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Abstract: The pre-emergent herbicide indaziflam is efficient in the management of weeds in eucalyptus crops,
but this plant may develop less in soil contaminated with it. The objective was to evaluate the levels of
chlorophylls a and b, the apparent electron transport rate (ETR), growth and dry matter of leaves, stems and
roots of Clone 1144, in clayey soil, contaminated with the herbicide indaziflam and the leaching potential of
this herbicide. The design was completely randomized in a 3 x 5 factorial scheme, with four replications.
Chlorophyll a and b contents, apparent electron transport rate (ETR), height growth and dry matter of leaves,
stems and roots of Clone 1144 were evaluated. The leaching of indaziflam in the clayey soil profile (69% clay)
was evaluated in a bioassay with Sorghum bicolor, a plant with high sensitivity to this herbicide. The visual
intoxication and height of this plant were evaluated at 28 days after sowing (DAS). Chlorophyll a and b contents
and ETR, height and stem dry matter of Clone 1144 were lower in soil contaminated with indaziflam residues.
The dose of indaziflam, necessary to cause 50% (C50) of intoxication and the lowest height of sorghum plants,
was 4.65 and 1.71 g ha'! and 0.40 and 0.27 g ha™ in clayey soil and sand, respectively. The sorption ratio (SR) of
this herbicide was 10.65 in clayey soil. The herbicide indaziflam leached up to 30 cm depth at doses of 37.5 and
75 g ha! and its residue in the soil reduced the levels of chlorophylls a and b, the apparent electron transport
rate (ETR) and the growth of Clone 1144.

Keywords: bicolor sorghum; herbicide; leaching; soil profile

1. Introduction

The global demand for wood and wood products has been steadily increasing and has been
increasingly met by high-yield forest plantations [1], which expanded by an average of 4.4 million
hectares annually, from 168 million hectares in 1990 to approximately 278 million hectares in 2015
[2]. Meeting these needs requires a quantum leap in the production and trade of forest products
around the world. It assumes that the global forest plantation area will increase by a further 25-67
million hectares to 303-345 million hectares by 2030, and predicts that the demand for roundwood
supplied by forest plantations will expand by about 65% by 2070 [3].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Eucalipto sp. é o género florestal mais plantado com 25 milhdes de hectares [4,5], contendo mais
de 110 espécies introduzidas em mais de 90 paises [6]. Brazil is the world leader in eucalyptus planted
area, followed by China and India [7,8]. It has 9.93 million hectares of planted forests, of which 75.8%
are eucalyptus plantations [9], in addition, Brazil is a leader in productivity, with an average mass
accumulation of 40 m’ha year'! [10], growing in recent years in tropical agricultural frontiers.
Currently, the distribution and evolution of the area with eucalyptus plantations in Brazil is located
in the Southeast, in Minas Gerais (30%) and Sao Paulo (13%), Midwest, in Mato Grosso do Sul (14%),
Northeast, in Bahia (8%) and South, in Rio Grande do Sul (8%) and Paranad (6%) [9]. Primary products
such as paper, pulp and wood, as well as secondary products such as flooring and furniture from
Brazilian eucalyptus plantations are exported to many countries, strengthening the importance of
Brazilian plantations for the international market [11].

Pure eucalyptus species, ranked in terms of importance [9] are mainly used in Brazilian
plantations: Eucalyptus grandis (W. Hill ex Maiden), Corymbia citriodora (Hook.) KD Hill & LAS
Johnson (formerly known as E. citriodora— basionym), E. urophylla (ST Blake), E. saligna (Sm.), E.
globulus (Labill.), E. camaldulensis (Dehnh.), and hybrids E. urophylla x E. grandis, E. urophylla x E.
camaldulensis, E. grandis x E. camaldulensis and E. urophylla x E. globulus [12,13]. These species or
hybrids are selected due to their characteristics, such as fast growth, wood quality, high productivity,
economic profitability and strong adaptability to different soils and climatic conditions and ease of
management [5,6]. A history of decades of investment and classic techniques in improving
silvicultural practices and forest genetic improvement in Brazil.

Although the genetic improvement of this crop is at an advanced stage, other determining
factors for the high productivity of eucalyptus plantations are the control of diseases, pests and weeds
[14,15]. Competition with weeds is a limiting factor for the development of most forest species [16].
In general, weeds are considered the pests of economic importance and the greatest phytosanitary
risk in eucalyptus cultivation. Weeds seriously affect plant growth through interspecific competition
for water, light and nutrients [17], which causes serious damage to crop establishment, development
and productivity. Although eucalyptus has potentially rapid growth rates, its tolerance to weed
interference during establishment is low. Yield reduction due to weeds is greatest up to two years
after eucalypt planting, when weed management in these crops is highly dependent on herbicides
[18].

Chemical control with the use of herbicide is commonly used to control weeds. This method of
weed control in eucalyptus plantations is a fast and economical practice [19], with less use of labor
and greater efficiency. The development of a selective, broad-spectrum of action herbicide and
applied in the pre-emergence of weeds, would improve the management of weed in this crop and
would favor eucalyptus silviculture [20]. However, the number of herbicides used is reduced with
few records for this crop [21], with most registered herbicides not selective for eucalyptus [20].

One of the areas with the greatest need for research advancement is related to the use of chemical
products for weed control in forest plantations, since application failures and herbicide drift can be
harmful to the tree component and cause toxicity to the plants, thus, the use of chemical control
should be cautious. This situation is worrisome because of the low selectivity of herbicides to
eucalyptus plantations, which can cause losses early in the development of the trees, reducing their
productivity [22]. The drift of glyphosate herbicide, non-selective to eucalyptus, can cause
phytotoxicity, deformed apices, well-developed necrosis at the leaf edges and marked leaf senescence
[23], nicosulfuron reduced stem diameter increment and fluazifop-p-butyl + fomesafen limited shoot
dry matter accumulation [24].

The herbicide indaziflam N-[(1R,25)-2,3-dihydro-2,6-dimethyl-1H-inden-1-y1]-6-[(1RS)-1-
fluoroethyl]-1,3,5-triazine-2,4-diamine, an inhibitor of cellulose biosynthesis, is used in pre-
emergence to manage weeds in coffee, citrus, sugarcane, pine and eucalyptus crops in Brazil [21].
This herbicide is safe for grape [25] and olive [26] crops with low solubility (0.0028 kg m= at 20 °C),
prolonged residual activity in the soil and half-life life (t1/2) greater than 150 days [27]. These features
reduce the environmental impact of indaziflam leaching into soil and groundwater contamination
[28]. However, soil mobility in eucalyptus plantations and the tolerance of this plant to this herbicide
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are poorly known, increasing the need to evaluate its residual effect, especially in planting rows [29].
Thus, we hypothesized that residues of the indaziflam herbicide in the soil would reduce eucalyptus
development.

The objective was to evaluate the levels of chlorophyll a and b, ETR and the growth of Clone
1144 in soil contaminated with indaziflam residues and the leaching potential of this herbicide.

2. Materials and Methods

The experiment was carried out in a greenhouse (minimum temperature of 25 °C and maximum
temperature of 32 °C) at the Universidade Federal dos Vales do Jequitinhonha e Mucuri (UFVJM) in
Diamantina, Minas Gerais, Brazil.

2.1. Experimental Design

The design was completely randomized in a 3 x 5 factorial scheme, with four replications. The
first factor was the control (soil without herbicide) and soil with residue of 500 g L-1 of N-[(1R,2S)-
2,3-dihydro-2,6-dimethyl-1H-inden-1-yl1]-6-[(1RS)-1-fluoroethyl]-1,3,5-triazine-2,4-diamine
(indaziflam), in two doses of 500 g L (37.5 and 75 g ha') of Esplanade® herbicide applied with 25%
and 50% of the recommendation for this commercial product (150 g ha'). The second factor was the
depths in the soil profile: 0-10, 10-20, 20-30, 30-40 and 40-50 cm.

The eucalyptus clone used in the experiment was Eucalyptus urograndis (1144-Eucalyptus urophylla
S.T.Blake x Eucalyptus grandis W.Hill ex Maiden). The eucalyptus clone was purchased in a nursery
and was 45 days old. The clone was selected according to its economically significant characteristics,
fast growth, high productivity and high quality wood. Each plot had a 150 mm PVC (polyvinyl
chloride) tube, cut horizontally to form rings. The PVC columns were composed of five rings of 10
cm in height each.

Plants were transplanted into PVC columns containing Latosol as substrate (Table 1), previously
fertilized as recommended for the crop.

Table 1. Physicochemical characteristics of the soil samples used in the experiment.

Physical analysis
Sand Clay Silt Texture Class
(dag kg™)
6 69 25 Very clayey
Chemical analysis
pH P K Ca Mg> AP+ H+Al SB t T \ m oM
(H20) (mg dm) (Cmolcdm=) (%) (dag kg™)
5.00 0.54 31 0.18 0.13 0.80 4.62 0.39 1.19 5.01 78 672 1.88

P-K-Extractor Mehlich 1; Ca-Mg-Al-Extractor: KCI-1 mol/L; H + Al-Calcium Acetate Extractor 0.5 mol/L-pH 7.0;
SB=Sum of bases; t = Effective Cation Exchange Capacity; T = Cation Exchange Capacity at pH 7.0; V = Base
Saturation Index; m = Aluminum Saturation Index; OM = Organic Matter (C.Org x 1724-Walkley-Black).

2.2. Application of Indaziflam

Indaziflam was applied with an electric sprayer (Yamaho FT5%, 5 L capacity) in a solution with
a spray volume of 120 L ha''. Irrigation was carried out by spraying.

2.3. Chlorophylls a and b and electron transport rate

The chlorophylls a and b of the plants were evaluated 14 days after planting, with a chlorophyll
meter (ClorofiLOG CFL 1030 model) between 9:00 and 10:00 a.m. in fully expanded leaves and the
chlorophyll fluorescence with a portable fluorometer (MINI model) -PAM II, Walz, Effeltrich,
Germany) at 21 days after planting, in expanded and photosynthetically active leaves, using specific
leaf support tweezers (model 2030-B). This evaluation was performed at night with at least 30 minutes
of adaptation of the leaves to the dark.

do0i:10.20944/preprints202307.1655.v1
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2.4. Height and weight of dry matter of leaves, stems and roots

The height of eucalyptus plants was measured 120 days after planting with a measuring tape
graduated in centimeters. Leaves, stems and roots of this plant were conditioned in paper bags and
dried in an oven with forced air circulation (65 °C) for 48 hours. Dry weight was determined on a
precision scale.

2.5. Sorghum bicolor as a bioindicator plant

Sorghum bicolor (L) Moench hybrid BRS 655 (sorghum) was used as a bioindicator plant [29].
Indaziflam was applied at doses of 0, 0.25; 0.5; 1; 2; 3; 5; 10; 20; 40 and 60 g ha established in the
sorghum sensitivity test to this herbicide [29], in samples of dystrophic red latosol and dose-response
curves created and evaluated from sorghum cultivation in it. Ten sorghum seeds were sown, one day
after herbicide application, in transparent plastic pots with a volume of 250 cm?, an area of 50 cm?, a
height of 6 cm and a diameter of 10 cm. The thinning was performed after emergence, leaving six
seedlings per pot. Pots under the same cultivation conditions were filled with soil samples from the
eucalyptus experiment in order to estimate the residue by comparison with the dose-response curve.
The pots were kept in a greenhouse under conditions of minimum temperature of 15 °C, maximum
of 35 °C and 75% humidity.

The intoxication of sorghum plants was visually assessed at 28 days after sowing (DAS)
according to a scale of scores from 0 to 100%, with 0% being no symptoms and 100% plant death [30].
The height of sorghum plants was measured with a ruler graduated in centimeters. The adsorbed
residue of indaziflam to the soil was evaluated, simultaneously, in washed sand. The sand (0.6 mm
to 2.0 mm) was washed in running water to remove impurities, immersed in an acid solution (10%
sulfuric acid) for 24 hours, and again in running water until the residue was removed acid residue.
The pH was corrected to neutral (7) with the addition of sodium hydroxide solution (NaOH). The
sand was dried in the sun on plastic canvas for 24 hours. The doses of the herbicide indaziflam,
estimated for the sand, were 0; 0.05; 0.1; 0.15; 0.25; 0.5; 1; 2; 3; 5; and 10 g ha [29]. The volume of sand
and the number of sorghum seeds were the same from the beginning to the end of the trial. The plants
were irrigated with a nutrient solution (Table 2).

Table 2. Macro and micronutrients in the nutrient solution for irrigation of Sorghum bicolor in sand

(CLARK 1975).

Element Source Molecular Formula Amount (mg L)
N Urea CHsN20 9,89
P Phosphoric acid H5POu 0,15
K Potassium chloride KCl 5,36
Ca Anhydrous Calcium Chloride CaCl 11,56

Mg Magnesium chloride MgCl2(6H20) 4,82
S Sodium sulfate Na25014 2,84
B Boric acid HsBOs 0,05

Cu Copper Chloride CuCl 0,003
Fe Iron Chloride FeCls 0,25

Mn Manganese Chloride MnCl2(4H-20) 0,056

/n Zinc Chloride ZnCl2 0,011

Mo Sodium Molybdate NaMoOxs 0,0052

EDTA (5,44 g) + 0,824 g de NaOH

2.6. Statistical analysis

Data were submitted to normality (Shapiro-Wilk) and homogeneity (oneillmathews) tests and
analysis of variance (ANOVA) using the F test with the ExpDes.pt statistical package of the R Core
Team software version 3.4.3 with the R Studio Software and, when significant, the means compared
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by the Tukey test with 95% probability [31]. The significance of the coefficients (p<0.05) and the
coefficient of determination were considered for the regression models.

The dose necessary to reduce the analyzed variable by 50% (C50), in addition to intoxication and
plant height, was calculated for soil and sand, establishing a non-linear, log-logistic regression model
with the equation of Seefeldt et al. [32]: Y= C + D/1+ (X/C50)-b, where C= lower limit of the curve; D=
difference between the upper and lower limits of the curve; b= slope of the curve; C50= curve
inflection point corresponding to 50% response.

The concentration of indaziflam herbicide residues, by soil depth, was estimated by the
percentage of visual intoxication of sorghum plants cultivated with soil depths of 0-10, 10-20, 20-30,
30-40 and 40-50 cm and of the C50 of the analyzed variable.

The sorption ratio (RS) herbicide indaziflam was calculated from the data obtained from soil C50
in relation to sand: RS= C50s0il - C50sand/C50sand.

3. Results

Chemical control is an alternative to weed control in forest plantations. Some herbicides used to
control these plants have a residual effect in the soil. Intoxication caused by inadequate application
or leaching of herbicides are among the main problems reported when using chemical control [33].
The herbicide indaziflam reduced the levels of chlorophyll a and b, the rate of electron transport,
height and dry matter of the stem of eucalyptus plants. Indaziflam leached up to 30 cm deep into
clayey soil (69% clay) (Figure 1).

on
g
N G
" T Indaziflam
3

Physiological
analysis

10 cm

Growth
analysis

Leaching
30em  20cm

50cm 40 cm

Control 25%

Increase in commercial dose

Figure 1. Summary of the effect of indaziflam herbicide residues on the growth of Clone 1144
(Eucalyptus urophylla x Eucalyptus grandis) at different soil depths.

3.1. Eucalyptus plants

The chlorophyll a content of the Clone 1144 was lower with 50% of the commercial dose of
indaziflam (Figure 2A) and the chlorophyll b content was lower with 25% and 50% of the commercial
dose of indaziflam than in the control, at 14 days after planting (Figure 2B). The electron transport
rate (ETR) of Clone 1144, exposed to herbicide residues, was lower with 25% and 50% of the
commercial dose at 21 days after planting (Figure 2C).
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Figure 2. Chlorophyll a (a) and b (b) levels (ug cm?) and electron transport rate (ETR) (c) of
commercial eucalyptus clone 1144 at 14 and 21 days after planting in soil contaminated with 25% and
50% of the commercial dose (150 g ha) of indaziflam, respectively. Columns followed by the same
lowercase letter, by parameter, do not differ by Tukey's test at 95% probability. Error bars indicate the

standard deviation.

The height of Clone 144 was lower in soil contaminated with 25% and 50% of the commercial
dose of indaziflam, with a linear reduction of 12.46% under the effect of 50% of the commercial dose
compared to the control (Figure 3).
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Figure 3. Height (cm) of commercial eucalyptus clone I144, 120 days after planting in soil
contaminated with 25% and 50% of the commercial dose (150 g ha) of indaziflam (*; p<0.05).
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Stem dry matter of Clone 1144 was lower with 25% and 50% of the commercial dose of indaziflam
than in the control (Figure 4).
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Doses of indaziflam (% of commercial dose)

Figure 4. Dry matter of leaves (DML), stem (SDM) and roots (RDM) (g) of commercial eucalyptus
clone 1144, at 120 days after planting in soil contaminated with 25% and 50% of the commercial dose
(150 g ha) of indaziflam. Columns followed by the same letter, per variable, do not differ by Tukey's
test at 95% probability.

3.2. Sorghum plants

The height of sorghum plants was lower in soil contaminated with doses of indaziflam collected
up to 30 cm deep. The symptoms of intoxication were maximum with soil removed at 15 cm and less
than 10% with those at depths of 30-40 and 40-50 cm (Figure 5A). The variation in height of sorghum
plants was greater between doses of the herbicide than between soils collected at different depths,
with a lower height in soil collected up to 30 cm after being contaminated with the highest dose of
the herbicide (Figure 5B). Initial symptoms observed in sorghum plants with increasing herbicide
dose were leaf tissue reddening, leaf blade chlorosis and lower growth.
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Figure 5. Intoxication (A) and height (B) of sorghum plants at 28 DAS as a function of indaziflam
doses and soil depth cultivated with eucalyptus for 120 days.

The dose of indaziflam, necessary to cause 50% (C50) of intoxication and reduction in the height
of sorghum plants, was 4.65 and 1.71 g ha! in soil and 0.40 and 0.27 g ha! in sand, respectively (Figure

6A,B).
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Figure 6. Visual intoxication and height of sorghum plants at 28 DAS grown in soil (a) and sand (b)
with indaziflam doses of 0, 0.25; 0.5; 1; 2; 3; 5; 10; 20; 40 and 60 g ha' and 0; 0.05; 0.1; 0.15; 0.25; 0.5; 1;
2;3;5;and 10 g ha'.
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3.3. Residues of indaziflam in the soil

The residues of indaziflam in the soil, collected at 0-10, 10-20, 20-30, 30-40 and 40-50 cm depth,
with 25% and 50% of the commercial dose of this herbicide, were 7.79 and 8.72 g ha!, 5.12 and 7.44 g
ha', 2.33 and 2.79 g ha', 0 and 0 g ha!, 0 and 0 g ha"!, respectively (Figure 7).

10 7—}_*—{
20 7_H—+
E
= —
£ 30—
53
[a)
I 50% of the commercial dose
40 1 [ 25% of the commercial dose
50
0 2 4 6 8 10

Indaziflam residue (g ha_l)

Figure 7. Residues of indaziflam in soil samples cultivated with of commercial eucalyptus clone 1144
after 120 days of application of 25% and 50% of the recommended commercial dose (150 g ha).

The sorption ratio (SR) of the herbicide from the data obtained from soil C50 in relation to sand
was 10.65 in clayey soil.

4. Discussion

The lower levels of chlorophylls a and b with 50% and with 25 and 50% of the commercial dose
of indaziflam can be explained by the action of this compound, inhibiting the formation of organs,
such as leaves, which can cause chlorosis and leaf necrosis [34], and thereby affecting the chlorophyll
parenchyma cells. Malformation of chlorophyll cells can reduce the concentration of chlorophylls a
and b, directly affecting the photosynthetic efficiency of a plant [35,36]. Chlorophyll levels are
variables related to the inhibition of photosystems I and II by the action of herbicides [37].

The lower ETR of eucalyptus in soil contaminated with indaziflam after planting is due to the
effect of this herbicide on plant chloroplasts, reducing the emission of fluorescence signals by plant
leaves [38]. The ETR is a variable closely correlated with chlorophyll contents [39]. The herbicide will
act on the PSII by inhibiting electron transport and paralyzing CO:z fixation and the production of
ATP and NADPH:, which are essential elements for plant growth.

The lower height of Clone 1144 in soil contaminated with 25% and 50% of the commercial dose
of indaziflam may be related to alterations in the photosynthetic process [40], including reduction of
chlorophyll levels and electron transfer. This herbicide inhibits meristematic growth and cellulose
biosynthesis, probably at some point in the crosslinking step of cellulose microfibrils, reducing cell
formation and, consequently, plant growth [41].

The lower stem dry matter at doses of 25% and 50% of the herbicide can be attributed to the
reduced transport of photoassimilates by indaziflam [42]. This herbicide inhibits cell division in the
meristem and may also prevent the translocation of divalent cations such as Mg and Mn to them and,
therefore, reduce photosynthetic activity and biomass production [43].

The intoxication and lower height of sorghum plants with the highest doses of the herbicide at
a depth of up to 30 cm is due to the residual concentration of the herbicide in the soil profile, which
is made possible with the percentage of clay of the same, close to 70% [29]. The percentage of clay in
the soil, the low mobility and the longer residual period of the herbicide increased the amount of this
herbicide absorbed by the plant roots, in the surface layers of the soil, which caused intoxication and
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hypocotyl reduction [44] and, consequently, lower plant height [45]. The symptoms observed in
sorghum plants are characteristic symptoms for sensitive species when exposed to the herbicide that
inhibits cellulose biosynthesis [29].

The dose of indaziflam required to cause 50% (C50) of intoxication and reduce the growth of
sorghum plants in sand was similar to that reported for this plant, 0.39 g ha [29]. Sand is an inert
substrate, free of organic matter, surface fillers and clay, making all the applied herbicide available
in the soil solution [46]. This explains the higher intoxication and lower height of sorghum plants in
sand than in soil.

The highest concentration of indaziflam residue in the soil up to 30 cm depth confirms its high
sorption coefficient [47] due to the high content of organic matter and clay [48,49].

The sorption ratio (RS) of 10.65 indicates a high amount of adsorbed indaziflam residue, which
can be attributed to the high content of clay (69 dag kg ), organic matter (1.88 dag kg ') and to the pH
(5.00) of the soil used in the work, similar to that reported with Red-Yellow Latosol and pH (5.1) [29].
Herbicides applied pre-emergence and weak acid derivatives such as indaziflam are more adsorbed
in the low pH soil solution [50,51].

5. Conclusions

The herbicide indaziflam, at doses of 50% and 25 and 50%, respectively, reduced the levels of
chlorophyll a and b at 14 days and the electron transport rate at 21 days, with these two doses, after
planting the of commercial eucalyptus clone I144. The height and stem dry matter of eucalyptus
plants were lower with the two doses of indaziflam and only with 50% of this herbicide. Indaziflam
leached up to 30 cm depth at doses of 37.5 and 75 g ha'.
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