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Abstract

In glyphosate-tolerant maize, a delay in glyphosate application may be required to ensure late germinating weeds do not reach

reproductive maturity. Alternatively, full season weed control may be achieved by frequent applications of glyphosate throughout the

growing season. Another approach that may improve weed control and aid in the stewardship of glyphosate use is to apply a pre-

emergence residual herbicide prior to one in-crop application of glyphosate. There is limited information on the optimal glyphosate

application timing in glyphosate-tolerant maize (Zea mays) following the application of a residual herbicide. Six factorial field trials were

conducted over a 2 year period (1999 and 2000) at two Ontario locations, Ridgetown, and Woodstock to evaluate the efficacy of the

residual herbicide flufenacet plus metribuzin applied preplant, pre-emergence or at the maize spike stage followed by a post-emergence

application of glyphosate in glyphosate-tolerant maize. At Ridgetown, crop tolerance was acceptable at all flufenacet plus metribuzin,

glyphosate and flufenacet plus metribuzin followed by glyphosate application timings. Visual crop injury of up to 40% was recorded at

Woodstock after the application of flufenacet plus metribuzin. Control of Amaranthus retroflexus, Ambrosia artemisiifolia, and

Chenopodium album with flufenacet plus metribuzin followed by an in-crop application of glyphosate was better than with one in-crop

application of glyphosate. The application timing of glyphosate and flufenacet plus metribuzin was not a significant factor in weed

control or grain yield. In maize, the application of a residual herbicide such as flufenacet plus metribuzin prior to glyphosate may provide

better early season weed control and allow for the delayed in-crop application of glyphosate.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The acreage devoted to glyphosate-tolerant crops in
North America is increasing (Dill, 2005; Owen and Zelaya,
2005). Glyphosate-tolerant field maize (Zea mays) hybrids
were introduced to Canada in 2001, and their proportion
of the total field maize acreage is rapidly increasing. As a
result, glyphosate is quickly becoming the singular means
of weed control, especially when glyphosate-tolerant maize
is grown in rotation with glyphosate-tolerant varieties of
soybean (Glycine max). Glyphosate provides excellent

broad-spectrum weed control but weeds emerging after
application are not controlled. Therefore, to control later
emerging weeds a delay in the application of glyphosate
may be required. However, previous research has shown
that the yield potential of maize is determined early in the
growing season and a prolonged delay in the application of
glyphosate may result in significant yield loss due to
interspecific competition with emerged weeds (Cox et al.,
2005; Dalley et al., 2004; Hall et al., 1992; Rajcan et al.,
2004; Swanton et al., 1999). Multiple in-crop applications
of glyphosate may be a solution, but there is concern that
continuous or repeated glyphosate application may cause
shifts in weed population and seedbank dynamics (Owen
and Zelaya, 2005). The continuous reliance on one
herbicidal mode of action also increases the chances for
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the selection of herbicide resistant weed biotypes. Glypho-
sate resistance has already been reported in numerous weed
species (Heap, 2006; Lee and Ngim, 2000; Powles et al.,
1998; VanGessel, 2001).

An alternative approach that may reduce the amount of
glyphosate applied and improve season long weed control
is the application of a pre-emergence residual herbicide
prior to the in-crop application of glyphosate (Monsanto
Company, 2005). Preceding glyphosate application with a
pre-emergence residual herbicide may also allow the in-
crop application of glyphosate to be delayed by providing
biologically effective weed control early in the season.

Many soil applied pre-emergence herbicides are cur-
rently registered for use on maize in Ontario. One example
is flufenacet plus metribuzin which is an oxyacetamide plus
triazine herbicide that is currently registered for soil
application up to 7 DBP and pre-emergence on maize in
Ontario (OMAF, 2004). In addition to excellent annual
grass control, flufenacet plus metribuzin also provides
effective control of many annual broadleaved weed species
including Amaranthus retroflexus, Ambrosia artemisiifolia

and Chenopodium album. Soil residual activity may be
maintained for 10–14 weeks; however, late germinating
broadleaved weeds may not be controlled satisfactorily.
Nonetheless, in a glyphosate-tolerant maize system flufe-
nacet plus metribuzin application may allow for a delay in
the in-crop application of glyphosate, resulting in better
full season weed control and higher maize yield.

For maize, the application of a pre-emergence residual
herbicide prior to an in-crop application of glyphosate may
improve weed control and maize grain yield and eliminate
the need for multiple glyphosate applications. To test this
hypothesis, we chose the residual herbicide flufenacet plus
metribuzin, because it controls a wide range of broadleaved
weeds and grasses. Therefore, our main objective was to
determine if a soil-applied application of flufenacet plus
metribuzin followed by an in-crop application of glypho-
sate provides better weed control and higher maize grain
yield than one in-crop application of glyphosate. Our sub-
objectives were (1) to determine if this is dependent on
flufenacet plus metribuzin timing; (2) to determine if results
vary by weed species and (3) to determine if there is an
optimal flufenacet plus metribuzin timing that enables
glyphosate application to be delayed.

2. Materials and methods

Field studies were conducted at Ridgetown College,
University of Guelph, Ridgetown, Ontario; and at the
Woodstock Research Station, University of Guelph,
Woodstock, Ontario in 1999 and 2000. The soil at
Ridgetown was a Wattford/Brady loam (Gleyed Brunisolic
Gray Brown Luvisol) with 79% sand, 15% silt, 7% clay,
4.5% organic matter and pH of 6.7 in 1999, and 55% sand,
24% silt, 21% clay, 4.7% organic matter and pH of 6.7 in
2000. The soil at Woodstock was a Guelph silt loam (Gray

Brown Podzolic) with 40% sand, 43% silt, 17% clay, 4.8%
organic matter and pH 7.7 in 1999 and 2000.
The experiment was arranged as a 5� 4 factorial,

randomized complete block design with 20 treatments
and 4 replications. Factor one was the application timing
of flufenacet plus metribuzin (5 timings) and factor two was
the application timing of glyphosate (4 timings). The five
flufenacet plus metribuzin timings were; no application,
application 14 DBP, 7 DBP, pre-emergence, and maize
spike stage. The four glyphosate timings were; no applica-
tion and application at the 3-leaf, 5-leaf, and 8-leaf stage of
maize growth. Each plot was 3m wide at all sites and
consisted of glyphosate-resistant maize planted in rows 8m
long at Ridgetown and 7m long at Woodstock. Maize rows
were spaced 0.75m apart at all sites. Glyphosate-resistant
maize varieties were planted at all locations using a
precision planter at a rate of at least 70,000 seeds/ha on
May 17, 1999 and May 16, 2000 at Ridgetown and May 21,
1999 and May 17, 2000 at Woodstock.
Herbicide treatments were applied using a CO2-pressur-

ized backpack sprayer calibrated to deliver 200L/ha
aqueous solution at 200, and 170 kPa at Ridgetown and
Woodstock, respectively, in both years. Flat-fan 8002XR
nozzles (Teejet Spraying Systems Co., Wheaton, IL,) were
used at both locations with a spacing of 0.5m. The
herbicide flufenacet plus metribuzin was applied as a
broadcast application over the soil surface at a rate of 840 g
ai/ha and glyphosate was applied post-emergent as a foliar
broadcast application at a rate of 900 g ae/ha.
Weed dry matter, weed population density, and crop

yield were measured at both sites. Weed dry matter and
weed population density were recorded approximately 80 d
after the first application of flufenacet plus metribuzin, and
40 d after the first glyphosate application from a 1-m2 area
within each plot. Plants were removed at the soil surface,
separated by species, and dried to a constant weight at
80 1C. Visual injury of maize was recorded on a scale
ranging from 0 (no visible injury) to 100 (total plant
necrosis) 28 d after glyphosate application at Ridgetown
and Woodstock. Maize was mechanically harvested at
physiological maturity using a plot combine at all sites.
Maize yields were adjusted to a 15.5% moisture level.
All data were subjected to analysis of variance (ANO-

VA) using SAS statistical software (Statistical Analysis
Systems, 2000). The data were analyzed as a mixed model
using the Proc Mixed procedure of SAS. The variances
were partitioned into the fixed effects of flufenacet plus
metribuzin timing, glyphosate timing, and the interaction
between flufenacet plus metribuzin and glyphosate timing,
and into the random effects of year, location, year by
location, their interactions with the fixed effects, and
blocks nested within year by location. The assumptions of
the variance analysis were tested by ensuring that the
residuals were random, homogeneous, with a normal
distribution about a mean of zero. Since the assumptions
of variance were not adequately met, percent maize injury
was subjected to an arcsine square root transformation,
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and weed population density, and weed dry matter were
subjected to a log (x+1) transformation. Maize yield data
did not require transformation. Comparison of treatment
means were made using Fisher’s protected LSD with a
Type I error set at 0.05. When the effect of location, year
and their interactions with treatments were not significant,
data were pooled by location and/or year.

3. Results and Discussion

3.1. Annual Broadleaved weed control

For both the population density and biomass data,
statistical analysis revealed that the random variable,
location, had a significant interaction with the main effects
for all weed species (Table 1). Therefore, data for each
species are presented separately by location. The year by
main effects interaction was non-significant, and thus data
were pooled by year for each location (Table 1). Finally,
the interaction between flufenacet plus metribuzin timing
and glyphosate timing was not significant; therefore, all
data for the main effects were pooled by application
timing.
Application timing of flufenacet plus metribuzin had a

significant effect on C. album but not A. retroflexus and A.

artemisiifolia population density (Table 1). Flufenacet plus
metribuzin applied at the maize spike stage and pre-
emergence provided the best control of C. album at
Ridgetown and Woodstock, respectively (data not shown).
Population densities of A. retroflexus, and A. artemisiifolia,
were reduced relative to the untreated control when
flufenacet plus metribuzin was applied alone (Table 2).
At Ridgetown, control of C. album with flufenacet plus
metribuzin did not differ from the untreated check.
Adsorption to organic matter reduces the effectiveness of
flufenacet plus metribuzin (Vencill, 2002). Soil at Ridge-
town had 44.0% OM which is considered high. However,
Soltani et al. (2005) reported full-season control of C.

album at levels greater than 85% in a soybean crop sprayed
pre-emergence with 840 g/ha flufenacet plus metribuzin in
Ridgetown, ON on similarly textured soils in 1998 and
1999. Therefore, it is unlikely that adsorption to soil
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Table 1

Analysis of variance (ANOVA) for (a) population density and (b) dry

biomass of four annual weed species at Ridgetown and Woodstock ON in

1999 and 2000

Weed species

A. retroflexus A. artemisiifolia C. album

(A) Population density

Main effects

Flufenacet plus metribuzin

timing

NS NS �

Glyphosate timing NS � NS

Interaction NS NS NS

Random effect interactions

Location�main effects � � �

Year�main effects NS NS NS

(B) Dry biomass

Main effects

Flufenacet plus metribuzin

timing

NS � NS

Glyphosate timing � � �

Interaction NS NS NS

Random effect interactions

Location�main effects � � �

Year�main effects NS � NS

Abbreviations: �, Significant at the 5% level according to Fisher’s

Protected LSD test; NS, Not significant.

Table 2

Mean weed population density 40 d after the first glyphosate application at Ridgetown, and Woodstock, ON

Treatment Timing Density (/m2)a

A. retroflexusb A. artemisiifolia C. album

Ridgetown Woodstock Ridgetown Woodstock

Flufenacet plus metribuzin All timings 43.5 36.4 38.3 5.0

Glyphosate All timings 85.4 24.5 88.6 17.0

Flufenacet plus metribuzin fb glyphosate All timings 49.5 7.2 79.9 3.5

Untreated 178.1 82.5 20.0 28.3

Contrasts

Untreated vs. flufenacet plus metribuzin � � NS *

Untreated vs. glyphosate � � � NS

Untreated vs. flufenacet plus metribuzin fb glyphosate � � � �

Flufenacet plus metribuzin vs. flufenacet plus metribuzin fb glyphosate NS � � NS

glyphosate vs. flufenacet plus metribuzin fb glyphosate � � NS �

Abbreviations: fb, followed-by.
aMeans presented have been back transformed to the original scale. Orthogonal Contrasts denoted by an asterisk (�) are significant at the 5% level and

those denoted by NS are not significant.
bAmaranthus retroflexus was present only at Ridgetown; Ambrosia artemisiifolia was present only at Woodstock; Chenopodium album was present at

Ridgetown and Woodstock.
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organic matter is the sole explanation for the reduced
effectiveness of flufenacet plus metribuzin on C. album in
this study. It is more likely that low levels of precipitation
after application in 1999 contributed to reduced uptake
and thus the reduced effectiveness of flufenacet plus
metribuzin (data not shown). This is supported by Sikkema
et al. (2004) who conducted a similar study in soybean and
concluded that poor control of C. album was related to low
precipitation (o25mm), in the 7–10 days following
flufenacet plus metribuzin application at Ridgetown, ON
during the same years that our study was conducted.

When flufenacet plus metribuzin was followed by an in-
crop application of glyphosate or when glyphosate was
applied alone, the population densities in the treated plots
were lower than in the untreated plots for A. retroflexus, A.

artemisiifolia, and C. album (Woodstock only) (Table 2).
When applied alone, the effect of glyphosate application
timing was a significant factor in reducing A. artemisiifolia

but not A. retroflexus and C. album population densities
(Table 1). The effectiveness of glyphosate increased with a
delay in application timing (data not shown). The
interaction between flufenacet plus metribuzin and glypho-
sate application timing was not significant (Table 1). Weed
control was better in plots where flufenacet plus metribuzin
was followed by an in-crop application of glyphosate when
compared to untreated plots (Table 2). Preceding the
glyphosate application with a residual herbicide provided a
benefit for overall weed population reductions in compar-
ison to applying glyphosate as a stand alone application for
all weed species, although not statistically significant for C.

album at Ridgetown. Tharp and Kells (2002) showed that
pre-emergence residual herbicides prior to glyphosate
provided 20% better control of C. album and A. retroflexus

in comparison to glyphosate alone. Gower et al. (2002) and
Thomas et al. (2004) both reported a non-significant
increase in weed control when glyphosate application was
preceded by a pre-emergence residual herbicide over
glyphosate application alone.
The interaction between flufenacet plus metribuzin and

glyphosate application timing was not a significant factor
in determining weed dry biomass (Table 1). Flufenacet plus
metribuzin followed by glyphosate did not differ from
glyphosate alone for reduction of weed dry biomass for C.

album (Table 3). At Ridgetown, one in-crop application of
glyphosate provided the best reduction in weed dry
biomass for A. retroflexus. Results were variable for A.

artemisiifolia, in 1999 there was no discernable difference
between glyphosate alone or when preceded by the residual
herbicide; however, in 2000 there was a clear reduction in
weed dry biomass when flufenacet plus metribuzin was
applied prior to glyphosate. The lower percent control of
A. artemisiifolia in 1999 with the residual herbicide
followed by glyphosate is most likely due to decreased
activation of the residual herbicide by below average
precipitation in the 7–10 days following pre-emergence
application (data not shown).

3.2. Maize tolerance and yield

No visual injury was recorded at Ridgetown for any
herbicide treatment. At Woodstock, noticeable visual
injury was recorded 28 and 56 days after flufenacet plus
metribuzin was applied alone (Table 4). Crop injury
recorded with glyphosate was most likely due to the
deleterious effects of competition with weeds in the plots
prior to glyphosate application rather than effects from the
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Table 3

Mean weed dry biomass 40d after the first glyphosate application at Ridgetown, and Woodstock, ON in 1999 and 2000

Treatment Timing Biomass (g/m2)a

A. retroflexusb A. artemisiifolia C. album

Ridgetown Woodstock Ridgetown Woodstock

Pooled 1999 2000 Pooled Pooled

Flufenacet plus metribuzin All timings 18.1 27.1 191.9 14.1 0.9

Glyphosate All timings 5.6 0.4 23.5 7.4 0.4

Flufenacet plus metribuzin fb glyphosate All timings 14.0 0.6 7.9 7.0 0.1

Untreated 93.5 240.9 987.8 10.8 12.2

Contrasts

Untreated vs. flufenacet plus metribuzin � � � NS �

Untreated vs. glyphosate � � � NS �

Untreated vs. flufenacet plus metribuzin fb glyphosate � � � NS �

Flufenacet plus Metribuzin vs. flufenacet plus metribuzin fb glyphosate NS � � � �

Glyphosate vs. flufenacet plus metribuzin fb glyphosate � NS � NS NS

Abbreviations: fb, followed-by.
aMeans presented have been back transformed to the original scale. Orthogonal Contrasts denoted by an asterisk (�) are significant at the 5% level and

those denoted by NS are not significant.
bAmaranthus retroflexus was present only at Ridgetown; Ambrosia artemisiifolia was present only at Woodstock; Chenopodium album was present at

Ridgetown and Woodstock.
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chemical. Visual crop injury was minor when flufenacet
plus metribuzin was followed by an in-crop application of
glyphosate.

Glyphosate and flufenacet plus metribuzin application
timing was not a significant factor in the determination of
yield in our study. Maize grain yield was significantly
higher in plots where glyphosate application was preceded
by flufenacet plus metribuzin due to the improved early
season weed control (Table 4). Our results differ from other
studies where improved early season control of common
lambsquarters and redroot pigweed with pre-emergence
residual herbicides did not translate into improved maize
grain yield when compared to one post-emergence applica-
tion of glyphosate in MI (Tharp and Kells, 2002).
Similarly, when glyphosate application was preceded by
atrazine in OH (Gower et al., 2002) and NC (Thomas et al.,
2004) the small improvement in weed control did not result
in improved maize grain yield in comparison to one post-
emergence application of glyphosate.

4. Conclusions

This research concludes that an application of the pre-
emergence residual herbicide, flufenacet plus metribuzin,
prior to an in-crop glyphosate application effectively
reduced broadleaved weed populations and biomass in
comparison to one in-crop application of glyphosate. The
sequential application of flufenacet plus metribuzin fol-
lowed by an in-crop application of glyphosate also resulted
in a yield benefit. Therefore, this data suggests that the
application of flufenacet plus metribuzin for residual weed
control in maize may be beneficial for improved weed
control and glyphosate stewardship. Continued research
involving other pre-emergence residual herbicides will be
beneficial to ensure that there is not an over reliance on
glyphosate as a singular method of weed control.
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