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Abstract

Glyphosate-resistant (GR) giant ragweed (Ambrosia trifida L.) was first identified in Canada in
2008 and has since been found throughout southwestern Ontario. Six field trials were conducted
over a two-year period (2012, 2013) on Ontario farms with GR giant ragweed to evaluate the effi-
cacy of linuron applied pre-plant (PP) in soybean (Glycine max (L.) Merr.). The dose required for
50%, 80%, and 95% GR giant ragweed control was 1238, 2959, and 6018 g-ai-ha-! four weeks after
application (WAA), respectively. The linuron dose needed for 50%, 80%, and 95% reduction in
density was 1554, 3181, and 5643 g-ai-ha-! and 1204, 2496, and 4452 g-ai-ha-! for dry weight, re-
spectively. Application of 7874 g-ai-ha-! linuron was needed to obtain soybean yields that were
90% of the weed-free control; approximately 3.5 times the maximum field recommended dose. To
achieve 95% and 98% yields, greater than 8640 g-ai-ha-! linuron was required. Application of lin-
uron plus glyphosate PP in soybean will help to control GR giant ragweed as well as reduce GR se-
lection pressure.
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1. Introduction

The selection of resistance in weeds to glyphosate is a significant hurdle towards the sustainability and contin-
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ued utility of glyphosate-resistant (GR) crops. Largely due to the widespread adoption of GR crops, including
soybean (Glycine max (L.) Merr.), corn (Zea mays L.), and canola (Brassica napus L.), over reliance on a single
herbicide mode of action has resulted in a strong selection intensity favoring resistant weed biotypes [1]-[3]. The
repeated use of glyphosate does not specifically change a weed, but rather selects for biotypes with natural ge-
netic resistance to 5-enolpyruvylshikimate-3-phosphate synthase inhibition [4]. Consequently, weed community
shifts are inevitable and are an inherent consequence of growing GR crops recurrently with concomitant use of
glyphosate [4]. Annual weed species that are widely distributed, occur in high population densities, are prolific
seed producers, and have efficient gene dissemination by means of seed or pollen have often been associated
with propensity for herbicide resistance [5].

Giant ragweed (Ambrosia trifida L.) is native to North America and frequently found throughout the eastern
United States and central Canada [6]-[8]. This annual weed is herbaceous, erect, and best characterized by its
immense stature, reaching heights of up to 5 m [9]. Considered noxious according to the Ontario Weeds Act,
giant ragweed can be found growing in river valleys, meadows, roadsides, wastelands, fencerows, and fertile ag-
ricultural soils [6] [10]. Giant ragweed exhibits early emergence and vigorous growth which enables it to com-
pete readily for resources and depress crop yields [6] [11]. Reference [12] reported that densities of only two
plants per 9 m row could reduce soybean yields by up to 50%. It is therefore preferable that populations be ma-
naged early to prevent both crop losses due to competition, as well as limit giant ragweed seed bank additions.

Giant ragweed flowers from August to October in Ontario and is wind-pollinated [7] [13]. Giant ragweed
plants are monoecious, having both male and female flowers present on individual plants [14]. The female, seed
bearing flowers are clustered at the base of elongated groupings of the male, pollen producing flowers [7] [9].
Giant ragweed pollen is a trigger for allergies and a known contributor of hay fever [15]. The male flowers shed
pollen in excess, which allows giant ragweed plants to cross-pollinate and create genetic variation within popu-
lations [7]. Genetic diversity is frequently associated with proclivity for resistance, as demonstrated in weeds
belonging to Amaranthus, Conyza, Lolium, as well as Ambrosia genera [5] [16].

In 2008, a population of giant ragweed from a field near Windsor, Ontario failed to be controlled by a stan-
dard glyphosate application. Upon investigation, resistance to glyphosate was confirmed at two times the field
recommended dose [17]. In 2009 and 2010, a survey of southwestern Ontario further confirmed GR giant rag-
weed at 47 additional locations across three counties, indicating that the distribution of resistant plants was much
broader than originally anticipated [18]. Resistant populations continued to be identified, with 34 more sites
confirmed in 2012, five of which exhibited multiple resistance to both glyphosate as well as acetolactate syn-
thase inhibiting herbicides [19]. In response to the discovery of GR giant ragweed in Ontario, producers have
been forced to diversify their weed management tactics including the incorporation of herbicides with additional
modes of action.

Linuron is a substituted-urea herbicide registered for application in various crops including corn, soybean,
wheat (Triticum aestivum L.), oats (Avena sativa L.), and barley (Hordeum vulgare L.) [20]. Linuron provides
residual control of many newly established and germinating annual grass and broadleaf weeds and may be soil-
or foliar-applied at a dose of 1125 to 2250 g-ai-ha * in soybean, in Ontario [20] [21]. Linuron inhibits photosyn-
thesis by binding to the Qg-binding niche of the D; protein of the photosystem Il complex in chloroplast thyla-
koid membranes [1]. Sensitive weeds include green foxtail Setaria viridis (L.) Beauv, wild mustard (Sinapsis
arvensis L.), common lambsquarters (Chenopodium album L.), common ragweed (Ambrosia artemisiifolia L.),
and redroot pigweed (Amaranthus retroflexus L.) [22]. While the risk of herbicide resistance tolinuron is higher
than that of glyphosate, its relative exposure supports implementation into GR cropping systems [16] [20] [23].

As GR giant ragweed continues to be identified, routine application of only glyphosate will no longer provide
effective control. In southwestern Ontario, giant ragweed seedlings are among the first weeds to emerge. Recent
studies on GR giant ragweed have concluded that control prior to soybean planting is an effective management
tactic [24] [25]. The objective of this study was to therefore determine the biologically effective dose of linuron
for the control GR giant ragweed when applied pre-plant (PP) in soybean.

2. Materials and Methods

Six field experiments were established in 2012 and 2013 on Ontario farms with GR giant ragweed. Resistance to
glyphosate was confirmed prior to the establishment of field trials at each location [18]. The experiments were
conducted at locations near McGregor and Windsor (two sites) in 2012, and Tilbury, Harrow, and McGregor,



K. D. Walsh et al.

Ontario, Canada in 2013. All of the experiments were established in no-till soybean fields. All sites were fertil-
ized according to soil test results; soil characteristics for each location are listed in Table 1.

The experiments were arranged in a randomized complete block design with four replications. Dose response
treatments included glyphosate (900 g-ae-ha™) plus linuron applied at 135, 270, 540, 1080, 2160, 4320, and
8640 g-ai-ha *. Experiments included a weed-free (900 g-ae-ha * glyphosate; 500 g-ai-ha * 2,4-D ester) and a
GR weedy control (900 g-ae-ha* glyphosate); plots measured 2 by 10 m. Throughout the growing season,
weedfree plots were maintained by hoeing and hand weeding as needed. Herbicide treatments were applied with
a CO,-pressurized backpack sprayer calibrated to deliver 200 L-ha* aqueous solution at 240 kPa. Boom length
was 1.5 m with four ultra-low drift nozzle tips (ULD 120-04, Hypro, New Brighton, MN, USA), spaced 50 cm
apart. Giant ragweed maximum height and density at the time of herbicide application are listed in Table 2.

Following herbicide application, GR soybean cultivars were seeded mid-May to early June at a depth of 3 to 4
cm using a no-till seeder (Table 2).

Weed control was evaluated relative to the GR weedy control at 2, 4, and 8 WAA on a scale of 0 (no control)
to 100% (complete control). Weed density and dry weight per square meter were determined at 4 WAA by
counting and cutting giant ragweed plants at the soil surface from two 0.5 m® quadrats per plot. Plants were
dried at 60°C to constant moisture and then weighed. The soybean crop was harvested by taking two meters of
plants out of one row in each plot, weight and moisture were recorded, and yields were adjusted to 13% mois-
ture.

Statistical Analysis

Data were analyzed using non-linear regression (PROC NLIN) in SAS 9.2 [26]. The weed-free control was not

Table 1. Location and soil characteristics for experiments conducted during 2012 and 2013, in Ontario.

Environment Soil characteristics
Sand Silt Clay Organic matter CEC
Year Nearest town Texture pH
% mm-eq-100g~"

2012 McGregor Clay loam 30 34 37 3.7 7.9 21
2012 Windsor Clay loam 36 34 61 4.6 6.6 14
2012 Windsor Loam 42 31 26 31 7.3 13
2013 Harrow Sandy loam 55 27 18 4.0 7.7 17
2013 McGregor Clay loam 27 34 39 3.7 7.3 18
2013 Tilbury Clay 21 37 42 31 7.9 22

Table 2. Location, relative humidity (RH), and giant ragweed maximum height and density at the time of treatment as well
as soybean agronomic information for experiments conducted during 2012 and 2013, in Ontario.

Environment Giant ragweed Soybean
Vear N foa\‘; i st S—— RH Maximum height Density_2 Cultivar Pl zg:;n 9 Rate : Row spacing
% cm plants'm seeds-ha cm
2012 McGregor 1-May 66 8 218 Pioneer 92Y53  22-May 555,967 19
2012 Windsor 8-May 46 14 229 Pioneer 93Y05  8-June 432,425 38
2012 Windsor 8-May 69 13 77 Dekalb 31-11  16-May 444,789 38
2013 Harrow 9-May 62 16 152 Dekalb 31-11  23-May 376,000 75
2013 McGregor 17-May 62 8 234 Dekalb 31-11 24-May 376,000 75
2013 Tilbury 9-May 49 12 252 Dekalb 31-11  27-May 376,000 75
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included in the regression analysis. Weed density and dry weight were converted to a percent of the GR weedy
control and yield was converted to a percent of the weed-free control prior to analysis. All parameters were re-
gressed against linuron dose, designated as DOSE in the equations.

The equation used for percent weed control (exponential to maximum), using a four parameter log-logistic
model was:

Y =(f —g)xexp(—hxDOSE) Q)

where f is the upper asymptote, g is the magnitude of the response and h is the slope of the response [27].
For percent density and dry weight, an inverse exponential equation was used:

Y =(i+ j)xexp(—kxDOSE) )

where i is the lower asymptote, j is the magnitude of the response and k is the slope of the response [27].
For percent yield a dose response equation was used:

Y =c+(d —c)/(l+exp[—b(|n DOSE—InIso)]) (3)

where ¢ is the lower asymptote, d is the upper asymptote, b is the slope and s, is the dose which gives a re-
sponse halfway between c and d [27].

Regression equations were used to calculate predicted linuron doses (g-ai-ha ™) required to give 50%, 80%,
and 95% percent control of giant ragweed or a 50%, 80%, and 95% reduction in percent weed density or dry
weight (EDsg, EDgo, and EDgs), or the dose which gave 90%, 95%, and 98% yield of the weed-free control (EDgy,
EDss, EDgg). If any linuron dose was predicted to be higher than 8640 g-ai-ha*, it was simply expressed as
“>8640" as it would be inappropriate to extrapolate outside the range of doses evaluated in these experiments.

3. Results and Discussion

No significant environment by dose interaction was present for the variables evaluated, thus data from all envi-
ronments were pooled.

To establish 50% control of GR giant ragweed, 1371, 1238, and 1670 g-ai-ha * linuron was required at 2, 4,
and 8 WAA, respectively (Table 3). However, the doses needed for 80% GR giant ragweed control were in-
creased to 4326, 2959, and 3943 g-ai-ha *for the same time intervals, respectively (Table 3). These correspond
to about 2, 1.3, and 1.8 times the recommended maximum linuron dose. In other PP linuron studies, Reference
[24] demonstrated greater than 95% control of GR giant ragweed, while Reference [25] reported good, yet vari-
able, control ranging from 23% to 99% at 8 WAA, in southwestern Ontario. This discrepancy in control may be
due to application timing as Reference [24] applied PP linuron from May 20 to June 3, and Reference [25] dur-
ing May 1 to June 2. In this study, linuron was applied May 1 to 17 (Table 2), therefore the comparative low GR
giant ragweed control may be due, in part, to early application dates. Linuron has also been shown to be effec-
tive at controlling 86% and 99% of herbicide-resistant waterhemp (Amaranthus tuberculatus var. rudis) at 10
WAA when applied as early as May 11 and May 29, respectively [28]. Additionally, the primarily wide-spaced
soybean rows in this study (Table 2) may have influenced GR giant ragweed control. Reference [29] examined
linuron weed control in soybeans spaced 18 to 107 cm and found that weed control increased as the distance
between rows decreased. Narrow row spacing has also been reported to delay the critical time for weed removal
[30]. Miller et al. [31] determined the biologically effective rate of saflufenacil/dimethenamid-p in soybean and
found that excessive moisture and below average temperatures resulted in higher doses of herbicide to maintain
the same level of weed control. This experiment detected no significant environment by dose interaction and
therefore dissimilar environmental conditions may produce altered linuron weed control values.

Based on the statistical analysis, the predicted dose of linuron required to reduce GR giant ragweed density
and dry weight was similar to that required for visible control (Table 3). The dose needed to reduce density by
50%, 80%, and 95% was 1554, 3181, and 5643 g-ai-ha *; this corresponds to a 1, 1.4, and 2.5 multiple of the
maximum field recommended dose (Table 3). The amount of linuron required to reduce GR giant ragweed dry
weight was slightly lower relative to density values (Table 3). To reduce dry weight by 50%, 80%, and 95%,
1204, 2496, and 4452 g-ai-ha * of linuron was required, respectively (Table 3). Based on this study, a grower
who applies glyphosate (900 g-ae-ha™*) plus linuron (2250 g-ai-ha ') PP in soybean can expect a reduction in
GR giant ragweed density and dry weight greater than 50%, but less than 80% (Table 3). However, there may
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Table 3. Regression parameter estimates and predicted linuron doses from exponential to maximum models of percent weed
control 2, 4 and 8 WAA, inverse exponential models of percent weed density and dry weight 4 WAA as a percent of the
glyphosate-resistant weedy control and dose response models of soybean yield as a percent of the weed-free control®.

Parameter estimates® (+SE) Predicted linuron dose®
Weed WAA f g EDsy, EDg  EDgs
% " g-ai-ha™
Exponential to maximum
AMBTR 2 86 ©)] 83 (3) 0.00061  (0.00007) 1371 4326 -
AMBTR 4 98 3 97  (3) 0.00057  (0.00057) 1238 2959 6018
AMBTR 8 100  (0) 98 (2 0.00040  (0.00002) 1670 3943 7383
Inverse exponential i j k
AMBTR Density 0 0) 120 (8) 0.00056  (0.00011) 1554 3181 5643
AMBTR  Dry weight 0 (0) 117 (7)  0.00071 (0.00013) 1204 2496 4452
Dose-response c d b Iso Rgo Ros Rog
YIELD 11 (6) 106 (32) 1.8 (1.0) 3155  (1602) 7874 >8640 >8640

Abbreviations: AMBTR, giant ragweed; WAA, weeks after herbicide application. "Exponential to maximum parameters (Equation (1)): f, upper as-
ymptote; g, magnitude of response; h, slope of response. Inverse exponential parameters (Equation (2)): i, lower asymptote; j, magnitude of response;
k, slope of response. Dose response parameters (Equation (3)): b, slope; c, lower asymptote; d, upper asymptote; Iso, dose required for 50% response.
°Rso, Rgo, and Rgs are the doses required to give weed control of 50%, 80%, 95%, respectively, for a given weed species; Rso, Rgo, and Rgs are the
doses required to give a 50%, 80%, and 95% reduction in percent density or dry weight, respectively, for a given weed species; Rqo, Ros, and Rgg are
the doses required to give yields of 90%, 95%, and 98%, respectively, of the weed-free control.

have been mitigating factors in this study as a standard linuron PP application has been shown to reduce GR gi-
ant ragweed dry weight by up to 98% in similar experiments conducted in southwestern Ontario [24] [25].

Higher doses of linuron were needed to obtain soybean yields comparable to the weed-free control (Table 3).
To achieve a 90% soybean yield, 7874 g-ai-ha* linuron was required; approximately 3.5 times the maximum
recommended dose (Table 3). For 95% and 98% vyields, the linuron dose needed was greater than 8640 g-ai-ha *,
the highest dose evaluated in this study (Table 3). Interestingly, application of the maximum field dose was in-
sufficient to establish a soybean yield even 50% of the weed-free control (Table 3) while other published reports
have observed considerably higher yields. Linuron plus glyphosate applied PP has been previously reported to
give soybean yields of up to 59% [25] and 90% [24] of the weed-free control, when targeting GR giant ragweed.
A similar study examined control of herbicide-resistant common waterhemp and found that linuron applied
pre-emergence in soybean was sufficient to establish 94% on the weed-free control [28].

4. Conclusion

In this experiment, the PP application of linuron plus glyphosate at the maximum field dose provided fair to ac-
ceptable control of GR giant ragweed in soybean. To establish 95% yield of the weed-free control, more than
8640 g-ai-ha* linuron was required. If required, a subsequent soybean post-emergence herbicide application
may be required as giant ragweed can greatly reduce yield, even at low densities [12]. While predicted weed
control was less than ideal, application of more than one mode of action will decrease the selection pressure for
resistant weed biotypes and broaden the spectrum of weeds controlled. Diversified herbicide programs benefit
growers who have GR weeds as well as ones who do not. However, herbicide choice is only one aspect of inte-
grated weed management [32] and auxiliary management tactics including timing of application and soybean
row spacing may enhance PP linuron efficacy and thus require further investigation.
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