academic]ournals

Vol. 13(16), pp. 872-885, 19 April, 2018
DOI: 10.5897/AJAR2018.13067

Arficle Number: 638860256768 African Journal of Agricultural
ISSN 1991-637X
Copyright ©2018 Research

Author(s) retain the copyright of this article
http://www.academicjournals.org/AJAR

Full Length Research Paper

Saflufenacil and indaziflam herbicide effects on
agricultural crops and microorganisms

Beatriz Alexandre Torres?, Silvana Perissatto Meneghin?, Nagilla Moraes Ribeiro?, Paulo
Henrique Vieira dos Santos?, Bruna Ferrari Schedenffeldt?, and Patricia Andrea Monquero?

'S&0 Carlos University /FAPESP scholarship, Araras, Sdo Paulo State, Brazil.
2Agricultural Science Center, Sdo Carlos University, Araras,Sao Paulo State, Brazil.

Received 21 February, 2018; Accepted 29 March, 2018

The herbicides saflufenacil and indaziflam have recently been registered in Brazil for weed control in
sugarcane crops; however, little information exists regarding their residual effects or influences on soil
microorganisms. Therefore, the present study aimed: (a) to determine the effects of saflufenacil and
indaziflam on soil microorganisms and (b) to evaluate the residual and dose effects of these herbicides
on soybean, sunflower, sunn hemp and peanut crops. The herbicides indaziflam (100 g a.i. ha™) and
saflufenacil (120 g a.i. ha™) were applied to dark red latosol samples, and the CO,-C released by soil
basal respiration was measured at 7, 14, 21, 28, 35, 42, 49 and 56 days after treatment (DAT), in an
experiment with a completely randomized design (CRD) and five replicates. The microorganisms were
guantified via the use of different culture media, each replicated three times at 0, 15, 30 and 60 DAT. No
significant difference occurred among the treatments for the carbon content of the microbial biomass.
Regarding the basal respiration, the soils treated with saflufenacil showed a decrease in the carbon
released by the soil at 49 DAT, whereas the carbon released by the soils treated with indaziflam
increased until the last day of evaluation. The responses of the fungal and bacterial populations and the
amylolytic and cellulolytic microorganisms differed among the treatments. The residual effect of the
herbicides on the crops was evaluated via a CRD, in a 6 (doses) x 5 (sowing times) factorial
arrangement with four replicates. The different indaziflam and saflufenacil doses were sprayed
separately at pre-emergence. At 0, 10, 20, 40 and 60 days after the herbicide applications, soybean,
sunn hemp, sunflower and peanut were sown. The phytotoxicity of saflufenacil to the crops declined
throughout the evaluations for all the doses and species. Indaziflam was highly phytotoxic to all the
crop species until 60 days after application, preventing the field sowing of the crops during that period.
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INTRODUCTION

The herbicides saflufenacil and indaziflam have been rotationally in sugarcane fallow areas.
recently registered in Brazil for weed control in sugarcane Saflufenacil can be pre-plant incorporated and applied
crops; nevertheless, little information exists regarding pre- and post-emergence in crops such as sugarcane,

their effects on other crops, especially those used maize, soybean, wheat and cotton. This herbicide is used



for the control of eudicots and belongs to the
pyrimidinedione chemical class, inhibiting the enzyme
protoporphyrinogen oxidase (PROTOX). The main
physicochemical characteristics of saflufenacil include a
vapor pressure (VP) of 2 x 10™ mm Hg at 25°C (a
nonvolatile herbicide), a half-life (t;,) of one to five
weeks, a pKa of 4.3 (a weak acid) and a water solubility
of 30 mg L™ at pH 5.0 and 2100 mg L™ at pH 7.0 (BASF,
2008). This herbicide is absorbed by both roots and
leaves, with its translocation occurring mainly in the
xylem and its mobility limited in the phloem. Susceptible
plants show symptoms of injury within a few hours and
die within one to three days (Soltani, 2010).

Soil organic matter has a high affinity for the
saflufenacil molecule; therefore, soils with high organic
matter content have a relatively small amount of the
molecule available for plant absorption (Monquero et al.,
2012). Gannon et al. (2014) observed that the saflufenacil
phytotoxicity to canola was dependent on the sail
properties and that those soils with high contents of
organic matter and clay showed relatively low toxicity.
Soltani (2010) observed that saflufenacil at 100 and 200
g a.i. ha™ caused 51 to 99% injury and reduced height by
25 to 93%, shoot dry weight by 92 to 99% and seed yield
by 56 to 99% in cranberry and in adzuki, Lima, snap and
white beans. Soybean and pea were the crops most
tolerant to saflufenacil.

Indaziflam belongs to the alkylazine chemical class and
acts on cell wall biosynthesis without affecting the
synthesis of polysaccharide polymers. The action is
inhibitory and most likely occurs at some point during the
cross-linking stage of cellulose microfibrils. Inhibition of
cell division in meristematic tissues has also been
proposed as a secondary mode of action. Indaziflam is
used as a pre-emergent herbicide for the control of
monocotyledonous weeds and some eudicots in
perennial crops, such as citrus, coffee and sugarcane. Its
physicochemical characteristics are as follows: a VP of
1.875 x 10™° mm Hg at 20°C (a nonvolatile herbicide), a
half-life of approximately 150 days, a pKa of 3.5 and a
water solubility of 0.044 to 0.0017 g L™ at pH 4.0 and
0.0028 to 0.0012 g L™ at pH 9.0 (U.S. EPA, 2010; Alonso
et al., 2011). In the US, the labeled rate for indaziflam in
Florida citrus ranges from 73 to 95 g a.i ha™. Indaziflam
provides three to four months of residual weed control in
citrus, depending on humidity and temperature (Jhala
and Singh, 2012). For the control of annual grasses
sensitive to this herbicide, the doses range from 25 to
100 g ha™, reaching up to 150 g ha™ for more tolerant
species (Kaapro and Hall, 2012).

According to Guerra et al. (2014), studies conducted
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during the initial development of maize, millet, sorghum,
soybean, sunflower, cotton, beet and cucumber crops
indicated that all the species were sensitive to soil-
applied indaziflam in the field. The only symptom
observed in the different species after planting in soil
containing this herbicide was the nonemergence of
seedlings, except for sunflower. Cotton and maize did not
emerge only when sown in the soil with the highest
indaziflam dose (100 g ha). Soybean plants emerged in
the soil treated with the two lowest indaziflam doses (20
and 40 g ha'l) but died after a few days. In contrast,
sorghum, millet, cucumber and beet did not emerge even
in soil treated with the lowest indaziflam dose (20 g ha'l)
(Guerra et al., 2014).

Herbicides may directly or indirectly affect microbial
activity in the soil. The direct effects include toxicity to the
soil microbiota, whereas the indirect effects include
damage to the crops that affects their physiology,
reducing plant-microorganism interactions. For example,
Arruda et al. (2001) reported that sulfentrazone
application reduced root nodulation and the exudation of
amino acids by soybean xylem. Note that agrochemicals
may positively or negatively affect soil microorganisms.
Positive effects occur when the product is metabolized by
the soil microorganisms, and negative effects occur when
the chemicals poison them (Santos et al., 2005; Vivian et
al., 2006).

Therefore, the present study aimed to determine the
residual effect of saflufenacil and indaziflam and the
dose-response relationship of these herbicides regarding
the growth and development of Glycine max (soybean),
Crotalaria juncea (sunn hemp), Helianthus annuus
(sunflower) and Arachis hypogaea (peanut) together with
the effects of these herbicides on amylolytic and
cellulolytic microorganisms, fungi and total bacteria.

MATERIALS AND METHODS

Effects of the herbicides saflufenacil and indaziflam on soil
microorganisms

The herbicides saflufenacil and indaziflam were applied on August
09, 2016. The experimental units consisted of trays (28 x 43 x 4.5
cm) containing 2 kg of dark red latosol, composed of four single
samples. The soil used in the experiment was collected in a native
forest with no history of herbicide use, at a depth of 10 cm. The
chemical analysis of the soil samples indicated the following: P = 15
mm dm’; organic matter = 24%; pH CaCl, =5.1; K = 2.5 mmol. dm’
3. Ca = 28%; Mg = 12%; H + Al = 0.4%; sum of bases (SB) =
42.5%; cation exchange capacity (CEC) = 82.5%; percentage of
base saturation (V%) = 52; and clay, sand and silt = 600, 150 and
190 g kg™, respectively. Herbicides were applied at doses of 120 g
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a.i. ha! of saflufenacil and 100 g a.. ha of indaziflam; the control
group received no herbicide treatment. The herbicides were applied
via a CO; backpack sprayer equipped with three TeeJet DG 110.03
VS nozzles (Drift Guard), with a 0.50-m spacing and a flow rate of
200 L ha™. At the time of application, the wind speed was 2.1 m s™,
the humidity was 56.9%, and the temperature was 30°C. The soil
samples were subsequently crushed and sieved through a 2-mm
mesh and homogenized, with the moisture adjusted to 60% of field
capacity.

Microbial biomass carbon content

The microbial biomass was determined using the fumigation-
extraction method described by Vance et al. (1987). The samples
were analyzed in triplicate; that is, each soil sample was divided
into six subsamples of 20 g each and placed in 100-ml glass
bottles. Three subsamples were subjected to the fumigation-
extraction process, and the other three were subjected to
immediate extraction after weighing (non-fumigated samples). The
carbon content in the soil extracts was calculated as follows:

MBC (ug C g™ soil) = (F-NF) / Kc,

Where MBC = microbial biomass carbon; F = fumigated samples;
NF = nonfumigated samples; Kc = 0.33, a correction coefficient.

Microbial activity assessed by basal respiration (respirometry)

Glass jars with lids were used as respirometers. The microbial
activity was evaluated by the amount of CO, released at 7, 14, 21,
28, 35, 42, 49 and 56 days from non-fumigated soil samples in a
static system (GRISI, 1995). A completely randomized design
(CRD) was used, with five replicates for each of the following
treatments: blank, control (no herbicide application), indaziflam and
saflufenacil. Fifty-gram samples of sieved soil within snap cap glass
flasks were placed inside a jar along with another flask containing
10 ml of 1 N NaOH to capture the CO, released by the soil. The
flasks were hermetically sealed and incubated at 25 + 2°C in the
dark. Jars containing only 10 ml of 1 N NaOH were incubated as
well (blanks). Every seven days of incubation, the NaOH solution
was titrated with a standard solution of 0.5 N HCI, by adding 2 ml of
saturated 10% BaCl, solution to precipitate the Na,COs; and two
drops of 1% phenolphthalein solution as an indicator. Soil basal
respiration was quantified using the following equation:

SBR (mg of CO»-C kg™ soil hour™) = (((Vb-Va)*0.5*6*1000)/Wd)/T)

where SBR = carbon from soil basal respiration, Vb = volume (mL)
of hydrochloric acid used to titrate the control solution (blank), Va =
volume (mL) of hydrochloric acid used for sample titration, Wd = dry
weight (g) and T = time (hours).

Quantification of total bacteria, fungi and amylolytic and
cellulolytic microorganisms

The bacteria and fungi present in the soil samples were quantified
by counting the colony-forming units (CFU) via the serial dilution
technique and plating in the following culture media: nutrient agar
(NA) for bacteria, Martin’s medium for fungi, cellulose for cellulolytic
microorganisms and starch agar for amylolytic microorganisms. The
NA medium was prepared by adding 28 g of NA per liter of distilled
water. Subsequently, the NA medium was autoclaved for 20 min at

120°C and 1 atm, and 2 ml of nystatin L was added to inhibit
fungal growth before pouring the medium into incubation plates.
Martin’s medium consisted of 1 g of KH,PO4, 0.5 g of MgSO4-7H,0,
5 g of peptone, 10 g of dextrose, 0.03 g of rose Bengal, 20 g of
agar and 1 L of distilled water. Martin’s medium was autoclaved for
20 min at 120°C and 1 atm, and 0.2% streptomycin was added at
the rate of 2 mL L™ before the medium was poured into plates. The
cellulolytic microorganisms were quantified using potato dextrose
agar (PDA) medium containing 20% potato, 2% dextrose, 2% agar
and tetracycline (100 mg L™). After incubation, the plates were
flooded with 10 mL of concentrated Congo red solution (2.5 g L™)
for colony quantification. The starch agar medium used to quantify
amylolytic microorganisms consisted of 20 g of agar, 20 g of soluble
starch and 1.0 L of distilled water.

Ten-gram samples of soil were added to 90 ml of saline (0.85%
NaCl) and homogenized for 15 min with the aid of a shaker. Next, 1
ml aliquots of this suspension were transferred to test tubes
containing 9 ml of saline solution. The dilution process was
continued until obtaining the 10", 10% and 10 serial dilutions,
which were used for amylolytic microorganisms, for fungi and
cellulolytic microorganisms and for bacteria, respectively. Aliquots
containing 100 pl of the dilutions were inoculated in triplicate onto
plates containing the respective media, and the plates were
incubated for 24 h at 35°C for bacteria and for 48 h at 30°C for
fungi. Afterwards, the dilutions having between 30 and 300 colonies
were counted, and the results are expressed as CFU g™ of soil.

The data from all the experiments with microorganisms were
subjected to analysis of variance by the F test, and the means of
the treatments were compared by the Tukey test at the 5%
probability level.

Effects of the herbicides saflufenacil and indaziflam on
agricultural crops

The experiment was conducted in a greenhouse and used a CRD
in a 6 (doses) x 5 (sowing times) factorial arrangement for each
species and herbicide, with four replicates. For the experiment, 5-L
pots were filled with dark red latosol samples (chemical analysis as
described above) and sprayed with either saflufenacil (0, 7.5, 15,
30, 60 and 120 g a.i. ha) or indaziflam (0, 6.5, 12.5, 25, 50 and
100 g a.i. ha™). The herbicides were applied on February 14, 2017,
via a CO; backpack sprayer, which was equipped with a spray
boom with 110.03 fan nozzles, at a constant pressure of 245.16
kPa and a flow rate of 200 L ha™. The relative air humidity and
temperature during herbicide application were monitored with a
weather station, reaching 58% and 21°C, respectively. The pots
were housed in a greenhouse with automatic irrigation (5 mm H,O
per day). At 0, 10, 20, 40 and 60 days after herbicide application,
the following species were sown: Glycine max (soybean variety
95Y52), Crotalaria juncea (sunn hemp), Helianthus annuus
(sunflower variety Rajado) and Arachis hypogaea (peanut variety
Runner 886). Each experimental unit consisted of six plants.

The herbicide effects were evaluated at 32 days after sowing
(DAS) by a percentage scale of scores, where zero (0) represents
the absence of symptoms and 100 represents the death of all
plants (ALAM, 1974). The following were also determined at 32
DAS: the chlorophyll concentration with a clorofiLOG chlorophyll
meter (FALKER), the leaf area (by a nondestructive method based
on the use of a Li-COR 3000 leaf area meter) and the dry biomass
of the shoots after cutting the plants close to the ground. The dry
mass was obtained by placing the plants in a forced-air oven at
65°C, until reaching a constant weight. The results were subjected
to analysis of variance and regression. The regression curves were
adjusted with the SigmaPlot software.



RESULTS AND DISCUSSION

Effects of the herbicides saflufenacil and indaziflam
on soil microorganisms

As seen in Table 1, no significant difference occurred
among the treatments regarding the total carbon content
of the microbial biomass; that is, the herbicides did not
affect the microbial biomass, which is responsible for the
transformation of organic matter, for nutrient cycling and
for energy flow (Wardle, 1992). According to Moorman
(1989), herbicides have little effect on the soil microbial
biomass, but the populations and activities of certain
functional groups are affected.

Voos and Groffman (1997) evaluated the relationship
between the microbial biomass and the dissipation of 2,4-
D and dicamba by soil microorganisms and found a
positive relationship between the size of the microbial
biomass and the degradation of these herbicides in the
soil. Thus, these results may be useful in predicting the
behavior of herbicides in different ecosystems.
Additionally, Moreno et al. (2007) attributed an increase
in the carbon content of the microbial biomass after
atrazine application to adaptation by the microorganisms,
which used the atrazine as a source of carbon and
energy. Hart and Brooks (1996) reported that effects of
19 years of cumulative annual field application of
benomyl, chlorfenvinphos, aldicarb, triadimefon and
glyphosate, either singly or in combination, therefore had
no measurable long-term harmful effects on the soil
microbial biomass.

Table 2 shows that at 0 and 15 days after application
(DAA), significantly more CFU occurred in the
saflufenacil-treated soil samples than in the control
samples. Starting at 30 DAA, a decrease occurred in the
microbial population compared with the populations
observed during the first evaluations. This result can be
explained by the product’s half-life in the soil, since
herbicides can serve as nitrogen, carbon and energy
sources or as a cometabolism substrate, in which
microorganisms can transform a herbicide without
depleting the energy needed for their development
(Fournier et al., 1997). Thus, the bacteria most likely first
used the carbon present in the herbicide to grow; after
product degradation, the number of colonies decreased
but did so without differing statistically from that of the
control group.

For indaziflam, the colony number increased
throughout the evaluations. At 0, 15 and 30 DAA, no
significant difference from the control group existed,
which most likely transpired because the microorganisms
were undergoing an acclimation phase. At 60 DAA, a
greater number of CFU occurred in the indaziflam-treated
soil samples than in the control group, perhaps due to the
high persistence of indaziflam in the soil and its
subsequent role as a microbial energy source, leading to
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Table 1. Total carbon content of the microbial biomass at
17 days after treatment (DAT).

Treatments  Total carbon biomass (pg.g-lsoil)
Control 320.28
Saflufenacil 356.79
Indaziflam 250.15

Table 2. Number of bacterial colony-forming units (CFU)
detected with nutrient agar (NA) for saflufenacil- and indaziflam-
treated soil samples at different days after application (DAA).
Log-transformed data are shown.

UFC g™ soil
Parameter  Days after herbicide application (DAA)
0 15 30 60

Control 1.33"* 200"  246*  1.93™
Saflufenacil  6.33*  7.73*  3.16*®  3.10™®
Indaziflam 1.23"®  230"B  3.9%  4.40™
VC (%) 33.85

SD columns 2.28

SD lines 2.52

Equal lowercase letters between columns and equal capital letters
between lines do not differ statistically at 5% significance.

an increased microbial population (Table 2).

Tu et al. (1992) applied eight herbicides, atrazine,
butylate, ethalfluralin, imazethapyr, linuron, metolachlor,
metribuzin and trifluralin to loamy sand to determine if
these materials caused any serious effects on microbial
and enzymatic activities related to soil fertility. Some
herbicides showed an effect on bacteria and fungi for the
first week of incubation, but, subsequently, the
populations returned to levels similar to those obtained in
the controls. Results indicated that the herbicidal
treatments at the level tested were not drastic enough to
be considered deleterious to soil microbial and enzymatic
activities which are important to soil fertility.

Dzantor and Felsot (1991) reported the effects of
simulated spills of alachlor alone or as a mixture with
atrazine, metolachlor, and trifluralin on microbial activity.
Simulated spills initially inhibited bacteria, but after 7
days, bacterial numbers had recovered to levels similar to
those in untreated controls. Fungal populations were
drastically reduced after 1 day and became undetectable
after 7 and 21 days of incubation in the mixed herbicide
and alachlor-only treatments, respectively (Dzantor and
Felsot, 1991)

The number of fungal colonies in the saflufenacil-
herbicide-treated soil decreased throughout the study,
and a statistically significant difference occurred between
the treated and control groups at 30 and 60 DAA (Table
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Table 3. Number of fungal colony-forming units (CFU)
detected with Martin’s culture medium for saflufenacil- and
indaziflam-treated soil samples at different days after
application (DAA). Log-transformed data are shown.

UFC g soil
Parameter Days after herbicide application (DAA)
0 15 30 60
Control 127 150"  1.23* 133
Saflufenacil  1.63*  1.03**® 053"  0.36"
Indazifam  0.96*®  0.83"® 1.75* 1538
VC (%) 25.25

Equal lowercase letters between columns and equal capital
letters between lines do not differ statistically at 5% significance.

Table 4. Number of colony-forming units (CFU) for amylolytic
microorganisms in saflufenacil- and indaziflam-treated soil
samples detected with starch agar at different days after
application (DAA). Log-transformed data are shown.

UFC g™ soil
Parameter  Days after herbicide application (DAA)
0 15 30 60
Control 2.00° 320" 247"  293*%
Saflufenacil ~ 5.27**  4.63**  1.83*®  0.96"®
Indaziflam 1.87" 183" 156*  1.10™
VC (%) 24.52

Equal lowercase letters between columns and equal capital letters
between lines do not differ statistically at 5% significance.

3). In turn, the number of fungal colonies in the
indaziflam-treated soils differed significantly from that in
the control group only at 15 DAA, and an increase in the
number of colonies was observed at 30 and 60 DAA.
These results are consistent with those reported by Reis
et al. (2008), who showed that ametryn and
trifloxysulfuron-sodium, alone or in combination, and 2,4-
D caused a reduction in the soil fungal population density
only after 15 DAA. The density was restored in the
subsequent evaluations because of either a metabolic
adjustment in the subpopulations affected by the
herbicide or the lower residual herbicide concentrations in
the soil (Reis et al., 2008).

The number of amylolytic microbial colonies observed
for the saflufenacil-treated soils differed from that
observed for the control group at 0, 15 and 60 DAA; the
number of these colonies gradually decreased during the
evaluations (Table 4). These results might be explained
by an initial use of the energy contained in the herbicides
to increase the microbial population, followed by
subsequent decreases in population size with the
dissipation of these products in the soil due to microbial

Table 5. Number of colony-forming units (CFU) for cellulolytic
microorganisms detected with BDA medium in saflufenacil-
and indaziflam-treated soil samples at different days after
application (DAA). Log-transformed data are shown.

UFC g™ soil
Parameter Days after herbicide application (DAA)
0 15 30 60
Control 247" 2.90% 240" 2.20%
Saflufenacil  6.67°®  10.43**  5.80%°®  4.66%°
Indaziflam 437" 570" 3678 277
VC (%) 28.72

Equal lowercase letters between columns and equal capital letters
between lines do not differ statistically at 5% significance.

action. At 15 and 60 DAA, fewer amylolytic microbial
colonies occurred for the indaziflam-treated soils than for
the control group soils, but no statistically significant
differences existed at any of the evaluation times (Table
5). An important point to emphasize is that the starch
agar medium is used to select the amylase-producing
microorganisms involved in the transformation of carbon
and nitrogen compounds in the soil.

For cellulolytic microorganisms, the number of CFU in
the saflufenacil-treated soil samples at 0, 15 and 30 DAA
was statistically significantly higher compared with that in
the control samples. The indaziflam-treated soils
produced more CFU for cellulolytic microorganisms
compared with the control soils at all the evaluation
times; however, the only statistically significant difference
was observed at 15 DAA (Table 5).

Cellulose is a polysaccharide composed of
approximately 40 glycosidic chains cross-linked into
compact bundles. Each chain has a degree of
polymerization approximating 10,000 glucose units linked
by B1-4 bonds and cannot be metabolized by most
animals because most lack an enzyme that hydrolyzes
these bonds. However, this material does not accumulate
in the environment due to the activity of fungi and
bacteria, which produce cellulolytic enzymes (Lehninger
et al., 2006). Thus, the presence of microorganisms that
break the cellulose chain is of extreme importance.

As shown in Figure 1 for the saflufenacil-treated soils,
the amount of CO, declined at 56 DAT, in agreement with
the manufacturer’s information indicating that saflufenacil
is a nonvolatile herbicide (VP of 2 x10™ mm Hg) and has
a half-life of one to five weeks (BASF, 2008). By contrast,
a growing curve was observed for indaziflam. Similarly,
Kaapro and Hall (2012) reported that indaziflam has a
high residual period in the soil, greater than 150 days,
persisting longer than other pre-emergent herbicides.
Between 7 and 14 days, a phase of microbial acclimation
to the herbicide is believed to have occurred, with the
herbicide then released as CO, over time, according to its
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persistence.

Effects of the herbicides saflufenacil and indaziflam
on agricultural crops

The phytotoxicity of saflufenacil to soybean plants was
above 40% when sowing was performed at 0 and 10
DAA, and a relationship existed between the plant
response and the saflufenacil dose. The phytotoxicity of a
commercial dose of saflufenacil was close to 20% at 20
and 40 DAA and was 15% at 60 DAA (Figure 2A).
Monquero et al. (2012) studied the residual effect of
saflufenacil after drought periods (0, 15, 30, 45, 60 and
90 days) in a dystrophic red latosol (clay texture) and
reported that the phytotoxicity of a bioindicator
(cucumber) was greater than or equal to 80% until up to
28 days of drought.

The phytotoxicity of saflufenacil to crotalaria plants was
less than 30% in all the doses used, except when sowing
was performed on the day of herbicide application, when
phytotoxicity reached 40% (Figure 2B). For sunflower
plants, saflufenacil phytotoxicity exceeded or equaled
80% when sowing was performed at 0 or 20 DAA,
respectively (Figure 2C). Saflufenacil phytotoxicity
decreased at the other sowing times; however, even at
60 DAA, phytotoxicity close to 40% was observed for the
commercial dose, which could lead to yield losses. These
results corroborate those of Brighenti (2015), who
reported that saflufenacil decreased the plant stand and
sunflower vyield (kg ha™), with the highest dose also
reducing the weight of 1000 achenes. Peanut plants
presented a phytotoxicity below 20% only at 60 DAA, with
their highest phytotoxicity (40%) observed at 0 DAA

(Figure 2D).

Soltani (2010) observed that saflufenacil at 100 and
200 g a.i ha™ caused 51 to 99% injury and reduced height
by 25 to 93%, shoot dry weight by 92 to 99% and seed
yield by 56 to 99% in cranberry and in adzuki, Lima, snap
and white beans. The most saflufenacil-tolerant crops
were soybean and pea. In other research, Soltani et al.
(2009) reported that additon of an adjuvant to
saflufenacil applied POST caused 99% injury to corn at
three-leaf stage and reduced yield up to 59% compared
to saflufenacil applied without adjuvant.

According to Papiernik et al. (2012), the half-life of
saflufenacil ranges from 13 (in the arable layer) to 32
days (in the subsurface layer), with low soil sorption and
rapid dissipation. However, injuries were observed in
rotational crops (pumpkin, cucumber, carrots, garlic,
pepper and beet) up to one year after high herbicide
doses (100 to 200 g a.i. ha™) were applied, the same
doses recommended in Brazil (Robinson and
Mcnaughton, 2012).

Indaziflam was highly phytotoxic to soybean plants
regardless of the sowing period. For example, the
phytotoxicity was 70% at 60 DAA, and a direct positive
relationship existed between increased dose and plant
phytotoxicity (Figure 3A). These results corroborate those
of Guerra et al. (2014), who reported that not only
soybean but also sorghum, millet, cucumber and beet
showed an indaziflam dose below 5 g ha™ that caused
50% injury to the plants (Is; dose), with the dose
commonly used in countries where this herbicide has
already been registered 20 times higher than 5 g ha™.
The authors concluded that most of the species tested
were highly sensitive to indaziflam (Guerra et al., 2014).

In a study on the effect of simulated indaziflam drift
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Figure 2. Phytotoxicity (%) of different saflufenacil doses to Glycine max (A), Crotalaria juncea (B), Helianthus annuus
(C) and Arachis hypogaea (D) at 32 DAS and 0, 10, 20 and 60 DAA.

(doses of 100, 20, 10, 5 and 2.5% of the commercial
dose of 73 g a.i ha™) on the growth of selected crops, the
crops were ranked as follows according to the observed
indaziflam level at which susceptibility occurred: cotton <
tobacco < tomato < pumpkin < pepper < soybean. For
cotton, the most sensitive crop, 2.5% of the commercial
dose caused a 20% reduction in the root mass (Jeffries et
al., 2014).

For sunn hemp, indaziflam was also highly phytotoxic.
Except for sowing at 40 and 60 DAA, the phytotoxicity at
all the other sowing times was equal to or greater than
80%, with a direct response to increased dose (Figure
3B). The sunflower plants presented high phytotoxicity
values that ranged from 60% (sowing between 40 and 60

DAA) to 80% (sowing at the other times) (Figure 3C).
These results are similar to those found by Guerra et al.
(2014), who showed that sunflower was the most
indaziflam-tolerant species of those evaluated, presenting
only a slight decrease in the fresh weight of roots.
Furthermore, even at the highest dose tested (100 g ha’
l), insufficient injury occurred to reach the Is, value (the
dose of herbicide required to cause a 50% reduction in
the plant fresh weight, relative to the weight obtained
without herbicide treatment). Guerra et al. (2014) also
found that maize and cotton had an intermediate
tolerance to indaziflam, with an I, of 86 and 63.5 g ha™,
respectively.

Jhala and Hanson (2011), when studying the effect of
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Figure 3. Phytotoxicity (%) of different indaziflam doses to Glycine max (A), Crotalaria juncea (B), Helianthus annuus (C) and Arachis

hypogaea (D) at 32 DAS and 0, 10, 20 and 60 DAA.

indaziflam on sunflower, cotton, maize, soybean, millet,
cucumber, beet and sorghum, observed that all the
species studied were sensitive to indaziflam. The only
symptom observed in the different species after planting
in soil containing indaziflam was the nonemergence of
seedlings, except for sunflower. Cotton and maize did not
emerge only when sown in the soil treated with the
highest dose of indaziflam (100 g ha'l). For soybean,
emergence occurred in the soil treated with the two
lowest doses (20 and 40 g ha'l); however, the plants died

after a few days. Additionally, sorghum, millet, cucumber
and beet did not emerge, even in the soil treated with the
lowest dose of this herbicide (20 g ha™). The exact
mechanisms of action of this herbicide are not yet fully
understood but are believed to involve the prevention of
cell wall formation in new cells, stopping plant growth.
Indaziflam cannot be considered selective for peanuts at
any of the tested doses or sowing times, since peanuts
presented phytotoxicity between 60 and 85% (Figure 3D).
One of the options to reduce expenses during



880 Afr. J. Agric. Res.

sugarcane fallow that is important to remember is the
adoption of MEIOSI (Inter-Rotational Methods of
Simultaneous Occurrence - Método Inter Rotacional
Ocorrendo Simultaneamente). According to Rocha Neto
(2013), the MEIOSI system has been gaining prominence
because the simultaneous rotation of sugarcane with a
legume, such as soybean or peanut, or with green
manure reduces the need for nitrogen fertilization and
provides better planting logistics. The MEIOSI system
consists of planting the sugarcane (September/October)
in a 2:8 ratio, that is, two sugarcane rows: eight crop rows
first occupied by the chosen legume within a sugarcane-
free area. Subsequently, at the end of the rainy period
(February/March), the first-planted sugarcane is used as
a seedling and is planted in the area previously occupied
by the legume. If green manure is used, the manure must
be incorporated into the soil to provide nutrients to the
sugarcane crop. However, for the MEIOSI system to
work, the herbicide must be chosen with care to avoid
carryover, which can occur with indaziflam.

When the soybean plants were sown in soils treated
with saflufenacil, the biomass differed significantly
between 0 and 10 DAA, with a lower accumulation at the
highest dose used. Within each dose used, a statistically
significant difference was observed among the sowing
times at doses of 120, 60 and 30 g a.i. ha™, with a higher
biomass accumulation as the period between the
herbicide application and the sowing time increased. For
indaziflam, statistically significant differences were
observed at all the doses tested, and the biomass
produced declined as the herbicide dose increased
(Table 6).

For the soils treated with saflufenacil, the leaf area of
the soybean plants differed significantly compared with
that of the control plants at 10 and 20 DAA, and the
lowest leaf area was observed when saflufenacil was
used at the commercial dose. For the soils treated with
indaziflam, a statistically significant difference existed at
all the sowing times, with a lower leaf area at the highest
doses and reductions of up to 100% (Table 6). These
results explain why Kuva and Salgado (2016), when
evaluating the effect of indaziflam on weeds in a
sugarcane crop, emphasized the need to consider the
residual effect on rotational crops, avoiding intervals
shorter than one year between indaziflam applications
and the sowing of any crop.

No significant decrease in the chlorophyll content
occurred with any of the saflufenacil treatments. By
contrast, indaziflam reduced the chlorophyll content at all
the sowing times, with differences detected among the
commercial dose, one-half of that dose and one-quarter
of that dose.

In the case of soybean, the effects of saflufenacil were
only observed for the sowing times closest to the
herbicide application. Soltani (2010) also reported that
soybean and pea were the most tolerant crops

among the several crops tested. Regarding the
development of crotalaria plants, the commercial dose of
saflufenacil negatively affected the biomass production of
plants sown at 0, 10 and 20 DAA. At 40 DAA, the lowest
biomasses were observed at the lowest doses; however,
these biomasses were the same as those of the control
group. Thus, the herbicide was not responsible for the
reduction (Table 7). By contrast, the use of indaziflam
reduced the biomass of crotalaria plants at all the sowing
times, especially at the commercial dose.

For the leaf area of crotalaria plants, saflufenacil
negatively affected leaf expansion at 0 and 20 DAA with
the use of the commercial dose and at 10 DAA with the
commercial and the lowest doses. In turn, indaziflam
affected the leaf area of crotalaria plants at all the sowing
times (Table 7). Regarding the chlorophyll content, no
statistically significant difference occurred between the
groups treated with saflufenacil and the control group at
any of the sowing times. With indaziflam, changes in the
chlorophyll content were observed at 20, 40 and 60 DAA
(Table 7).

For sunflower, saflufenacil affected shoot biomass
accumulation not only at 10 DAA with the one-half and
the full commercial dose but also at 40 DAA with the
highest dose, in which case the plants died. Indaziflam
negatively affected shoot biomass accumulation at 0, 10,
20 and 60 DAA at the highest doses used (Table 8).

Saflufenacil affected the leaf area of the sunflower
plants at 0 and 10 DAA with the one-half and full
commercial doses and at 40 DAA with the full commercial
dose. Indaziflam, however, affected the leaf area of the
sunflower plants at all the sowing times evaluated (Table
8). The chlorophyll content was lowest in sunflower plants
with the use of one full commercial dose of saflufenacil at
40 and 60 DAA and at the commercial indaziflam dose
when sowing was performed at 20 and 60 DAA (Table 8).

The biomass accumulation in the peanut plants that

developed in the presence of a commercial saflufenacil
dose presented statistically significant differences at 10
and 40 DAA. For the peanut plants sown in the soils
treated with the commercial indaziflam dose, the biomass
accumulation showed significant differences at all the
sowing times (Table 9).
The leaf area of peanut plants was negatively affected by
the highest dose of saflufenacil when sowing was
performed at 10 and 20 DAA. For the commercial dose of
indaziflam, a reduction in the leaf area of peanut plants
was observed at all the sowing times (Table 9). For the
chlorophyll content, significant differences occurred at 0
and 40 DAA in plants exposed to saflufenacil and at 20
and 60 DAA in the indaziflam-exposed plants.

In general, the phytotoxicity of saflufenacil decreased
starting at 40 DAA in all crop species evaluated, which
was expected because this herbicide has a half-life of
one to five weeks. The same was not observed for
indaziflam, whose half-life exceeds 150 days. Therefore,
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Table 6. Dry biomass of aerial part (g), leaf area (cm?) and chlorophyll content of soybean plants sown at different times after application of saflufenacil and indaziflan (0, 10,
20, 40 and 60 DAA).

Dry biomass (g)

Saflufenacil | Indaziflan
Dosﬁz.lg &l ODAA 10DAA 20DAA 40DAA 60 DAA Dosﬁz.lg &l ODAA  10DAA  20DAA 40 DAA 60 DAA
0 2.35% 2.87% 1.67* 1.58% 1.71% 0 2.10% 2.87% 0.66%8 1.59% 1.71%8
7.5 1.91% 2.19%A 1.53% 2.08** 2.17% 6.0 1.24%8 2.26%7 0.67%® 1.27%0A8 1.20%A8
15 1.87% 2.39%A 1.34% 1.80% 2.20% 12.5 0.71% 1.58%°A 1.28%A 1.29%A 0.92%A
30 1.58% 2 2”8 1.31% 1.28%8 2.23% 25 0.19"® 0.88%F 0.00™® 1.59% 0.33"
60 1.61% 2.05%4 1.27% 1.32% 1.79%8 50 0.24 0.98"A 0.00" 0.92% 0.37"
120 1.28" 1.37°8 0.85% 1.67* 2.02% 100 0.14"* 0.66%* 0.00°" 0.07" 0.33"
VC % 33.69 55.20
Leaf area (cm?)
Saflufenacil Indaziflan
Dosﬁz.lg &l ODAA 10DAA 20DAA 40DAA 60 DAA Dosﬁz.lg al " ODAA  10DAA  20DAA 40 DAA 60 DAA
0 78.98°® 9217  136.10® 57.66°®°  63.17%° 0 78.98%° 102.17* 136.10* 51.23%8 63.17%®
75 66.42°®  51.62"®  123.01* 71.88*® 88.52*® 6.0 66.29%%  90.61% 48.06"® 29.58%8 52.35%8
15 81.49%% 515"  120.92*% 6590%®  78.55° 12.5 49.53% g2 o7* 65.02"8 51.01%8 31.06%8
30 73508  50.17°®  101.12°"* 69.02*®  70.66*° 25 17.57°°%¢  68.89"" 0.00%¢ 57.42% 7.26°
60 51.66°®  43.70"™®  104.68%* 70.39*®  66.06*® 50 38.95"®  §9.97™ 0.00%® 36.94%8 12.71"®
120 69.63*  38.96"™  64.94"™ 54.14*  63.82* 100 15.24%® 47,784 0.00%® 7.65" 9.94"8
VC% 28.50 37.33
Chlorophyll content
Saflufenacil Indaziflan
Dosﬁg.lg’ &l ODAA 10DAA 20DAA 40DAA 60 DAA Dosﬁz.lg al " ODAA  10DAA  20DAA 40 DAA 60 DAA
0 3455  3317* 3890 3755  40.10* 0 34.55% 33.17* 38.90* 37.55% 40.10*
75 35.67** 3505 38.02**  40.37*  41.35* 6.0 34.42°4 34.12%4 36.37* 26.52%4 37.60%"
15 37.02* 3422  37.82* 3570*  36.35 12.5 30.22% 35.17* 31.62% 35.80* 33.00"
30 33.82%8C  3220%  41.95%"  40.27¥® 37.07%C 25 27.90%8 35.42% 0.00°¢ 31.72% 15.97°®
60 34.02%  3467*  36.80"  37.87%  40.52* 50 25.62% 37.55% 0.00"° 26.52%8 22.90"8
120 33478 30.72*® 35578 35858 39.17* 100 13.77" 20.45°" 0.00"® 7.57°8 6.80%®
VC % 9.72 25.26

The averages followed by the same letter do not differ statistically from each other, lower case letters are compared vertically and upper case horizontal by the Tukey test 5%.
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Table 7. Dry biomass of aerial part (g), leaf area (cm?) and chlorophyll content of crotalaria plants sown at different times after application of saflufenacil and indaziflan

(0, 10, 20, 40 and 60 DAA).

Dry biomass (g)

Saflufenacil Indaziflan
Dosﬁ;—lg al " OpDAA 10DAA 20DAA 40DAA 60 DAA Dosﬁz.lg al OpAA  10DAA  20DAA  40DAA 60 DAA
0 057"  0.72**  046* 057" 048" 0 0.58 0.72%A 0.46% 0.57% 0.48%
7.5 0.34%  0.77%*  0.41%® 0.23"8 0.52%8 6.0 0.60* 0.98% 0.52% 0.94% 0.49*
15 0.39% 047" 055 024" 0.35% 12.5 0.14" 0.72% 0.11% 0.298 0.39%8
30 0.56%® 0.92**  0.39*®®  0.38" 0.38% 25 0.15" 0.47%A 0.33% 0.29" 0.17%
60 0.41% 1.04% 035 (.32 0.37%® 50 0.15" 0.27" 0.38% 0.22" 0.45%
120 0.35% 053"  0.20%® 095 0.41%® 100 0.20%°A 0.23" 0.01°" 0.18" 0.09%°A
VC % 37.58 75.15
Leaf area (cm?)
Saflufenacil Indaziflan
Dosﬁ;lg al OpDAA 10DAA 20DAA 40DAA 60 DAA Dosﬁ:.lg al " ODAA  10DAA  20DAA  40DAA 60 DAA
0 23.20"  40.06* 56.07*® 22.28*  29.95* 0 23.20%® 60.06** 56.07** 22.28% 29.95%®
75 22.69%  4267*° 4021 16.38%® 30.13*® 6.0 28.85% 68.80* 17.90°8 18.61%® 29.95%
15 19.07*®  27.97"® 4563%®* 1220%®  20.99% 12.5 24.95% 60.61% 11.80"8 18.77% 22.35%8
aBC aA abA aC aBC aB aA bB aB abB
30 20.39 52.42 42.45 16.94 21.68 25 19.10 62.07 27.64 16.99 17.87
60 21.92°®  56.94* 32.02%® 13.64%® 35.30™° 50 18.60%® 59.97% 11.64°8 13.01%® 30.86%°
120 18.76%" 4421  32.06®" 1497  20.14% 100 3.80% 45547 2.617°8 12.44% 13.73%®
VC % 38.17 29.78
Chlorophyll content
Saflufenacil Indaziflan
Dosﬁ;.lg al OpDAA 10DAA 20DAA 40DAA 60 DAA Dosﬁz.lg al " ODAA  10DAA  20DAA  40DAA 60 DAA
0 28.67%  30.17* 33.02* 3550%  34.02* 0 28.67* 30.17* 33.02* 35.50* 34.02%
75 30.20  30.05* 31.10*  34.80** 32.72* 6.0 35.40% 33.20™® 22.10%8 33.60%8 35.52%
15 28.02°  28.92%® 32,92 3195%B 3740 12.5 20.17%%  31.50%® 21.90%8 30.12%4 35.07*
30 32.32%%  2047*  28.22*%*  2997**  31.05* 25 27.60*%  29.67*® 20.35%8 33.27%4 24,2778
60 31.62% 3227  30.72* 33.00% 37.37* 50 26.97*% 29758 17.47%® 22.90%8 34.82%
120 31.05%% 32578 29378 2780%® @ 37.20% 100 22.10%%¢  34.37* 0.00°° 26.02%4 8.87°°P
VC% 13.37 24.77

The averages followed by the same letter do not differ statistically from each other, lower case letters are compared vertically and upper case horizontal by the Tukey test 5%.
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Table 8. Dry biomass of aerial part (g), leaf area (cm?) and chlorophyll content of sunflower plants sown at different times after application of saflufenacil and
indaziflan (0, 10, 20, 40 and 60 DAA).

Dry biomass (g)

Saflufenacil Indaziflan
Dosﬁ;lg &l OpAA 10DAA 20DAA 40DAA 60 DAA Dosﬁz.lg @l OpAA  10DAA  20DAA 40DAA  60DAA
0 156  1.83" 1.31% 1.29°A 1.31% 0 1.56% 1.84%4 1.31% 1.29% 1.31%A
7.5 0.98°®  1.50%" 1.57%® 2.93* 1.29%® 6.0 1.03%" 1.46%" 1.11* 1.29% 1.38%*
15 1.68*  1.84* 1.04% 1.01°A 1.64% 12.5 0.15% 0.60"°5¢ 1.34%8 1.41% 0.56"°8¢
30 1.19%  0.49™*  1.49%*  160*  1.35* 25 0.90%°A 0.77° 0.65 0.66™ 0.63"*
60 0.59°°Cc 0.0 1.02%8¢  2.11%* 164 50 0.52"* 1.1280A 0.80* 1.10* 0.67"
120 1.67** 043"  072*®  0.00%® 1.28* 100 0.55°* 0.43% 0.40" 0.99* 0.33%
VC % 49.05 39.02
Leaf area (cm?)
Saflufenacil Indaziflan
Dosﬁz.lg al " ODAA 10DAA 20DAA 40DAA 60 DAA Dosﬁz.lg @l ODAA  10DAA 20DAA 40DAA 60 DAA
0 94.01%® 186.92* 140.88%® 136.67*° 81.41°%® 0 23.20%®  60.06*  56.07* 22.28%®  2995°%
75 101.90 *® 162.86 % 101.80* 85.41%° 06.92% 6.0 28.85%®  68.80*  17.90°® 1861°®  29.95%
15 83.67% 199.77"™ 9076%® 75.19%" 85912 12.5 2495%®  6061*  11.80°" 18.77%  22.35%"
30 110.60 ** 32.18°®  80.10* 62343 35302 25 19.10%®  62.07* 2764 1699  17.87 %"
60 3821 1767 47.79* 76.76** 29.15* 50 18.60 %8 59.97*  11.64°® 13.01°®  30.86°%°
120 2154" 2509°® 66.01* 000" 8193 100 380" 4554 2618 1244% 1373 %"
VC % 39.12 29.78
Chlorophyll content
Saflufenacil Indaziflan
DOSEZ? al ODAA 10DAA 20DAA 40DAA 60 DAA Dosﬁz.lg &l ODAA  10DAA 20DAA 40DAA 60 DAA
0 3065 32.17* 36.05* 3570* 33.55%*" 0 3065 3217  36.05* 3570* 3355
7.5 28.75* 30.65* 33.70* 36.15* 31.47° 6.0 3020 3195  2070** 31.05*  33.05*
15 31.30* 30.35* 3075 3752* 3592 12.5 26.80*%  30.65* 2742 3032* 3182
30 28.70%® 29.87*® 3407*® 31.10*® 37.07* 25 29.00*  3217*  2017%*  27.02**  23.00%*
60 2855 2955%  31.77*  1342" 2677 50 2067 3252 31.00% 2630 2237%A
120 23.45% 28828 3315* 000 2402 100 28.70*  3050*  1857"™B 2445*%  1490"
VC% 13.89 20.14

The averages followed by the same letter do not differ statistically from each other, lower case letters are compared vertically and upper case horizontal by the Tukey test 5%.
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Tabela 9. Dry biomass of aerial part (g), leaf area (cm?) and chlorophyll content of peanuts plants sown at different times after application of saflufenacil and indaziflan (0,
10, 20, 40 and 60 DAA).

Dry biomass (g)

Saflufenacil Indaziflan
Dosﬁzﬁ’ &l OpAA 10DAA  20DAA  40DAA 60 DAA Dosﬁz.lg al ODAA  10DAA 20DAA 40 DAA 60 DAA
0 271%  451%A 2.84 % 4.05 A 1.41 % 0 2713 451 2.84 4.06 2.87 %
7.5 2.85 3.51 %A 1.85 3.50 A 1.78 %8 6.0 2.84 % 297 0.34 *8 1.77 A8 1.65 3B
15 23338 3ggan 1.44°% 293”8 15ga® 12.5 27738 409 0.69 *® 1.67 8 1.86 3B
30 2.06 % 5.16 * 1.58 % 2.72 %8 2583 25 222%8  9ggar 0.31°8 1.21 28 0.00 "B
60 28238 480" 1.08 % 1.94°8 2.77 38 50 2973 2.99 3 0.40 *® 2.06 1B 0.35 "8
120 3.04 2.74 07 1513 2120 2.88 3 100 0778 208"  0.30™° 0.88 "8 0.12 8
VC% 39.07 60.14
Leaf area (cm?)
Saflufenacil Indaziflan
Dosﬁz.lg &l ODAA  10DAA  20DAA  40DAA 60 DAA Dosﬁz.lg al ODAA  10DAA 20DAA 40 DAA 60 DAA
0 99.97% 21292* 8054 10430 86.58% 0 99.98* 14293 40.54%® 104.30**  86.59 #®
75 99.21*% 17767*  109.33* 53.87%® 83538 6.0 96.78 %  124.33*  47.0°% 48.29 '  gp.23 @18
15 77.05*  14526%* 8653% 6271 6233 125 99.32 % 126.06* 50.38 *® 43.25 %8 85.82 2048
30 87.62*% 14634 111.42%* 37.78%®  67.69*° 25 79.01*® 11434 3658*°%  38.18 " 0.00 "®
60 90.17* 11457%®* 81.28%* 3590 5422 50 78.16 % 107.91* 44.06 ¥*® 20.81 % 36.31 A8
120 85.75* 11354%* 11340* 17.81* 7166 100 40.61"8 108.25* 19.76™® 18.30°B 11.79 8
VC % 56.12 56.14
Chlorophyll content
Saflufenacil Indaziflan
Dosﬁz.lg &l opAA  10DAA 20DAA  40DAA 60 DAA Dosﬁz.lg al ODAA  10DAA 20DAA 40 DAA 60 DAA
0 39.07** 3770 46.35*  36.85%®" 4385 0 39.07* 3770 4635 36.85 43.85*
75 42.00** 3385 43.05% 3282 4110 6.0 41.75*  37.80*%*  28.10 P 40.62 % 37.50 %
15 40.75%®* 3760 41.35% 4175 3972 125 4260  36.47*%  2310°F 3832 38.87 8
30 39.02%" 4340 4627  40.92* 4090 25 40.60*  39.15*%  18.05°F 38.77% 0.00 P&
60 33.60 ™8 3622 40.97*  3532%A 3745 50 37.97* 41523 1342 2967 ¥ 5,22 ¢
120 36.62 " 33.20 4177 26.35°8 37428 100 36.30% 42,00 1357 3417 7.30 %8
VC% 15.21 28.19

The averages followed by the same letter do not differ statistically from each other, lower case letters are compared vertically and upper case horizontal by the Tukey test 5%.



the pre-emergent herbicide to be applied during the last
sugarcane harvest must be chosen carefully when
adopting crop rotation during sugarcane fallow periods.
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