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Summary   Novel, pre-seeding, non-selective herbi-
cide mixtures were identifi ed that provide broad spec-
trum weed control, which can be used in the prevention 
of herbicide resistance. The herbicide mixtures consist-
ed of paraquat + diquat, glyphosate, metribuzin, diuron 
and carfentrazone ethyl. The herbicides were applied 
alone or in two, three or four way tank mixtures. For 
each mixture the herbicides were applied at the full 
label rates or at half rates (for two way mixtures), one 
third rates (for three way mixtures) or one quarter 
rates (for four way mixtures). Glyphosate + carfen-
trazone ethyl or diuron + metribuzin + carfentrazone 
ethyl provided 90–100% control of annual ryegrass 
(Lolium rigidum Gaud.) and wild radish (Raphanus 
raphanistrum L.) at Merredin and Wongan Hills at 
full and reduced label rates. Glyphosate + diuron or 
glyphosate + metribuzin controlled nearly 100% of 
annual ryegrass and 80–100% of wild radish. Paraquat 
+ diquat mixed with metribuzin or carfentrazone 
ethyl provided more effective annual ryegrass con-
trol (98–100%) than either herbicide alone, and also 
controlled 100% of the wild radish. These herbicide 
mixtures provided more effective weed control than a 
single knockdown herbicide treatment of glyphosate or 
paraquat + diquat. Several mixtures controlled 100% 
of the wild radish, while having varying effects on the 
annual ryegrass. Emergence and growth of wheat and 
barley were not affected by residual chemicals when 
seeded three weeks after spraying. As the crops were 
not seeded directly after spraying, crop yield was not 
measured in this study and further work is required to 
confi rm the effect of the mixtures on crops.
Keywords    Resistance,  pre-seeding,  non-selective 
herbicide mixtures,  novel.

INTRODUCTION
Herbicide mixtures are widely used by growers in 
Western Australian (WA) agricultural systems to 
improve control of a single weed or to broaden the 
spectrum of species controlled. Mixtures consisting 
of herbicides from two or more mode of action groups 
may delay or prevent the development of herbicide 
resistance (Diggle et al. 2003). There are few mix-
tures marketed for Australian agriculture that meet 
this criterion. 

The recommendation for applying herbicide mix-
tures is to use the full label rate of each herbicide in the 
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mixture (Gressel and Segal 1990, Wrubel and Gressel 
1994). However, when some herbicides were mixed, 
the rate of one herbicide could be reduced by 75% 
while maintaining the same level of control (Moore 
and Dean 1994). Storrie and Cook (2002) achieved 
better control of a resistant annual ryegrass population 
by spraying clethodim at 12 g a.i. and glyphosate at 450 
g a.i. ha-1, rather than spraying a full rate of glyphosate 
(720 g a.i. ha-1) alone. Synergistic mixtures (more ef-
fective when mixed at reduced rates than when applied 
alone at full label rate) that are usually applied at lower 
rates may also be safer on crops and reduce costs. 

The aim of this study was to identify novel, pre-
seeding, non-selective herbicide mixtures that provide 
effective control of annual ryegrass and wild radish and 
delay the development of herbicide resistance.

MATERIALS AND METHODS
Trials were conducted at the Research Station of the 
Department of Agriculture at Merredin and Wongan 
Hills, Western Australia during the 2003 season. In the 
Merredin trial, weed seeds were tickled (disturbance 
of soil up to 2–3 cm deep) into the site at a density 
of 200 annual ryegrass seeds m-2 and 350 wild radish 
pod segments m-2 after the fi rst rain of the season. In 
Wongan Hills, the natural weed population, consisting 
of annual ryegrass and no wild radish, was used. The 
fi rst cohort of annual ryegrass plants was inadvertently 
grazed prior to the treatments and plants were allowed 
to regrow. As a result some of the plants would have 
had a more extensive root system than that normally 
found on a two-three leaf ryegrass plant.

The herbicides used were paraquat at 202.5 g a.i. 
+ diquat at 172.5 g a.i. ha-1 (Spray.Seed®), glyphosate 
(Roundup Power Max®) at 540 g a.i. ha-1, metribuzin 
(Lexone®) at 210 g a.i. ha-1, diuron (Diuron®) at 1000 
g a.i. ha-1 and carfentrazone ethyl (Hammer EC®) at 18 
g a.i. ha-1. They were applied alone or in all possible 
two, three or four way tank mixtures (glyphosate and 
paraquat + diquat were not put into the same tank). 
For each mixture the herbicides were applied at the 
full label rates and also at half label rates for two way 
mixtures, one third rates for three way mixtures and 
one quarter rates for four way mixtures. The herbicides 
were sprayed at the 2–3 leaf stage of annual ryegrass 
on 9 and 10 June 2003 at Merredin and 12 June 2003 
at Wongan Hills. Herbicides and crop treatments were 
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arranged in a strip-plot design with three replications. 
Plant survival was assessed for each weed species, 
from two 50 × 50 cm quadrats plot-1.

Wheat (cv. Wyalkatchem) and barley (cv. Hamelin) 
were seeded at 70 kg ha-1 in 11.5 m strips perpendicular 
to the plots, on 1 July at Merredin and 3 July 2003 at 
Wongan Hills, three weeks after the herbicides were 
sprayed. The crops were seeded with 14 mm wide knife 
points at a row spacing of 250 mm. Crop emergence 
was recorded from four 50 × 50 cm quadrats plot-1. 
Crop biomass production was assessed visually when 
the crop was at the full boot stage in the Merredin trial. 
The size of the trial necessitated visual assessment and 
accuracy was achieved by comparisons with the con-
trols placed at every seventh plot. Visual assessment 
compares favourably to other biomass or herbicide 
impact assessments (Bell et al. 2000, O’Donovan 
et al. 2002). No post-emergence herbicide was used 
during the course of the trial. Data on weed control, 
crop emergence and crop biomass were subjected to 
analysis of variance, and least signifi cant differences 
(LSD) were calculated to compare means.

RESULTS
At full label rates, several of the glyphosate based 
mixtures provided good control (≥93%) of both an-
nual ryegrass and wild radish. These included diuron 
+ glyphosate, carfentrazone ethyl + glyphosate and 
diuron + metribuzin + glyphosate (Table 1). None 
of the individual chemicals and none of the mixtures 
applied at partial rates achieved this level of control 
in both weed species. There was a constant (not sig-
nifi cant) reduction in control by these mixtures when 
applied at reduced rates.

Glyphosate alone achieved 100% control of annual 
ryegrass at both sites and 90% control of wild radish 
in Merredin. Relative to glyphosate alone, glyphosate 
+ carfentrazone ethyl at half rates achieved 93% wild 
radish control and 99–100% annual ryegrass control. 
Diuron + metribuzin + glyphosate at one third rates 
achieved 100% control of wild radish and 94% average 
control of annual ryegrass.

Paraquat + diquat + metribuzin and paraquat + 
diquat + carfentrazone ethyl at full rates achieved 
97–98% annual ryegrass control and 100% wild rad-
ish control. Paraquat + diquat alone controlled 78–99% 

Table 1.   Weed control (as a per cent of the control) achieved from selected herbicide mixtures at Merredin 
and Wongan Hills, WA, 2003.

Herbicide

Merredin Wongan Hills

Ryegrass Radish Ryegrass

Diuron 1000 g a.i. ha-1 0 72 0

Metribuzin 210 g a.i. ha-1 0 93 0

Carfentrazone ethyl 240 g a.i. ha-1 0 72 7

Paraquat 202.5 g + diquat 172.5 g a.i. ha-1 99 100 78

Glyphosate 540 g a.i. ha-1 100 90 100

Diuron 1000 g + glyphosate 540 g a.i. ha-1 100 100 100

Diuron 500 g + glyphosate 270 g a.i. ha-1 100 83 100

Metribuzin 210 g + carfentrazone ethyl 240 g a.i. ha-1 11 100 0

Metribuzin 105 g + carfentrazone ethyl 120 g a.i. ha-1 0 100 0

Metribuzin 210 g + paraquat 202.5 g + diquat 172.5 g a.i. ha-1 100 100 97

Metribuzin 210 g + glyphosate 540 g a.i. ha-1 100 93 100

Metribuzin 105 g + glyphosate 270 g a.i. ha-1 100 90 98

Carfentrazone ethyl 240 g + paraquat 202.5 g + diquat 172.5 g a.i. ha-1 100 100 98

Carfentrazone ethyl 240 g + glyphosate 540 g a.i. ha-1 100 97 100

Carfentrazone ethyl 120 g + glyphosate 270 g a.i. ha-1 100 93 99

Diuron 1000 g + metribuzin 210 g + glyphosate 540 g a.i. ha-1 98 100 100

Diuron 333.4 g + metribuzin 70 g + glyphosate 180 g a.i. ha-1 96 100 92

LSD (P <0.05) 8.9 5.5 11.4
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of the annual ryegrass and metribuzin or carfentrazone 
ethyl alone controlled 0–3.5%. Metribuzin + carfen-
trazone ethyl controlled 100% of the wild radish at 
full and half rates, while metribuzin alone at full rates 
controlled 93% of the wild radish and carfentrazone 
ethyl alone controlled 72%. All mixtures of four her-
bicides at one quarter rates did not provide effective 
control (data not presented).

Crop emergence generally refl ected the original 
weed control, as no other herbicides were applied dur-
ing the trial and weed growth was dense where the 
original weed control failed. Crop emergence at Merre-
din where weed control was effective, is presented in 
Table 2. For those treatments where weed control was 
at 80–100%, crop emergence was high and usually did 
not vary signifi cantly between treatments. At Wongan 

Hills, crop emergence after each herbicide treatment 
followed a similar pattern to Merredin but was slightly 
lower overall (data not presented).

The crops showed no signs of residual chemical 
toxicity up to anthesis. Crop biomass assessed visually 
indicated that survival and growth of both crops were 
inversely related to the level of weed control achieved 
and generally directly related to the levels of crop 
emergence (Table 2). Weed biomass was generally 
directly related to the original level of weed control. 
The exception was crops treated with glyphosate, 
where annual ryegrass control was 100% and wild 
radish control was 90% (Table 1) but the fi nal crop 
biomass was very low and the radish biomass was 
high (Table 2).

Table 2.   Average crop emergence (wheat and barley plants m-2) and visual assessment of the per cent of crop 
and weed biomass at the full boot stage from selected herbicide treatments at Merredin, WA, 2003.

Herbicide
Barley 

emergence
Wheat 

emergence

Biomass (% of untreated control) 

Crop Ryegrass Radish

Diuron 1000 g a.i. ha-1 43 18 5 33 62

Metribuzin 210 g a.i. ha-1 41 22 8 83 9

Carfentrazone ethyl 240 g a.i. ha-1 53 18 2 41 57

Paraquat 202.5 g + diquat 172.5 g a.i. ha-1 106 78 83 7 10

Glyphosate 540 g a.i. ha-1 108 68 4 1 95

Diuron 1000 g + glyphosate 540 g a.i. ha-1 102 68 84 2 14

Diuron 500 g + glyphosate 270 g a.i. ha-1 115 77 84 5 11

Metribuzin 210 g + paraquat 202.5 g + diquat 
172.5 g a.i. ha-1

120 74 96 1 3

Metribuzin 210 g + carfentrazone ethyl 
240 g a.i. ha-1

55 33 16 80 4

Metribuzin 105 g + carfentrazone ethyl 
120 g a.i. ha-1

33 16 3 91 6

Metribuzin 210 g + glyphosate 540 g a.i. ha-1 117 81 78 2 20

Metribuzin 105 g + glyphosate 270 g a.i. ha-1 108 73 62 1 37

Carfentrazone ethyl 240 g + paraquat 
202.5 g + diquat 172.5 g a.i. ha-1

110 79 84 4 12

Carfentrazone ethyl 240 g + glyphosate 
540 g a.i. ha-1

97 65 89 2 9

Carfentrazone ethyl 120 g + glyphosate 
270 g a.i. ha-1

106 65 86 6 8

Diuron 1000 g + metribuzin 210 g + 
glyphosate 540 g a.i. ha-1

104 64 82 10 8

Diuron 333.4 g + metribuzin 70 g + 
glyphosate 180 g a.i. ha-1

101 57 84 6 10

LSD (P <0.05) 26.77 17.71 5.80 7.50 7.70
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DISCUSSION
Several of the mixtures, including some of those at 
reduced rates, provided more effective control of both 
weed species than a single knockdown herbicide ap-
plication of glyphosate or paraquat + diquat. It is 
unclear from the results whether diuron, metribuzin 
and carfentrazone ethyl were effective against annual 
ryegrass in mixtures with glyphosate, although the two 
way mixtures of these chemicals with glyphosate at 
full rates signifi cantly improved wild radish control 
compared with glyphosate alone. As mixing paraquat 
+ diquat with metribuzin or carfentrazone ethyl at full 
rates signifi cantly improved annual ryegrass control 
over paraquat + diquat alone, some degree of syner-
gism may exist in these mixtures. These mixtures may 
help to delay resistance of ryegrass to paraquat + diquat 
and of radish to glyphosate. Diuron + metribuzin + 
glyphosate at one third rates and metribuzin + car-
fentrazone ethyl at half rates provided a higher level 
of wild radish control than that achieved by either of 
these chemicals used alone at full rates (Table 1). 
As such these mixtures also show some degree of 
synergism on wild radish control and should help to 
prevent wild radish resistance. Moore and Dean (1994) 
found similar indications of synergism in mixtures of 
glyphosate or paraquat + diquat with diuron or atrazine 
on ryegrass. Using these herbicide mixtures within the 
same growing season may reduce the risk of herbicide 
resistance to a greater degree than rotating the same 
herbicides between years. Although full label rates of 
all the herbicides ought to be used in mixtures, this 
also increases the cost of weed control. If herbicide 
rates can be reduced in mixtures where synergism ex-
ists, such mixtures should be considered for resistance 
management.

Crop emergence was generally average in plots 
where weed control was adequate, indicating that the 
mixtures that successfully controlled weeds did not 
cause residual chemical toxicity that affected crop 
emergence, when seeded three weeks after spray-
ing. Weed biomass at the full boot stage generally 
refl ected the level of weed control, indicating that the 
mixtures that provided good weed control also prob-
ably provided some residual control. The exception 
was wild radish growth following the application of 
glyphosate. Although glyphosate alone controlled 90% 
of the radish, the remaining plants recovered fully and 
out-competed the crop. When glyphosate was mixed 
with diuron, metribuzin or carfentrazone ethyl and 
controlled about 90% of the radish, the radish did not 
recover. This indicates that these mixtures provided 
some level of residual weed control that prevented 

surviving wild radish from full recovery or possibly 
killed new wild radish cohorts. This study did not 
demonstrate the effect of these herbicide mixtures 
on the crop when seeded directly after spraying, as 
would normally occur after application of knockdown 
herbicides, or the effect on crop yield. Further work is 
required to determine if these mixtures are safe if crops 
are seeded immediately after spraying. Subsequent tri-
als also need to assess crop growth after herbicide 
treatment compared with weed-free control crops to 
avoid results confounded by weed competition. Work 
is also required to determine if the mixtures effective 
at reduced rates are actually synergistic.
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