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A Palmer amaranth (Amaranthus palmeri S. Watson) biotype has evolved resistance to photosystem (PS) II- (atrazine) and 4-hydroxyphenylpyruvate dioxygenase (HPPD)-inhibiting herbicides (mesotrione, tembotrione, and topramezone) in maize seed production field in Nebraska, USA. The objectives of this study were to determine the effect of soil residual pre-emergence (PRE) herbicides followed by (fb) tank-mixture of residual and foliar active post-emergence (POST) herbicides on PS-II- and HPPD-inhibitor-resistant Palmer amaranth control, maize yield, and net economic returns. Field experiments were conducted in a grower's field infested with PS II- and HPPD-inhibitor-resistant Palmer amaranth near Shickley in Fillmore County, Nebraska, USA in 2015 and 2016. The contrast analysis suggested that saflufenacil plus dimethenamid-P or pyroxasulfone plus saflufenacil applied PRE provided 80–82% Palmer amaranth control compared to 65 and 39% control with saflufenacil and pyroxasulfone applied alone at 3 weeks after PRE (WAPRE), respectively. Among the PRE fb POST herbicide programs, 95–98% Palmer amaranth control was achieved with pyroxasulfone plus safluefenacil, or saflufenacil plus dimethenamid-P applied PRE, fb glyphosate plus topramezone plus dimethenamid-P plus atrazine, glyphosate plus diflufenzopyr plus dicamba plus pyroxasulfone, glyphosate plus diflufenzopyr plus pendimethalin, or glyphosate plus diflufenzopyr plus dicamba plus atrazine applied POST at 3 weeks after POST (WAPOST) through maize harvest. Based on contrast analysis, PRE fb POST programs provided 77–83% Palmer amaranth control at 3 WAPOST through maize harvest compared to 12–15% control with PRE-only and 66–84% control with POST-only programs. Similarly, PRE fb POST programs provided 99% biomass reduction at 6 WAPOST compared to PRE-only (28%) and POST-only (87%) programs. PRE fb POST programs provided higher maize yield (13,617 kg ha−1) and net return (US $1,724 ha−1) compared to the PRE-only (2,656 kg ha−1; US $285 ha−1) and POST-only (11,429 kg ha−1; US $1,539 ha−1) programs. The results indicated that effective control of multiple herbicide-resistant Palmer amaranth can be achieved with PRE fb POST programs that include herbicides with overlapping residual activity to maintain season-long control.
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INTRODUCTION

Palmer amaranth is a summer annual broadleaf weed species belonging to the family Amaranthaceae that has separate male and female plants (Sauer, 1957). Palmer amaranth is a prolific seed producer and if left uncontrolled, a single female plant can produce as many as 600,000 seeds (Keeley et al., 1987). Palmer amaranth has the highest specific leaf area (149–261 cm2 g−1), photosynthetic rate (80 μmol CO2 m−2 s−1), and growth rate (0.10–0.21 cm per growing degree day) out of all of the Amaranthus species (Horak and Loughin, 2000). Palmer amaranth can tolerate medium to mild water stress conditions using osmotic adjustment as a drought tolerance mechanism (Ehleringer, 1983). Furthermore, Palmer amaranth populations have been reported resistant to microtubule-, acetolactate synthase (ALS)-, photosystem (PS) II-, 5-enol-pyruvylshikimate-3-phosphate synthase (EPSPS)-, 4-hydroxyphenylpyruvate dioxygenase (HPPD)-, and protoporphyrinogen oxidase (PPO)-inhibiting herbicides in different states throughout the USA (Heap, 2017). Palmer amaranth biotypes with multiple resistance to two or more herbicide sites of action have also been confirmed (Sosnoskie et al., 2011; Nandula et al., 2012; Heap, 2017). Palmer amaranth's aggressive growth habits and prolific seed production along with its evolution of resistance to different herbicide sites of action has made it the most problematic crop weed in the USA (Horak and Loughin, 2000; Berger et al., 2015; Chahal et al., 2015, 2017; Kohrt and Sprague, 2017).

A PS II- (atrazine) and HPPD-inhibitor-resistant Palmer amaranth biotype has been reported in a continuous maize seed production field in south-central Nebraska, USA (Jhala et al., 2014). While rapid detoxification and increased HPPD gene expression was reported as the mechanism conferring resistance to HPPD-inhibitor in the Palmer amaranth biotype from Nebraska (Nakka et al., 2017), the mechanism of atrazine resistance in this biotype is unknown. PS II- (atrazine) and HPPD-inhibitor (mesotrione, tembotrione, or topramezone) are the most commonly used herbicides for weed control in maize due to their pre-emergence (PRE) and post-emergence (POST) activity, broad-spectrum weed control, and crop safety, particularly in sweet maize, seed maize, and maize for popcorn (Fleming et al., 1988; Swanton et al., 2007; Bollman et al., 2008). The evolution of Palmer amaranth resistant to PS II- and HPPD-inhibitor has reduced the number of herbicide options for Palmer amaranth control in maize in Nebraska, USA.

The management of herbicide-resistant (HR) Palmer amaranth requires PRE followed by (fb) POST herbicide programs with distinct sites of action, herbicide rotation, and rotation of HR crop traits (Jhala et al., 2014; Crow et al., 2016; Chahal et al., 2017). The majority of the maize fields in Nebraska are under glyphosate-resistant (GR) maize production systems using either single or sequential glyphosate applications for POST weed control (Jhala et al., 2014; Chahal et al., 2017). Studies conducted in Nebraska have reported that the PS II- and HPPD inhibitor-resistant Palmer amaranth biotype is sensitive to glyphosate applied at the labeled rate because glyphosate had not been used over the past 8 years while the field was kept under continuous maize seed production (unpublished data). Therefore, glyphosate can be considered as one of the herbicide options for management of PS II- and HPPD inhibitor-resistant Palmer amaranth in GR maize. In Nebraska, GR weed species, including common ragweed (Ambrosia artemisiifolia L.), common waterhemp (Amaranthus rudis Sauer), horseweed [Conyza canadensis (L.) Cronq.], giant ragweed (Ambrosia trifida L.), and kochia [Kochia scoparia (L.) Schrad.] have been reported (Sarangi et al., 2015; Chahal et al., 2017; Ganie and Jhala, 2017a; Heap, 2017). More recently, GR Palmer amaranth has also been confirmed in Nebraska (Chahal et al., 2017). In view of the widespread occurrence of six GR broadleaf weeds in Nebraska, tank-mixing glyphosate with other site of action herbicides and rotation of GR maize with other HR crop traits has become important to diversify the number of herbicide options for management of HR weeds such as Palmer amaranth (Ganie et al., 2017; Ganie and Jhala, 2017b).

Palmer amaranth has an extended period of emergence (March–October) in the midwestern and southern USA, making it difficult to control, specifically later in the crop season (Keeley et al., 1987). PRE herbicides, also referred to as soil residual herbicides, are applied to the soil after crop planting but before emergence for controlling germinating or emerging weed seedlings. Soil-residual PRE herbicides generally lose their residual activity in the soil in 30–50 days; however, most POST herbicides commonly applied in maize have minimal to no soil residual activity (Jhala et al., 2015; Wiggins et al., 2015). Moreover, late-emerging Palmer amaranth plants often escape POST herbicide applications and produce seeds, leading to the replenishment of the soil seedbank and ensuring weed infestations for the next several seasons (Keeley et al., 1987). Therefore, herbicide programs should be focused on season-long Palmer amaranth control to reduce seed production and infestation during subsequent crop seasons. Though over-the-top (broadcast) application of most foliar active POST herbicides is restricted up to certain maize growth stages (Anonymous, 2017a,b,c), some herbicides such as glyphosate and glufosinate can be applied with drop nozzles in the later maize stages extending up to V8–V12 or the 8- to 12-leaf stage and V8–V10 or the 8- to 10-leaf stage in glyphosate- and glufosinate-resistant maize, respectively (Anonymous, 2017b,d). However, the repeated application of herbicides with a single site of action promote the rapid evolution of HR weeds (Délye et al., 2013).

Several soil-residual PRE herbicides have been registered for Palmer amaranth control in maize. For instance, acetochlor, dimethenamid-P, pendimethalin, pyroxasulfone, saflufenacil, or S-metolachlor applied PRE provided >80% Palmer amaranth control up to 50 days after application (Johnson et al., 2012; Cahoon et al., 2015; Janak and Grichar, 2016; Meyer et al., 2016). In addition, some soil residual herbicides such as acetochlor, pyroxasulfone, or dimethenamid-P can be applied POST in maize up to certain growth stages (Anonymous, 2017e,f,g). The application of overlapping residual herbicides could be used as an approach for season-long Palmer amaranth control. However, most soil-applied residual herbicides lack foliar activity and are unable to control emerged weeds at the time of application. Therefore, for achieving season-long Palmer amaranth control and to reduce the evolution of HR weeds, different site of action soil-residual herbicides can be applied within 2–3 days of crop planting and in tank-mixture with foliar active herbicides in a POST application.

The cost of herbicide-resistant weed management programs that include different site of action PRE and POST herbicides is usually higher than that of commonly followed weed management practices that involve the use of a single site of action POST herbicide such as glyphosate; therefore, most growers do not consider residual herbicides until they notice the presence of HR weeds in their fields (Peterson, 1999; Norsworthy et al., 2012; Edwards et al., 2014). Additionally, several growers have been avoiding PRE herbicides and relying on POST herbicides to reduce production costs due to low maize and soybean [Glycine max (L.) Merr.] commodity prices over the last few years in the USA; however, avoiding PRE herbicides allows early-season crop-weed competition, which could result in a yield penalty (Hall et al., 1992; Schuster and Smeda, 2007). Therefore, it has become crucial to evaluate the economic benefits of implementing herbicide resistant weed management programs to encourage their adoption among growers.

The objectives of this study were to determine the efficacy of soil-residual PRE herbicides fb residual herbicides in tank-mixture with foliar active POST herbicides for PS-II- and HPPD-inhibitor-resistant Palmer amaranth control, crop yield, and net economic return in GR maize. We hypothesized that season-long Palmer amaranth control will be achieved with soil-residual PRE herbicides fb their application in tank-mixture with POST herbicides.

MATERIALS AND METHODS

Experimental Setup

Field experiments were conducted in 2015 and 2016 in a grower's field confirmed with the presence of PS II- and HPPD-inhibitor-resistant Palmer amaranth near Shickley in Fillmore County, Nebraska (40.46°N, 97.80°E). The level of atrazine resistance was 9- to 14-fold, while the level of resistance to mesotrione, tembotrione, and topramezone was 4-, 4- to 6-, and 14- to 23-fold, respectively, compared to two susceptible Palmer amaranth populations (Jhala et al., 2014). Soil texture at the research site was a Crete silt loam (fine, smectitic, mesic Pachic Udertic Argiustolls) with a pH of 6.5, 26% sand, 57% silt, 17% clay, and 3.5% organic matter. A GR maize hybrid (Mycogen 2D351) was seeded at 87,500 seeds ha−1 in rows spaced 76 cm apart on May 30, 2015 and June 1, 2016. The experiment was arranged in a randomized complete block design with four replications and the experimental plots were 3 m wide and 9 m long, consisting of four maize rows. Monthly mean air temperature and total precipitation during the 2015 and 2016 growing seasons and the 30 year average in Shickley, Nebraska is provided in Table 1.


Table 1. Monthly mean air temperature and total precipitation during the 2015 and 2016 growing seasons and the 30 year (year) average at Shickley, Nebraska, USAa.
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Herbicide programs in the GR maize included PRE-only, POST-only, and PRE fb their sequential application in tank-mixture with POST herbicides, with a total of 15 treatment combinations including a nontreated control (Table 2). The herbicide application timings and rates were based on the label recommendations in maize in Nebraska. Herbicide programs were applied using a CO2-pressurized backpack sprayer consisting of a four-nozzle boom fitted with AIXR 110015 flat-fan nozzles (TeeJet Spraying Systems Co., P.O. Box 7900, Wheaton, IL 60189) calibrated to deliver 140 L ha−1 at 276 kPa. PRE applications were made within 3 days after planting maize and POST herbicides were applied when Palmer amaranth was 12–15 cm tall.


Table 2. Herbicide products, rates, and application timing for control of Photosystem (PS) II- and 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitor-resistant Palmer amaranth in glyphosate-resistant maize in field experiments conducted in 2015 and 2016 in Nebraska, USAa.
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Palmer amaranth control was visually estimated at 3 weeks after PRE (WAPRE), before POST herbicide programs were applied, 3 and 6 weeks after POST (WAPOST) herbicide application, and before maize harvest based on a scale of 0–100%, with 0% corresponding to no control and 100% corresponding to plant death. A similar scale was used to assess maize injury at 1 and 2 weeks after PRE and POST herbicide applications, with 0% corresponding to no injury and 100% corresponding to no seed emergence or plant death. Palmer amaranth density was assessed from two randomly selected 0.25 m2 quadrats per plot at 3 WAPRE herbicide programs. The Palmer amaranth's aboveground biomass was harvested from two randomly selected 0.25 m2 quadrats per plot at 6 WAPOST, oven dried at 65 C for 3 days, and weighed. Palmer amaranth density and biomass data were converted into percent density or biomass reduction compared with the nontreated control (Ganie et al., 2017; Sarangi et al., 2017):
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where C is the biomass or density of the nontreated control plot and B is the biomass or density collected from the experimental plot. At maturity, maize was harvested from the middle two rows of each plot using a plot combine, weighed, and the moisture content were recorded. Maize yields were adjusted to 15.5% moisture content (Ganie et al., 2017).

Economic analysis was performed to evaluate the profit and risk associated with each herbicide program. Net return from herbicide programs was calculated using the maize yield from each replication and herbicide program cost (Bradley et al., 2000; Edwards et al., 2014):
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Gross revenue was calculated by multiplying the maize yield from each replication for each program by the average grain price ($0.137 kg−1) received in Nebraska at harvest time during the experimental years (USDA-NASS, 2016). Each herbicide program cost included the average herbicide cost per hectare obtained from three agricultural chemical dealers in Nebraska and a custom application cost of $18.11 ha−1 application−1.

Statistical Analysis

Data of Palmer amaranth control estimates, density and aboveground biomass reduction, maize yield, gross return, and net return were subjected to ANOVA using the PROC GLIMMIX procedure in SAS version 9.3 (SAS Institute Inc., Cary, NC 27513). Herbicide programs and experimental years were considered fixed effects, whereas replications were considered a random effect in the model. Data were combined over years when there was no year-by- program interaction. The nontreated control was not included in the data analysis for control estimates and percent density and biomass reduction. Before analysis, data were tested for normality and homogeneity of variance using Shapiro-Wilks goodness-of-fit and Levene's test in SAS. To meet the normality and homogeneity of variance assumptions of ANOVA, all data, except maize yield, were arc-sine square root transformed before analysis; however, back-transformed data are presented with mean separation based on the transformed data. Where the ANOVA indicated herbicide program effects were significant, means were separated at P ≤ 0.05 with Tukey-Kramer's pairwise comparison test to reduce type I error for the series of comparisons. Pre-planned single degree-of-freedom contrast analysis was accomplished to compare the relative efficacy of PRE-only, POST-only, and PRE fb POST herbicide programs for Palmer amaranth control, biomass reduction, maize yield, and net return.

RESULTS

Year-by-herbicide programs interaction was not significant for Palmer amaranth control, density and biomass reduction, maize yield, gross return, and net return; therefore, data were combined over two experimental years.

Palmer Amaranth Control

Saflufenacil applied PRE provided 60–69% Palmer amaranth control compared to 36–42% control with pyroxasulfone at 3 WAPRE; however, saflufenacil plus dimethenamid-P premix or pyroxasulfone tank-mixed with saflufenacil provided 76–85% Palmer amaranth control at 3 WAPRE (Table 3). Palmer amaranth control with PRE herbicides applied alone declined to ≤28% later in the season. The contrast analysis suggested that saflufenacil plus dimethenamid-P as well as pyroxasulfone plus saflufenacil provided 80–82% control compared to 65 and 39% control with saflufenacil and pyroxasulfone applied alone, respectively, at 3 WAPRE (Table 4).


Table 3. Control of photosystem (PS) II- and 4-hydroxyphenylpyruvate dioxygenase (HPPD)-inhibitor-resistant Palmer amaranth with PRE and/or POST residual herbicides in glyphosate-resistant maize in field experiments conducted in Nebraska, USA in 2015 and 2016a.
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Table 4. Contrast means for control and density reduction of photosystem (PS) II- and 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitor-resistant Palmer amaranth at 3 weeks after pre-emergence herbicide application in glyphosate-resistant maize in field experiments conducted in Nebraska, USA in 2015 and 2016a.
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At 3 and 6 WAPOST, Palmer amaranth control ranged from 86 to 95% with glyphosate compared to 57–66% and 69–95% control with topramezone plus dimethenamid-P and diflufenzopyr plus dicamba, respectively. Palmer amaranth control was reduced to 23% at harvest with a POST-only application of topramezone plus dimethenamid-P compared to glyphosate (88%) and dicamba plus diflufenzopyr (89%). However, ≥95% Palmer amaranth control was achieved with pyroxasulfone plus safluefenacil, or saflufenacil plus dimethenamid-P applied PRE fb glyphosate plus topramezone plus dimethenamid-P plus atrazine, glyphosate plus diflufenzopyr plus dicamba plus pyroxasulfone, glyphosate plus diflufenzopyr plus pendimethalin, or glyphosate plus diflufenzopyr plus dicamba plus atrazine at 3 and 6 WAPOST, and at harvest (Figure 1; Table 3). Most PRE fb POST herbicide programs resulted in ≥95% Palmer amaranth control throughout the season, except pyroxasulfone fb topramezone plus dimethenamid-P (18–39%), saflufenacil fb topramezone plus dimethenamid-P (36–58%), or saflufenacil plus dimethenamid-P fb topramezone plus dimethenamid-P (64–73%) (Table 3). The contrast analysis indicated that PRE fb POST programs provided greatest Palmer amaranth control (77%) compared to POST-only programs (66–71%) at 3 WAPOST and at harvest; however, similar control (83–84%) was achieved at 6 WAPOST (Table 3). Similarly, POST-only programs provided 66–71% control compared to <15% control with PRE-only programs at 3 and 6 WAPOST and at harvest.
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FIGURE 1. Control of Photosystem (PS) II- and 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitor-resistant Palmer amaranth with (A) pyroxasulfone + saflufenacil followed by (fb) glyphosate + topramezone + dimethenamid-P + atrazine, and (B) saflufenacil + dimethenamid-P fb glyphosate + diflufenzopyr + pendimethalin compared to (C) nontreated control at 3 weeks after post-emergence.



Palmer Amaranth Density and Biomass Reduction

Palmer amaranth density was reduced by 55–82% with saflufenacil, pyroxasulfone plus saflufenacil, or saflufenacil plus dimethenamid-P compared to 27–29% density reduction with pyroxasulfone at 3 WAPRE. Based on the contrast analysis, pyroxasulfone plus saflufenacil or saflufenacil plus dimethenamid-P provided the greatest density reduction (66–78%) compared to saflufenacil (58%) and pyroxasulfone (39%) (Table 4).

Saflufenacil or saflufenacil plus dimethenamid-P applied PRE alone provided 29–56% biomass reduction compared to no biomass reduction with pyroxasulfone at 6 WAPOST (Table 5). Glyphosate or dicamba plus diflufenzopyr applied POST alone resulted in ≥97% biomass reduction compared to 66% biomass reduction with topramezone plus dimethenamid-P. The PRE fb POST programs provided 76–99% Palmer amaranth biomass reduction (Figure 1), except for saflufenacil fb topramezone plus dimethenamid-P (69%), and pyroxasulfone fb topramezone plus dimethenamid-P (44%) at 6 WAPOST (Table 5). The contrast analysis indicated that PRE fb POST programs provided 99% Palmer amaranth biomass reduction compared to POST-only (87%) and PRE-only programs (28%) at 6 WAPOST (Table 5).


Table 5. Effect of herbicide programs on photosystem (PS) II- and 4-hydroxyphenylpyruvate dioxygenase (HPPD)-inhibitor-resistant Palmer amaranth density reduction at 3 weeks after PRE, biomass reduction at 6 weeks after POST, maize injury at 2 weeks after PRE, and maize yield at harvest in glyphosate-resistant maize in field experiments conducted in Nebraska, USA in 2015 and 2016a.
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Maize Injury and Yield

Herbicide injury on maize was negligible (0–6%) and transient without impact on maize yield (data not shown). The nontreated control resulted in the lowest maize yield of 1,042 kg ha−1 and was comparable with PRE-only programs including pyroxasulfone (1,870 kg ha−1), saflufenacil (1,990 kg ha−1), or saflufenacil plus dimethenamid-P (4,108 kg ha−1). Most of the PRE fb POST programs resulted in greater maize yield varying from 16,031 to 17,161 kg ha−1, except for pyroxasulfone fb topramezone plus dimethenamid-P (5,600 kg ha−1), saflufenacil fb topramezone plus dimethenamid-P (9,194 kg ha−1), and saflufenacil plus dimethenamid-P fb topramezone plus dimethenamid-P (11,450 kg ha−1) (Table 5). Maize yield with POST-only programs varied from 8,525 to 14,324 kg ha−1 and glyphosate applied alone resulted in a yield comparable with the highest yielding PRE fb POST programs. The contrast analysis indicated that PRE fb POST programs provided higher (13,617 kg ha−1) maize yield compared to POST-only (11,429 kg ha−1) and PRE-only (2,656 kg ha−1) programs (Table 5).

Economic Analysis

The cost of PRE-only and POST-only herbicide programs varied from US $61.01 to US $98.11 ha−1 and US $29.79 to US $65.90 ha−1, respectively, compared with $133.00 to $215.64 ha−1 for PRE fb POST programs (Table 6). The gross income and net returns were in consensus with the yield (Tables 5, 6). The PRE fb POST herbicide programs including pyroxasulfone plus safluefenacil, or saflufenacil plus dimethenamid-P applied PRE fb glyphosate plus topramezone plus dimethenamid-P plus atrazine, glyphosate plus diflufenzopyr plus dicamba plus pyroxasulfone, glyphosate plus diflufenzopyr plus pendimethalin, or glyphosate plus diflufenzopyr plus dicamba plus atrazine applied POST provided the highest net returns ranging from $2,023 to $2,246 ha−1 (Table 6). The net returns with PRE-only programs were < $475 ha−1 compared to $1,123 to $1,965 ha−1 with POST-only herbicide programs, signifying the importance of POST programs (Table 6). The contrast analysis suggested that PRE fb POST programs provided the highest ($1,724 ha−1) net return fb POST-only ($1,539 ha−1), and PRE-only ($285 ha−1) programs.


Table 6. Cost of herbicide programs for controlling photosystem (PS) II- and 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitor-resistant Palmer amaranth and net income from maize yield in glyphosate-resistant maize in field experiments conducted in Nebraska, USA in 2015 and 2016a.
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DISCUSSION

The results indicated that PRE programs with multiple sites of action, including saflufenacil plus dimethenamid-P premix or pyroxasulfone tank-mixed with saflufenacil provided higher control (80–82%) compared to saflufenacil or pyroxasulfone applied alone (39–65%) at 3 WAPRE. Similarly, Kohrt and Sprague (2017) reported 75% Palmer amaranth control with saflufenacil applied alone and 80–97% control when saflufenacil was tank-mixed with pyroxasulfone at 45 DAPRE in a 3-year field study in Michigan. Janak and Grichar (2016) also reported >95% Palmer amaranth control with saflufenacil plus dimethenamid-P at 95 DAPRE in maize production fields in Texas. Similarly, Aulakh and Jhala (2015) reported 96% common waterhemp control with saflufenacil plus dimethenamid-P at 15 DAPRE in soybean in Nebraska.

The POST herbicide programs including tank-mixture of active ingredients with residual activity and multiple sites of action provided 95–99% Palmer amaranth control compared to topramezone plus dimethenamid-P (57–70%) (Figure 1; Table 3). Similarly, Wiggins et al. (2015) reported 95–99% control of GR Palmer amaranth with glyphosate plus S-metolachlor plus mesotrione plus atrazine, thiencarbazone-methyl plus tembotrione plus atrazine, or glyphosate plus atrazine at 28 DAPOST. However, the unacceptable control with topramezone plus dimethenamid-P may be attributed to a high-level resistance (14- to 23-fold) of Palmer amaranth to topramezone (Jhala et al., 2014). In the same study, Jhala et al. (2014) reported only 58% control of PS II- and HPPD-inhibitor-resistant Palmer amaranth with topramezone compared to 99% control of the susceptible biotypes or 87–99% control of resistant Palmer amaranth when topramezone was tank-mixed with atrazine at 21 DAPOST. Although Palmer amaranth was resistant to PRE and POST applied atrazine or topramezone, the POST application of glyphosate plus topramezone plus dimethenamid-P plus atrazine controlled Palmer amaranth ≥95% throughout the season due to the synergistic interactions of atrazine and topramezone as well as the presence of glyphosate (Table 3). Previous studies have reported synergistic interaction when a PS-II inhibitor such as atrazine is applied in tank-mixture with an HPPD inhibitor for POST weed control in maize (Abendroth et al., 2006; Hugie et al., 2008), including control of atrazine- and HPPD-inhibitor-resistant Palmer amaranth (Jhala et al., 2014). Similarly, synergistic interaction between HPPD- and PS II-inhibiting herbicides has been reported for control of giant ragweed (Ambrosia trifida L.), common lambsquarters (Chenopodium album L.), velvetleaf (Abutilon theophrasti Medik.), common waterhemp, and redroot pigweed (Amaranthus retroflexus L.) (Abendroth et al., 2006; Hugie et al., 2008; Woodyard et al., 2009a,b). At the physiological level, atrazine binds at the QB binding site of DI protein of PS II and inhibits the electron transport during photosynthesis (Fuerst and Normanm, 1991). On the other hand, mesotrione inhibits HPPD enzyme synthesis which leads to depletion of plastoquinone resulting in decreasing electron transport during photosynthesis and also inhibit carotenoids and tocopherols synthesis (Hess, 2000; Mitchell et al., 2001; McCurdy et al., 2008). Both PS II- and HPPD-inhibitors block the electron transport in PS II due to their complementary mode of action and lead to the accumulation of reactive oxygen species and free radicals that damage the foliar tissue membranes (Hess, 2000).

The POST-only programs including glyphosate or dicamba plus diflufenzopyr resulted in 88–95% Palmer amaranth control and were comparable with the PRE fb POST herbicide programs, except at 3 WAPOST (Table 3). Jhala et al. (2014) reported 90–99% control of the same Palmer amaranth biotype with glyphosate, glufosinate, or dicamba at 21 DAPOST in a greenhouse study. Similarly, Norsworthy (2004) reported 100% Palmer amaranth control with a single or sequential application of glyphosate at 5 WAPOST. Likewise, Crow et al. (2016) reported >87% control of >20 cm tall Palmer amaranth with dicamba plus diflufenzopyr applied alone or in tank-mixture with glyphosate, mesotrione, tembotrione, mesotrione plus rimsulfuron, or tembotrione plus thiencarbazone at 4 WAPOST. Nonetheless, the dependence on POST herbicides with a single site of action must be avoided to prevent the evolution of HR weeds (Chahal and Jhala, 2015; Chahal et al., 2017; Ganie and Jhala, 2017b). Furthermore, the confirmation of GR Palmer amaranth in a GR soybean/maize production field in south-central Nebraska signifies that dependence on a single POST herbicide program is not a reliable option (Chahal et al., 2017).

Weed density at the time of POST herbicide application plays an important role in determining herbicide efficacy and the number of weeds surviving (Dieleman et al., 1999). Bell et al. (2015) reported that flumioxazin plus pyroxasulfone applied PRE in soybean reduced Palmer amaranth emergence and demonstrated a potential to enhance the efficacy of POST herbicides and reduce selection pressure by exposing a lower number of Palmer amaranth plants to POST herbicides. Similarly, Meyer et al. (2016) reported ≥97% control of Palmer amaranth and common waterhemp for more than 3 weeks of applying isoxaflutole plus S-metolachlor plus metribuzin, S-metolachlor plus mesotrione, or flumioxazin plus pyroxasulfone. In addition, the application of residual herbicides in a tank-mixture with a foliar active POST herbicide is obligatory for the season-long control of Palmer amaranth because of its extended emergence period that typically begins from early May to late September (Jha and Norsworthy, 2009; Ward et al., 2013).

Palmer amaranth density and biomass reduction were in consensus with the visual estimates of Palmer amaranth control at 3 WAPRE and 6 WAPOST, respectively. Jhala et al. (2014) and Kohrt and Sprague (2017) reported an agreement between Palmer amaranth control estimates and biomass reduction with herbicide programs tested. The PRE fb POST programs resulted in greater yield compared to a PRE- or POST-only herbicide program, excluding a POST-only application of glyphosate. Although higher rainfall was received at the experimental site in 2015 during the critical period of maize growth from the V2 to V8 development stages during June and July compared to 2016 and the 30-year average (Table 1), no difference in Palmer amaranth control, density and biomass reduction, and maize yield was observed between the two experimental years. However, previous studies have reported greater weed control and maize yield in years receiving higher rainfall compared to dry years (Whaley et al., 2009; Petcu et al., 2015). A higher level of Palmer amaranth control in this study with glyphosate was due to the fact that glyphosate had not been applied at the research site for the last 8 years because the field was under continuous maize seed production (Jhala et al., 2014). Similarly, the economic analysis indicated higher net returns with PRE fb POST herbicide programs with multiple herbicide sites of action even though the diversified herbicide mixtures were more expensive. Bradley et al. (2000) also reported that PRE fb POST programs including acetochlor or S-metolachlor applied PRE fb dicamba or glufosinate plus atrazine applied POST were among the high net income-producing programs with excellent weed control in maize. Norsworthy (2004) also reported greater gross profit with chlorimuron plus metribuzin or sulfentrazone applied PRE fb glyphosate compared to glyphosate without PRE herbicide applications.

CONCLUSION

The evolution of PS II- and HPPD-inhibitor-resistant Palmer amaranth has become a concern for field maize, maize grown for popcorn and seed production in Nebraska, USA. The results of this study suggested that season-long Palmer amaranth management is possible by including overlapping residual herbicides in synergistic tank-mixtures of PS II- and HPPD-inhibiting herbicides. In addition, application of PS II- and HPPD-inhibiting herbicides in a tank-mixture with glyphosate, dicamba plus dimethenamid-P, or pyroxasulfone provided an effective strategy for Palmer amaranth control due to the synergistic action of atrazine and topramezone; along with the residual activity of atrazine, dimethenamid-P, or pyroxasulfone; and glyphosate or dicamba as additional effective sites of action to reduce selection pressure. However, Culpepper (2006) emphasized that no single herbicide program will provide a consistently satisfactory control of Palmer amaranth for more than a 4- to 5-year period. Therefore, it has become crucial to incorporate feasible non-chemical weed control tools including tillage, rotation of different HR cultivars with conventional crop cultivars, row spacing, and harvest weed seed control etc., for an integrated HR Palmer amaranth management.

AUTHOR CONTRIBUTIONS

PC conducted the experiments, analyzed the data, and edited the manuscript; ZG assisted in the experiments and writing of the manuscript; and AJ conceptualized and designed the research and edited the manuscript.

FUNDING

This project was partially supported by funding from the Nebraska Corn Board and the USDA-NIFA Nebraska Extension Implementation Program.

ACKNOWLEDGMENTS

The authors acknowledge Irvin Schleufer, Jatinder Aulakh, Mason Adams, Ian Rogers, and Debalin Sarangi for their help in this project.

ABBREVIATIONS

fb, followed by; PRE, pre-emergence; POST, post-emergence; WAPRE, weeks after pre-emergence; WAPOST, weeks after post-emergence.

REFERENCES

 Abendroth, J. A., Martin, A. R., and Roeth, F. W. (2006). Plant response to combinations of mesotrione and photosystem II inhibitors. Weed Technol. 20, 267–274. doi: 10.1614/WT-05-020R.1

 Anonymous (2017a). Clarity Herbicide Specimen Label. Available online at: http://www.cdms.net/ldat/ld797012.pdf

 Anonymous (2017b). Roundup PowerMax Herbicide Specimen Label. Available online at: http://www.cdms.net/ldat/ld8CC010.pdf

 Anonymous (2017c). Basis® Blend Herbicide Specimen Label. Available online at: http://www.cdms.net/ldat/ldA8O004.pdf

 Anonymous (2017d). Liberty 280 SL Herbicide Specimen Label. Available online at: http://www.cdms.net/ldat/ldUA5013.pdf

 Anonymous (2017e). Warrant Herbicide Specimen Label. Available online at: http://www.cdms.net/ldat/ld9KA005.pdf

 Anonymous (2017f). Zidua® Herbicide Specimen Label. Available online at: http://www.cdms.net/ldat/ldAMK010.pdf

 Anonymous (2017g). Outlook® Herbicide Specimen Label. Available online at: http://www.cdms.net/ldat/ld3LS014.pdf

 Aulakh, J. S., and Jhala, A. J. (2015). Comparison of glufosinate-based herbicide programs for broad-spectrum weed control in glufosinate-resistant soybean. Weed Technol. 29, 419–430. doi: 10.1614/WT-D-15-00014.1

 Bell, H. D., Norsworthy, J. K., and Scott, R. C. (2015). Effect of drill-seeded soybean density and residual herbicide on Palmer amaranth (Amaranthus palmeri) emergence. Weed Technol. 29, 697–606. doi: 10.1614/WT-D-14-00158.1

 Berger, S. T., Ferrell, J. A., Rowland, D. L., and Webster, T. M. (2015). Palmer amaranth (Amaranthus palmeri) competition for water in cotton. Weed Sci. 63, 928–935. doi: 10.1614/WS-D-15-00062.1

 Bollman, J. D., Boerboom, C. M., Becker, R. L., and Fritz, V. A. (2008). Efficacy and tolerance to HPPD-inhibiting herbicides in sweet corn. Weed Technol. 22, 666–674. doi: 10.1614/WT-08-036.1

 Bradley, P. R., Johnson, W. G., Hart, S. E., Buesinger, M. L., and Massey, R. E. (2000). Economics of weed management in glufosinate-resistant corn (Zea mays L.). Weed Technol. 14, 495–501. doi: 10.1614/0890-037X(2000)014[0495:EOWMIG]2.0.CO;2

 Cahoon, C. W., York, A. C., Jordan, D. L., Everman, W. J., Seagroves, R. W., Braswell, L. R., et al. (2015). Weed control in cotton by combinations of microencapsulated acetochlor and various residual herbicides applied preemergence. Weed Technol. 29, 740–750. doi: 10.1614/WT-D-15-00061.1

 Chahal, P. S., Aulakh, J. S., Jugulum, M., and Jhala, A. J. (2015). “Herbicide-Resistant Palmer amaranth (Amaranthus palmeri S. Wats.) in the United States—mechanisms of resistance, impact, and management,” in Herbicides, Agronomic Crops, and Weed Biology, ed A. Price (Rijeka: InTech), 1–29.

 Chahal, P. S., and Jhala, A. J. (2015). Herbicide programs for control of glyphosate-resistant volunteer corn in glufosinate-resistant soybean. Weed Technol. 29, 431–443. doi: 10.1614/WT-D-15-00001.1

 Chahal, P. S., Varanasi, V. K., Jugulam, M., and Jhala, A. J. (2017). Glyphosate-resistant Palmer amaranth (Amaranthus palmeri) in Nebraska: confirmation, EPSPS gene amplification, and response to POST corn and soybean herbicides. Weed Technol. 31, 80–93. doi: 10.1614/WT-D-16-00109.1

 Crow, W. D., Steckel, L. E., Mueller, T. C., and Hayes, R. M. (2016). Management of large, glyphosate-resistant Palmer amaranth (Amaranthus palmeri) in corn. Weed Technol. 30, 611–616. doi: 10.1614/WT-D-15-00164.1

 Culpepper, A. S. (2006). Glyphosate-induced weed shifts. Weed Technol. 20, 277–281. doi: 10.1614/WT-04-155R.1

 Délye, C., Jasieniuk, M., and Le Corre, V. (2013). Deciphering the evolution of herbicide resistance in weeds. Trends Genet. 29, 649–658. doi: 10.1016/j.tig.2013.06.001

 Dieleman, J. A., Mortensen, D. A., and Martin, A. R. (1999). Influence of velvetleaf (Abutilon theophrasti) and common sunflower (Helianthus annuus) density variation on weed management outcomes. Weed Sci. 47, 81–89.

 Edwards, C. B., Jordan, D. L., Owen, M. D. K., Dixon, P. M., Young, B. G., Wilson, R. G., et al. (2014). Benchmark study on the glyphosate-resistant crop systems in the United States. Economics of herbicide resistance management practices in a 5 year field-scale study. Pest Manag. Sci. 70, 1924–1929. doi: 10.1002/ps.3759

 Ehleringer, J. (1983). Ecophysiology of Amaranthus palmeri, a sonoran desert summer annual. Oecologia 57, 107–112. doi: 10.1007/BF00379568

 Fleming, A. A., Banks, P. A., and Legg, J. G. (1988). Differential response of maize inbreds to bentazon and other herbicides. Can. J. Plant Sci. 68, 501–507. doi: 10.4141/cjps88-060

 Fuerst, E., and Normanm, M. (1991). Interactions of herbicides with photosynthetic electron-transport. Weed Sci. 39, 458–464. doi: 10.1017/S0043174500073227

 Ganie, Z. A., and Jhala, A. J. (2017a). Glyphosate-resistant common ragweed (Ambrosia artemisiifolia) in Nebraska: confirmation and response to postemergence corn and soybean herbicides. Weed Technol. 31, 225–237. doi: 10.1017/wet.2016.26

 Ganie, Z. A., and Jhala, A. J. (2017b). Interaction of 2,4-D or dicamba with glufosinate for control of glyphosate-resistant giant ragweed (Ambrosia trifida L.) in glufosinate-resistant maize (Zea mays L.). Front. Plant Sci. 8:1207. doi: 10.3389/fpls.2017.01207

 Ganie, Z. A., Lindquist, J. L., Jugulam, M., Kruger, G., Marx, D., and Jhala, A. J. (2017). An integrated approach for management of glyphosate-resistant Ambrosia trifida with tillage and herbicides in glyphosate-resistant corn. Weed Res. 57, 112–122. doi: 10.1111/wre.12244

 Hall, M. R., Swanton, C. J., and Anderson, G. W. (1992). The critical period of weed control in corn (Zea mays). Weed Sci. 40, 441–447. doi: 10.1017/S0043174500051882

 Heap, I. (2017). Herbicide Resistant Palmer Amaranth Globally. Available online at: http://www.weedscience.org/Summary/Species.aspx (Accessed May 3, 2017).

 Hess, F. D. (2000). Light-dependent herbicides: an overview. Weed Sci. 48, 160–170. doi: 10.1614/0043-1745(2000)048[0160:LDHAO]2.0.CO;2

 Horak, M. J., and Loughin, T. M. (2000). Growth analysis of four Amaranthus species. Weed Sci. 48, 347–355. doi: 10.1614/0043-1745(2000)048[0347:GAOFAS]2.0.CO;2

 Hugie, J. A., Bollero, G. A., and Tranel, P. J. (2008). Defining the rate requirements for synergism between mesotrione and atrazine in redroot pigweed (Amaranthus retroflexus). Weed Sci. 56, 26–270. doi: 10.1614/WS-07-128.1

 Janak, T. W., and Grichar, W. J. (2016). Weed control in corn (Zea mays L.) as influenced by preemergence herbicides. Int. J. Agron. 2016:2607671. doi: 10.1155/2016/2607671

 Jha, P., and Norsworthy, J. K. (2009). Soybean canopy ad tillage effects on emergence of Palmer amaranth (Amaranthus palmeri) from a natural seed bank. Weed Sci. 57, 644–651. doi: 10.1614/WS-09-074.1

 Jhala, A. J., Malik, M. S., and Willis, J. B. (2015). Weed control and crop tolerance of micro-encapsulated acetochlor applied sequentially in glyphosate-resistant soybean. Can. J. Plant Sci. 95, 973–981. doi: 10.4141/cjps-2014-422

 Jhala, A. J., Sandell, L. D., Rana, N., Kruger, G. R., and Knezevic, S. Z. (2014). Confirmation and control of triazine and 4-hydroxyphenylpyruvate dioxygenase-inhibiting herbicide-resistant Palmer amaranth (Amaranthus palmeri) in Nebraska. Weed Technol. 28, 28–38. doi: 10.1614/WT-D-13-00090.1

 Johnson, W. G., Chahal, G. S., and Regeh, D. L. (2012). Efficacy of various corn herbicides applied preplant incorporated and preemergence. Weed Technol. 26, 220–229. doi: 10.1614/WT-D-11-00149.1

 Keeley, P. E., Carter, C. H., and Thullen, R. J. (1987). Influence of planting date on growth of Palmer amaranth (Amaranthus palmeri). Weed Sci. 35, 199–204.

 Kohrt, J. R., and Sprague, C. L. (2017). Herbicide management strategies in field corn for a three-way herbicide-resistant Palmer amaranth (Amaranthus palmeri) population. Weed Technol. 31, 364–372. doi: 10.1017/wet.2017.18

 McCurdy, J. D., McElroy, J. S., Kopsell, D. A., Sams, C. E., and Sorochan, J. C. (2008). Effects of mesotrione on perennial ryegrass (Lolium perenne L.) carotenoid concentrations under varying environmental conditions. J. Agric. Food Chem. 56, 9133–9139. doi: 10.1021/jf801574u

 Meyer, C. J., Norsworthy, J. K., Young, B. G., Steckel, L. E., Bradley, K. W., Johnson, W. G., et al. (2016). Early-season Palmer amaranth and waterhemp control from preemergence programs utilizing 4-hydroxyphenylpyruvate dioxygenase–inhibiting and auxinic herbicides in soybean. Weed Technol. 30, 67–75. doi: 10.1614/WT-D-15-00100.1

 Mitchell, G., Bartlett, D., Fraser, T., Hawkes, T., Holt, D., Townson, J., et al. (2001). Mesotrione: a new selective herbicide for use in maize. Pest Manag. Sci. 57, 120–128. doi: 10.1002/1526-4998(200102)57:2<120::AID-PS254>3.0.CO;2-E

 Nakka, S., Godar, A. S., Wani, P. S., Thompson, C. R., Peterson, D. E., Roelofs, J., et al. (2017). Physiological and molecular characterization of hydroxyphenylpyruvate dioxygenase (HPPD)-inhibitor resistance in Palmer amaranth (Amaranthus palmeri S. Wats.). Front. Plant Sci. 8:555. doi: 10.3389/fpls.2017.00555

 Nandula, V. K., Reddy, K. N., Kroger, C. H., Poston, D. H., Rimando, A. M., Duke, S. O., et al. (2012). Multiple resistance to glyphosate and pyrithiobac in Palmer amaranth (Amaranthus palmeri) from Mississippi and response to flumiclorac. Weed Sci. 60, 179–188. doi: 10.1614/WS-D-11-00157.1

 Norsworthy, J. K. (2004). Broadleaved weed control in wide-row soybean (Glycine max) using conventional and glyphosate herbicide programmes. Crop Prot. 23, 1229–1235. doi: 10.1016/j.cropro.2004.05.007

 Norsworthy, J. K., Ward, S. M., Shaw, D. R., Llewellyn, R. S., Nichols, R. L., et al. (2012). Reducing the risks of herbicide resistance: best management practices and recommendations. Weed Sci. 60, 31–62. doi: 10.1614/WS-D-11-00155.1

 Petcu, V., Oprea, G., Ciontu, C., and Stefanic, G. (2015). Studies on the effect of some herbicides (single and different mixtures) on weeds control and soil quality in maize. Rom. Agri. Res. 32, 245–252. Available online at: http://www.incda-fundulea.ro/rar/nr32/rar32.29.pdf

 Peterson, D. E. (1999). The impact of herbicide-resistant weeds on Kansas agriculture. Weed Technol. 13, 632–635.

 Sarangi, D., Sandell, L. D., Knezevic, S. Z., Aulakh, J. S., Lindquist, J. L., Irmak, S., et al. (2015). Confirmation and control of glyphosate-resistant common waterhemp (Amaranthus rudis) in Nebraska. Weed Technol. 29, 82–92. doi: 10.1614/WT-D-14-00090.1

 Sarangi, D., Sandell, L. D., Kruger, G. R., Knezevic, S. Z., Irmak, S., and Jhala, A. J. (2017). Comparison of herbicide programs for season-long control of glyphosate-resistant common waterhemp (Amaranthus rudis) in soybean. Weed Technol. 31, 53–66. doi: 10.1017/wet.2016.1

 Sauer, J. D. (1957). The grain amaranths and their relatives: a revised taxonomic and geographic survey. Ann. Mo. Bot. Gard. 54, 101–113. Available online at: http://www.jstor.org/stable/2394998

 Schuster, C. L., and Smeda, R. J. (2007). Management of Amaranthus rudis S. in glyphosate-resistant corn (Zea mays L.) and soybean (Glycine max L. Merr.). Crop Prot. 26, 1436–1443. doi: 10.1016/j.cropro.2006.12.005

 Sosnoskie, L. M., Kichler, J. M., Wallace, R. D., and Culpepper, A. S. (2011). Multiple resistance in Palmer amaranth to glyphosate and pyrithiobac confirmed in Georgia. Weed Sci. 59, 321–325. doi: 10.1614/WS-D-10-00132.1

 Swanton, C. J., Gulden, R. H., and Chandler, K. (2007). A rationale for atrazine stewardship in corn. Weed Sci. 55, 75–81. doi: 10.1614/WS-06-104.1

 USDA-NASS (2016). U.S. Department of Agriculture-National Agricultural Statistics Service. Available online at: https://quickstats.nass.usda.gov/

 Ward, S. M., Webster, T. M., and Steckel, L. E. (2013). Palmer amaranth (Amaranthus palmeri): a review. Weed Technol. 27, 12–27. doi: 10.1614/WT-D-12-00113.1

 Whaley, C. M., Armel, G. R., Wilson, H. P., and Hines, T. E. (2009). Evaluation of s-metolachlor and s-metolachlor plus atrazine mixtures with mesotrione for broadleaf weed control in corn. Weed Technol. 23, 193–196. doi: 10.1614/WT-08-123.1

 Wiggins, M. S., McClure, M. A., Hayes, R. M., and Steckel, L. E. (2015). Integrating cover crops and post herbicides for glyphosate-resistant palmer amaranth (Amaranthus palmeri) control in corn. Weed Technol. 29, 412–418. doi: 10.1614/WT-D-14-00145.1

 Woodyard, A. J., Bollero, G. A., and Riechers, D. E. (2009a). Broadleaf weed management in corn utilizing synergistic postemergence herbicide combinations. Weed Technol. 23, 513–518. doi: 10.1614/WT-08-188.1

 Woodyard, A. J., Hugie, J. A., and Riechers, D. E. (2009b). Interactions of mesotrione and atrazine in two weed species with different mechanisms for atrazine resistance. Weed Sci. 57, 369–378. doi: 10.1614/WS-08-175.1

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Chahal, Ganie and Jhala. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-08-02231-t004.jpg
Herbicide program Density reduction® (%)
Pyroxasulfone vs. Saflufenacil 39vs. 65" 28 vs. 58"
Pyroxastiffone + Saflufenacil vs. 82vs.80™ 78vs. 66"
Saflufenacil + Dimethenarmid-P

Saflufenacil vs. Pyroxasulfone + 65 vs. 82" 58vs. 78"
Safufenacil

#Single degree-of-freedom contrast analysis; “significant (p < 0.08); “'non-significant (o
> 0.05)

bPaimer amaranth density data were converted into percent density reduction compared
with the nontreated control using the formula: Density reduction (%) = €72 x 100,
where C i the densiy of the nontreated control plot and B s the density coflected from
the experimental plot.





OPS/images/fpls-08-02231-t005.jpg
Herbicide program®

Nontreated Control
Pyroxasulfone

Topramezone + dimethenarmid-P
Pyroxasulfone fb topramezone +
dimethenarmid-P

Saflufenacil + dimethenamid-P

Saflufenacil + dimethenamid-P b topramezone
+ dimethenamid-P

Saflufenacil
Saflufenacil fo

topramezone + dimethenamid-P

Glyphosate

Dicamba + diflufenzopyr

Pyroxasulfone -+ saflufenaci fo

glyphosate -+ topramezone + dimethenamid-P
+ atrazine

Saflufenacil + dimethenamid-P fo
glyphosate + topramezone + dimethenami
+atrazine

Saflufenacil + dimethenamid-P fo
glyphosate + diflufenzopyr + dicamba +
pyroxasulfone

Saflufenacil + dimethenamid-P fo
glyphosate + diflufenzopyr + pendimethaiin
Pyroxasulfone -+ saflufenaci fo

glyphosate + diflufenzopyr + dicamba +
atrazine

SE

CONTRASTSS

PRE vs. POST

PRE vs. PRE fo POST

POST vs. PRE fb POST

Application timing

PRE
POST

PREfb
POST

PRE

PREfb
POST

PRE

PREfb
POST

POST
POST

PREfb
POST

PREfb
POST

PREfb
POST

PREfb
POST
PREfb
POST

Rate
(g ae oraiha~1)

110
750

110
750

586

586
750

7%

7%
750

870
157

10+75
870 + 750 + 560

586
870 + 750 + 560

780
870 + 157 + 91

780
870 + 157 + 1,060
10+75
870 + 167 + 1,120

Density

reduction®def

3 WAPRE (%)

o
27be

29be

67ab
83a

55ab
60ab

74a

49.ab

59.ab

64ab

82a

19

2ge, acid equivalent; aj, active ingredient; fb, followed by; PRE, pre-emergence; POST, post-emergence; S.E, standard eror.
Al POST herbicide programs were mixed with AMS, ammonium suffate (DSM Chemicals North America Inc., Augusta, GA) at 2.5% wt/v and NIS, nonionic surfactant (Induce, Helena
Chemical Co., Colfervile, TN) at 0.25% v/v. No AMS or NIS were added to PRE herbicides. PRE applications were made within 3 d after planting and POST herbicides were applied

when Palmer amaranth was 1215 cm tall.

Biomass.
reduction®he:f

6 WAPOST (%)

0

0
66 bede
44 def

56 bede
76 abed

29ef
69cde

98a

97a
9a

9a

9a

99a

1

28vs. 87"
28vs.99"
87vs.99"

Maize yield®’
(kgha™")

10421
1,870 ef
8,525 cd
5,600 de

4,108 ef
11,450 b

1,990 ef
9,194 cd

14,324 ab

11,440 be
16,044 a

17,1612

171142

16,0312

16346 2

1,082

2,656 vs. 11,429"
2,656 vs. 13,617"
11,429 vs. 13,617

Data were arc-sine square-oot transformed before analysis; howaver, data presented are the means of actual values for comparison based on interpretation from the transformed

values.

9percent density and biomass reduction data of non-treated control were not included in analysis. Paimer amaranth density and biomass data were converted into percent density or
biomass redluction compared with the nontreated control plots using the formula: Biomass/Density reduction (%) = 2. x 100, where C is the biomass or density of the nontreated

control plot and B s the biomass or density collected from the experimental plo.

©Year-by-program interaction was not significant; therefore, data were combined over 2 experimental years.
Means within columns with no common letterts) are significanty different according to Tukey-Kramer's pairwise comparison test at P < 0.05.
9Single degree-of-freedom contrast analysis; *significant (o < 0.05).





OPS/images/fpls-08-02231-t002.jpg
Herbicide® Timing Rate Trade name Manufacturer
(g ae orai ha=1)

Pyroxasulfone PRE 110 Zidua BASF Corporation, Research
Triangle Park, NG, USA

Topramezone + dimethenarni-P POST 750 Armezon PRO BASF Corporation

Pyroxasulfone b topramezone + PREfb 110 Zidua BASF Corporation

dimethenarmid-P POST 750 Armezon PRO

Saflufenacil + dimethenamid-P PRE 586 Verdiot BASF Corporation

Saflufenacil + dimethenamid-P fb PRE fb 586 Verdict BASF Corporation

topramezone + dimethenamid-P POST 750 Armezon PRO

Saflufenacil PRE 75 Sharpen BASF Corporation

Saflufenacil o topramezone + cimethenamid-P PR fb 75 Sharpen BASF Corporation

POST 750 Armezon PRO

Glyphosate POST 870 Roundup PowerMax Monsanto Company, 800 North
Lindberg Ave., St. Lois, MO, USA

Dicamba -+ diffufenzopyr POST 157 Status BASF Corporation

Pyroxasulfone -+ saflufenacil fb PRE fb 10475 Zidua + Sharpen BASF Corporation

glyphosate + topramezone + dimethenamid-P POST 870 4 750 + 560 Roundup PowerMax + Armezon  Monsanto Company + BASF +

+ atrazine PRO + Aatrex Syngenta Crop Protection, Inc.,
Greensboro, NC, USA|

Saflufenacil + dimethenamid-P fb PRE fb 586 Verdict Roundup BASF Corporation

glyphosate + topramezone + dimethenamid-P  POST 870 + 750 + 560 PowerMax + Amezon PRO + Monsanto Company -+ BASF +

+ atrazine Aatrex Syngenta Crop Protection, Inc.

Saflufenacil + dimethenamid-P fb PRE fb 780 Verdict Roundup BASF Corporation Monsanto

glyphosate + diflufenzopyr + dicamba + POST 870+ 157 + 91 PowerMax + Status + Zidua Company + BASF + BASF

pyroxasufone

¢ae, acid equivalent; ai, active ingredient; b, followed by; PRE, pre-emergence; POST, post-emergence.

Al POST herbicide programs were mixed with AMS, ammonium sulfate (DSM Chemicals North America Inc., Auguste, GA) at 2.5% wt/v and NIS, nonionic surfactant (induce, Helena
Chemical Co., Collervile, TN) at 0.25% v/v. No AMS or NIS were added to PRE herbicides. PRE applications were made within 3 d after planting and POST herbicides were applied
when Palmer amaranth was 12-15 cm tall.





OPS/images/fpls-08-02231-t003.jpg
Herbicide program®

Nontreated Control
Pyroxasulfone
Topramezone + dimethenamid-P

Pyroxasulfone fb topramezone +
dimethenamid-P

Saflufenacil + dimethenamid-P

+ dimethenamid-P
Saflufenacil

Glyphosate
Dicamba + diflufenzopyr

+ diflufenzopyr + dicamba +
pyroxasulfone

+ diflufenzopyr + pendimethalin

diflufenzopyr + dicamba + atrazine
SE

PRE vs. POST
PRE vs. PRE fbo POST

Application Rate Control (%)%
(g ae orai ha~
3WAPRE ~ 3WAPOST ~ 6WAPOST  Atharvest
- - 0 0 0 0
PRE 110 42de 10h 5t of
POST 750 0 57de 66D 23de
PRE fb 110 e 28f 390d 18 def
POST 750
PRE 586 78.abo 199t 26de 28de
Saflufenacil + dimethenamid-P fb topramezone  PRE fb 586 80abc 6ad 73b 65bc
POST 750
PRE 75 60cd 8gh 15 ef 126f
Saflufenacil fo topramezone + dimethenamid-P PR fb 75 69bc 36ef 58bc 40cd
POST 750
POST 870 0 86bc 95a 88ab
POST 157 o 69cd 9la 89a
Pyroxasulfone + saflufenacilfb glyphosate + PRE fb 110475 85a %8a 99a 99a
topramezone + dimethenamid-P + atrazine POST 870 + 750 + 560
Saflufenacil + dimethenamid-P b glyphosate PRE fb 586 76 abc %a 99a ®a
+ topramezone + dimethenamid-P + atrazine  POST 870 + 750 + 560
Saflufenacil + dimethenamid-P fb glyphosate PRE fb 780 83ab %a 99a 0a
POST 870 + 157 + 91
Saflufenacil + dimethenamid-P b glyphosate PRE fo 780 83ab %a 98a %8a
POST 870 + 157 + 1,060
Pyroxasulfone + saflufenaci fb glyphosate + PRE fo 10475 79ab %a 99a 99a
POST 870 + 157 + 1,120
46 54 52 60
- - - 12vs.71° 15vs.84°  13vs.66°
- - - 277" 15v8.88°  13vs.77*
- - - 7Ivs. 77" 84vs.83"  66vs. 77"

POST vs. PRE fbo POST

g, acid equivalent; aj, active ingredient; fb, followed by; PRE, pre-emergence; POST, post-emergence; S.E, standard error.
b Al POST herbicide program were mixed with AMS, ammonium sufate (DSM Chemicals North America Inc., Augusta, GA) at 2.5% wtv and NIS, nonionic surfactant (induce, Helena
Chemical Co., Collervile, TN) at 0.25% v/v. No AMS or NIS were added to PRE herbicides. PRE applications were made within 3 d after planting and POST herbicides were applied

when Palmer amaranth was 1215 cm tall.

©Year-by- program interaction for Paimer amaranth control was not signifcant; therefore, data were combined over 2 years. Data were arc-sine square-root ransformed beforo analysis;
however, date presented are the means of actual values for comparison based on interpretation from the transformed values.
¢ The nontreated control data was not included in the statistical analysis.
#Means within columns with o common lette(s) are significantly diferent according to Tukey-Kramer's painwise comparison test at P < 0.05.

fSingle degree-of-freedom contrast analysis;

‘significant (o < 0.05);

non-significant (o > 0.05).
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Herbicide program® Application timing Rate Program cost®  Gross income® Net return®t9

(g ae oraiha~') ($ha=1) ($ha=1) ($ha=1)
Nontreated Control - - 0 145§ 145§
Pyroxasulfone PRE 110 91.76 260.76 ef 169
Topramezone + dimethenarmid-P POST 750 65 1,188cd 1,123 de
Pyroxasulfone fb topramezone + PRE b 110 156.76 779.76 de 623ef
dimethenamid-P POST 750
Saflufenacil + dimethenamid-P PRE 586 9811 572,11 ef arat
Saflufenacil + dimethenamid-P fb topramezone  PRE fb 586 13811 1595 bo 1,462 cd
+ dimethenamid-P POST 750
Saflufenacil PRE 75 61.01 274¢f 2131
Saflufenacil fb topramezone + dimethenamid-P PRE fo 7% 136.01 1,281cd 1,145 de
POST 750
Giyphosate POST 870 2079 1995 2b 1,965 abo
Dicamba + diflufenzopyr POST 157 659 1504 be 1,528 bed
Pyroxasulfone + saflufenacil o glyphosate + PREfb 10475 21118 2284a 2028 ab
topramezone + dimethenamid-P + atrazine POST 870 + 750 + 560
Saflufenacil + dimethenamid-P fo glyphosate  PRE fb 586 14423 23%a 22482
+ topramezone + dimethenamid-P + atrazine  POST 870 + 750 + 560
Saflufenacil + dimethenamid-P fb glyphosate  PRE fb 780 21564 2384a 2,168
+ diflufenzopyr + dicamba + pyroxasulfone POST 870 + 157 + 91
Saflufenacil + dimethenamid-P fb glyphosate  PRE fb 780 17251 2283a 20602
+ difufenzopyr + pendimethalin POST 870 + 167 + 1,060
Pyroxasulfone -+ saflufenacil fo glyphosate + PRE fb 10475 212,04 2276a 2064a
difufenzopyr + dicamba + atrazine POST 870 + 167 + 1,120
- 150 150
- - - - 285 vs. 1,509"
PRE vs. PRE fb POST - - - - 285 vs. 1.724"
POST vs. PRE fb POST N = - = 1,589 vs. 1,724

ae, acid equivalent; aj, active ingredient; f, folowed by; PRE, pre-emergence; POST, post-emergence; S.E, standard eror

All POST herbicide programs wiere mixed with AMS, ammonium sulfate (DSM Chemicals North America Inc., Auguste, GA) at 2.5% wt/v and NIS, nonionic surfactant (induce, Helena
Chemical Co., Collenvile, Th) at 0.25% v/v. No AMS or NIS were added to PRE herbicides. PRE applications were mede within 3 d atter maize planting and POST herbicides were
applied when Paimer amaranth was 12-15 cm tel,

©Program cost includes the average cost of herbicide, AMS, and NIS; and the cost of application (US $18.11 ha~" application™') from two independent sources in Nebraska.

9Gross revenue was calculated by mutiplying maize yield for each program by the average grain price received in Nebraska at harvest time during the experimentelyears (50.137 kg~!,
USDA-NASS, 2016}

°Net retun was calculated as gross income from glyphosate-resistant maize yield minus herbicide program cost.

"Data were arc-sine square-root transformed before analysis; however, data presented are the means of actual values for comparison based on interpretation from the transformed
values. Year-by- program interaction was not significant; therefore, data were combined over two experimental years.

9Means within columns with no common letters) are signiffcantly different according to Tukey-Kramer's painwise comparison test P < 0.05.

hSingle degree-of-freedom contrast analysis; “significant (p < 0.05); “*non-significant (o > 0.05).
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Month Mean temperature Total precipitation

2015 2016  30year 2015 2016  30year

average average
c mm
March 7 9 5 12 14 48
April 12 12 11 2w 63
May 17 16 17 108 200 124
June 28 2% 22 264 7 17
July 24 25 25 124 56 86
August 2 2 24 69 147 88
September 22 20 19 104 52 86
October 14 15 12 22 64 59
Annual 12 13 " 08 726 763

*Mean air temperature and total precipitation data were obtained from the National
Weather Service and Cooperative Observer Network (2017).
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