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Abstract: Experiments were conducted to study the effect of application rate, growth stage, and
tank-mixing azimsulfuron or bentazon on the activity of cyhalofop, clefoxydim, and penoxsulam
against two morphologically distinct Echinochloa species from rice fields in Greece. Mixtures of
penoxsulam with MCPA were also evaluated. Cyhalofop (300 to 600 g ai/ha) applied at the
three- to four-leaf growth stage provided 62 to 85% control of early watergrass but 41 to 83%

control of late watergrass averaged over mixture treatments. Control ranged from 37 to 80% for
early watergrass and from 35 to 78% for late watergrass when cyhalofop was applied at the five-
to six-leaf growth stage averaged over mixture treatments. Mixtures of cyhalofop with
azimsulfuron or bentazon reduced efficacy on both species irrespective of growth stage or
cyhalofop application rate compared with cyhalofop alone. Clefoxydim (100 to 250 g ai/ha)
applied alone at the three- to four-leaf growth stage provided 98 to 100% control of early
watergrass and 91 to 100% control of late watergrass; when clefoxydim was applied alone at the
five- to six-leaf growth stage the control obtained was 91 to 100% for early watergrass and 79 to
100% for late watergrass. Mixtures of clefoxydim with azimsulfuron or bentazon reduced
efficacy on late watergrass at the early growth stage and on both species at the late growth stage.
Penoxsulam (20 to 40 g ai/ha) applied alone provided 94 to 100% control of both species at both
growth stages. Mixtures of MCPA with penoxsulam reduced efficacy on late watergrass at the
early growth stage and on both species at the late growth stage. Mixtures of penoxsulam with
azimsulfuron or bentazon reduced efficacy only on late watergrass at the late growth stage.
Nomenclature: Azimsulfuron; bentazon; clefoxydim (BAS 625H); cyhalofop; penoxsulam (DE-
638); early watergrass, Echinochloa oryzoides (Ard.) Fritsch. #3 ECHOR; late watergrass,
Echinochloa phyllopogon (Stapf.) Koss. # ECHPH.
Additional index words: Antagonism, herbicide interactions, mixtures.

Abbreviations: DAT, days after treatment.

INTRODUCTION

Barnyardgrass [Echinochloa crus-galli (L.) Beauv.]

is one of the most common and troublesome grass

weeds in warm-season crops in many parts of the

world (Holm et al. 1977). It is a major weed of rice

(Oryza sativa L.) and considered one of the most

competitive weeds in most rice-growing areas. In

particular, season-long competition from barnyard-
grass has been reported to reduce rice yield by 28 to
65% (Smith 1988) and by 21 to 40% (Stauber et al.
1991), depending largely on rice cultivar as well as
density and spatial distribution of barnyardgrass
population.

Barnyardgrass control in rice is often inconsistent
because of the high polymorphism of the species,
which includes several subspecies and varieties (Ası́ns
et al. 1999; Barrett and Wilson 1981; Danquah et al.
2002; Norris 1996), and the development of resistant
biotypes with varying levels of resistance to certain
rice herbicides (Baltazar and Smith 1994; Carey et al.
1995; Fischer et al. 2000; Giannopolitis and Vassiliou
1989; Lopez-Martinez et al. 1997; Marambe and
Amarasinghe 2002; Vasilakoglou et al. 2000).
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Cyhalofop and clefoxydim (BAS 625H), members
of the aryloxyphenoxypropionate and cyclohexane-
dione herbicide groups, respectively, provide post-
emergence control of barnyardgrass and other grasses
in rice (Guice et al. 2000; Mann et al. 2000). These
herbicides control weeds by inhibiting acetyl co-
enzyme-A carboxylase (ACCase; E.C. 6.4.1.2), a key
enzyme responsible for the biosynthesis of fatty acids
in selected grass species (Burton et al. 1989). In
general, ACCase from most grasses is sensitive to
aryloxyphenoxypropionate and cyclohexanedione
herbicides, whereas ACCase from broadleaf species
is tolerant (Burton et al. 1989).

Experimental data on cyhalofop efficacy against
barnyardgrass are relatively limited, whereas data on
its efficacy against other Echinochloa species com-
monly found in rice fields, such as early watergrass or
late watergrass, do not exist in the literature. Singh et
al. (1996) reported increased barnyardgrass control
with increasing dosages of cyhalofop, early applica-
tion, and addition of adjuvants. Similar results have
been reported by Sangwan et al. (1996) referring,
however, to the species junglerice [Echinochloa colona

(L.) Link]. Ntanos et al. (2000) observed better
control of barnyardgrass with early application of
cyhalofop or application in drained plots compared
with late application or application in flooded plots.

Experimental data on clefoxydim efficacy are
limited. Greenhouse research showed that clefoxydim
applied at 30 g ai/ha was effective against barnyard-
grass and broadleaf signal grass [Brachiaria platy-

phylla (Griseb.) Nash.], whereas the addition of
bentazon or chlorimuron had an antagonistic effect
on clefoxydim efficacy against the aforementioned
species (Brommer et al. 2000). Furthermore, the
addition of ethanol eliminated all antagonism with
any of the herbicides used with either weed species.

Cyhalofop and clefoxydim do not control broadleaf
weeds (Balyan et al. 1996). Thus, a mixture of
cyhalofop or clefoxydim with other herbicides, such
as azimsulfuron and bentazon, registered for effective
control of broadleaf weeds and sedges in rice, could
be a useful option. However, interactions between
companion herbicides often affect herbicide activity in
mixtures and may reduce weed control.

Penoxsulam (DE-638), a new triazolopyrimidine
sulfonamide herbicide, is being developed for the
control of annual grasses, sedges, and broadleaf
weeds in rice culture (Jabusch and Tjeerdema 2005).
It is applied postemergence and inhibits acetolactate

synthase (ALS; E.C. 2.2.1.6), a basic enzyme for
branched-chain amino acid biosynthesis, in a similar

mode like imidazolinone and sulfonylurea herbicides.
Penoxsulam applied postemergence appears to pro-

vide excellent barnyardgrass control and poor to
moderate broadleaf weed control (Ottis et al. 2003),
which means that a companion herbicide is needed to

broaden its efficacy against weeds found in rice fields.

The objective of this research was to study the

effect of application rate, growth stage, and the
addition of azimsulfuron or bentazon on the activity
of cyhalofop, clefoxydim, and penoxsulam against

two morphologically distinct Echinochloa species
from rice fields in Greece. Mixtures of penoxsulam

with MCPA were also evaluated.

MATERIALS AND METHODS

Seeds of Echinochloa species were collected by hand

during September 2002 from mature plants grown in
rice fields in Thessaloniki, northern Greece. Two
morphologically distinct species (found exclusively in

rice fields) were selected: early watergrass (having
a typically drooping, closed, dense inflorescence,

seeds with long awn, and showing early flowering)
and late watergrass (having an erect, closed, dense
inflorescence, awnless seeds, and showing late flower-

ing). It must be noted here that there are serious
taxonomic problems for species of the genus Echino-

chloa because of the existence of numerous intergrad-
ing polymorphic complexes, which are difficult to
classify. Thus, the taxonomy of these Echinochloa

species is controversial and different authors come up
with different opinions. Identification keys and

nomenclature for the species tested in this study are
based on the classification proposed by Carretero
(1981), which accurately describes the examined

species. Seeds were dried in the greenhouse, air-
cleaned to remove nonviable seeds and waste materi-

als, and stored in plastic bags at 5 to 6 C until the
initiation of the experiments.

Seeds were planted in late May in 2-L plastic pots

filled with a soil mixture (soil and sand 2:1 by
volume). The physicochemical characteristics of the

soil used in the experiments were clay 32%, silt 56%,
sand 12%, organic matter 1.6%, CaCO3 7.4%, pH
(1:1 H2O) 7.6, and CEC 27.7 meq/100 g. Pots were

placed outdoors and watered once daily throughout
the experiments by irrigating to soil saturation. One

week after seedling emergence, plants were thinned to
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30 per pot, where necessary, to obtain a uniform plant
population in all pots. Plants grew normally through-
out the experiments without experiencing any partic-
ular environmental stress conditions.

Herbicide treatments were applied when plants of
each species were at the three- to four- or five- to six-
leaf growth stage. Cyhalofop was applied at 300, 450,
or 600 g ai/ha alone or in mixture with azimsulfuron
at 20 g ai/ha or bentazon at 960 g ai/ha. A nonionic
surfactant4 at 0.2% (v/v) was added to all cyhalofop
treatments and a nontreated control was included for
comparison. Clefoxydim was applied at 100, 150, 200,
or 250 g ai/ha alone or in mixture with azimsulfuron
at 20 g/ha or bentazon applied at 960 g/ha. Crop oil
concentrate5 at 0.25% (v/v) was added to all
clefoxydim treatments and a nontreated control was
included for comparison. Penoxsulam was applied at
20, 30, or 40 g ai/ha alone or in mixture with
azimsulfuron at 20 g/ha, bentazon at 960 g/ha, or
MCPA at 800 g ai/ha. A nontreated control was
included for comparison.

There were four replications (pots) for each
treatment in a completely randomized design. Herbi-
cide treatments were applied with a propane-pressur-
ized hand-held field plot sprayer at 250 kPa pressure
using 300 L/ha of water. The study was repeated in
time following exactly the same procedure. Environ-
mental conditions during application were similar in
both study periods.

Species control was evaluated by counting stems at
15, 30, and 45 d after herbicide treatments (DAT) and
by determining fresh weight of all stems remaining at
45 DAT. Stem number and fresh weight data were
expressed as a percentage reduction from the non-
treated control. Furthermore, stem number data were
square root-transformed and fresh weight data were
log-transformed before the analysis to stabilize
variance. Transformation did not affect data in-
terpretation; thus original means are presented. The
ANOVA for all data was conducted separately for
each species using a 2 3 3 3 3 factorial approach for
cyhalofop (two growth stages by three cyhalofop rates
by three cyhalofop mixture treatments), a 2 3 4 3 3
factorial approach for clefoxydim (two growth stages
by four clefoxydim rates by three clefoxydim mixture
treatments), and a 2 3 3 3 4 factorial approach for
penoxsulam (two growth stages by three penoxsulam
rates by four penoxsulam mixture treatments). The

statistical analysis indicated no significant three-
factor interaction for all variables of cyhalofop, but
significant main effect of growth stage, application
rate, and mixture treatment, as well as growth stage
by rate interaction for stem number reduction.
Therefore, the main effect means of mixture treatment
and the growth stage by rate interaction means are
presented for stem number reduction, whereas the
main effect means of all factors are presented for fresh
weight. However, there was a significant three-factor
interaction for all variables of clefoxydim and
penoxsulam. Therefore, the three-factor interaction
means are presented for clefoxydim and penoxsulam.
Differences between treatment means were compared
at 5% level of significance using Fisher’s protected
LSD test. No experiment interaction occurred for any
parameters; therefore, stem count and fresh weight
reduction means were averaged over time.

RESULTS AND DISCUSSION

Cyhalofop. Cyhalofop applied at 300 g/ha at the
three- to four-leaf growth stage provided 62% control
(percentage stem reduction from the nontreated
control) of early watergrass but 41% control of late
watergrass averaged over mixture treatments (Ta-
ble 1). The same rate applied at the later growth stage
resulted in only 37 and 35% control of each respective
species. Control increased for both species at both
growth stages with increasing application rate. Great-
est control of early watergrass (85%) and late water-
grass (83%) was observed with the highest rate

4 ExtravonH 25EC, Syngenta Hellas, 153 49 Anthoussa Attiki, Greece.
5 DashH HC, BASF Agro Hellas, 151 25 Maroussi Attiki, Greece.

Table 1. Cyhalofop efficacy (% reduction from nontreated control) on
early watergrass (ECHOR) and late watergrass (ECHPH) as affected by
growth stage at application and application rate.

Treatmentsc Rate

Stem number reductiona,b

ECHOR ECHPH

g ai/ha ----------------------------------------% ---------------------------------------

Three- to four-leaf

Cyhalofop 300 62 d 41 e
Cyhalofop 450 71 c 68 c
Cyhalofop 600 85 a 83 a

Five- to six-leaf

Cyhalofop 300 37 f 35 f
Cyhalofop 450 58 e 54 d
Cyhalofop 600 80 b 78 b

a Means are pooled over two experiments and mixture treatments
including bentazon at 960 g ai/ha and azimsulfuron at 20 g ai/ha.

b Different letters within each column indicate statistically significant
differences according to Fisher’s protected LSD test at 5% level of signi-
ficance.

c Nonionic surfactant at 0.2% v/v added to all treatments.
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applied at the early growth stage. With each applied
rate of cyhalofop, control of both species was greater
with application at the earlier growth stage. Similar
trends were observed for cyhalofop efficacy with
respect to fresh weight reduction with application at
the earlier growth stage and highest rate resulting in
greatest control of both species (Table 2).

The increased control of Echinochloa species with
increasing cyhalofop rates is in agreement with results
reported by other researchers (Ntanos et al. 2000;
Sangwan et al. 1996; Singh et al. 1996). The
differences in control related to cyhalofop application
rate indicate that high rates of this herbicide are
required for adequate and consistent control of
Echinochloa species in rice fields and particularly for
the effective control of species with different suscep-
tibility.

The reduced efficacy of cyhalofop with increasing
growth stage of early watergrass and late watergrass
indicates the necessity for early application of this
herbicide for better control of Echinochloa species.
These findings are in accordance with those reported
in previous studies (Ntanos et al. 2000; Sangwan et al.
1996; Singh et al. 1996), where maximum control of
barnyardgrass was achieved when cyhalofop was
applied early, preferably at the two-leaf growth stage.

Inconsistent control of barnyardgrass in rice fields
has been reported repeatedly by rice producers in

northern Greece (I. G. Eleftherohorinos, unpublished
data). This reduced control was not due to failure in
herbicide application or to herbicide resistance de-
velopment, but in most cases it was due to the
presence of multiple Echinochloa species or biotypes
in the same field. Differences in herbicide efficacy
against Echinochloa species could be related to genetic
differences between species (Ası́ns et al. 1999;
Danquah et al. 2002; Lopez-Martinez et al. 1999),
which possibly imply different levels of species
tolerance to certain herbicides. In particular, variabil-
ity in tolerance to herbicides could be partially
associated with growth rate differences between
Echinochloa species, which may result in herbicide
metabolism rate differences. Variability in herbicide
efficacy has been observed also with propanil,
molinate, and quinclorac against distinct Echinochloa

species or biotypes from rice fields in Spain (Carretero
1989; Carretero et al. 1997; Lopez-Martinez et al.
1999).

The addition of bentazon or azimsulfuron in
mixture with cyhalofop resulted in an 18 to 30
percentage point reduction, respectively, in control
of both species, irrespective of growth stage or
cyhalofop application rate, in comparison with
cyhalofop applied alone (Table 2). Similar trends in
cyhalofop efficacy in mixtures were also observed
with stem fresh weight reduction. The reduced control
with mixtures could be attributed to herbicide
antagonism, which was evident irrespective of appli-
cation timing for both weed species. Antagonism of
cyhalofop activity by other rice herbicides when
applied as a mixture has been reported on barnyard-
grass (Ottis et al. 2005).

Clefoxydim. All rates of clefoxydim applied alone
provided 98 to 100% control (percentage stem
reduction from the nontreated control) of early
watergrass at the early growth stage (Table 3). At
the later growth stage, a clefoxydim rate of at
least 200 g/ha was needed to provide similar control.
The addition of bentazon or azimsulfuron did not
have any significant effect on clefoxydim efficacy
applied at the early growth stage of early watergrass.
However, these mixtures applied at the late growth
stage resulted in a 2 to 14 and 7 to 24 percentage
point reduction, respectively, in control of early
watergrass compared with clefoxydim applied
alone. Similar trends were reflected in clefoxydim
efficacy with respect to stem fresh weight reduction
(Table 3).

Table 2. Cyhalofop efficacy (% reduction from nontreated control) on
early watergrass (ECHOR) and late watergrass (ECHPH) as affected
growth stage at application, application rate, and tank mixture
partner herbicide.

Treatmentsc

Stem number
reductiona,b

Fresh wt
reductiona,b

ECHOR ECHPH ECHOR ECHPH

-------------------------------------------% -----------------------------------------

Growth stage

Three- to four-leaf N/A N/A 65a 60a
Five- to six-leaf N/A N/A 61b 57b

Cyhalofop rate

300 g ai/ha N/A N/A 50c 43c
450 g ai/ha N/A N/A 61b 55b
600 g ai/ha N/A N/A 79a 78a

Mixture treatmentd

Cyhalofop alone 82 a 76 a 81a 76a
Cyhalofop + bentazon 52 c 46 c 49c 46c
Cyhalofop + azimsulfuron 63 b 58 b 60b 55b

a Means are pooled over two experiments.
b Different letters within each factor of each column indicate statistically

significant differences according to Fisher’s protected LSD test at 5% level
of significance.

c Nonionic surfactant at 0.2% v/v added to all treatments.
d Bentazon applied at 960 g ai/ha and azimsulfuron applied at 20 g ai/ha.
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Clefoxydim at 100 or 150 g/ha applied alone at the

early growth stage provided 91 or 93% control of late

watergrass but 79 or 89% control of the same species

when applied at the late growth stage (Table 3).

Increase of clefoxydim rate above 150 g/ha increased

control of late watergrass to 100% at both growth

stages. Mixtures of clefoxydim at 100 or 150 g/ha with

bentazon or azimsulfuron resulted in considerably

lower control of late watergrass after application at

both growth stages. At rates greater than 150 g/ha,

clefoxydim activity was reduced at the early growth

stage at the 200 g/ha rate with addition of azimsul-

furon (86 vs. 100%) and at the later growth stage with

all combinations except clefoxydim at 250 g/ha

applied with bentazon. Similar trends in clefoxydim

efficacy were generally observed with stem fresh

weight reductions. Reduced efficacy of clefoxydim at

30 g/ha after its simultaneous application with benta-

zon or chlorimuron has been reported previously on

barnyardgrass and broadleaf signal grass (Brommer
et al. 2000).

Penoxsulam. All rates of penoxsulam applied either
alone or in mixture controlled (percentage stem
reduction from the nontreated control) both species
100% when treated at the three- to four-leaf stage
with the exception of penoxsulam plus MCPA with 89
to 99% control of late watergrass (Table 4). Similarly,
all rates of penoxsulam applied either alone or in
a mixture controlled early watergrass 99 to 100%

when treated at the five- to six-leaf stage with the
exception of the two lower rates of penoxsulam plus
MCPA, which provided 61 and 88% control, re-
spectively (Table 4). In addition, penoxsulam applied
alone provided 94 to 100% control of late watergrass
at the five- to six-leaf stage. However, mixtures of
penoxsulam at 20 or 30 g/ha with bentazon, azimsul-
furon (except in combination with penoxsulam at
30 g/ha), or MCPA resulted in reduced control of late

Table 3. Clefoxydim efficacy (% reduction from nontreated control) applied at two growth stages of early watergrass (ECHOR) and late watergrass
(ECHPH) as affected by application rate and tank mixture partner herbicide.

Treatmentsc Rate

Stem number reductiona,b Fresh wt reductiona,b

ECHOR ECHPH ECHOR ECHPH

g ai/ha ------------------------------------------------------------------------------------------- % -------------------------------------------------------------------------------------------

Three- to four-leaf

Clefoxydim 100 98 ab 91 bc 98 b 89 d
(+) bentazon (+) 960 97 b 73 f 98 b 76 h
(+) azimsulfuron (+) 20 97 b 52 j 97 b 52 l

Clefoxydim 150 100 a 93 b 100 a 93 c
(+) bentazon (+) 960 100 a 82 e 100 a 82 fg
(+) azimsulfuron (+) 20 100 a 66 g 100 a 64 j

Clefoxydim 200 100 a 100 a 100 a 100 a
(+) bentazon (+) 960 100 a 100 a 100 a 100 a
(+) azimsulfuron (+) 20 100 a 86 d 100 a 84 f

Clefoxydim 250 100 a 100 a 100 a 100 a
(+) bentazon (+) 960 100 a 100 a 100 a 100 a
(+) azimsulfuron (+) 20 100 a 98 a 100 a 97 b

Five- to six-leaf

Clefoxydim 100 91 d 79 e 91 e 81 g
(+) bentazon (+) 960 77 g 57 i 81 h 55 k
(+) azimsulfuron (+) 20 67 h 38 k 69 j 41 m

Clefoxydim 150 94 c 89 cd 95 c 87 e
(+) bentazon (+) 960 84 e 70 f 85 f 73 i
(+) azimsulfuron (+) 20 76 g 60 h 77 i 62 j

Clefoxydim 200 100 a 100 a 100 a 100 a
(+) bentazon (+) 960 90 d 89 c 91 e 91 cd
(+) azimsulfuron (+) 20 81 f 79 e 83 g 80 g

Clefoxydim 250 100 a 100 a 100 a 100 a
(+) bentazon (+) 960 98 b 98 a 97 b 97 b
(+) azimsulfuron (+) 20 93 c 88 cd 93 d 89 de

a Means are pooled over two experiments.
b Different letters within each column indicate statistically significant differences according to Fisher’s protected LSD test at 5% level of significance.
c Crop oil concentrate at 0.25% v/v added to all treatments.
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watergrass compared with a single application of
penoxsulam. Similar trends in penoxsulam efficacy
against the two species were also observed with stem
fresh weight reductions (Table 4). The reduced
control observed with penoxsulam mixtures com-
pared with penoxsulam alone could be attributed to
herbicide antagonism. Excellent control of barnyard-
grass with penoxsulam applied at the three- to four-
leaf growth stage has been previously reported by
Ottis et al. (2003).

The results of this study indicated that cyhalofop at
600 g/ha, applied at the early growth stage evaluated,
may be an option for effective postemergence control
of certain Echinochloa species in rice. However,
reduced activity may occur when cyhalofop is applied
in mixture with azimsulfuron or bentazon. On the
other hand, clefoxydim appears promising for effec-
tive postemergence control of troublesome Echino-

chloa species. However, its simultaneous application
with azimsulfuron or bentazon at late growth stage of
Echinochloa species may reduce control. Similarly,
penoxsulam may be utilized for effective postemer-

gence control of diverse Echinochloa species even in
late applications. However, although penoxsulam
showed good compatibility with azimsulfuron or
bentazon at the early growth stage of the Echinochloa

species tested, its mixtures with these herbicides may
reduce control of late watergrass in late applications.
Similarly, mixtures of penoxsulam with MCPA were
less effective than penoxsulam alone and these
mixtures may be a problem for effective control of
Echinochloa species, particularly in late applications.
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Carretero, J. L. 1981. El género Echinochloa Beauv. en el suroeste de
Europa. An. Jard. Bot. Madrid 38:91–108.

Carretero, J. L. 1989. Variación en la sensibilidad al propanil del género
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