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Abstract

Some herbicides, such as saflufenacil, can persist as residues in sprayer tanks even after cleaning,
causing phytotoxicity in sensitive crops. This study aimed to simulate potential injury caused by
saflufenacil residues, applied alone or combined with glyphosate, on soybean. The field experiment
was conducted using a randomized complete block design with four replicates. Treatments included
glyphosate (1440 g ha), eight saflufenacil doses (1.09, 2.17, 4.38, 8.75, 17.50, 35.00, 52.50, and 70.00 g
ha), each of these saflufenacil doses combined with glyphosate, and a weed-free control, totalling 18
treatments. Phytotoxicity was assessed at 7, 14, 21, 28, and 35 days after treatment (DAT).
Physiological parameters were measured at 21 DAT, and grain yield components were evaluated at
harvest. Increasing saflufenacil doses caused progressively greater phytotoxicity, both alone (above
4.38 g ha') and combined with glyphosate (above 2.17 g ha'!). The highest doses negatively affected
soybean physiology and grain yield components. Soybean tolerated up to 2.17 g ha' saflufenacil
alone and up to 1.09 g ha™' combined with glyphosate without significant yield loss.
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SIMULATION OF INJURY CAUSED BY RESIDUE IN TANK FROM A SAFLUFENACIL
SPRAYER APPLIED ALONE OR IN ASSOCIATE WITH GLYPHOSATE IN SOYBEAN
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Graphical summary representing the effect of the sprayer tank containing saflufenacil residues and
application of the herbicide on soybeans without proper cleaning

1. Introduction

Soybean (Glycine max L.) is cultivated on approximately 139 million hectares worldwide, with
an estimated production of 421 million tons. Brazil is the largest producer, accounting for 40% of the
global output [1]. The Brazilian soybean production for the 2024/25 season is projected at 168.3 million
tons, representing nearly 50% of the country’s total grain production [2].

Since 2003, with the official approval of Roundup Ready® (RR) soybean cultivation in
commercial areas, weed control in this crop has become relatively simplified. This led to a significant
increase in the adoption of RR technology due to the ease of management, low cost, and high
efficiency of glyphosate herbicide [3]. However, the widespread and continuous use of glyphosate
over several consecutive years, without rotation of modes of action or crops, has resulted in the
selection of weed biotypes resistant or tolerant to this herbicide. These include species such as
horseweed (Conyza bonariensis, C. canadensis and C. sumatrensis), ryegrass (Lolium multiflorum),
sourgrass (Digitaria insularis), wild poinsettia (Euphorbia heterophylla), pigweed (Amaranthus spp.),
daflower (Commelina spp.), and morning glories (Ipomoea spp.), among others [4,5].

Weed resistance has become one of the major challenges in weed management. Current
strategies to mitigate this issue include the use of crop residues on the soil surface, crop rotation,
increased use of pre-emergence herbicides, employing herbicides with different modes of action, and
tank mixing glyphosate with other products to improve weed control [6,7,8].

In this context, the herbicide saflufenacil is an important tool for pre-plant desiccation in
agricultural crops, particularly soybean. It has proven effective mainly against problematic
dicotyledonous weeds, including those resistant to acetolactate synthase (ALS) inhibitors, 5-
enolpyruvylshikimate-3-phosphate synthase (EPSPS) inhibitors, and auxin mimics [9,10]. In weeds
with multiple resistance mechanisms, such as horseweed, saflufenacil has demonstrated control
efficacy and reduced regrowth when tank mixed with glyphosate [11,12].

Saflufenacil belongs to the pyrimidinedione chemical family and acts as a contact herbicide by
inhibiting the protoporphyrinogen oxidase (PROTOX) enzyme. This inhibition leads to the
accumulation of protoporphyrin IX, which interferes with chlorophyll biosynthesis [13,14].
Saflufenacil is absorbed through leaves and roots, with translocation mainly via the xylem [9].
Susceptible plants exhibit typical symptoms, especially on younger leaves, including chlorosis,
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wilting, and tissue necrosis caused by lipid peroxidation and membrane disruption, ultimately
leading to cell death. These symptoms impair growth and often result in plant death [15,16].

Some herbicides, including saflufenacil, tend to leave residues that adhere to the internal
surfaces of sprayer tanks and other equipment parts after application. This has frequently been
identified as a source of contamination in subsequent sprayings [17]. Many producers have only one
sprayer, and if decontamination is inadequate, residues remaining in the tank can cause injury and
reduce yields in susceptible crops [18], particularly soybean.

Therefore, careful decontamination of sprayer tanks is essential, especially when the same
equipment is used across susceptible crops. The application of selective post-emergence herbicides
combined with sub-lethal doses of non-selective herbicides can cause phytotoxicity and reduce crop
productivity [19,20]. For example, contamination of sprayer tanks with dicamba residues above 1.1 g
a.i. ha applied to RR soybean during vegetative stages caused phytotoxicity and yield reduction
[18].

Saflufenacil is commonly applied pre-plant due to its excellent control of dicotyledonous weeds
and registration for desiccation before soybean planting [21]. However, post-emergence herbicide
applications, especially glyphosate, can cause phytotoxicity symptoms in soybean if saflufenacil
residues remain in the sprayer tank. Phytotoxic effects from sub-lethal saflufenacil residues are
exacerbated by increasing doses and by synergistic effects when mixed with glyphosate [11,22,23].

Some legumes, such as soybean, tolerate pre-emergence applications of up to 100 g ha™
saflufenacil [24]. However, limited information exists regarding safe residue levels in sprayer tanks
or the maximum saflufenacil dose soybean can tolerate post-emergence without significant
phytotoxicity or yield loss.

Given the scarcity of data on soybean sensitivity to saflufenacil residues, especially from sprayer
tank contamination, this study aimed to simulate potential injury caused by saflufenacil residues
applied alone or combined with glyphosate in soybean cultivation.

2. Materials and Methods

2.1. Description, Location, and Treatments Used in the Experiment

The experiment was conducted at the experimental area of the Federal University of Fronteira
Sul (UFES), Erechim Campus, RS, Brazil (latitude 27°43'31" S, longitude 52°17'40" W, 650 m), from
November 2020 to April 2021. Sowing was performed using no-till system with crop residue cover.
The area was cultivated during the winter with a mixture of black oats, radish, and vetch, which was
subsequently desiccated with glyphosate + sethoxydim (1335 + 108 g ha') 20 days before soybean
sowing, resulting in a dry biomass yield of 6.0 t ha™.

The soil is classified as Humic Red Latosol [25], with the following chemical and physical
properties: pHwater 5.6; organic matter 3.2%; phosphorus 9.7 mg dm3; potassium 134.4 mg dm=;
aluminum 0.0 cmolc dm=3; calcium 6.7 cmolc dm™; magnesium 3.1 cmolc dm™>; cation exchange
capacity (CEC) 10.2 cmolc dm=3; CEC at pH 7.0 of 14.6 cmolc dm=; H+Al 4.5 cmolc dm=3; base
saturation 51%; and texture composed of 62% clay, 15% sand, and 23% silt.

The predominant climate in the region, according to the Képpen classification, is Cfa: temperate
climate with mild summers, evenly distributed rainfall, average temperature of the warmest month
below 22°C, annual precipitation between 1,100 and 2,000 mm, and frequent severe frosts occurring
on average 10 to 25 days per year [26]. Meteorological data, including precipitation (mm), mean
temperature (°C), and relative humidity (%) recorded during the experiment are shown in Figure 1.
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Figure 1. Precipitation (mm), average temperature (°C), and relative air humidity (%) during the experimental
period from November 2020 to April 2021. UFFS, Erechim Campus, RS, Brazil. Source: INMET [27].

The experiment was arranged in a randomized complete block design with four replications,
comprising 18 treatments as detailed in Table 1. Soil fertility was corrected according to technical
recommendations for soybean cultivation [28]. Fertilization in the sowing furrow consisted of 375 kg
ha™ of N-P-K formulation 05-20-20. Soybean was sown at a row spacing of 0.50 m with a seeding
density of 15.75 seeds per linear meter, resulting in approximately 315,000 seeds per hectare. The
cultivar used was DM 5958, belonging to relative maturity group 5.8, with medium plant height and
indeterminate growth habit.

Each experimental unit consisted of a 15 m?2 plot (5 m length x 3 m width) with six soybean rows.
The useful area comprised the four central rows, excluding 1.0 m from the front and rear borders,
totaling 6 m2 Herbicide applications were performed using a CO.-pressurized backpack sprayer
equipped with four DG110.02 flat-fan nozzles, maintaining a constant pressure of 210 kPa and a travel
speed of 3.6 km h, delivering a spray volume of 150 L ha™.

Applications were carried out when soybean plants were at growth stages V3 to V4, 28 days
after emergence. Environmental conditions at application were: 100% light intensity, air and soil
temperatures of 33°C and 28.3°C respectively, relative humidity of 32%, and wind speed between 1.1
and 3.0 km h™'. Emerging weeds in the experiment were controlled by manual hoeing whenever
necessary.

Table 1. Treatment description. Treatments, doses, and adjuvants used in the 2020/21 experiment. UFFS,
Erechim Campus, RS, Brazil.

Treatment Dose Dose Adjuvant
(g ha™) (Lorkgha?)  (0.5% v/v)
Weed-free control -- -- -
Glyphosate 1440 3.000 -
Saflufenacil 1.09 0.0016 Assist
Saflufenacil 217 0.0031 Assist
Saflufenacil 4.38 0.00625 Assist
Saflufenacil 8.75 0.0125 Assist
Saflufenacil 17.50 0.0250 Assist
Saflufenacil 35.00 0.0500 Assist
Saflufenacil 52.50 0.0750 Assist
Saflufenacil 70.00 0.1000 Assist
Glyphosate + Saflufenacil 1440 +1.09 3.00 +0.0160 Assist
Glyphosate + Saflufenacil 1440 +2.17 3.00 +0.0031 Assist
Glyphosate + Saflufenacil 1440 + 4.38 3.00 + 0.0625 Assist
Glyphosate + Saflufenacil 1440 + 8.75 3.00+0.0125 Assist
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Glyphosate + Saflufenacil 1440 +17.50 3.00 +0.0250 Assist
Glyphosate + Saflufenacil 1440 + 35.00 3.00 + 0.0500 Assist
Glyphosate + Saflufenacil 1440 + 52.50 3.00 +0.0750 Assist
Glyphosate + Saflufenacil 1440 + 70.00 3.00 +0.1000 Assist

2.2. Variables Evaluated

Phytotoxicity evaluations on soybean plants were conducted at 7, 14, 21, 28, and 35 days after
treatment (DAT). Phytotoxicity was scored on a percentage scale from 0% (no injury) to 100% (plant
death), following the methodology described by Velini et al. [29].

At 21 DAT, physiological parameters were measured, including internal leaf CO, concentration
(Ci, pumol mol™?), stomatal conductance (gs, mol m=2 s™), photosynthetic rate (A, pmol m=2 s7),
transpiration rate (E, mol m2s), water use efficiency (WUE, mol CO, mol H,O), and carboxylation
efficiency (CE, mol CO, m2s). WUE and CE were calculated as the ratios A/E and A/Ci, respectively.
Measurements were taken on the middle third of the plants, specifically on the first fully expanded
leaf. An infrared gas analyzer (IRGA), ADC LCA PRO model (Analytical Development Co. Ltd,
Hoddesdon, UK), was used. Measurements were conducted between 8:00 and 11:00 a.m. to ensure
homogeneous environmental conditions.

Prior to harvest, ten plants per experimental unit were evaluated for the number of pods per
plant and grains per pod by direct counting. Soybean was harvested when grain moisture reached
approximately 18%. After manual harvesting and threshing of a 6 m? area, thousand-grain weight
(TGW, g) and grain yield (kg ha™') were determined. TGW was measured from eight samples of 100
grains each, weighed on an analytical balance. Grain moisture was standardized to 13% for yield
calculations, which were extrapolated to kg ha.

2.3. Statistical Analysis

Data were subjected to normality and homogeneity of variance tests. After confirming normality
of residuals, analysis of variance (ANOVA) was performed using the F-test. When significant
differences were detected, means were compared using the Scott-Knott test at p < 0.05. All analyses
were conducted using Sisvar software version 5.6 [30].

3. Results and Discussion

3.1. Phytotoxicity in Soybean Due to Application of Saflufenacil Alone or Combined with Glyphosate

Increasing doses of saflufenacil, whether applied alone or in combination with glyphosate,
resulted in progressively more pronounced phytotoxicity symptoms in soybean plants (cultivar DM
5958 IPRO) across all evaluation periods from 7 to 35 days after treatment (DAT) (Table 2). This
phytotoxicity was especially notable when saflufenacil doses exceeded 4.38 g ha™ applied alone, or
2.17 g ha™ when combined with glyphosate.

Table 2. Phytotoxicity. Phytotoxicity (%) caused by saflufenacil doses applied alone or in combination with
glyphosate in soybean cultivar DM 5958 IPRO during the 2020/21 growing season. UFES, Erechim Campus, RS,

Brazil.
Treatment Dose Phytotoxicity (%)
(g ha) 7 DAT! 14 DAT 21 DAT28 DAT 35 DAT

Weed-free control -—- 0.00e2  0.00e 0.00d 0.00d 0.00d
Glyphosate 1440 0.00e 0.00e 0.00d 0.00d o0.00d
Saflufenacil 1.09 16.25d 1250d 750d 5.00d 3.75d
Saflufenacil 217 23.25d 17.00d 10.00d 6.25d 250d
Saflufenacil 4.38 36.25¢ 28.75d 2250c¢ 20.00c 17.50c
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6 of 14
Saflufenacil 8.75 55.00b 50.00c 46.25b 45.00b 38.75b
Saflufenacil 17.50 7625a 65.00b 58.75b 56.25b 48.75b
Saflufenacil 35.00 80.00a 73.75a 67.50a 67.50a 65.00a
Saflufenacil 52.50 81.50a 76.25a 75.00a 81.25a 79.50a
Saflufenacil 70.00 9400a 90.00a 87.75a 90.00a 85.00a

Glyphosate + Saflufenacil 1440 +1.09 45.00c 40.00c 3250c 28.75¢c 21.25c
Glyphosate + Saflufenacil 1440 +2.17 4750c 43.75c 40.00b 37.00c 32.50 ¢
Glyphosate + Saflufenacil 1440 +4.38 68.75b 6125b 51.25b 47.50b 40.00b
Glyphosate + Saflufenacil 1440 + 8.75 68.75b 61.25b 55.00b 48.75b 43.75b
Glyphosate + Saflufenacil 1440+17.50  70.00b 63.75b 58.75b 57.50b 51.25b
Glyphosate + Saflufenacil 1440+35.00 76.25a 61.25b 56.25b 55.00b 50.00 b
Glyphosate + Saflufenacil 1440 +52.50 82.50a 77.00a 67.50a 73.75a 71.25a
Glyphosate + Saflufenacil 1440+70.00 83.25a 79.50a 75.00a 73.75a 73.25a
Mean average - 55.74 50.06 45.08 44.07 40.22

C.V.3 (%) --- 21.13  21.11 24.57 27.80  30.13

! Days after treatment application. 2 Means followed by the same lowercase letters in the column do not differ
from each other according to the Scott-Knott test at p<0.05. 3 Coefficient of variation.

Considering that the recommended saflufenacil dose for desiccation in soybean ranges from 35
to 140 g of commercial product per hectare (approximately 24.50 to 98.00 g ha™! of active ingredient),
the doses evaluated here ranged from 1.09 to 70 g ha™'. Even at 8.7 g ha™, visible phytotoxicity
symptoms (55%) were observed at 7 DAT, highlighting the high potential of saflufenacil to cause
damage to soybean at very low concentrations. These findings align with Barbieri et al. [30], who
reported significant phytotoxicity in soybean grown on soils with low retention capacity at doses
near 9.86 g ha'—only 14% of the recommended label dose. This supports the hypothesis that
herbicide residues from poorly cleaned sprayer tanks can trigger significant phytotoxic effects even
without intentional application to soybean.

The observed phytotoxicity is attributed to saflufenacil’'s mode of action as a
protoporphyrinogen oxidase (PPO) inhibitor. Additionally, saflufenacil can disrupt the plant’s
hormonal balance by interfering with abscisic acid and ethylene synthesis, compromising defense
mechanisms and stress tolerance. It may also impair the integrity of electron transport chains in
chloroplasts and mitochondria, reducing photosynthetic efficiency and causing accumulation of toxic
compounds in tissues. Soybean is particularly vulnerable due to its limited capacity to metabolize
and detoxify the herbicide, leading to accumulation of the active compound in young, more sensitive
tissues. Even sublethal doses can impair early growth, reduce active leaf area, and interfere with
reproductive development [13,31]. Symptoms include membrane disruption and tissue necrosis,
manifesting as chlorosis, wilting, and necrosis, especially in young leaves [16].

The combination with glyphosate intensified these effects, likely due to the synergistic action of
the two herbicides: while saflufenacil induces oxidative stress, glyphosate inhibits synthesis of
essential antioxidant compounds [32]. This synergy explains the greater severity of phytotoxicity
observed when both herbicides were tank-mixed, even when saflufenacil was applied at low doses
in the mixture. Similar results were reported by Yin et al. [31] and Salomao et al. [33] who
demonstrated that PPO inhibitors can cause significant damage to soybean, particularly when
combined with herbicides affecting complementary metabolic pathways such as glyphosate.

Glyphosate applied alone caused no phytotoxicity in soybean, showing statistical equivalence
to the weed-free control throughout the evaluation period (Table 2). This is attributed to the presence
of the glyphosate resistance gene (Roundup Ready®) in the soybean cultivar used, which confers high
selectivity by enabling the plant to metabolize or tolerate the herbicide without visual injury
symptoms. This result aligns with Guo et al. [34], who demonstrated high glyphosate selectivity in
RR soybean across different phenological stages, confirming the safety of glyphosate use in
genetically modified cultivars resistant to this herbicide.
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The results indicate that isolated applications of saflufenacil up to 2.17 g ha caused mild
phytotoxicity symptoms in soybean, statistically higher only than glyphosate alone and the weed-
free control up to 14 DAT. From 14 DAT onwards, no significant differences were observed among
these treatments, and by 35 DAT, injury levels were below 4% (Table 2). This pattern is likely due to
rapid herbicide degradation in soil and the soybean’s ability to recover from initial damage caused
by low saflufenacil doses [30]. Furthermore, at sublethal isolated doses, herbicide availability in plant
tissues is lower, reducing oxidative stress intensity and allowing effective physiological repair
mechanisms to promote recovery over time [35,36].

Acceptable phytotoxicity levels in soybean vary depending on herbicide, applied dose, crop
phenological stage, environmental conditions, and presence of tank mixtures with other products
such as adjuvants or foliar fertilizers [37]. Generally, low phytotoxicity levels (10-20% visual leaf
injury) are tolerated provided they do not significantly affect crop development or yield [38]. In this
context, symptoms observed with up to 2.17 g ha™ (a.i.) saflufenacil applied alone fall within
agronomically acceptable selectivity standards for soybean.

Over the period from 7 to 35 DAT, soybean plants showed progressive recovery from
phytotoxicity symptoms, especially at the lower isolated saflufenacil doses (Table 2). This recovery
likely results from activation of physiological detoxification and cellular repair mechanisms, as well
as herbicide degradation in soil and plant tissues [39]. Although glyphosate mixtures caused initially
more severe injury, symptoms also diminished over time due to compound metabolism and foliar
tissue regeneration. Recovery was less pronounced in mixtures, possibly due to herbicide synergy
that more severely impairs the plant’s antioxidant systems [32]. These findings underscore that
soybean selectivity to herbicide treatments depends on dose, mixture type, application conditions,
and soil and climatic factors.

In summary the results demonstrate that saflufenacil, even at doses well below label
recommendations, can cause phytotoxicity in soybean, especially when combined with glyphosate
due to synergistic herbicide interactions. However, symptom severity decreased over time,
particularly at lower doses and in isolated applications, indicating the crop’s capacity for recovery.
These findings highlight the importance of proper dose management, mixture formulation, and
equipment cleaning to minimize injury and ensure soybean selectivity when using combined
herbicides.

3.2. Effects of Saflufenacil and Glyphosate, Applied Alone or in Tank Mix, on Soybean Physiology

The physiological parameters of soybean cultivar DM 5958 IPRO were significantly affected by
saflufenacil doses, with reductions observed in internal CO, concentration (Ci), stomatal conductance
(gs), photosynthetic rate (A), water use efficiency (WUE), and carboxylation efficiency (CE),
indicating impaired carbon assimilation and photosynthetic efficiency (Table 3). In contrast, the
transpiration rate (E) was not influenced by the treatments, which may be related to partial
maintenance of stomatal opening as a mechanism for water and thermal regulation. These results are
consistent with previous studies showing that PPO-inhibiting herbicides like saflufenacil can
compromise photosynthetic function and increase oxidative stress in sensitive plants [14,40,41],
directly affecting physiological efficiency even without significantly altering transpiration.

Soybean plants treated with saflufenacil, both alone and in combination with glyphosate,
exhibited reduced Ci at certain doses (alone: 4.38-35 g ha™!; tank mix: 2.17, 52.5, and 70 g ha™}; Table
3). Since saflufenacil impairs photosynthesis, lower CO, uptake can hinder energy production and
plant growth [42,43]. According to Hungria et al. [42], reductions in photosynthetic and transpiration
rates after herbicide application can be explained by damage to mesophyll cells and disruption of
stomatal function, impairing CO, fixation and energy production.

In this study, water use efficiency (WUE) was reduced in soybean plants treated with
saflufenacil, both alone and mixed with glyphosate (Table 3). This decline reflects a lower capacity of
the plant to fix carbon per unit of water transpired, indicating impaired CO, assimilation under
herbicide stress. Similar results were reported by Ribeiro et al. [43], who observed reduced water use
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and photosynthetic efficiency in plants under herbicide stress, and by Takano et al. [13], who
demonstrated that the combination of glyphosate and PPO inhibitors more intensely compromises
soybean physiological mechanisms.

Table 3. Physiological variables. Internal CO, concentration (Ci, pimol mol), stomatal conductance (gs, mol m2
s7!), photosynthetic rate (A, umol m2 s™), transpiration rate (E, mol m2 s™), water use efficiency (WUE, mol CO,
mol H,O), and carboxylation efficiency (CE, mol CO, m™2s) of soybean cultivar DM 5958 IPRO under different
doses of saflufenacil, applied alone or combined with glyphosate, during the 2020/21 growing season. UFFS,
Erechim Campus, RS, Brazil.

Treatment Dose Physiological variables
(g ha) Ci gs A E WUE CE

Weed-free control -—- 261.75a! 0.40b 21.79b 352m6.36b 0.08b
Glyphosate 1440 250.75b 0.38b 22.44b 299 7.05a 0.09b
Saflufenacil 1.09 27725a 040b 18.18c 3.18 591b 0.07c
Saflufenacil 2.17 27325a 044a 19.84c 320 6.28b 0.07c
Saflufenacil 4.38 249.00b 0.40b 23.67a 3.17 758a 0.09b
Saflufenacil 8.75 24525b 0.45a 23.80a 3.08 7.80a 0.09b
Saflufenacil 17.50 248.75b 0.43a 2236b 299 758a 0.09b
Saflufenacil 35.00 243.00b 0.43a 22.04b 293 767a 0.09b
Saflufenacil 52.50 271.75a 0.37b 15.45d 293 539b 0.06 ¢
Saflufenacil 70.00 26850a 0.40b 1838c 265 695a 0.07c¢

Glyphosate + Saflufenacil 1440 +1.09 265.25a 042b 18.63c 3.15 6.07b 0.07c
Glyphosate + Saflufenacil 1440+2.17 222.67b 041b 2448a 3.03 829a 0.11a
Glyphosate + Saflufenacil 1440 +4.38 262.50a 046a 22.68b 3.10 74la 0.09b
Glyphosate + Saflufenacil 1440+8.75 262.25a 045a 21.22b 295 7.26a 0.08b
Glyphosate + Saflufenacil 1440 +17.50 257.25b 0.44a 23.17a 3.15 747a 0.09b
Glyphosate + Saflufenacil 1440 +35.00 262.00a 043 a 20.61b 3.02 690a 0.07c
Glyphosate + Saflufenacil 1440 +52.50 249.25b 042a 23.41a 290 81la 0.09b
Glyphosate + Saflufenacil 1440 +70.00 252.50b 042a 22.73b 3.02 7.67a 0.09b
Mean average - 256.88 042 2138 3.05 710 0.09

C.V2 (%) -—- 5.96 834 589 870 887 1049

! Means followed by the same lowercase letters in the column do not differ from each other according to the

Scott-Knott test at p<0.05. 2 Coefficient of variation.

Overall, the combination of saflufenacil and glyphosate caused significant negative effects on
key physiological variables in soybean, as shown in Table 3. Reductions in photosynthetic rate, CO,
uptake, transpiration, and water use efficiency ultimately hinder plant growth and development,
directly affecting grain yield [34,42,44]. These effects suggest that the interaction between these
herbicides can induce combined physiological stress, limiting soybean’s ability to efficiently utilize
resources.

3.3. Impact of Saflufenacil and Glyphosate, Applied Alone or in Combination, on Soybean Yield Components

The results of this study demonstrate that glyphosate applied alone provided the best
performance for soybean yield components, including number of pods per plant (NPP), number of
grains per plant (NGP), thousand-grain weight (TGW), and grain yield (GY), even surpassing the
weed-free control in TGW and GY (Table 4). This superior performance can be attributed to the high
selectivity of glyphosate for soybean and its efficacy in weed control, resulting in a less competitive
environment and optimal crop development. Additionally, at appropriate doses, glyphosate can
induce hormetic effects, stimulating plant growth and optimizing physiological processes [45].
Similar findings were reported by Krenchinski et al. [45], who observed that doses between 45 and
180 g ha™! were safe and induced hormesis in both conventional and RR soybean cultivars, especially
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when applied as seed treatments, resulting in increased growth and biomass accumulation. These
results reinforce the potential of glyphosate, when properly managed, not only as a herbicide but also
as a positive growth regulator in RR soybean.

Soybean yield components showed significant variation in response to saflufenacil treatments,
whether applied alone or in combination with glyphosate, with all values below those of the weed-
free control (Table 4). These data suggest that the intensity of early-stage phytotoxicity may have
compromised vegetative development, directly impacting the formation and retention of
reproductive structures. This hypothesis is supported by Miller et al. [40], who demonstrated that
damage from saflufenacil during early soybean development reduces the plant’s recovery capacity,
negatively affecting physiological and morphological variables throughout the cycle, with direct
consequences for yield. Thus, proper management of herbicide dose and combinations is essential to
ensure crop selectivity and preserve yield potential.

Table 4. Yield components. Number of pods per plant (NPP), number of grains per plant (NGP), thousand-grain
weight (TGW, g), and grain yield (GY, kg ha™) of soybean cultivar DM 5958 IPRO under different doses of
saflufenacil, applied alone or combined with glyphosate, during the 2020/21 growing season. UFFS, Erechim
Campus, RS, Brazil.

Treatment Dose Yield Components
(g ha) NPP NGP TGW GY
Weed-free control - 63.25a! 127.00 a 163.93 b 3549.22 b
Glyphosate 1440 65.55a 147.35a 168.86a 397732 a
Saflufenacil 1.09 4920b 124.10a 167.90 a 3522.21b
Saflufenacil 2.17 5440b 122.35a 155.36 b 3666.61b
Saflufenacil 4.38 49.55b 106.55 a 158.34 b 3271.05 ¢
Saflufenacil 8.75 46.53b 95.87Db 164.79 b 2581.03 d
Saflufenacil 17.50 60.05a 109.00 a 178.10 a 2313.32 e
Saflufenacil 35.00 56.07a 96.70b 172.50 a 94713 g
Saflufenacil 52.50 53.17b  86.80b 170.17 a 376.05h
Saflufenacil 70.00 25.73d 55.47c 167.75 a 275.19 h

Glyphosate + Saflufenacil  1440+1.09 49.05b 9145b 159.87b  3634.61Db
Glyphosate + Saflufenacil ~ 1440+2.17 5040b 97.30b 16790a  3076.72 ¢
Glyphosate + Saflufenacil  1440+4.38 39.10c 75.75¢ 175.16a  2840.30d
Glyphosate + Saflufenacil  1440+8.75 36.93c 88.73b 173.32a  2507.97 d
Glyphosate + Saflufenacil 1440+17.50 53.33b 88.30b 165.87b  2153.19e
Glyphosate + Saflufenacil 1440 +35.00 5440b 104.25a 17147 a 1805.88 £
Glyphosate + Saflufenacil 1440 +52.50 58.28a 118.00a 179.33a 120959 g
Glyphosate + Saflufenacil 1440+70.00 56.93a 121.65a 175.06 a 601.11h
Mean average - 51.21 103.15 168.65 2349.99
C.V.2(%) --- 10.73 16.12 3.99 9.82
! Means followed by the same lowercase letters in the column do not differ from each other according to the
Scott-Knott test at p<0.05. 2 Coefficient of variation.

Regarding grain yield (GY), a proportional reduction was observed with increasing saflufenacil
doses, both alone and in combination with glyphosate (Table 4). Glyphosate alone resulted in the
highest yield among all treatments, even surpassing the weed-free control. This superior performance
may be due to the fact that manual weeding, while effective in removing weeds, can damage soybean
roots and allow regrowth after rainfall or incomplete cleaning in the sowing row. In contrast,
glyphosate provides more effective and lasting weed control, reducing early competition and
supporting optimal crop development. Similar results have been reported by authors who found
higher yields in transgenic soybean under chemical weed control with glyphosate compared to
manual weeding, due to reduced weed interference and greater operational efficiency [23].
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Glyphosate not only controlled weeds effectively but also did not cause phytotoxicity in soybean
throughout the evaluation period (7-35 DAT; Table 2), explaining the higher grain yield for this
treatment. Several studies have shown that glyphosate does not harm soybean, providing a favorable
environment for growth and development without negatively affecting yield [13,43,46].

The reduction in soybean grain yield was most pronounced in plots treated with higher
saflufenacil doses, both alone and in combination with glyphosate (Table 4). This effect can be
attributed to increased phytotoxicity at higher herbicide doses, which compromises early crop
development. Furthermore, physiological damage from saflufenacil directly affects the production of
photoassimilates, negatively impacting grain filling and, consequently, final yield. Similar findings
were reported by Conte et al. [47], who showed that compounds with high oxidative stress potential,
such as PPO inhibitors, can interfere with essential physiological processes, hindering plant growth
and productivity.

Glyphosate alone increased soybean grain yield by 9.65% compared to the average yield of the
weed-free control, saflufenacil alone (1.09 and 2.17 g ha™), and the glyphosate + saflufenacil (1440 +
1.09 g ha™!) mixture, which were the only treatments with yields close to glyphosate alone (Table 4).
Glyphosate application resulted in approximately 54% higher grain yield compared to the average of
higher saflufenacil doses (4.38, 8.75, 17.50, 35, 52.50, and 70.00 g ha™') or tank-mixed glyphosate +
saflufenacil (1440 + 2.17 to 1440 + 70.00 g ha™) (Table 4). The reduction in average grain yield is
associated with the high phytotoxicity levels caused by saflufenacil, even at low doses [47]. These
physiological parameters directly impact soybean growth and development, and consequently, grain
yield [48].

Saflufenacil applied at doses up to 2.17 g ha™ alone and up to 1.09 g ha™ when combined with
glyphosate did not result in significant reductions in soybean grain yield, showing results similar to
or even greater than the weed-free control (Table 4). These findings indicate that soybean is tolerant
to low doses of saflufenacil without compromising yield performance. This is particularly relevant in
cases of accidental contamination from sprayer tank residues, where small amounts of herbicide may
be unintentionally applied to the crop.

Despite the risk, residual doses of saflufenacil within these limits do not cause significant yield
losses, reinforcing the importance of dose management for selective weed control. Furthermore,
soybean tolerance to low saflufenacil doses was confirmed by Dilliott et al. [46], who demonstrated
that exposure to reduced concentrations of the herbicide does not significantly affect yield
parameters, highlighting the physiological safety margin of soybean to such residues.

The results show that glyphosate applied alone was the only herbicide that did not cause
phytotoxicity (Table 2), had minimal negative effects on physiological variables, and did not damage
yield components compared to saflufenacil, whether applied alone or in combination. Thus, even
small amounts of saflufenacil can cause significant injury to soybean, with doses above 1.09 g ha™
already resulting in substantial yield losses. Proper cleaning of sprayer tanks to avoid saflufenacil
residues from previous desiccation applications is essential to prevent problems in sensitive crops
such as soybean.

5. Conclusions

This study is the first in Brazil to simulate and evaluate the effects of saflufenacil residues on
soybeans when proper tank cleaning is not performed after desiccation applications of this herbicide
and before post-emergence applications in soybean crops. Recently, numerous reports from Brazilian
farmers have highlighted problems related to saflufenacil residues in spray tanks, resulting in
significant yield losses in soybean fields. This situation has raised concerns within the scientific
community, prompting further investigations into the issue. Therefore, it can be summarized (ou
concluded) that:

1. Increasing doses of saflufenacil, applied alone or in combination with glyphosate above 2.17
g ha™, caused the most severe phytotoxicity symptoms in soybean cultivar DM 5958 IPRO.
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2. Glyphosate applied alone showed no phytotoxicity, performing similarly to the weed-free
control.

3. Saflufenacil applied alone at doses up to 2.17 g ha caused less than 25% phytotoxicity and
resulted in soybean grain yields comparable to the weed-free control.

4. All doses of saflufenacil applied in tank mixtures with glyphosate caused high levels of
phytotoxicity, which reflected in significantly reduced soybean grain yields.

5. The highest soybean grain yield was achieved with glyphosate applied alone, even surpassing
the weed-free control.

6. Soybean can tolerate saflufenacil applied alone up to 2.17 g ha™ or up to 1.09 g ha when
combined with glyphosate without experiencing severe phytotoxicity, physiological damage, or
significant yield losses.

7. Therefore, it is strongly recommended to avoid herbicide applications—especially
saflufenacil —when sprayer tanks contain any residual herbicide to prevent crop injury and yield
reduction.
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