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Effects of adjuvants on the effectiveness and rainfastness of
rimsulfuron in potato

M.T. Alebrahim', E.S. Kalkhoran', R. Majd', S.A. Khatami'

Summary Adjuvants are used with herbicides to increase their efficacy. In this study, it was demon-
strated that the application of 0.1% of the non-ionic surfactant (NIS, Contact) and 0.5 L ha™ of a crop
oil concentrate (COC, Renol) did not improve the efficacy of rimsulfuron on Amaranthus retroflexus. In
contrast, the same treatments enhanced performance and rainfastnes of rimsulfuron in Chenopodium
album. Increasing non-ionic surfactant concentration to 1 L ha™ increased rimsulfuron performance
around 10-fold for A. retroflexus compared to around 3-fold for C. album. The same treatment reduced
12-fold the rainfastness of rimsulfuron on A. retroflexus while improving 2-fold the rainfastness of rim-
sulfuron on C. album. Measured EDs, and EDg, doses of rimsulfuron indicated that the addition of the
0.2 L ha' of NIS improved the recommended (60 g a.i. ha™) and the reduced (30 g a.i. ha) dose effect of
rimsulfurom in potato crop in the field. The highest potato yield was recorded (60 tons per ha) when 60
g ai. ha™ of rimsulfuron was applied at three growth stages [leaf development (S1) + vegetatively prop-
agated organs (S4) + development of tuber (S57)] of the crop without using a NIS; not significant differ-
ences were measured when the same dose of rimsulfuron was applied at the three (51, S4, and S7) and

two (S1, S4) growth stages with NIS.
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Introduction

The most important weeds in potato crop
in Iran are Amaranthus spp., Chenopodium
album L., Portulaca oleracea L., Polygonum
spp., Setaria spp., Echinochloa crus gali, Hor-
deum leporinum and Lolium spp. (Hasanina-
sab Farzaneh et al., 2018). Rimsulfuron is a
sulfonylurea herbicide (applied at both pre-
and post- emergence) which is selective and
effective in potato crop for the control of a
range of grass and broadleaved weeds ex-
cept from Solanum sarrachoides (L.) (Robin-
son et al., 1996). Pre- and post- emergence
application of rimsulforun effectively con-
trolled C. album and A. retroflexus (Tonks and
Eberlin, 2001; Alebrahim et al., 2012). On the
other hand, the intensive use of metribuz-
in has caused an increasing number of re-
sistant species (Alebrahim et al., 2012), in-
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cluding S. sarachoides and Solanum triflorum
(Eberlein et al., 1992). Also some potato cul-
tivars are not tolerant to metribuzin (Ar-
senault and Ivany, 1996).

It is generally accepted that the optimi-
zation of herbicide use allows dose reduc-
tions. To optimize herbicide use, aspects
such as the best time of application (Sa-
madi Kalkhoran and Alebrahim, 2016) and
appropriate use of adjuvants are investi-
gated and in many studies have shown ef-
ficient weed control with reduced herbicide
doses (Blachshaw et al., 2006). An adjuvant
is a biologically inert substance, but when
it is added to herbicide spraying solutions
could enhance retention, coverage, and ef-
ficacy of the applied herbicide (Green and
Beestman, 2007). Improving the penetrabili-
ty of the active ingredients will increase the
effect of herbicide and will reduce side ef-
fects risk (Penner, 2000). Numerous types of
adjuvants exist such as surfactants, oils, and
fertilizers while surfactants are classified as
non-ionic, anionic, cationic, or zwitterion-
ic ones (Schramm, 2003). Herbicide appli-
cations carry the risk of reduced efficacy if



36 Alebrahim et al.

rainfall occurs shortly after application. Ad-
juvants would affect the herbicide’s rain-
fastness which is another reason to consid-
er when selecting an adjuvant (Kudsk et al.,
1989).

Rimsulfuron needs an adjuvant to op-
timize its efficacy and rainfastness similar-
ly to other ALS inhibitors (Green and Green
1993; Mathiassen and Kudsk, 2002; Pannacci,
2010). Since the type and the concentration
of the applied adjuvant could influence rim-
sulfuron activity, Tonks and Eberlein (2001)
applied rimsulfuron at 4 different dosag-
es (9, 18, 26, 35 g ha™) with different types
of adjuvants such as a nonionic surfactant
(NIS), a crop oil concentrate (COC), a methy-
lated seed oil (MSO), or an organosilicon sur-
factant (SIL). The mean control of the com-
mon lambsquarters (C. album) reached 75%,
regardless of the type of adjuvant or rimsul-
furon dose .

Amaranthus retroflexus and C. album are
two problematic weeds in cultivation of po-
tato (Alebrahim et al., 2012), given the lim-
ited available herbicides for their control.
Therefore, it is important to investigate so-
lutions for their effective control. The objec-
tives of the current study are to demonstrate
the efficacy and rainfastness of optimized
doses of rimsulfuron when applied together
with NIS and COC adjuvants in controlling A.
retroflexus and C. album in greenhouse and
field experiments.

Materials and methods

First outdoor pot experiment

The experiments were carried out at the
Department of Agroecology, the Universi-
ty of Aarhus, Denmark (55° 19" N, 11° 23’ E)
in 2011. Two experiments were conducted
in pots outdoors. Chenopodium album and
A. retroflexus seeds were obtained from the
seedbank of the University of Aarhus, Den-
mark. For each plant species, twenty seeds
were sown per pot in 2 L plastic pots filled
using an automatic seed sowing machine.
The potting mixture included: sandy loam
soil, sand, and peat (2:1:1 w/w/w respective-

ly, 4.2% organic matter and a pH of 6.9). The
pots were sub-irrigated five times a day by
deionized water after seedling emergence,
only four plants were kept in each pot. At
four to six-leaf growth stages, plants were
treated by the herbicide. Commercial rim-
sulfuron (Titus DF, 250 g kg') were used in
a laboratory pot sprayer equipped with two
flat-fan nozzles (4110-14; Hardi; Taastrup,
Denmark) working at 260 kpa and delivering
155.3 | ha™. Rimsulfuron was used solo and
in a mixture of surfactants. The treatments
used are shown in Table 1. The plants were
subjected to 5 mm rain at different times by
a rain simulator which was working at an in-
tensity of 9 mmh™ (Pannacci et al., 2010). A
factorial experiment with three factors was
applied: The first factor was the rimsulfu-
ron doses (seven levels: 0, 1.872, 3.75, 7.5, 15,
30, 60 g a.i. ha™ for C. album and 0, 0.2343,
0.468, 0.9375, 1.875, 3.75, 7.5 g ha™ for A. ret-
roflexus); the second factor was the type of
surfactant (two levels: Contact (@ non-ion-
ic surfactant, 980 g/I linear alcohol ethoxy-
late, from Nufarm company (NIS), 0.1%), Re-
nol (a crop oil concentrate (COC), 0.5 L ha™));
the third factor was the time of 5 mm rain
(four levels: 0, 1, 2, 4 hours after treatment
(HAT) (Table 1). The pots were located out-
doors adopting a factorial experiment of a
completely randomized block design with
three replications. Plants were harvested
three weeks after the herbicide applica-
tion and fresh weight (all plants/pot) of the
above ground biomass was measured. Af-
terwards, the fresh biomass was oven-dried
at 75°C for 48 h and then the dry weight was
measured.

Second outdoor pot experiment

In the second outdoor pot experiment,
plants of C. album and A. retroflexus were
sprayed with the same rimsulfuron doses
and exposed to the same rain treatments,
as in the first outdoor experiment. The NIS
(Contact) was used in 0,0.04,0.2,and 1 L ha”
for C. album and A. retroflexus (Table 1). The
plants were harvested three weeks after the
herbicide application and fresh weight (all
plants/pot) of the above ground biomass
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Table 1. The list of treatments for all the experiments that refer to rimsulfuron and surfac-
tants doses; the first and second outdoor pot experiments and the two field experiments.
NIS: non-ionic surfactant, COC: crop oil concentrate, and HAT: hours after treatment, the ap-
plication timings (see Table 2) were as follows: i) S1: Leaf development; ii) S1+54: leaf devel-
opment (S1) + vegetatively propagated organs (S4); and iii) S1+54+S7: leaf development (S1)
+ vegetatively propagated organs (54) + Development of tuber (57).

First outdoor pot experiment

Species Rimsulfuron (g a.i. ha) Contact (NIS) |Renol (COQ) Rain
Chenopodium 0,1.875,3.75, 7.5, 15, 30, 60 0.1% 0.5Lha" 0,1,2,4 HAT
album
Amarathus 0,0.2343, 0.468, 0.9375, 1.875, 3.75, 7.5 0.1% 0.5Lha" 0,1,2,4 HAT
retroflexus

Second outdoor pot experiment
Species Rimsulfuron (g a.i. ha™) Contact (NIS) |Renol (COQ) Rain
Chenopodium 0,1.875,3.75,7.5, 15, 30, 60 0.04.0.2,1 L ha" - 0,1,2,4 HAT
album
Amarathus 0,0.2343, 0.468, 0.9375, 1.875, 3.75,7.5 | 0.04.0.2,1 L ha" - 0,1,2,4 HAT
retroflexus

Field experiment (Reduced dose)
Species Rimsulfuron (g ai. ha™) Contact (NIS) |Renol (COC)| Application time
Chenopodium 0,5, 10, 15, 20, 25, 30 0.2Lha" - S1, S1+54, S1+54+S7
album
Amarathus 0,5, 10, 15, 20, 25, 30 0.2L ha” - S1,S1+54, S1+54+57
retroflexus

Field experiment (Recommended dose)

Species Rimsulfuron (g ai. ha™) Contact (NIS) [Renol (COC)| Application time
Chenopodium 0,10, 20, 30, 40, 50, 60 0.2Lha" - S1, 51454, S1+54+57
album
Amarathus 0, 10, 20, 30, 40, 50, 60 0.2Lha" - S1, 51454, S1+54+57
retroflexus

was measured. Afterwards, the fresh bio-
mass was oven-dried at 75°C for 48 h and
then the dry weight was measured.

Field experiments

Two field experiments were conduct-
ed at Sheikh Kalkhoran of Ardabil (48° 20’
N, 38° 15" E) in Iran, on loam soil (42% sand,
32% silt, and 26% clay), in 2015. Soil organ-
ic matter and pH were 0.9% and 7.68, re-
spectively. Fertilizers were applied through
the irrigation system according to soil test
recommendations during the growing sea-
son. Seed potatoes (cv. Agria) were plant-
ed at 10 cm depth and 25 cm distance in
rows separated 75 cm apart from each oth-
eron April 21, 2015, after soil tillage on Octo-
ber 13, 2014. Plots were sprayed against in-
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sects and diseases as needed and irrigated
during the growing season with overhead
sprinklers to obtain 65% minimum soil wa-
ter content. Two factorial experiments of a
complete randomized block design were
conducted with three replications at a plot
size of 2*4 m2. There were three factors on C.
album and A. retroflexus with reduced or the
recommended doses. The first factor was
rimsulfuron doses, either reduced (0, 5, 10,
15, 20, 25, 30 g ai. ha™) or the recommend-
ed (0, 10, 20, 30, 40, 50, and 60 g ai. ha); the
second factor was Contact surfactant doses
(0and 0.2 L ha) and the third factor was the
time of application (S1, S1+54, S1+ S4+S7) on
C. album and A. retroflexus (Table 1). In both
experiments, rimsulfuron was applied at leaf
development (S1, one stage), leaf develop-
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ment (S1) + vegetatively propagated organs
(S4) (two stages), and leaf development (S1)
+ vegetatively propagated organs (S4) + de-
velopment of tuber (S7) (three stages) (Meier
et al., 2009) (Table 2). Commercial rimsulfu-
ron (Titus DF, 250 g kg™) was applied by us-
ing a back-pack sprayer equipped with two
flat-fan nozzles (8001; Inter) worked at 260
kpa and delivering 250 L ha™'. Weed control
was evaluated by harvesting weed plants
within a quadrat of (0.75x 0.50 m?) at three
weeks after treatment. Three weeks after
the herbicide application, all of the plants
in each plot were harvested and dried in an
oven at 75°C for 48 h and then weighed. For
determination of total tuber yield per hect-
are, the tubers of center rows in each plot
were harvested and weighted.

Statistical Analyses

The dose-response data were analyzed
using the R (R Core Team, 2020) program
(Version 4.0.1) with the drc package (Ver-
sion 4.0.1). The log-logistic regression of dry
weight of C. album and A. retroflexus on dose
was fitted with a log-logistic regression us-
ing a three parameters log-logistic model
(Streibig et al., 1993):

y= d M

1+ exp [b(log(z) - log(EDso)]

where y is dry weight z, d is the upper limit

where the dose is zero, EDs, denotes the dose
required for reducing dry weight at 50%, and
bis proportional to the slopes of the curves
around EDs,. The EDs, parameter in Eq. (1)
can be replaced by any ED level (Pannacci
and Covarelli, 2009), (e.g., EDso, EDqp).

The relative potency (RP) is the horizon-
tal displacement between two curves at a
chosen EDy (Kudsk et al., 1989). The biologi-
cal exchange rate in a single application, i.e.
the relative potency between the herbicides
was calculated as follows:

RP = ED50Xf/EDC50Xf+V (2)

Where, ED,:=the ED, of herbicide alone; and
EDv= the ED, of herbicide in mixture with
a surfactant. If RP = 1, the addition of surfac-
tant does not affect herbicide performance.
If RP was significantly higher or lower than 1,
the herbicide in the mixture with the surfac-
tant was more or less potent than the her-
bicide alone, respectively. Similarly, the rain-
fastness can be assessed by calculating the
ratio between the ED,dose with rain and the
corresponding ED, dose without rain.

Statistical analyses of yield data were
performed using SAS (9.1) software. An ANO-
VA was performed using PROC GLM (PC-SAS)
and when the F test indicated significant ef-
fects, means were compared using LSD Fish-
er (P < 0.05) test.

Table 2. Application times of rimsulfuron in relation to the principal potato growth stages

in the field experiments.

Stage Description

0 Germination / sprouting / bud development

Leaf development (main shoot)

w N =

N

booting (main shoot)

Flowering (main shoot)
Development of fruit

O 00 N O »n

Formation of side shoots / tillering

Stem elongation or rosette growth/shoot development (main shoot)
Development of harvestable vegetative plant parts or vegetatively propagated organs/

Inflorescence emergence (main shoot) / heading

Ripening or maturity of fruit and seed
Senescence, beginning of dormancy
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Results

First outdoor pot experiment

Regarding the efficacy, the results
showed no significant improvement on rim-
sulfuron performance on A. retroflexus with
the addition of the adjuvant 0.1% NIS or 0.5
COC (compare EDs, values of the ‘no rain’
treatments) (Table 3). In contrast, the inclu-
sion of the 0.1% NIS adjuvant significantly
improved the performance of rimsulfuron
on C. album (Table 3).

Regarding the rainfastness, 0.1% NIS and
0.5 COC provided a high level of rainfastness
comparable to that of COC on A. retroflexus

(Table 3). In C. album, the EDs, doses were
much higher in comparison with A. retroflex-
us and the non-ionic surfactant strongly im-
proved the efficacy of rimsulfuron and had a
strong effect on rainfastness while no signif-
icant impact of rain with Renol was shown
(Table 3). Also, the results showed that rain-
fastness was low without adjuvant and with
0.5 L ha COC, but the inclusion of 0.1% NIS
significantly improved the rainfastness; full
rainfastness of rimsulfuron was obtained
only after 4 hours (Table 3).

Second outdoor pot experiment
In the second pot experiment, the re-

Table 3. The effect of NIS and COC adjuvants on the effectiveness and rainfastness of rimsul-
furon [applied at various timings: 1, 2, 4 HAT (hours after treatment)] on Amaranthus retroflex-
us and Chenopodium album. Relative rainfastness is the necessary length of a rain-free peri-
od following a herbicide application. Different superscripts in the EDs, column indicate dif-
ferences between EDs, values for each weed species.

Amaranthus retroflexus
Adjuvant Rain EDso (g a.i. ha) | Confidence intervals Relative rainfastness
None No rain 0.282¢ 0.201-0.368 1.00
1 HAT 4,681k 3.318-6.036 16.71
2 HAT 1.59fh 1.069-2.103 5.68
4 HAT 1.34f 0.937-1.743 4.79
0.1 % NIS No rain 0.26%° 0.182-0.345 1.00
1 HAT 0.559% 0.372-0.732 2.12
2 HAT 0.51¢ 0.363-0.657 1.96
4 HAT 0.282¢ 0.184-0.382 1.08
0.5L ha'COC No rain 0.252 0.179-0.330 1.00
1 HAT 3.76Y 2.294-5.235 15.04
2 HAT 3.74 2.407-5.064 14.96
4 HAT 1.44f9 0.910-1.970 5.76
Chenopodium album
None No rain 26.47¢ -14.78-67.72 1.00
1 HAT 24.56%h 6.13-42.98 0.93
2 HAT 27.34¢% -3.60-58.29 1.03
4 HAT 31.16°! 6.55-55.77 1.18
0.1 % NIS No rain 1.89° 1.11-2.69 1.00
1 HAT 4.18¢ 1.60-6.77 2.20
2 HAT 2.06%° 0.85-3.28 1.08
4 HAT 2.36%°¢ 0.92-3.80 1.24
0.5L ha'COC No rain 13.28¢ 1.60-24.96 1.00
1 HAT 21.44¢f9 5.09-37.79 1.61
2 HAT 26.58¢1 3.39-49.77 2.00
4 HAT 16.69¢1 -2.26-35.65 1.26
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sults showed that increasing the concentra-
tion of the NIS up to 1 L ha' improved the
performance of rimsulfuron (Table 4). At 1 L
ha', the surfactant increased the efficacy of
rimsulfuron on A. retroflexus around 10-fold
compared to rimsulfuron alone. On the con-
trary, increasing the concentration of the NIS
sharply improved the performance of rim-
sulfuron on C. album (Table 4). Herbicidal
performance was slightly more enhanced as
concentration increased from 0.04to 1 L ha.
At 1 L ha”, surfactant increased rimsulfu-
ron performance on C. album around 3-fold
compared to rimsulfuron alone which was
less compared to A. retroflexus (Table 4).

The rainfastness of rimsulfuron on A. ret-
roflexus reduced with an increase in surfac-
tant concentration up to 1 L ha™ up to 12-
fold (Table 4). On the contrary, increasing the
concentration of the NIS sharply improved
the rainfastness of rimsulfuron on C. album
to 2.5-fold (Table 4). Each species had some
distinct differences to the single surfactant
properties. Regarding herbicidal perfor-
mance, the non-ionic surfactant was less ef-
ficient on C. album compared to A. retroflex-
us, but when tested for rainfasness showed
a higher effectiveness especially at 1 L ha
for C. album (Table 4). The spray deposit on
the leaf surface is strongly related to cuticular

Table 4. The effect of NIS adjuvant doses on the effectiveness and rainfastness of rimsulfu-
ron [applied at various timings: 1, 2, 4 HAT (hours after treatment)] on Amaranthus retroflex-
us and Chenopodium album. Relative rainfastness is the necessary length of a rain-free peri-
od following a herbicide application. Different superscripts in the EDs, column indicate dif-
ferences between EDs, values for each weed species.

Amaranthus retroflexus
Adjuvant Rain EDs, (g a.i. ha) Confidence intervals Relative rainfastness
0.04 L ha' NIS No rain 0.33« 0.219-0.437 1.00
1 HAT 0.96 0.701-1.219 2.38
2 HAT 0.59f 0.433-0.757 1.49
4 HAT 0.43¢9 0.302-0.553 1.16
0.2Lha'NIS No rain 0.12° 0.051-0.196 1.00
1 HAT 1.10% 0.789-1.406 4,22
2 HAT 0.479¢f 0.305-0.640 2.30
4 HAT 0.43¢9 0.306-0.559 1.73
1Lha'NIS No rain 0.032 -0.006-0.069 1.00
1 HAT 0.73M 0.513-0.939 24.3
2 HAT 0.70%" 0.523-0.878 23.3
4 HAT 0.29¢ 0.191-0.396 9.67
Chenopodium album
0.04 L ha' NIS No rain 5.37°F 1.44-9.30 1.00
1 HAT 23.38i 7.89-38.86 4.35
2 HAT 23.97k 1.62-46.21 4.45
4 HAT 13.47¢ 6.15-20.79 2.51
0.2Lha'NIS No rain 3.66% 2.26-5.05 1.00
1 HAT 9.86¢h 4.50-15.21 2.69
2 HAT 6.6159 3.39-9.83 1.81
4 HAT 5.17>f 2.71-7.62 1.41
1Lha'NIS No rain 1.75° 0.84-2.66 1.00
1 HAT 4.20%¢ 2.24-6.16 2.40
2 HAT 2.973b¢ 1.46-4.47 1.70
4 HAT 2.382 1.21-3.56 1.36
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structure and the adjuvant chemical tenden-
cy for retention on the leaf. Thus, the appro-
priate surfactant type and concentration in-
creased rimsulfuron effectiveness by 10-fold.
NIS efficacy was much higher compared to
Renol. A surfactant concentration of 1 L ha”
was required for maximum herbicidal perfor-
mance. However, regarding to rainfastness,
the results were different between the weed
species.

Field experiments

The results showed that increasing the
doses of rimsulforun up to 60 g ai. ha' in-
creased control of both C. album and A. ret-
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roflexus. The assessment at three weeks af-
ter treatment demonstrate that rimsulforun
at 40,50, and 60 g ai. ha™ in two (51+54) and
three (51+54+S7) stages application provid-
ed 100% control of C. album and A. retroflex-
us (Figures 1, 2). Application of rimsulforun
at 25 and 30 g ai. ha™ (i.e. 0.25X and 0.5X of
the recommended dose) applied at three
crop stages (S1+S4+S7) provided excellent
control of both weed species (Figures 1, 2).
When rimsulforun was combined with 0.2 L
ha' NIS, C. album and A. retroflexus control
was only slightly increased.

Tables 5 and 6 show the EDs, values of
the surfactants applied alone and in combi-
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Figure 1. The effect of rimsulfuron application on dry weight of (a) Amaranthus retroflexus and (b) Chenopodium album
when applied at a reduced dose (1X: 30 g a.i. ha-1) without (a1, b1) and with (a2, b2) NIS surfactant (0.2 L ha-1) at three
cropping timings. The application timings (see Table 2) were as follows: i) S1: Leaf development; ii) S1+54: leaf develop-
ment (S1) + vegetatively propagated organs (S4); and iii) S1+54+57: leaf development (S1) + vegetatively propagated or-

gans (54) + Development of tuber (S7).
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Figure 2. The effect of rimsulfuron application on dry weight of (a) Amaranthus retroflexus and (b) Chenopodium album
when applied at the recommended dose (1X: 60 g a.i. ha-1) without (a1, b1) and with (a2, b2) NIS surfactant (0.2 L ha-1) at
three cropping timings. The application timings (see Table 2) were as follows: i) S1: Leaf development; ii) S1+54: leaf devel-
opment (S1) + vegetatively propagated organs (54); and iii) S1+54+57: leaf development (S1) + vegetatively propagated

organs (54) + Development of tuber (S7).

nation with rimsulfuron, at different growth
stages of potato. The curves’ upper limits
were different for various doses and appli-
cation time for each species, in some cases,
the curves were crossing. The parameters
ED,o, EDso, EDgo,and b were estimated at each
application time by fitting Eq. (1) for the C.
album, and A. retroflexus biomass reduction.
The EDso values of rimsulforun were signifi-
cantly reduced two to three times for A. ret-
roflexus at reduced dose of rimsulfuron. For
A. retroflexus, the EDs, values of the reduced
doses rimsulforun experiment (applied at
one, two, three stages without surfactant),
were 10.88, 6.37 and 3.09 g ai ha' vs. 7.27,

3.77 and 2.03 g ai ha (applied at one, two,
three stages with 0.2 L ha™ NIS), (Table 5).
The reduced dose-response curves de-
scribed the response well. The ranking of
EDso at reduced dose for the three applica-
tion times was S1>S1+54>S1+54+S7 with
and without surfactant (Table 5). Based on
the EDso values given in Table 5, surfactants
can improve the efficiency of rimsulfuron
at reduced dose compared to rimsulforun
alone. The EDs, values of rimsulfuron at re-
duced dose without surfactant were esti-
mated at 18.11, 12.31, 7.81 g a.i. hal on C. al-
bum after application at one, two or three
potato growth stages, respectively; when
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Table 5. The estimated regression parameters of the reduced rimsulfuron dose effect (1X:
30 g a.i. ha™) on Amaranthus retroflexus and Chenopodium album dry weight, when applied
with and without NIS surfactant (1L ha™) at three application times as follows: i) S1: Leaf de-
velopment; ii) S1+54: leaf development (S1) + vegetatively propagated organs (54); and iii)
S1+54+S7: leaf development (S1) + vegetatively propagated organs (54) + Development of
tuber (S7). The response variable is 0-100-percent weed control (dry weight reduction). The
Relative potency (Rp) is explained in section 2.4. Different superscripts in the EDs, column in-
dicate differences between EDs, values within each weed species.

Reduced dose without surfactant on Amaranthus retroflexus dry weight

Application time slope upper EDio EDso EDgo Rp

ST -6.04£0.33 | 97461078 | 756+0.14 | 10.88+0.09" | 15.64+0.38 | 1.49
S1+54 -548+0.27 | 99.58+0.59 | 427+0.07 | 6.37+£0.09¢ | 9.52+0.29 | 1.68
S1454+S7 -3.07+0.76 | 100.29+0.73 | 151+044 | 3.09+0.35° | 6.32+0.43 1.52

Reduced dose with surfactant on Amaranthus retroflexus dry weight
ST -4.09+0.13 | 9794+033 | 593+0.09 | 7.27+0.07¢ | 12.60+0.16 | 1.00
S1+54 2.69+0.14 | 10049+£0.39 | 2.77+0.08 | 3.77+0.06° | 870+0.28 | 1.00
S1+54+S7 2.38+0.45 | 100.36+£0.42 | 143+0.33 | 2.03+0.33* | 5224015 | 1.00
Reduced dose without surfactant on Chenopodium album dry weight
S1 -540+0.47 | 79.05+2.86 | 12.06+0.32 | 18.11+£0.407 | 27.20+1.46 | 1.17
S1+54 -3.00+0.18 | 104.00£2.66 | 592 +0.20 | 12.31+0.34¢ | 2559+ 1.72 | 1.13
S1+S4+57 -3.37+0.18 | 100.64+1.21 | 407+015 | 7.81+0.16> | 15.00+0.68 | 1.08
Reduced dose with surfactant on Chenopodium album dry weight

ST -4.41+0.58 | 79.74£390 | 9514047 | 1546+0.58° | 25.73+2.43 | 1.00
S1+54 2.97+0.27 | 100.36+3.32 | 509+0.27 | 10.66+0.43° | 22.31+2.22 | 1.00
S1+54+S7 2.71+0.23 | 10267£215 | 319+0.21 | 719+0.25° | 16.17+1.44 | 1.00

combined with surfactant the EDs, values
were 15.46, 10.66, 7.19 g a.i. ha™, respective-
ly (Table 6). The EDs, values at reduced dose
and various time of application for C. album
were higherthan A. retroflexus. Table 6 shows
the same EDs, ranking of the potency of the
three application times at the recommend-
ed dose of the dose-response curves of C. al-
bum and A. retroflexus. The results of rimsul-
furon on C. album dry weight showed that
the NIS surfactant could not improve the ef-
ficacy of the recommended dose of rimsul-
furon at S1+54 and S1+54+S7. The estimat-
ed EDs, doses demonstrated that a reduced
dose of rimsulfuron at S1+54 and S$1+54+S57
provided full control of the two species at
30 g ai. ha™. The relative potency (RP) val-
ues were different when NIS were added to
the herbicide. RP values showed that surfac-
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tants can improve the efficacy of reduced
and recommended doses of rimsulfuron for
A. retroflexus at all application times, and re-
duced and recommended doses at all appli-
cation times at S1 stage.

The effect of rimsulfuron application on
total tuber yield, when applied at a reduced
dose (1X: 30 g a.i. ha) and the recommend-
ed dose (1X: 60 g a.i. ha-1) without and with
NIS surfactant (0.2 L ha-1) at three crop stag-
es (S1, S4, and S7), is presented in Figure 3.
The highest potato yield was measured (60
tons per ha) when 60 g ai. ha™ rimsulfuron
was applied at all stages without using NIS.
No significant differences were measured
when the same dose of rimsulfuron was ap-
plied with NIS at three (S1, S4, and S7) and
two (51, S4) potato crop stages.
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Table 6. The estimated regression parameters of the recommended rimsulfuron dose effect
(1X: 60 g a.i. ha™) on Amaranthus retroflexus and Chenopodium album dry weight, when ap-
plied with and without NIS surfactant (1L ha™) at three application times as follows: i) S1: Leaf
development; ii) S1+54: leaf development (S1) + vegetatively propagated organs (S4); and iii)
S1+54+S7: leaf development (S1) + vegetatively propagated organs (54) + Development of
tuber (S7). The response variable is 0-100-percent weed control (dry weight reduction). The
Relative potency (Rp) is explained in section 2.4. Different superscripts in the EDs, column in-
dicate differences between EDs, values within each weed species.

Recommended dose without surfactant on Amaranthus retroflexus dry weight

Application time slope upper EDio EDso EDgo Rp
S1 -4.32+0.25 100.19 £ 0.44 6.28 +0.17 10.41 £0.07¢ | 17.27 £0.55 1.63
S14S2 -6.18 £ 8.04 100.02 £ 0.37 4.67 +4.61 6.67 +3.49° 9.51 £ 0.61 2.07
S14+S52+S3 -6.73+49.78 100.00 £ 0.36 3.87+27.11 5.37 £24.61° 744 £16.14 1.14
Recommended dose with surfactant on Amaranthus retroflexus dry weight
S1 -2.60+0.33 100.68 £ 0.64 2.73+0.44 6.35+0.36° 14.76 £ 0.85 1.00
S1452 -2.37+1.25 100.21 £ 0.68 1.27 +£1.36 3.21 +1.86° 8.11+0.87 1.00
S1452+S3 -6.00+43.54 | 100.00£0.39 3.24+£2642 | 467 £25.69° | 6.74£19.15 1.00
Recommended dose without surfactant on Chenopodium album dry weight
S1 -4.04 £ 0.35 9493 £ 1.68 11.06 £0.49 | 19.05+0.42* | 32.81+£1.96 1.08
S14S2 -2.85+0.23 102.37 £ 1.43 5.30+0.34 11.44+£0.30° | 24.68+1.83 0.88
S14+52+4S3 -3.10£0.87 100.43 +1.27 3.54+1.02 7.18 £ 0.67° 14.57 £ 1.71 0.83
Recommended dose with surfactant on Chenopodium album dry weight
S1 -3.27 £ 0.51 98.69 £ 3.53 9.02+0.97 17.62+ 0.92° 3.44 £ 4.31 1.00
S14S2 -0.24+0.25 | 170.19+145.92 | 0.001 £0.005 | 12.86 £89.96* | 9.79*1.56 1.00
S1452+S3 -7.19 £ 26.69 100.00£2.00 | 6.32+£10.72 | 8.58+4.82° 1.16 £ 6.68 1.00
Discussion at 30 g a.i ha' controlled A. retroflexus and

The optimum concentration of the active
ingredient in post-emergence herbicides
should be able to preserve its effectiveness
for the critical period otherwise it could lead
to inadequate weed control (Hess and Rich-
ard, 1990). Our results showed that EDs, rim-
sulfuron was ranked as S1+54+S7< S1+54<
S1 with and without surfactant. Renner and
Powel (1998) concluded that post-emergence
application of rimsulforun at 18, 27 and 35
g ha™ provided full control of A. retroflexus
and 77, 84, and 91% of C. album, respective-
ly. Also, Robinson et al. (1996) reported that
post-emergence application of rimsulfuron
at 9, 18, 27, 35, 70 g ha-1 controlled 67, 100,
100, 100, 100 % A. retroflexus, and 60, 90, 97,
90, 98% C. album, respectively. Rimsulfuron

C.album 100% at S1+54 and S1+54+57 stages.
Lanfranconi et al. (1993) reported that rimsul-
forun applied post-emergence at 9, 18, 27, 35,
and 70 g ha controlled A. retroflexus 67, 100,
100, 100, 100% and C.album 60, 90, 97, 90,
and 98%, respectively. Similar results were
reported by Renner and Powell (1998) that
concluded that post-emergence application
of rimsulfuron at 18, 27, 35 g ha controlled
C. album 77, 84 and 91% and of A. retroflex-
us 100, 100, and 100%, respectively. Khata-
mi et al. (2017) reported that post-applica-
tion of rimsulfuron provided 87.37,99.75, and
96.87% control of C. album at 30, 40,and 50 g
a.iha'and 86.73, 89.91 and 95.50% for A. ret-
roflexus, respectively.

For the enhanced activity of a post-
emergence herbicide, high absorption and
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translocation are necessary. Using the ap-
propriate type of adjuvants is necessary to
increase the efficacy of most post-emer-
gence herbicides by, mostly, surface ten-
sion reduction (Kudsk, 2008). Our results in
greenhouse and field trials showed that NIS
was more effective to improve the rimsulfu-
ron performance and rainfastness on both
weed species. Increase of NIS concentration
increased rimsulfuron activity around 10-
fold for A. retroflexus compared to around
3-fold for C. album; also it reduced the rain-
fastness of rimsulfuron on A. retroflexus
while it improved the rainfastness of rimsul-
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furon on C. album. Previous studies showed
that NIS slightly improved the performance
of rimsulfuron on C. album and A. retroflex-
usin in field potato due to lower values of
surface tension where EDs, was calculated.
Hutchinson et al. (2004) suggested that us-
ing NIS with rimsulforun controlled C. album
and A. retroflexus by 89% and 97%, respec-
tively. Tonks and Eberlin (2001) concluded
that rimsulfuron applied at 4 different dos-
es (9, 18, 26, or 35 g/ ha) together with dif-
ferent types of surfactants, i.e. NIS, COC, a
methylated seed oil (MSO), or an organosili-
con surfactant (SIL), had moderate (average
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Figure 3. The effect of rimsulfuron application on total tuber yield, when applied at (a) a reduced dose (1X: 30 g a.i. ha-1)
and (b) the recommended dose (1X: 60 g a.i. ha-1) without (a1, b1) and with (a2, b2) NIS surfactant (0.2 L ha-1) at three crop-
ping timings, The application timings (see Table 2) were as follows: i) S1: Leaf development; ii) S1+54: leaf development (51)
+ vegetatively propagated organs (54); and iii) S1+54+57: leaf development (S1) + vegetatively propagated organs (54) +

Development of tuber (57) (LSD=4.33).
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75%) control of common lambsquarters, re-
gardless of adjuvant or dose. Mamnoii et al.
(2016) concluded that the use of rimsulfuron
(60 g ha) + 2.5 % citowet (non-ionic surfac-
tant) controlled A. retroflexus, at an average
of 54% and 96% in Jiroft and Karaj of Iran, re-
spectively, in a two-year field experiment.

Chenopodium album had higher EDs
than A. retroflexus. One explanation is that A.
retroflexus possess leaf areas that are easier
to be wettable compared with those of the
C. album (Ren et al., 2007). The present re-
sults are in line with findings in previous sim-
ilar experiments (Medd et al., 2001). Harr et
al. (1991) report there were 66% polar com-
ponents in the leaf surface of C. album, in
comparison with 55% for A. retroflexus. Oth-
er studies report that a) the hair covering on
the abaxial side of the C. album leaves and
crystalline structure of hair led to less herbi-
cide retention and penetration into leaf tis-
sues, b) A. retroflexus leaf surface possessed
smooth cuticular layer; c) the angle of the
spray droplet was 76° on the C. album leaves
in comparison with of 54° on A. retroflexus
(Harr et al., 1991). Therefore, we can possibly
assume that higher amounts of herbicide are
required to be absorbed, transferred, and
reach the target in the photosynthetic sys-
tem in C. album. Hence, weak herbicide per-
formance of C. album could be associated
with lower wettability of the leaf surface.

On the other hand, due to the hairy cu-
ticle of C. album it appears that utilization
of a NIS adjuvant could increase the herbi-
cide rainfastness. The improvement of the
rimsulfuron efficacy by NIS could be asso-
ciated with the solubilization, softening, or
disordering of the nature of cuticular wax-
es by the utilization of the non-ionic surfac-
tant. Hence, it is possible that the surfactant
could lead to better cuticle penetration and
stromal infiltration and subsequently, bet-
ter absorption and translocation of rimsul-
furon. Also, the non-ionic surfactant could
possibly lower the surface tension of the
spray droplet until the known as the Critical
Micelle Concentration (CMC) (Sharma et al.,
1996; Penner, 2000).

Conclusions

Utilization of a NIS surfactant enhanced rim-
sulfuron efficacy and rainfastness on C. al-
bum and A. retroflexus. Increasing non-ion-
ic surfactant concentration from 0.04 to 1 L
ha' increased rimsulfuron activity around
10-fold for A. retroflexus compared to
around 3-fold increase for C. album. Also, in-
creasing rimsulfuron dosages up to 60 g ai.
ha' enhanced weed control to 100% at po-
tato field and increased total tuber yield up
to 60 ton ha. The application time was crit-
ical, however, post-application of rimsulfu-
ron at S1+54 and S1+54+S7 stages of potato
enhanced weed control and potato yield.
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Enidpaon em@aveloSpacTIKWV 0TNV AMMOTEAECHATIKOTNTA KAl
TNV avtoxn otnv éKAmuon tou {iI{avioktovou rimsulfuron ctnv
matara

M.T. Alebrahim, E.S. Kalkhoran, R. Majd kat S.A. Khatami

NepiAnyn Ta em@aveiodpaoTikd xpnotpomolovvtal padi pe (l{avioKTéva yia va au€foouv Thv amoTe-
AECUATIKOTNTA TOUC. ZTNV mapouoa PeAETN, amodeixOnke 0TI n epappoyr 0,1% TOu PN LOVIOUEVOU ETTL-
@avelodpaoTikou (NIS, Contact) kat 0,5 L ha™ cupnukvwuatoc @utikou ghaiou (COC, Renol) dev BeAti-
woe TNV amoteAeopatikdTnTa Tou rimsulfuron evavtiov Tou {ilaviou Amaranthus retroflexus. Avtifeta,
ol {blec emeuPAoELC evioyuoav TNV AMTOTEAECUATIKOTNTA KAl TNV AvToXH 0TnV éKMAuon tou rimsulfuron
evavtiov Tou (i{aviou Chenopodium album. H a0&non tn¢ CUYKEVTPWONG TOU U LOVIOUEVOU ETTIPAVEL-
08paoTikoL o€ 1L ha' avénoe tnv amoteAeopatikdtnta Tou rimsulfuron mepimou katd 10 gopéc eva-
vtiov Tou A. retroflexus evw katd 3 mepimou @opég evavtiov Tou C. album. H idla eméupaon peiwoe katd
12 @opéc TNV avtoxn otnv ékmluon tou rimsulfuron evavtiov tou A. retroflexus evw tn BeAtiwoe Katd
2 popéc evavTiov Tou C. album. O1 660elc EDs kat EDgg Tou rimsulfuron édeiéav 611 n mpoaoBrikn 0,2 L
ha' NIS BeAtiwoe TNV amoteAeopaTIKOTNTA TNE CUVIOTWHEVNC (60 g 6.0. ha™) kat TNC pelwpévng ddong
(30 g 6.0. ha) Tou rimsulfurom oe kaAAiépyela matdtag otov aypd. H upnAdtepn anddoon tng matd-
Tag Kataypdgenke (60 Tovol avd ektaplo) 6tav 60 g 6.0. ha™ rimsulfuron epapudotnkav o€ tpia otadla
avantuénc [avantuén twv @UAAWV (S1), BAaocTika moAAamAACIaoTIKA Opyava (54) kat avanTtuén kovu-
Mou (S7)] Tng kahAigpyelag xwpic tn xprion NIS. Asv mapatnprBnKav onUavTIKES SlaQopEg OTav EQap-
nootnke n idia do6on rimsulfuron padi e NIS o€ tpia (S1, S4 kat S7) kat duo (S1, S4) atddia avantuéng
NG KAANEPYELQC.
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