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ABSTRACT

Glufosinate controls a broad spectrum of 
weeds in glufosinate-resistant cotton (Gossypium 
hirsutum L.). Control of grassy weeds, however, 
can sometimes be inadequate, especially when 
grasses are large or growing under dry conditions. 
In situations where less than adequate control 
of grasses by glufosinate alone is anticipated, 
growers may consider mixing a postemergence 
graminicide with glufosinate. Most herbicides 
mixed with graminicides antagonize grass con-
trol. Research was conducted in North Carolina 
to determine the potential for antagonism with 
mixtures of glufosinate and four postemergence 
graminicides and to determine if antagonism 
could be alleviated by increasing the rate of 
graminicide in mixtures, by adding ammonium 
sulfate to mixtures, or by applying glufosinate and 
graminicides sequentially. Antagonism was noted 
on johnsongrass [Sorghum halepense (L.) Pers.] 
and on mixtures of annual grasses, broadleaf sig-
nalgrass [Brachiaria platyphylla (Griseb.) Nash], 
fall panicum (Panicum dichotomiflorum Michx.), 
goosegrass [Eleusine indica (L.) Gaertn.], and 
large crabgrass [Digitaria sanguinalis (L.) Scop.], 
when glufosinate was mixed with clethodim, 
fluazifop-P, quizalofop-P, or sethoxydim. Antago-
nism was not alleviated by increasing the gramini-
cide rate in the mixture by 50% or by including 
ammonium sulfate in the mixture. Antagonism 
was not observed when graminicides were applied 
3 or more days before glufosinate or 5 or more 
days after glufosinate.

Glufosinate is a non-selective postemergence 
herbicide that was originally used to control 

weeds in orchards, vineyards, and non-cropland 

sites and for control of emerged vegetation prior 
to planting of crops in conservation tillage systems 
(Blackshaw, 1989; Lanie et al., 1994; Singh and 
Tucker, 1987; Wilson et al., 1985). Glufosinate 
inhibits glutamine synthetase, the enzyme involved 
in the conversion of glutamic acid and ammonia into 
glutamine (Devine et al., 1993; Hinchee et al., 1993). 
Inhibition of glutamine synthetase leads to a rapid 
accumulation of toxic levels of ammonia within cells, 
disruption of chloroplast structure, and cessation of 
photosynthesis.

Technological advances in identifying genes 
coding for specific traits and transferring those genes 
from unrelated organisms into crop plants have led 
to the development of transgenic, herbicide-resistant 
crops, such as cotton resistant to glufosinate (Wilcut 
et al., 1996). Glufosinate-resistant cotton, commer-
cialized in 2004, contains a gene from Streptomyces 
viridochromogenes that encodes for phosphinothricin 
acetyltransferase, an enzyme that catalyzes the con-
version of lethal L-phosphinothricin into nonlethal 
N-acetyl-L-phosphinothricin (Devine et al., 1993; 
Hinchee et al., 1993). Tolerance of glufosinate-re-
sistant cotton to glufosinate applied postemergence 
is excellent (Blair-Kerth et al., 2001).

Glufosinate controls a broad spectrum of weeds 
(Beyers et al., 2002; Corbett et al., 2004; Culpepper 
and York, 1999; Culpepper et al., 2000; Norris et 
al., 2002; Steckel et al., 1997; York and Culpep-
per, 2004). Control of grassy weeds, however, can 
sometimes be inadequate, especially when the 
grasses are large or growing under dry conditions 
(Corbett et al., 2004; Culpepper and York, 1999; 
Culpepper et al., 2000; Steckel et al., 1997). Apply-
ing herbicide mixtures is a common way to increase 
the spectrum of weed control. In situations where 
less than adequate control of grasses by glufosinate 
alone is anticipated, growers may consider mixing 
a postemergence graminicide with glufosinate, but 
antagonism on grasses is commonly observed when 
herbicides typically applied to control broadleaf 
weeds are mixed with the postemergence gramini-
cides (Burke et al., 2005; Crooks et al., 2003; Culpep-
per et al., 1999; Holshouser and Coble, 1990; Jordan 
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et al., 1993; Mueller et al. 1989; Myers and Coble, 
1992; Young et al., 1996). This antagonism may be 
due to a direct effect of the broadleaf herbicide on 
graminicide absorption or indirectly due to an effect 
of the broadleaf herbicide on plant metabolism and 
growth (Burke and Wilcut, 2003; Culpepper et al., 
1999; Jordan et al., 1989).

Antagonism of graminicides by other herbicides 
can sometimes be reduced or alleviated by increas-
ing the rate of graminicide in the mixture (Campbell 
and Penner, 1982; Culpepper et al., 1998, 1999; 
Mueller et al., 1989; Palmer et al., 1999), by adding 
ammonium sulfate to the mixture (Gerwick et al., 
1990; Jordan et al., 1989; Jordan and York, 1989), 
or by applying the graminicides and the broadleaf 
herbicide sequentially (Burke et al., 2002; Corkern 
et al., 1998; Jordan et al., 1993; Myers and Coble, 
1992; Rhodes and Coble, 1984; York et al., 1993). 
Preliminary research (A. P. Gardner and A. C. York, 
unpublished data, 2003) indicated antagonism on 
annual grasses with mixtures of graminicides and 
glufosinate. Subsequent research, reported herein, 
was conducted to further investigate this potential 
problem. The objectives were to determine the poten-
tial for antagonism with mixtures of glufosinate and 
four postemergence graminicides and to determine if 
antagonism could be alleviated by increasing the rate 
of graminicide in mixtures, by adding ammonium 
sulfate to mixtures, or by applying glufosinate and 
graminicides sequentially.

MATERIALS AND METHODS

Methods common to all experiments. each 
of three experiments was conducted in fallow fields 
selected for heavy infestations of annual grasses 
or johnsongrass. Sites included the Central Crops 
Research Station at Clayton, NC, the Upper Coastal 
Plain Research Station at Rocky Mount, NC, and the 
Umstead Farm Unit at Butner, NC. Sites were tilled 
by disking followed by a field cultivator. Ammonium 
nitrate fertilizer was broadcast at the rate of 110 kg ha-1 
N. Soils at each site are described in Table 1. Weed 
species and densities are listed in Table 2. The experi-
ments were conducted twice within the same field and 
year at some sites. In these situations, the experiments 
were separated in time by 2 or more weeks.

The experimental design was a randomized com-
plete block with treatments replicated three or four 
times, depending upon location. Plot size was 3 by 
4.6 m. Herbicides were applied with a Co2-pressur-
ized backpack sprayer equipped with flat-fan nozzles 
(TeeJet XR11002 nozzles; Spraying Systems Co.; 
Wheaton, IL) calibrated to deliver 140 L ha-1 at 160 
kPa. Annual grasses were 10 to 20 cm tall and tiller-
ing, and johnsongrass was 5 to 15 cm tall at time of 
herbicide application. Applications were intention-
ally delayed until grasses were larger than recom-
mended for treatment with glufosinate (Anonymous, 
2006c) to simulate situations where a grower would 
anticipate less than adequate control by glufosinate 

Table 1. Description of soils at experiment sites

Location Field No. Year Experiment y Soil series z Soil texture Soil pH Soil humic matter 
(%)

Clayton 1 2004 1,2,2,3,3 Dothan Loamy sand 5.8 0.76

Clayton 2 2004 1,2,3 Norfolk Loamy sand 5.7 0.76

Clayton 3 2004 1 Gilead Sandy loam 5.6 1.02

Clayton 4 2004 2 Gilead Sandy loam 6.1 0.60

Rocky Mount 5 2004 1,1,2,3 Goldsboro Fine sandy loam 5.9 0.36

Clayton 6 2005 1 Appling Sandy loam 5.9 0.32

Clayton 7 2005 2 Dothan Loamy sand 5.9 0.73

Rocky Mount 8 2005 1 Norfolk Loamy sand 6.4 0.41

Rocky Mount 9 2005 2 Goldsboro Fine sandy loam 5.9 1.25

Butner 10 2005 1,1,3,3 Vance Loam 5.7 0.36

y Repeated numbers indicate the experiment conducted twice in same field, separated in time by at least 2 wk.
z Dothan is a fine-loamy, kaolinitic, thermic Plinthic Kandiudults. Norfolk is a fine-loamy, kaolinitic, thermic Typic 

Kandiudults. Gilead is a fine, kaolinitic, thermic Aquic Hapludults. Goldsboro is a fine-loamy, siliceous, subactive, 
thermic Aquic Paleudults. Appling is a fine, kaolinitic, thermic Kanhapludults. Vance is a fine, mixed semiactive, ther-
mic Typic Hapludults.
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alone and consider use of a graminicide along with 
glufosinate. Control of annual grasses and johnson-
grass in experiments 1 and 2 was estimated visually 
14 and 28 d after treatment (DAT) using a scale of 
0 = no control to 100 = complete control (Frans et 
al., 1986). Control in experiment 3 was estimated 
14 and 28 d after the 0-day application (DATZ). No 
attempt was made to evaluate control by species at 
sites with multiple species of annual grasses.

Experiment 1. Glufosinate tank mixtures 
with four graminicides. The experiment was con-
ducted seven times on annual grasses and twice on 
johnsongrass during 2004 and 2005 (Tables 1 and 
2). Treatments included a factorial arrangement of 
four graminicides, two rates of graminicides, and 
two rates of glufosinate. Graminicides and applica-
tion rates included the following: clethodim (Select 
2eC; Valent Agricultural Products; Walnut Creek, 
CA) at 105 and 158 g a.i. ha-1; fluazifop-P (Fusilade 
DX; Syngenta Crop Protection, Inc.; Greensboro, 

NC) at 210 and 315 g a.i. ha-1; quizalofop-P (Assure 
II; e. I. du Pont de Nemours and Co.; Wilmington, 
De) at 62 and 92 g a.i. ha-1; and sethoxydim (Poast 
Plus; Micro Flo Co. LLC; Memphis, TN) at 210 and 
315 g a.i. ha-1. Graminicide rates represent 1.0 and 
1.5 times the manufacturers’ suggested use rates for 
annual grasses (Anonymous, 2006a; 2006b; 2006d; 
2006e). Glufosinate (Ignite; Bayer CropScience; 
Research Triangle Park, NC) was applied at 0 and 
468 g a.i. ha-1. A crop oil concentrate (Agri-Dex; 
Helena Chemical Co.; Memphis, TN) at 1.0% (v 
v-1) was included with all of the above treatments. 
Additional treatments included glufosinate at 468 g 
ha-1 applied with and without crop oil concentrate 
and a non-treated check.

Experiment 2. Interaction of glufosinate with 
clethodim and fluazifop-P as affected by am-
monium sulfate. The experiment was conducted 
seven times on annual grasses during 2004 and 2005 
(Tables 1 and 2). Treatments included glufosinate 

Table 2. Weed species and densities at experiment sites

Location Field No. Year Experiment y Speciesz Weed density  
(plants m-2)

Clayton 1 2004 1,2,2,3,3 Large crabgrass 320 to 380

Clayton 2 2004 1,2,3 Large crabgrass (60) 360 to 390

Goosegrass (30)

Fall panicum (10)

Clayton 3 2004 1 Broadleaf signalgrass (20) 300 to 355

Large crabgrass (20)

Goosegrass (60)

Clayton 4 2004 2 Large crabgrass (55) 360 to 400

Goosegrass (45)

Rocky Mount 5 2004 1,1,2,3 Broadleaf signalgrass (10) 320 to 420

Large crabgrass (50)

Goosegrass (40)

Clayton 6 2005 1 Large crabgrass (70) 450 to 490

Goosegrass (30)

Clayton 7 2005 2 Large crabgrass 270 to 320

Rocky Mount 8 2005 1 Large crabgrass 200 to 270

Rocky Mount 9 2005 2 Broadleaf signalgrass (25) 370 to 400

Large crabgrass (45)

Goosegrass (30)

Butner 10 2005 1,1,3,3 Johnsongrass 270 to 380

yRepeated numbers indicate the experiment conducted twice in same field, separated in time by at least 2 wk.
zNumbers in parentheses are percentages of each species in fields with more than one species.
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at two rates (0 and 468 g ha-1), ammonium sulfate 
(Fisher Scientific Co.; Pittsburgh, PA) at two rates (0 
and 3.4 kg ha-1), and two graminicides each applied at 
four rates. Graminicides included clethodim at 0, 79, 
105, and 158 g ha-1 and fluazifop-P at 0, 158, 210, and 
315 g ha-1. These graminicide rates represent 0, 0.75, 
1.0, and 1.5 times the manufacturers’ suggested use 
rates for annual grass control (Anonymous, 2006b; 
2006e). A crop oil concentrate at 1.0% (v v-1) was 
included with all of the above herbicide-ammonium 
sulfate applications. Two additional treatments in-
cluded glufosinate and glufosinate plus ammonium 
sulfate in the absence of crop oil concentrate.

Experiment 3. Glufosinate and graminicides 
applied sequentially. The experiment was con-
ducted four times on annual grasses and twice on 
johnsongrass during 2004 and 2005 (Tables 1 and 
2). Treatments consisted of a factorial arrangement 
of glufosinate at two rates (0 and 468 g ha-1), two 
graminicides (clethodim at 105 g ha-1 and fluazifop-
P at 210 g ha-1), and eight application timings for 
graminicides. Glufosinate was applied on day 0. 
Graminicides were applied 1, 3, or 5 d before glu-
fosinate, mixed with glufosinate on day 0, or applied 
1, 3, 5, or 7 d after glufosinate. Crop oil concentrate 
at 1.0% (v v-1) was included with all graminicide 
applications but not with glufosinate applied alone. 
Additional treatments included glufosinate applied 
alone and a non-treated control.

Statistical analysis. Data were subjected to 
analysis of variance using the PRoC MIXeD proce-
dure of the Statistical Analysis System (version 9.1; 
SAS Institute Inc.; Cary, NC) with treatment sums of 
squares partitioned to reflect the factorial treatment 
arrangements. Non-treated checks were excluded 
from the analysis. Locations were considered as 
random effects (McIntosh, 1983). Data were arcsine 
transformed prior to analysis. Non-transformed data 
are presented with statistical interpretation based 
upon transformed data. Means for main effects of 
treatment factors and their interactions were sepa-
rated when appropriate using Fisher’s Protected LSD 
at P = 0.05. Interactions between glufosinate and 
graminicides at 28 DAT in experiments 1 and 2 
were examined using the method described by Colby 
(1967). The expected control by herbicide combina-
tions was calculated as the product of the percentage 
of control by each herbicide applied alone, divided by 
100, and subtracted from the sum of the percentage 
of control by each herbicide applied alone. expected 
control and observed control by combinations were 

compared by Fisher’s Protected LSD at P = 0.05. 
Herbicide combinations were considered antagonis-
tic when the observed value was significantly less 
than the expected value.

A separate analysis of variance compared control 
by glufosinate applied with and without crop oil con-
centrate in the absence of graminicides in experiment 
1. In experiment 2, a separate analysis of variance with 
partitioning for a 2 (0 and 3.4 kg ha-1 ammonium sul-
fate) by 2 (presence or absence of crop oil concentrate) 
factorial arrangement of ammonium sulfate and crop 
oil concentrate rates was conducted for treatments 
containing glufosinate but no graminicides.

RESULTS AND DISCUSSION

Experiment 1. Glufosinate tank mixtures with 
four graminicides. Annual grass control was similar 
with glufosinate and glufosinate plus crop oil concen-
trate in the absence of graminicides. Averaged over 
locations, glufosinate and glufosinate plus crop oil 
concentrate controlled annual grasses 85 and 82%, 
respectively, 14 DAT and 68 and 64%, respectively, 
28 DAT (data not shown). Previous research has 
shown little effect of adjuvants on the efficacy of 
glufosinate (Baughman et al., 2004). Less control 
28 DAT compared with 14 DAT was because of 
regrowth on plants not initially killed by glufosinate 
(Burke et al., 2005; Culpepper and York, 1999). In-
adequate control of annual grasses by glufosinate has 
been reported previously (Burke et al., 2005; Corbett 
et al., 2004; Norris et al., 2002). Similarly, crop oil 
concentrate did not affect johnsongrass control by 
glufosinate in the absence of graminicides. Averaged 
over locations, glufosinate and glufosinate plus crop 
oil concentrate controlled johnsongrass 27 and 32%, 
respectively, 14 DAT (data not shown). No control 
of johnsongrass by glufosinate or glufosinate plus 
crop oil concentrate was noted 28 DAT. Glufosinate 
applied once typically does not control johnsongrass 
(Kelly et al., 2005).

Analysis of variance for data from the factorial 
arrangement of four graminicides by two graminicide 
rates by two glufosinate rates showed no location by 
treatment interactions. Averaged over locations, the 
main effect of graminicide rates and the interaction 
of graminicides by glufosinate rates were significant 
for both annual grasses and johnsongrass at 14 and 
28 DAT. Graminicides applied at 1.5 times the manu-
facturers’ suggested use rates were more effective on 
annual grasses and johnsongrass at 14 and 28 DAT 
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than graminicides at the suggested use rates. Aver-
aged over graminicides and glufosinate rates, annual 
grasses were controlled 90 and 85% at 14 and 28 
DAT, respectively, by graminicides at the 1.5X rate 
compared with 87 and 80% control, respectively, 
by graminicides at the 1.0X rate (data not shown). 
Johnsongrass was controlled 98 and 92% at 14 and 
28 DAT, respectively, by graminicides at the 1.5X 
rate compared with 94 and 84% by graminicides at 
the 1.0X rate (data not shown).

Clethodim, quizalofop-P, and sethoxydim were 
similarly effective on annual grasses 14 DAT and 
more efficacious than fluazifop-P (Table 3). Clethod-
im, quizalofop-P, and sethoxydim controlled annual 
grasses 89 to 91% compared with 85% control by 
fluazifop-P. At 28 DAT, clethodim and sethoxydim 
controlled annual grasses 96 to 97% compared with 
85 and 90% control by fluazifop-P and quizalofop-
P, respectively. These results are consistent with 
previous research where clethodim and sethoxydim 
controlled annual grasses more effectively than flu-
azifop-P or quizalofop-P (Culpepper et al., 1998). 
Annual grasses were controlled similarly 14 DAT 
by clethodim, quizalofop-P, and sethoxydim applied 
alone or mixed with glufosinate, but control by flu-
azifop-P plus glufosinate was 6% greater than control 
by fluazifop-P alone. By 28 DAT, however, control 
of annual grasses was reduced when glufosinate was 
mixed with each of the graminicides. Although the 

magnitude of the reduction was less with fluazifop-
P than with the other three graminicides, each tank 
mixture of graminicide plus glufosinate was antago-
nistic according to the Colby procedure.

Johnsongrass was controlled 98 to 100% and 95 
to 98% 14 and 28 DAT, respectively, by the gramini-
cides applied alone (Table 3). These graminicides 
typically control johnsongrass well (Jordan et al., 
1993). Johnsongrass control 14 DAT was unaffected 
by glufosinate mixed with clethodim. In contrast, 
glufosinate reduced johnsongrass control 3 to 4% 
when mixed with fluazifop-P and quizalofop-P and 
15% when mixed with sethoxydim. At 28 DAT, 
glufosinate mixed with each graminicide reduced 
johnsongrass control. The magnitude of the re-
sponse was least with clethodim (4%), intermediate 
with fluazifop-P and quizalofop-P (10 to 12%), and 
greatest with sethoxydim (41%). Combinations of 
fluazifop-P, quizalofop-P, or sethoxydim plus glu-
fosinate, but not clethodim plus glufosinate, were 
antagonistic according to the Colby procedure. 
Corkern et al. (1998) reported less antagonism 
in johnsongrass with mixtures of clethodim plus 
bromoxynil than with mixtures of fluazifop-P or 
quizalofop-P plus bromoxynil.

Antagonism on grasses by various herbicides 
mixed with graminicides can often be alleviated by 
increasing the rate of graminicide (Campbell and 
Penner, 1982; Culpepper et al., 1998; 1999; Muel-

Table 3. Control of annual grasses and johnsongrass by graminicides applied alone and mixed with glufosinate 14 and 28 
days after treatment (DAT) in Experiment 1

Graminicides

Control (%)y

Annual grasses Johnsongrass

Glufosinate
rate (g ha-1)

14 DAT 28 DAT 14 DAT 28 DAT

Observed Expectedz Observed Expectedz

Clethodim 0 91 a 97 a 100 a 98 a

Clethodim 468 92 a 75 c 100* 99 ab 94 b 99

Fluazifop-P 0 85 c 85 b 99 a 97 a

Fluazifop-P 468 91 a 77 c 96* 95 d 85 c 99*

Quizalofop-P 0 89 ab 90 b 99 ab 96 ab

Quizalofop-P 468 87 bc 69 c 98* 96 cd 86 c 99*

Sethoxydim 0 89 ab 96 a 98 bc 95 ab

Sethoxydim 468 89 ab 71 c 99* 83 e 54 d 99*

y Data for annual grasses averaged over two rates of graminicides and seven locations; data for johnsongrass averaged 
over two rates of graminicides and two locations. Means within a column followed by the same letter are not different 
according to Fisher’s Protected LSD test at P = 0.05.

z Expected control calculated according to the method described by Colby (1967). An asterisk (*) indicates a significant 
difference between observed and expected values at P = 0.05.
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ler et al., 1989; Palmer et al., 1999). In this experi-
ment, lack of graminicide rate by glufosinate rate or 
graminicide by graminicide rate by glufosinate rate 
interactions indicate the antagonism was independent 
of graminicide rate and that increasing the gramini-
cide rate by 50% did not alleviate the antagonism.

Experiment 2. Interaction of glufosinate with 
clethodim and fluazifop-P as affected by ammo-
nium sulfate. Lack of location by treatment interac-
tions allowed data to be averaged over locations. The 
main effect of graminicide rates and the graminicide 
by glufosinate rate interaction were significant at 14 
and 28 DAT.

Annual grass control increased as the gramini-
cide rate increased. Averaged over graminicides, 
glufosinate rates, and ammonium sulfate rates, an-
nual grasses were controlled 83, 84, and 86% (LSD 
@ 0.05 = 1) 14 DAT and 69, 71, and 75% (LSD @ 
0.05 = 3) 28 DAT by graminicides applied at 0.75, 
1.0, and 1.5 times the manufacturers’ suggested use 
rates (data not shown).

Annual grass control by fluazifop-P plus glufos-
inate (90%) and clethodim plus glufosinate (91%) 
was greater 14 DAT than control by fluazifop-P 
alone (72%) and clethodim alone (84%) (Table 4). 
Greater control by the graminicides plus glufosinate 
compared with graminicides alone at 14 DAT reflects 
relatively slow expression of symptoms by gramini-
cides, and the more rapid activity of glufosinate. 
Glufosinate applied alone controlled annual grasses 
90% 14 DAT (data not shown). Similar to results in 
experiment 1, control by glufosinate alone decreased 
with time. Because of regrowth, glufosinate applied 
alone controlled annual grasses only 68% 28 DAT. 
Annual grass control 28 DAT was similar to results 
observed in experiment 1. Control by clethodim 

exceeded control by fluazifop-P (90 vs. 61%), and 
glufosinate had a greater negative impact on control 
when mixed with clethodim as compared with fluazi-
fop-P (Table 4). Control by clethodim was reduced 
23% by glufosinate, but control was not reduced 
when glufosinate was mixed with fluazifop-P. Con-
trol by clethodim plus glufosinate was very similar 
to control by fluazifop-P plus glufosinate. Moreover, 
both herbicide combinations were antagonistic ac-
cording to the Colby procedure.

Interactions of ammonium sulfate rates by other 
treatment variables were not significant, indicating 
that ammonium sulfate did not alleviate or reduce 
antagonism in mixtures of graminicides and glufos-
inate. The main effect of ammonium sulfate rates 
also was not significant. Averaged over graminicides, 
graminicide rates, and glufosinate rates, annual 
grasses were controlled 85 and 72% without ammo-
nium sulfate 14 and 28 DAT, respectively, compared 
with 84 and 71% with ammonium sulfate 14 and 
28 DAT, respectively (data not shown). Ammonium 
sulfate has increased the efficacy of glufosinate on 
some weeds, but the response has been inconsistent 
(Maschhoff et al., 2000; Pline et al., 2000).

Experiment 3. Glufosinate and graminicides 
applied sequentially. Treatment by location interac-
tions were not significant. Averaged over locations, 
the main effect of graminicides was significant for 
annual grasses, and the interaction of graminicide ap-
plication timings by glufosinate rates was significant 
for annual grasses and johnsongrass.

Glufosinate applied alone controlled annual 
grasses 85 and 68% and johnsongrass 28 and 0% 
at 14 and 28 DATZ, respectively (data not shown). 
Averaged over glufosinate rates and graminicide ap-
plication timings, clethodim was more efficacious on 

Table 4. Control of annual grasses by clethodim and fluazifop-P alone and mixed with glufosinate 14 and 28 days after treat-
ment (DAT) in Experiment 2

Graminicides Glufosinate

Control (%)y

14 DAT 28 DAT

Observed Expectedz

Clethodim 0 84 b 90 a

Clethodim 468 91 a 67 b 95*

Fluazifop-P 0 72 c 61 b

Fluazifop-P 468 90 a 68 b 85*

y Data averaged over four rates of graminicides and two rates of ammonium sulfate. Means within a column followed by 
the same letter are not different according to Fisher’s Protected LSD test at P = 0.05.

z Expected control calculated according to the method described by Colby (1967). An asterisk (*) indicates a significant 
difference between observed and expected values at P = 0.05.
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annual grasses than fluazifop-P. Clethodim controlled 
annual grasses 78 and 80% at 14 and 28 DATZ, 
respectively, compared with 72 and 71% control by 
fluazifop-P (data not shown). The two graminicides 
were similarly effective on johnsongrass. Clethodim 
controlled johnsongrass 84 and 82% at 14 and 28 
DATZ, respectively, compared with 80 and 76% 
control by fluazifop-P (data not shown).

At 14 DATZ, glufosinate increased control of 
annual grasses and johnsongrass when graminicides 
were applied 5 or 7 d after glufosinate (data not 
shown). This occurred because the graminicides ap-
plied 5 or 7 d after glufosinate did not have sufficient 
time to kill the grasses at this early evaluation. At 28 
DATZ, annual grass control was reduced 9, 17, 20, 
and 12% when graminicides were applied 1 d before, 
tank mixed with, or applied 1 and 3 d after glufos-
inate, respectively (Table 5). Johnsongrass control 
was reduced 29, 28, 39, and 17% when graminicides 
were applied 1 d before, tank mixed with, or applied 
1 and 3 d after glufosinate, respectively. Neither 
annual grass control nor johnsongrass control was 
adversely affected when graminicides were applied 
3 or 5 d before glufosinate or 5 or 7 d after glufos-
inate. Burke et al. (2005) reported no antagonism on 
goosegrass in the greenhouse when clethodim was 
applied 7 or 14 d before glufosinate; shorter intervals 
between applications of the two herbicides were 
not evaluated. In contrast to our results, Burke et al. 
(2005) reported poor control of goosegrass when 

clethodim was applied 7 or 14 d after glufosinate. 
Glufosinate inhibits glutamine synthase, leading to a 
rapid accumulation of toxic levels of ammonia in the 
cell which causes membrane disruption and inhibi-
tion of photosynthesis. Glufosinate typically causes 
tissue desiccation on grasses, but larger grasses 
survive and initiate new growth (Burke et al., 2005; 
Culpepper and York, 1999). Graminicides applied 
3 or 5 d before glufosinate apparently had time to 
be absorbed and translocated to meristematic areas 
before leaf desiccation by glufosinate. By 5 d after 
glufosinate application, regrowth was occurring on 
the grasses. There was apparently enough new leaf 
tissue to absorb and translocate the graminicides for 
effective control.

Glufosinate applied to glufosinate-resistant cot-
ton sometimes does not adequately control annual 
grasses or johnsongrass (Corbett et al., 2004; Culpep-
per and York, 1999; Culpepper et al., 2000; Steckel 
et al., 1997). In situations where less than adequate 
control of grasses by glufosinate alone might be 
anticipated, growers would likely consider mixing 
a postemergence graminicide with glufosinate. This 
research indicates that mixtures of graminicides 
and glufosinate are antagonistic on grasses and thus 
should be avoided. Antagonism with mixtures of 
graminicides and other herbicides can sometimes 
be alleviated by increasing the rate of graminicide in 
the mixture or adding ammonium sulfate. In this re-
search, neither increasing graminicide rates by 50% 

Table 5. Control of annual grasses and johnsongrass by graminicides and glufosinate applied sequentially in Experiment 3 

Time of  
graminicide application  

relative to  
glufosinate application 

(days)

Control (%)x

Annual grassesy Johnsongrassz

Glufosinate rate Glufosinate rate

0 g ha-1 468 g ha-1 0 g ha-1 468 g ha-1

-5 89 90 99 94

-3 90 89 95 89

-1 87 78* 98 69*

0 86 69* 97 69*

1 85 65* 97 58*

3 85 73* 95 78*

5 84 78 95 88

7 82 80 94 94

xControl recorded 28 d after glufosinate application. An asterisk (*) signifies significantly less control (P < 0.05) with 468 g 
ha-1 glufosinate compared with no glufosinate.

yData averaged over two graminicides and four locations.
zData averaged over two graminicides and two locations.



326GARDNeR eT AL.: GLUFoSINATe ANTAGoNISM To PoSTeMeRGeNCe GRAMINICIDeS

nor adding ammonium sulfate alleviated antagonism 
on grasses. Antagonism could be avoided by apply-
ing glufosinate and graminicides sequentially. To 
avoid antagonism, our results indicate graminicides 
should be applied at least 3 d prior to glufosinate or 
at least 5 d after glufosinate.
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