lateral
row as a border and 1 m from each plot’s ends.

2.3 Canola sowing and herbicide application

The experiments were sown using a no-till seeder-
fertilizer drill on June 28, 2022, and June 27, 2023,
corresponding to the first and second growing seasons,
respectively. In both years, the canola hybrid ‘Nuola 300’
was used, which is characterized by a medium growth
cycle (130-150 days) and polygenic resistance to blackleg.
Seedling emergence occurred eight days after sowing.
Seeding density was set at 60 viable seeds m?, totaling
600,000 seeds ha?, with a sowing depth of 2 cm. For base
fertilization, 335 kgha™ of 05-30-15 (N-P,0;-K,0) formula
was applied at sowing. Topdressing fertilization was done
with 44 kg ha™ of nitrogen, equivalent to 98 kg ha™ of urea
(45% N), split into two applications: the first, 49 kg ha™ of
urea, at the two to four-leaf stage, and the second, with the
same rate, at the six to eight-leaf stage, in both growing
seasons.

Herbicide applications were carried out using a precision
CO,-pressurized backpack sprayer equipped with four DG
110.02 flat-fan spray tips, a constant pressure of 210 kPa
and a travel speed of 3.6 km h™, which resulted in a spray
volume of 150 L ha®. Meteorological conditions during
applications are available in Table 2.

In both growing seasons, atrazine + mesotrione were
applied pre-emergence, either at 10 or 5 days before
canola sowing. Clethodim + mineral oil, conversely, were
applied post-emergence, when the crop was at the three to
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Figure 1 - Relative humidity (%), precipitation (mm), and average temperature (°C) during the experimental conduction period in the

years 2022 and 2023
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Table 1 - Treatments used in the experiments, their rates, commercial product, adjuvant product and application seasons (DBS

- days before sowing and DAE - days after emergency) in the years 2022 and 2023. UFFS, Campus Erechim/RS

Weeded control  ———em e e e
Atrazine+mesotrione 250+25 Calaris 0.50 10 DBS
Atrazine+mesotrione 500+50 Calaris 1.00 10 DBS
Atrazine+mesotrione 750+75 Calaris 150 10 DBS
Atrazine+mesotrione 250+25 Calaris 0.50 05DBS
Atrazine+mesotrione 500+50 Calaris 1.00 0S5 DBS
Atrazine+mesotrione 750+75 Calaris 150 0S5 DBS
Clethodim 108 Poquer 045* 30 DAE
Atrazine+mesotrione+clethodim 250+25/108 Calaris+Poquer” 0.50/0.45* 10 DBS and 30 DAE
Atrazine+mesotrione+clethodim 500+50/108 Calaris+Poquer” 1.00/045* 10 DBS and 30 DAE
Atrazine+mesotrione+clethodim 750+75/108 Calaris+Poquer” 150/045* 10 DBS and 30 DAE
Atrazine+mesotrione+clethodim 250+25/108 Calaris+Poquer” 0.50/045* 05 DBS and 30 DAE
Atrazine+mesotrione+clethodim 500+50/108 Calaris+Poquer” 1.00/045* 05 DBS and 30 DAE
Atrazine+mesotrione+clethodim 750+75/108 Calaris+Poquer” 1.50/045* 05 DBS and 30 DAE

* Adjuvant Assist added to the rate of 0.5% v/v.

Table 2 - Environmental conditions at the time of application of herbicides in pre and post-emergence of the ‘Nuola 300’

canola hybrid. UFFS, Erechim Campus/RS

Application Temp. (°C) ) Soil Wind
Year Sky UR (% s speed Sowing Emergence
Time Date air soil EengRich=I Ee)
Pre-emergence application of atrazine + mesotrione
2022 10 DBS 15jun Clear 215 12 465 Friable 0-3
28jun 07jul
2022 5DBS 20jun Clear 15.5 10 79.5 Dry 4
2023 10 DBS 17 jun Cloudy 14.0 14 576 Moist 4-6
27jun 05 jul
2023 5DBS 22jun Cloudy 210 19 74.0 Moist 3
Post-emergence application of clethodim
2022 23 DAE 30jun Clear 200 15 69 Friable 4 28jun 07 jul
2023 27 DAE 0O1ago Clear 235 17 65 Friable 27jun 05jul

DBS: days before canola sowing; DAE: days after canola emergence.

four-leaf stage. Any weed that germinated and emerged
in the experimental area was controlled by manual hoeing
whenever necessary to prevent competition with canola.

2.4 \Variables evaluated

Phytotoxicity of the herbicides on the ‘Nuola 300’
canola hybrid was visually assessed at 7, 14, 21, 28, 35, and
42 days after clethodim application (DAA), corresponding
to 30, 37, 44, 51, 58, and 65 days after crop emergence
in the first growing season, and 34, 41, 48, 55, 62, and
69 days after emergence in the second season. The visual

Adv Weed Sci. 2026;44:e020260104

estimation of phytotoxicity was expressed as a percentage,
where 0% indicated no symptoms and 100% represented
complete plant death, following the methodology described
by Velini et al. (1995).

Gas exchange evaluations were performed at 45 days
after emergence (DAE) of canola using an infrared gas
analyzer (IRGA, model LCpro-SD, ADC BioScientific
Ltd, UK). The measured variables were: internal CO,
concentration (Ci; pmol mol?); transpiration rate
(E; mol m? s%); stomatal conductance (Gs; mol m™* s?);
photosynthetic rate (A; umol m? s?); water use efficiency
(WUE = A/E; mol CO, mol H,0?); and carboxylation

https://doi.org/10.51694/AdvWeedSci/2026;44:0027



Advances in Weed Science

efficiency (CE = A/Ci; mol CO, m? s?). Measurements
were conducted between 8:00 and 11:00 h, under clear
sky conditions and natural illumination, ensuring
environmental homogeneity across all experimental blocks
during evaluations.

Before harvest, ten canola plants were randomly
collected from the usable area of each plot, placed in plastic
bags, and sent to the laboratory for evaluation of yield
components: number of siliques per plant (NSP), number
of grains per silique (NGS), and number of grains per plant
(NGP). Yield was determined by manually harvesting
6 m? of the center area of each plot. Thousand-grain
weight was determined by counting eight samples of
100 grains each sample, with and electronic seed counter
(model CSP-10Seed, Celmi) and weighting them on an
analytical scale. All results were standardized to 10%
moisture content, with yield values extrapolated to kg ha™.

2.5 Statistical analysis

Data from the two growing seasons were subjected to
preliminary analyses to verify the suitability of a combined
analysis. Residual normality was assessed, and homogeneity
of variances between years was tested using Bartlett’s test.
No significant differences between years were detected
for any of the evaluated variables (p>0.05). Additionally,
the analysis of variance indicated no significant year x
treatment interaction and no significant main effect of year.
Therefore, the data were pooled and analyzed jointly in order
to increase experimental precision. After confirmation
of the assumptions, the data were subjected to analysis
of variance using the F test, and when significant, means
were compared using Tukey’s test or the t-test, both at a 5%
probability level. Statistical analyses were performed using
the Sisvar software, version 5.6 (Ferreira, 2011).

3. Results and Discussion

3.1 Phytotoxicity of herbicides to canola

No significant interaction was observed between
herbicides and application timing for phytotoxicity
evaluated at 7, 14, 21, 28, 35, and 42 DAT (Table 3).

Herbicide treatments significantly affected
phytotoxicity at all evaluation times, whereas application
timing had no significant effect (Table 3). The highest
phytotoxicity levels were observed with atrazine +
mesotrione at 750 + 75 g ha™, both applied alone and
in combination with clethodim, consistently across all
evaluation periods. This response reflects the limited
tolerance of canola to these herbicides, likely associated
with restricted capacity for detoxification and metabolism
(Correia, 2021b; Mucheri et al., 2024).

Plant tolerance to herbicides depends on processes
such as absorption, translocation, metabolism, and
exudation (Carvalho et al, 2009; Gwatidzo et al., 2023).

https://doi.org/10.51694/AdvWeedSci/2026;44:0027
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Mechanisms including reduced herbicide movement, enhanced
detoxification, compartmentalization, altered target-site
sensitivity, and enzyme overexpression may contribute to
selectivity (Gaines et al., 2020; Mucheri et al., 2024).

Treatments containing clethodim did not increase
phytotoxicity compared to those without it, and in several
cases showed values close to the weeded control, with
symptoms disappearing by 42 DAT (Table 3). This behavior
is consistent with its mode of action as a graminicide,
to which dicotyledonous species such as canola are
inherently less sensitive due to enzymatic insensitivity
(Vargas et al., 2011).

Thelowestrate of atrazine + mesotrione (250 + 25 gha™),
applied alone or in combination with clethodim, resulted
in phytotoxicity below 8% throughout the evaluation
period, with values close to the control, especially at later
assessments. Intermediate phytotoxicity levels were
observed for the other treatments. These results indicate
that canola shows greater selectivity to this mixture at
lower rates, likely due to its capacity for recovery over time.
Herbicide-induced phytotoxicity is influenced by crop traits,
herbicide characteristics, and environmental conditions
following application, which determine the extent and
duration of injury (Carvalho et al., 2009).

A clear dose-response relationship was observed, with
increasing atrazine + mesotrione rates leading to greater
phytotoxicity, regardless of application timing. However,
the association with clethodim did not intensify these
effects at any rate tested.

Phytotoxicity symptoms decreased progressively from 7
to 42 DAT, indicating plant recovery over time. This pattern
may be associated with tissue regeneration, metabolic
detoxification, and the gradual dissipation of herbicides in
the environment (Carvalho et al., 2009; Tkach, Golubev,
2022; Correia et al., 2021b).

3.2 Effect of herbicides on canola physiology

No significant interaction was observed between
herbicide and application timing for stomatal conductance,
transpiration rate, and WUE. In contrast, internal CO,
concentration, photosynthetic rate, and carboxylation
efficiency showed significant interaction between factors.

The physiological analyses (Table 4) revealed that the
application of atrazine + mesotrione resulted in the lowest
physiological performance of canola among the herbicide
treatments. These changes reflect the disruptive effects
that these compounds can have on the metabolic and
physiological processes of plants (Correia et al., 2021b;
Tkach, Golubev, 2022), a pattern that has been consistently
documented in other studies with canola (Durigon et al.,
2018; Umurzokov et al., 2019) and other crops such as
wheat (Agostinetto et al., 2016). At 10 DBS, the isolated
application of atrazine + mesotrione (750 + 75 g ha™)
resulted in the lowest internal CO, concentration and the
highest photosynthetic rate (Table 4). In contrast, lower

Adv Weed Sci. 2026;44:e020260104
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Table 3 - Mean phytotoxicity (%) at 10 and 5 days before canola sowing, as a function of herbicide application in the canola

hybrid ‘Nuola 300, cultivated in the 2022 and 2023 growing seasons. UFFS, Erechim Campus, RS, Brazil

Phytotoxicity to the canola hybrid ‘Nuola 300 (%)

Treatments Rat?

(gha?) 7 DAT 14 DAT 21DAT 28 DAT 35 DAT 42 DAT
Weeded control -—- 000¢’ 000e 0.00d 000e 0.00d 0.00d
Atrazine+mesotrione 250 +25 6.75d 758d 542c 492 cd 1.50 cd 125cd
Atrazine+mesotrione 500 + 50 15.67 bc 16.50 bc 16.253a 13.08 ab 10.25b 4.83 bc
Atrazine+mesotrione 750 + 75 22008 2117 ab 1892 a 16.83a 15.00 a 1017 a
Clethodim 108 250de 7.33d 6.67 bc 5.50 cd 250cd 0.00d
Atrazine+mesotrione+clethodim 250+25/108 6.75d 725d 525¢ 4.00de 042d 000d
Atrazine+mesotrione+clethodim 500+50/108 1325¢c 12.83¢c 1042b 910 be 558¢c 250 cd
Atrazine+mesotrione+clethodim 750+75/108 20.83 ab 2208 a 1875a 16.00 a 11.50 ab 750 ab
General means —— 1097 11.84 10.21 8.68 5.84 328
CV. (%) --- 4317 3642 4168 46.35 69.33 98.46
Frerbicides -—- 48.32 5091 4414 36.89 31.88 20.82
Fapplication times --- 323 0.007 205 323 62.34 320
Fherbicides x application times --- 125 0.84 176 125 25.24 1.81
P eromtes -—- 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Peppliramies --- 0.08 093 016 0.08 0.06 0.08

--- 0.28 0.56 010 0.28 013 0.09

pherbicides x application times

" Means followed by the same lowercase letters in the column do not differ by Tukey's test at p<0.05. DAT: Days after the treatments were applied.

CV: coefficient of variance; F: analysis of variance; P: probability.

photosynthetic rates were observed with the isolated
application of atrazine + mesotrione at 250 + 25 gha™ and
with its combination with clethodim at 500 + 50 and 750
+ 75 g ha™. The association of atrazine + mesotrione with
clethodim at 750 + 75 g ha™ resulted in the highest internal
CO, concentration, although this treatment did not differ
from the weeded control.

The inverse relationship observed between internal
CO, concentration and photosynthetic rate indicates that
plants with greater photosynthetic activity were more
efficient in utilizing available CO,, resulting in lower internal
concentrations of this gas. Similar responses have been
reportedin canolaand other cropssubjected toherbicide stress
(Agostinetto et al., 2016; Durigon et al., 2019; Galon et al.,
2023). The increased photosynthetic rate observed with the
isolated application of atrazine + mesotrione at 750 + 75 g
ha™ may reflect a temporary compensatory physiological
response under moderate stress conditions, possibly
associated with recovery processes or increased chlorophyll
content, as previously suggested by Durigon et al. (2019).

Ten days after sowing, theisolated application of atrazine
+ mesotrione at 750 + 75 g ha™ also resulted in the highest
carboxylation efficiency (CE), whereas its combination with
clethodim resulted in the lowest CE values (Table 4). At 5
DBS, no differences in CE were observed among treatments.
The reduction in CE under the combined treatment suggests
additional phytotoxic effects compromising photosynthetic

Adv Weed Sci. 2026;44:e020260104

metabolism, while the higher CE observed under isolated
application may indicate an adaptive response of plants to
moderate herbicide-induced stress.

Regarding stomatal conductance, the weeded control,
the isolated application of atrazine + mesotrione at 500 +
50 g ha™, and clethodim alone showed the highest values,
differing from the combined application of atrazine +
mesotrione (500 + 50 gha™) with clethodim, which resulted
in the lowest stomatal conductance (Table 5). Similarly, the
highest transpiration rate was observed with clethodim
applied alone, whereas the lowest transpiration occurred
under the combined application of atrazine + mesotrione
(500 + 50 g ha™) with clethodim. These responses indicate
greater stomatal restriction under the combined treatment,
likely associated with increased physiological stress and
partial stomatal closure to reduce water loss.

WUE, the combined application of atrazine + mesotrione
(500 + 50 gha™) with clethodim resulted in the highest values,
followed by the isolated application of atrazine + mesotrione
at the same rate (Table 5). Lower WUE values were observed
for the isolated application of atrazine + mesotrione at 250 +
25 gha™ and for clethodim alone. The remaining treatments
showed intermediate responses. These findings suggest that
the intermediate herbicide rate, particularly when combined
with clethodim, promoted more efficient water use through
improved stomatal regulation and coordination between
carbon assimilation and water loss.
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Table 4 - Internal CO, concentration (Ci, pmol mol), photosynthetic rate (A, umol m2 s7) and carboxylation efficiency (EC) in

Nuola 300 canola hybrid plants as a function of herbicide application at different times at 10 and 5 DBS (days before sowing)
in the 2022 and 2023 agricultural years. UFFS, Campus Erechim/RS

Treatments Rate (g ha) CO concentration

10 DBS S DBS
Weeded control --- 298.50 Aab’ 298.50 Aa
Atrazine+mesotrione 250+25 29217 Abc 294.00 Aa
Atrazine+mesotrione 500+50 286.67 Abc 292.00 Aa
Atrazine+mesotrione 750+75 276.50 Bc 290.33 Aa
Clethodim 108 290.50 Abc 290.50 Aa
Atrazine+mesotrione+clethodim 250+25/108 28917 Abc 29417 Aa
Atrazine+mesotrione+clethodim 500+50/108 29733 Aab 289.00 Aa
Atrazine+mesotrione+clethodim 750+75/108 31467 Aa 296.50 Ba
General means - 29313
CV. (%) == 396
Fherbicides T 506
Fapplication times T 0.003
Fherbicides x application times T 2.80
Pherbicides T 0.0001
I:)applil:ation times T 096
Pherbicides x application times T 001

Photosynthetic rate

Treatments Rate (g ha”)

10 DBS 5DBS
Testemunha capinada - 21.00 Aab 2100 Aa
Atrazine+mesotrione 250+25 19.98 Ab 21711 Aa
Atrazine+mesotrione 500+50 21.96 Aab 2115 Aa
Atrazine+mesotrione 750+75 2322 Aa 2065 Ba
Clethodim 108 22.33 Aab 2233 Aa
Atrazine+mesotrione+clethodim 250+25/108 21.02 Aab 2135 Aa
Atrazine+mesotrione+clethodim 500+50/108 20.65Bb 2243 Aa
Atrazine+mesotrione+clethodim 750+75/108 2019 Ab 20.62 Aa
General means --- 21.31
CV. (%) - 7.35
Fherbicides --- 285
Fapplication times T 002
Fherbicides x application times - 279
I:)herbicides T 0.008
Papplication times T 090
Pherbicides x application times T 001

Carboxylation efficiency

Treatments Rate (g ha™)

10 DBS 5DBS
Testemunha capinada --- 0.07 Abc’ 0.07 Aa
Atrazine+mesotrione 250+25 0.07 Abc 0.07 Aa
Atrazine+mesotrione 500+50 0.08 Aab 0.07 Aa
Atrazine+mesotrione 750+75 0,09 Aa 0.07 Ba
Clethodim 108 0.08 Aab 0.08 Aa
Atrazine+mesotrione+clethodim 250+25/108 0.07 Abc 0.07 Aa
Atrazine+mesotrione+clethodim 500+50/108 0.07 Bbc 0.08 Aa
Atrazine+mesotrione+clethodim 750+75/108 0.06 Ac 0.07 Aa

Continue
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General means ---
CV. (%)
Fherbicides

Fapplication times

Fherbicides x application times
Pherbicides

Papplica‘don times

Pherbicides x application times

0.07
891
460
0.000
374
0.0002
099
0.001

"Means followed by the same lowercase letters in the column and uppercase letters in the row do not differ from each other by the Tukey and T tests,

respectively, at p<0.05.

DBS: days before canola sowing; CV: coefficient of variance; F: analysis of variance; P: probability.

Table 5 - Mean stomatal conductance (GS, mol m- s7), transpiration rate (E, mol m= s7), and water use efficiency (WUE, mol

CO, mol H,0"") at 10 and 5 days before sowing of canola, as a function of herbicide application in the canola hybrid ‘Nuola 300
during the 2022 and 2023 growing seasons. UFFS, Erechim Campus, RS, Brazil

Physiological characteristics

Rate
freatments (gha) ST Transpiration rate Water use efficiency
conductance

Weeded control --- 075a" 275bc 892b
Atrazine+mesotrione 250 + 25 0.70 ab 3.06 bc 6.68 bc
Atrazine+mesotrione 500 + 50 0763 272bc 9.26 ab
Atrazine+mesotrione 750 + 75 0.66 ab 335ab 8.56 bc
Clethodim 108 079a 3743 717 be
Atrazine+mesotrione+clethodim 250+25/108 0.74 ab 31 abc 812 bc
Atrazine+mesotrione+clethodim 500+50/108 061b 251c 1073 a
Atrazine+mesotrione+clethodim 750+75/108 069ab 277 bc 884b
General means -—- 071 3.00 866
CV. (%) 17.30 19.65 17.27
Fherbicides 381 739 841
Fapplication times --- 040 0.03 0.82
Fherbicides x application times - 070 109 097
Pherbicides --- 0.001 0.0000 0.0000
Pieeramimes ——- 0.53 0.86 0.37

--- 064 0.38 046

F)herbicides x application times

"Means followed by the same lowercase letters in the column not differ from each other by the Tukey, at p<0.05.

CV: coefficient of variance; F: analysis of variance; P: probability.

Physiological responses to herbicide application are
strongly influenced by plant genotype, developmental
stage, environmental conditions, and herbicide absorption
and translocation dynamics (Correia et al., 2021a,b;
Mucheri et al., 2024). In addition, herbicide-induced
stress may trigger metabolic adjustments associated with
reactive oxygen species production, which can contribute
to acclimation responses under certain conditions
(Agostinetto et al., 2016; Durigon et al., 2019).

Adv Weed Sci. 2026;44:e020260104

3.3 Effect of herbicides on canola yield components

Yield including NSP, NGP, NGS,
thousand-grain weight, and grain yield, showed significant

components,

interaction between herbicide and application timing.

For the NSP, no significant differences were observed
between the treatments applied at 10 DBS (Table 6).
However, at 5 DBS, the isolated application of atrazine +
mesotrione (500 + 50 g ha™) resulted in the lowest NSP,
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Table 6 - Number of siliques per plant (NSP), number of grains per plant (NGP), and number of seeds per silique (NGS)

of the canola hybrid Nuola 300 based on herbicide application, in the agricultural years of 2022 and 2023. UFFS,

Campus Erechim/RS

Treatments Rate NSP

(gha) 10 DBS 5DBS
Weeded control -—- 132.00 Aa’ 132.00 Aab
Atrazine+mesotrione 250+25 13763 Aa 132.43 Aab
Atrazine+mesotrione 500+50 120.33 Aa 118.87 Ab
Atrazine+mesotrione 750+75 131.53 Aa 15717 Aab
Clethodim 108 12143 Aa 12143 Ab
Atrazine+mesotrione+clethodim 250+25/108 10563 Ba 14760 Aab
Atrazine+mesotrione+clethodim 500+50/108 133.63 Aa 167.53 Aa
Atrazine+mesotrione+clethodim 750+75/108 146.27 Aa 158.27 Aab
General means --- 135.24
CV. (%) --- 2196
Fherbicides - 293
Fapplication times T 6.47
Fherbicides x application times - 150
Prerbicides --- 0.008
Papplication times - 001
Pherbicides x application times - 0.04
Treatments Rate NGP

(gha) 10 DBS 5DBS
Weeded control -—- 2506.40Aab 2506.40 Aa
Atrazine+mesotrione 250+25 1876.80 Bc 2289.27 Aab
Atrazine+mesotrione 500+50 152153 Ac 1839.70 Abc
Atrazine+mesotrione 750+75 1997.57Abc 210813 Aabc
Clethodim 108 1653.80Ac 1653.80 Ac
Atrazine+mesotrione+clethodim 250+25/108 1721.90Ac 1544.40 Ac
Atrazine+mesotrione+clethodim 500+50/108 1766.33Bc 242940 Aab
Atrazine+mesotrione+clethodim 750+75/108 2701.90Aa 1995.40 Babc
General means --- 2007.05
CV. (%) --- 19.51
Fherbicides - 123
Fapplication times T 125
Fherbicides x application times - 449
Prerbicides --- 0.0000
Pappiication times =" 027
Pherbicides x application times - 0.0002
Treatments Rate NGS

(gha) 10 DBS 5DBS
Weeded control -—- 19.39 Aa 19.39 Aa
Atrazine+mesotrione 250+25 13.91Babc 17.99 Aab

https://doi.org/10.51694/AdvWeedSci/2026;44:0027
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Continuation

Atrazine+mesotrione 500+50 13.24 Ac 15.73 Aabc
Atrazine+mesotrione 750+75 15.46 Aabc 13.37 Abc
Clethodim 108 13.64 Abc 13.64 Abc
Atrazine+mesotrione+clethodim 250+25/108 16.46 Aabc 1110 Be
Atrazine+mesotrione+clethodim 500+50/108 13.31Ac 15.10 Aabc
Atrazine+mesotrione+clethodim 750+75/108 1910 Aab 12.89 Bbc
General means --- 15.23

CV. (%) --- 24.05

Fherbicides ==o 432

Fapplication times - 104

Fherbicides x application times - 401

Pherbicides --- 0.0003

Papplicat\on times T 031

Pherbicides x application times - 0.0006

"Means followed by the same lowercase letters in the column and uppercase letters in the row do not differ from each other by the Tukey and t tests,
respectively, at p<0.05. DBS: days before canola sowing; CV: coefficient of variance; F: analysis of variance; P: probability.

whereas the same treatment combined with clethodim
showed the best performance for this variable.

The absence of differences at 10 DBS may be
related to the longer interval between application
and the reproductive stages, allowing more time
for physiological recovery from herbicide-induced
phytotoxic effects. In this context, the stress refers
to metabolic adjustments required for herbicide
detoxification rather than to weed competition, since
all the plots were kept free of weeds by hand during
the duration of the study. According to Carvalho et al.
(2009), herbicide molecules or their metabolites may
be conjugated with sugars, amino acids, or glutathione,
increasing their solubility and reducing phytotoxicity.
These detoxification processes require energy and
metabolic resources, which may temporarily affect
plant performance. On the other hand, at 5 DBS, the
lower response observed for the isolated treatment may
be associated with a higher metabolic cost to cope with
herbicide effects, whereas the combined application
with clethodim may have reduced this burden, resulting
in a more favorable physiological response.

Additionally, it was observed that the combination of
atrazine + mesotrione (500 + 50 g ha™) with clethodim
provided a higher photosynthetic rate, which may have
positively contributed to the increase in the NSP.

The NGP was significantly higher at 10 DBS with the
application of atrazine + mesotrione (750 + 75 g ha™)
combined with clethodim, being statistically similar to the
weeded control (Table 6). All other treatments, whether
applied alone or in combination, showed lower NGP at 10
DBS compared to the best-performing treatments (atrazine +

Adv Weed Sci. 2026;44:e020260104

mesotrione at 750 + 75 g ha™ combined with clethodim and
theweeded control). At 5DBS, theweeded control, theisolated
application of atrazine + mesotrione (250 + 25 g ha™), and
the combination of atrazine + mesotrione (500 + 50 g ha™)
with clethodim resulted in the highest NGP values, whereas
the remaining treatments showed lower levels.

The increase in the number of grains with the higher
rate (750 + 75 ha') may be related to the induction of
moderate stress that promoted an adaptive physiological
response by the plants, favoring recovery and the increase
in grain formation. On the other hand, treatments with
clethodim alone or in combination with the lower rate
of atrazine + mesotrione (250 + 25 g ha™') probably did
not impose sufficient selective pressure to stimulate such
adaptive mechanisms, resulting in lower expression of
reproductive potential.

Similar results were reported by Mayerova et al. (2018),
who observed significant increases in crop, and among
them canola yield due to the good performance of herbicide
combinations. Similarly, Costa et al. (2025) identified the
mixtures S-metolachlor + clomazone and quinclorac +
dicamba as the most effective both in weed control and in
increasing canola grain yield.

When comparing application times, it was found that
the application of atrazine + mesotrione (250 + 25 g ha-1)
alone and atrazine + mesotrione (500 + 50 g ha™) associated
with clethodim resulted in lower NGP when performed
at 10 DBS, compared to applications at 5 DBS (Table 6).
On the other hand, the treatment with atrazine +

mesotrione (750 + 75 g ha™) associated with clethodim
showed worse performance at 5 DBS compared to
the application at 10 DBS. For the other treatments,
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no significant differences were observed between the
application times for this variable.

These results indicate that the effect of atrazine +
mesotrione rates on NGP depends on the application
timing. At 5 DBS, the lower rates (250 + 25 and 500 +
50 g ha™') were associated with higher NGP wvalues,
suggesting that moderate stress may have induced adaptive
responses that favored grain formation. In contrast, the
highest rate (750 + 75 g ha™), particularly when combined
with clethodim, resulted in lower NGP at this application
timing, possibly due to insufficient time for crop recovery
before the establishment of reproductive structures.
However, when applied at 10 DBS, the same high-rate
treatment combined with clethodim led to the highest
NGP (2701.90), indicating that the longer interval between
application and sowing allowed physiological recovery and
even a compensatory response by the plants.

For both application times (10 and 5 DBS), the
weeded control showed the highest values of NGS
(Table 6). At 10 DBS, the lowest NGS values were
observed with the application of atrazine + mesotrione
(500 + 50 g ha™), both alone and in association with
clethodim. At 5 DBS, the treatment with atrazine +
mesotrione (250 + 25 g ha™) followed by the application
of clethodim showed the lowest NGS, differing only from
the control. These results indicate that the impact of
herbicides on NGS is mainly related to the applied rate
and the physiological sensitivity of the plant, as when no
herbicides were applied, the crop expressed its highest
reproductive potential. Comparing the application times,
it was observed that the lowest NGS values occurred
with atrazine + mesotrione (250 + 25 g ha™) applied at
10 DBS, as well as with the combinations 250 + 25 and
750 + 75 g ha' associated with clethodim and applied
at 5 DBS (Table 6). For the other treatments, there was
no significant difference between the times. The mode
of action of herbicides, whether alone or in mixture,
can interfere with the development of the plant’s
reproductive structures, such as flowers and siliques,
reducing the NGS. Moreover, interactions between
active ingredients (synergism, antagonism, or additive
effects) can intensify or mitigate negative physiological
effects, being influenced by factors such as the plant’s
developmental stage, environmental conditions, soil
characteristics, and crop management (Carvalho et al.,
2009; Costa et al., 2025).

At 10 DBS, the rates of atrazine + mesotrione (250 +
25and 750 + 75 gha™) associated with clethodim showed
the best and worst results, respectively, for the thousand-
grain weight (TGW) (Table 7). The treatments at 5 DBS
did not show a significant effect on the variable under
study. It is noted that, at the lower rate (250 + 25 gha™),
the association of atrazine + mesotrione with clethodim
exhibited a degree of selectivity, allowing canola plants
to degrade or metabolize the herbicide mixture, thus

https://doi.org/10.51694/AdvWeedSci/2026;44:0027
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minimizing damage to the crop. On the other hand,
when the association was applied at the higher rate
(750 + 75 g ha™), the plants were unable to recover,
resulting in reduced TGW when the herbicide mixture
was applied at 10 DBS.

Differences in treatment application were observed,
specifically for the combination of atrazine + mesotrione
(500 + 50 and 750 + 75 g ha™), both associated with
clethodim para a variavel TGW. The highest TGW was
recorded when these treatments were applied at 5 DBS,
compared to application at 10 DBS (Table 7). For the other
treatments, no significant differences were identified
between applications made at 10 and 5 DBS. Galon et al.
(2023) reported that the Diamond canola cultivar had
the highest TGW in treatments that included the weeded
control, in addition to the application of pendimenthalin
and fluazifop-p-butyl, when investigating the effect
of various herbicides on the crop. Thus, as mentioned
above, it is observed that the TGW is influenced by the
product used, the rate, the mode and time of herbicide
application, as well as climatic and soil conditions,
among other factors.

There was an interaction between herbicide rate and
application timing with respect to grain yield (Table 7).
The application of atrazine + mesotrione (750 + 75 g ha™)
alone at 10 DBS resulted in the lowest canola grain yield
among the treatments. At this herbicide rate, when applied
at 10 DBS, canola plants were unable to fully overcome the
toxic effects of the herbicide, resulting in reduced yield.
Moreover, the application of atrazine + mesotrione (750
+ 75 g ha™) resulted in the highest levels of phytotoxicity
(Table 3), which helps explain the reduced grain yield
observed for this treatment. In contrast, the application
of atrazine + mesotrione (500 + 50 g ha™) combined
with clethodim at 10 DBS resulted in the highest grain
yield, surpassing the weeded control by approximately
100 kg ha™; however, it did not differ statistically from
the weeded control. At 5 DBS, grain yield did not differ
statistically among treatments.

The low phytotoxicity observed at 42 DAT (2.50%)
suggests that canola plants were able to partially
recover from herbicide-induced stress under most
treatment conditions, which may have contributed to the
maintenance of grain yield. Similar results were reported
by Vargas et al. (2011) for graminicide herbicides such
as clethodim, in which no negative effects on grain yield
were observed.

When comparing application timings within each
treatment, differences in grain yield were observed for
atrazine + mesotrione applied alone at 250 + 25 and 750
+ 75 g ha™ (Table 7). For the lower herbicide rate (250 +
25 g ha™), grain yield was reduced when the treatment
was applied at 5 DBS, whereas for the higher rate (750
+ 75 g ha™), the reduction occurred at 10 DBS. No
differences between application timings were observed

Adv Weed Sci. 2026;44:e020260104
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Table 7 - Thousand grain weight (TGW - g) and grain yield (kg ha™) of the ‘Nuola 300’ canola hybrid based on herbicide

application in the years 2022 and 2023. UFFS, Campus Erechim/RS

Treatments Rate oW

(gha) 10 DBS 5DBS
Weeded control --- 290 Aab’ 290 Aa
Atrazine+mesotrione 250+25 2.95 Aab 295 Aa
Atrazine+mesotrione 500+50 294 Aab 3.071Aa
Atrazine+mesotrione 750+75 293 Aab 292 Aa
Clethodim 108 291Aab 291Aa
Atrazine+mesotrione+clethodim 250+25/108 3.02 Aa 298 Aa
Atrazine+mesotrione+clethodim 500+50/108 291Bab 3.04 Aa
Atrazine+mesotrione+clethodim 750+75/108 2.81Bb 301Aa
General means --- 294
CV. (%) 401
Fherbicides - 160
Fapplication times T 4.57
Fherbicides x application times - 214
Pherbicides - 014
Papplication times T 0.03
Pherbicides x application times - 004
Tratamentos Rete Yield

(gha) 10 DBS 5DBS
Weeded control -—- 1684.37 Aab 1684.61 Aa
Atrazine+mesotrione 250+25 174779 Aab 1401.67 Ba
Atrazine+mesotrione 500+50 1505.44Aabc 1592.96 Aa
Atrazine+mesotrione 750+75 1225.01Bc 1699.35 Aa
Clethodim 108 1413.04 Abc 1413.04 Aa
Atrazine+mesotrione+clethodim 250+25/108 1507.02Aabc 1631.84 Aa
Atrazine+mesotrione+clethodim 500+50/108 1783.56 Aa 1684.61Aa
Atrazine+mesotrione+clethodim 750+75/108 1504.82Aabc 1515.88 Aa
General means --- 156217
CV. (%) --- 14.25
Fherbicides - 368
Fapplication times T 064
Fherbicides x application times - 4.27
Pherbicides --- 0.001
Papplication times T 042
Pherbicides x application times --- 0.0003

"Means followed by the same lowercase letters in the column and uppercase letters in the row do not differ from each other according to Tukey's and
T tests, respectively, at p<0.05. DBS: days before canola sowing; CV: coefficient of variance; F: analysis of variance; P: probability.

for the remaining treatments. These reductions in grain  conditions (Table 3). The results suggest that atrazine +
yield reached 19.80% (346 kg ha™) and 27.91% (474 kg  mesotrione applied closer to sowing, even at lower rates,
ha™), respectively, and were associated with the higher  or applied later at higher rates, may increase crop injury
phytotoxicity levels observed under these treatment  and negatively affect canola grain yield.
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4. Conclusions

The application of the highest rates of the atrazine +
mesotrione mixture (500 + 50 and 750 + 75 g ha™), applied
alone or in association with clethodim, resulted in the
highest phytotoxicity percentages to the Nuola 300 canola
hybrid, regardless of application timing.

The isolated application of the lowest rate of atrazine +
mesotrione (250 + 25 g ha™), as well as clethodim, showed
the lowest phytotoxicity values to the crop.

Regarding the physiological variables, the application
of atrazine + mesotrione at dose rates of 500 + 50 and
750 + 75 g ha?, 10 DBS, negatively affected canola
physiological performance.

However, despite the high phytotoxicity and the
negative effects on physiological performance observed in
some treatments, the greatest yields were observed with
atrazine + mesotrione (500 + 50 g ha™) combined with
clethodim and with atrazine + mesotrione (250 + 25 gha™)
applied alone at 10 DBS.

Future studies are recommended to evaluate herbicide
selectivity and efficacy for weed control, considering
different canola hybrids and soils with distinct
physicochemical characteristics, as genetic variability and
soil-herbicide interactions can influence crop response and
compound dynamics.

Author’s contributions

All authors read and agreed to the published version
of the manuscript. LG, ECG, and GLM: conceptualization

References

Selectivity of herbicides in canola

of the manuscript and development of the methodology.
ECG, DAH, and RJT: data collection and curation. GFP, and
ALNG: data analysis; ECG, and IG: data interpretation. LG:
funding acquisition and resources. LG, GFP, and RJT: project
administration. GFP, DAH, and LG: supervision. ECG, GFP,
and RJT: writing the original draft of the manuscript. LG,
IG, ALNG, and ECG: writing, review and editing.

Acknowledgements

L. Galon is thankful to the CNPq/PQ (process no.
312652/2023-2) for his research fellowship.

Funding

This research was funded by the National Council
for Scientific and Technological Development (CNPgq/
Universal, grant number 403457/2023-8), the Research
Support Foundation of Rio Grande do Sul (FAPERGS, grant
number 24/2551-0001003-3), the Federal University of
Fronteira Sul (UFES, grant number PES-2022-0143) and
the Studies and Projects Financing Agency (Finep, grant
number 0257/22).

Data Availability

The data supporting the conclusions of this study are
available with the corresponding author, [Galon, L.], upon
request will be provided in a basic manner and can be shared
to the public.

Agostinetto D, Perboni LT, Langaro AC, Gomes J, Fraga DS, Franco
JJ. Changes in photosynthesis and oxidative stress in wheat plants
submmited to herbicides application. Planta Daninha. 2016,34(1):1-9.
Available from: https://doi.org/10.1590/S0100-83582016340100001

Brandler D, Galon L, Mossi AJ, Pilla TP, Tonin RJ, Bianchessi F et al. In-
terference and level of economic damage of turnip in canola. Rev Agrar
Acad. 2021;4(5):39-56. Available from: https:/doi.org/10.32406/
v4n5/2021/39-56/agrariacad

Carvalho SJP, Nicolai M, Ferreira RR, Figueira AVO, Christoffoleti PJ.
Herbicide selectivity by differential metabolism: considerations for
reducing crop damages. Sci Agric. 2009;66(1):136-42. Available from:
https://doi.org/10.1590/S0103-30162009000100020

Comiss&o de Quimica e Fertilidade do Solo - CQFS-RS/SC. [Liming and
fertilization manual for the states of Rio Grande do Sul and Santa Ca-
tarina]. 11th ed. Porto Alegre: Sociedade Brasileira de Ciéncia do Solo;
2016. Portuguese.

Companhia Nacional de Abastecimento - CONAB. [Monitoring of
the Brazilian crop season]. Brasilia: Companhia Nacional de Abaste-
cimento; 2026[access Apr 26, 2026]. Portuguese. Available from:

https://doi.org/10.51694/AdvWeedSci/2026;44:0027

https://www.gov.br/conab/pt-br/atuacao/informacoes-agropecuar-
ias/safras/safra-de-graos/

Correia NM. Herbicides. Inform Agropec. 2021b;42(3):48-58. Portuguese.

Correia NM, Carvalho ADF. Selectivity of herbicides to sweet potato.
Weed Control J. 2021a;20:1-6. Available from: https://doi.org/10.7824/
wcj.2021,20:00740

Costa N, Pimentel GV, Chales AS, Silva LDR, Watanabe ECS,
Gongalves AH. Herbicide selectivity and efficacy in weed control
in canola production system. Crop Prot. 2025;193. Available from:
https://doi.org/10.1016/j.cropro.2025.107207

Durigon MR, Camera AS, Cechin J, Vargas L, Chavarria G. Does
spraying of atrazine on triazine-resistant canola hybrid impair pho-
tosynthetic process? Planta Daninha. 2019;37:1-11. Available from:
https://doi.org/10.1590/S0100-83582019370100087

Durigon MR, Mariani F, Santos FM, Vargas L, Chavarria G. Prop-
erties of the enzyme acetolactate synthase in herbicide re-
sistant canola. Bragantia. 2018;77(3):485-92. Available from:
https://doi.org/10.1590/1678-4499.2017159

Adv Weed Sci. 2026;44:e020260104

13


https://doi.org/10.1590/S0100-83582016340100001
https://doi.org/10.32406/v4n5/2021/39-56/agrariacad
https://doi.org/10.32406/v4n5/2021/39-56/agrariacad
https://doi.org/10.1590/S0103-90162009000100020
https://www.gov.br/conab/pt-br/atuacao/informacoes-agropecuarias/safras/safra-de-graos/
https://www.gov.br/conab/pt-br/atuacao/informacoes-agropecuarias/safras/safra-de-graos/
https://doi.org/10.7824/wcj.2021;20:00740
https://doi.org/10.7824/wcj.2021;20:00740
https://doi.org/10.1016/j.cropro.2025.107207
https://doi.org/10.1590/S0100-83582019370100087
https://doi.org/10.1590/1678-4499.2017159

14

Advances in Weed Science

Estevez RL, Chambo AP, Barbosa JD, Cruz MIF. [The canola culture
(Brassica napus var. oleifera)]. Sci Agrar Parana. 2014;13(1):1-9. Portu-
guese. Available from: https://doi.org/10.18188/sap.v13i1.8177

Ferreira DF. Sisvar: a computer statistical analysis system. Ciénc
Agrotec. 2011;35(6):1039-42. Available from: https://doi.org/10.1590/
S1413-70542011000600001

Franz E, Tironi SP, Luz GL, Cezarotto LA, Zago DV, Munaretto
D et al. [Competitive ability of canola cultivars in competition with tur-
nipl. Braz J Develop. 2020;6(10):82507-23. Portuguese. Available from:
https://doi.org/10.34117/bjdv6n10-617

Gaines TA, Duke SO, Morran S, Rigon CAG, Tranel PJ, Kipper
A et al. Mechanisms of evolved herbicide resistance. J Biol Chem.
2020;295(30):10307-30. Available from: https://doi.org/10.1074/jbc.
REV120.013572

Galon L, Balke M, Cavaletti DC, Henz Neto OD, Brandler D, Schmitz
MH et al. Selectivity and efficacy of herbicides applied to canola for
weed control. Rev Cienc Agrovet. 2023;22(2):218-33. Available from:
https://doi.org/10.5965/223811712222023218

Gwatidzo V, Chipomho J, Parwada C. Understanding mechanisms of
herbicide selectivity in agro-ecosystems: a review. Adv Chemicobi-
ol Res. 2023;2(1):79-88. Available from: https:/doi.org/10.37256/
acbr.2120232351

Kozar EV, Domblides EA. Imidazolinone resistance in oilseed rape
(Brassica napus L.): current status, breeding, molecular markers and
prospects for application in hybrid seed purity improvement. Horti-
culturae. 2024;10(6):1-9. Available from: https://doi.org/10.3390/
horticulturae 10060553

Mayerova M, Madaras M, Soukup J. Effect of chemical weed control
on crop yields in different crop rotations in a long-term field trial. Crop
Prot. 2018;114:215-22. Available from: https:/doi.org/10.1016/j.cro-
pro.2018.08.001

Ministério da Agricultura e Pecuéria (BR). [Phytosanitary pes-
ticide systems]. Brasilia: Ministério da Agricultura e Pecuéria;
2025[access  Apr 26, 2026]. Portuguese. Available  from:
http://extranet.agricultura.gov.br/agrofit_cons/principal_agrofit_cons

Mucheri T, Rugare JT, Bajwa AA. Mechanistic understanding and
sustainable management of non-target site herbicide resistance in

Adv Weed Sci. 2026;44:e020260104

Guidini EC, Muller GL, Habonski DA, Tonin RJ, AspiazU |, Gabardo ALN, Perin GF, Galon L

modern day agriculture. Adv Weed Sci. 2024;42:1-13. Available from:
https://doi.org/10.51694/AdvWeedSci/2024,;42:00009

Nichelati FD, Bottega EL, Guerra N, Fioreze SL, Oliveira Neto AM,
QOliveira ZB. [Weed interference in canola (Brassica napus L)
crop]. Cienc Agric. 2020;18(1):39-47. Portuguese. Available from:
https://doi.org/10.28998/rca.v18i1.7807

Peel MC, Finlayson BL, McMahon TA. Updated world map of the
Koppen-Geiger climate classification. Hydrol Earth Syst Sci.
2007;11(5):1633-44. Available from: https:/doi.org/10.5194/hess-11-
1633-2007

Ramachandran K, Godara S. Improving erucic acid and gluco-
sinolate profiles in mustard through genomic tools. AgriGate.
2025;5(2):336-40.

Rodrigues BN, Almeida FS. Herbicide guide. 7th ed. Londrina: Self Pub-
lishing; 2018. Portuguese.

Santos F, Brasil LMM, Faria D, Silva VS, Gomes L, Vilares
M et al. Integral utilization of Raphanus sativus L. in biorefinery pro-
cesses. Engevista. 2018;20(2):374-93. Portuguese. Available from:
https://doi.org/10.22409/engevistav20i2.1115

Streck EV, Kdmpf N, Dalmolin RSD, Klamt E, Nascimento PC, Pinto LFS.
[Sails of Rio Grande do Sul]. 3th ed. Porto Alegre: Universidade Federal
do Rio Grande do Sul; 2018. Portuguese.

Tkach AS, Golubev AS. Sensitivity of potato cultivars to former safe
and metribuzin. Potato J. 2022;49(1):17-26.

Umurzokov M, Jeong IH, Ruziev F, BoBo A, Jia W, Hien
LT et al. Alternative herbicides to manage unintentionally released
transgenic canola. Weed Turf Sci. 2019;8(2):123-30. Available from:
https://doi.org/10.5660/WTS.2019.8.2123

Vargas L, Tomm GO, Ruchel Q, Kaspary TE. [Selectivity of herbicides for
canola PFB-2]. Passo Fundo: Embrapa Trigo; 20711, Portuguese. Avail-
able from: https://www.embrapa.br/busca-de-publicacoes/-/publica-
ca0/929921/seletividade-de-herbicidas-para-a-canola-pfb-2

Velini ED, Osipe R, Gazziero DLP, editors. Procedures for instal-
lation, evaluation and analysis of experiments with herbicides.
Londrina: Sociedade Brasileira da Ciéncia das Plantas Daninhas;
1995. Portuguese.

https://doi.org/10.51694/AdvWeedSci/2026;44:0027


https://doi.org/10.18188/sap.v13i1.8177
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.1590/S1413-70542011000600001
https://doi.org/10.34117/bjdv6n10-617
https://doi.org/10.1074/jbc.REV120.013572
https://doi.org/10.1074/jbc.REV120.013572
https://doi.org/10.5965/223811712222023218
https://doi.org/10.37256/acbr.2120232351
https://doi.org/10.37256/acbr.2120232351
https://doi.org/10.3390/horticulturae10060553
https://doi.org/10.3390/horticulturae10060553
https://doi.org/10.1016/j.cropro.2018.08.001
https://doi.org/10.1016/j.cropro.2018.08.001
http://extranet.agricultura.gov.br/agrofit_cons/principal_agrofit_cons
https://doi.org/10.51694/AdvWeedSci/2024;42:00009
https://doi.org/10.28998/rca.v18i1.7807
https://doi.org/10.5194/hess-11-1633-2007
https://doi.org/10.5194/hess-11-1633-2007
https://doi.org/10.22409/engevista.v20i2.1115
https://doi.org/10.5660/WTS.2019.8.2.123
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/929921/seletividade-de-herbicidas-para-a-canola-pfb-2
https://www.embrapa.br/busca-de-publicacoes/-/publicacao/929921/seletividade-de-herbicidas-para-a-canola-pfb-2

