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Roundup Ready 2 Xtend® [glyphosate- and dicamba-resistant (DR)] soybean is a novel trait option for postemergence (POST) control of herbicide-resistant broadleaf weeds in soybean. With increased use of labeled dicamba products POST in DR soybean and recommendations to include a soil-residual herbicide POST (e.g., layered residual approach), research on how combinations of these approaches influence weed control, weed seed production, and soybean grain yield is warranted. The objective of this research was to evaluate the effects of (1) flumioxazin applied preemergence (PRE) followed by (fb) dicamba plus glyphosate applied POST at different crop developmental stages and (2) acetochlor POST as a layered residual approach on weed control, weed seed production, and soybean yield to determine the optimal POST timing in DR soybean. A field study was conducted in Wisconsin at three sites in 2018 and four sites in 2019 to evaluate flumioxazin (43.4 g ai ha−1, WDG 51%) PRE fb dicamba (560 g ae ha−1, SL) plus glyphosate (1,101 g ae ha−1, SL) POST in DR soybean at three stages: early-POST (EPOST, V1-V2), mid-POST (MPOST, V3-V4), and late-POST (LPOST, V5-V6/R1) with or without a soil-residual herbicide POST (acetochlor, 1,262 g ai ha−1, ME). Weed community composition was site-specific; difficult-to-control broadleaf species included giant ragweed (Ambrosia trifida L.) and waterhemp [Amaranthus tuberculatus (Moq.) J.D. Sauer]. Dicamba plus glyphosate applied MPOST and LPOST provided greater control, weed biomass reduction, and density reduction of giant ragweed and waterhemp when compared with EPOST treatments. Giant ragweed and waterhemp had not reached 100% cumulative emergence at EPOST, and plants that emerged after EPOST produced seed. There was some benefit to including acetochlor as a layered residual at EPOST as indicated by a residual by POST timing interaction for waterhemp density reduction. Complete waterhemp control was not attained at one site-year. For remaining site-years, dicamba plus glyphosate applied MPOST (V3-V4) provided season-long weed control, reduced weed seed production, and optimized soybean grain yield compared with other POST treatments. Results highlight the importance of timely POST applications and suggest utilization of a POST layered residual needs to be timed appropriately for the window of active weed species emergence.
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INTRODUCTION

Soybean [Glycine max (L.) Merr] is a major global commodity and a key component of annual cropping systems in the United States, accounting for 30.6 million planted crop ha nationally and 708 thousand planted crop ha in Wisconsin in 2019 (USDA-NASS, 2019). Soybean cultivars with stacked resistance to glyphosate and dicamba [Roundup Ready® 2 Xtend® (RR2X), Bayer Crop Science, St. Louis, MO] were commercially available starting in 2016 (Behrens et al., 2007). Traited cultivars are tolerant to applications of dicamba preemergence (PRE) and postemergence (POST), offering another tool for management of key, difficult-to-control broadleaf species with evolved resistance to glyphosate and other herbicides, without risk of crop injury. Two reduced-volatility dicamba formulations were first labeled for use in glyphosate and dicamba-resistant (DR) soybean in 2017 (Werle et al., 2018; Anonymous, 2020a,b; EPA, 2020): the diglycolamine salt (DGA) of dicamba with an acetic acid-acetate buffer system “VaporGrip® technology” (VG) (MacInnes, 2016; Abraham, 2018) (DGA+VG) and the N-N-Bis-(3-aminopropyl) methylamine salt (BAPMA) of dicamba.

Single pass weed management programs with an effectively timed POST herbicide application once provided season-long weed control in glyphosate-resistant (GR) crops in the Midwest US (Mulugeta and Boerboom, 2000; Knezevic et al., 2003), but two-pass programs [i.e., PRE followed by (fb) POST] generally provided more consistent weed control and higher net returns (Proost et al., 2006). For instance, Fickett et al. (2013) reported that delaying one pass POST applications of glyphosate from V2 until V3–V4 growth stage prolonged early-season weed competition and resulted in a 5% predicted soybean yield loss across 64 site-years in southern Wisconsin. A five-year registration granted in late 2020 allows for POST use of dicamba products in DR soybean up to flowering or the nationwide cut-off date of June 30, whichever occurs first (Anonymous, 2020a,b). Delaying POST control measures can result in weed stage exceeding the label recommended height (ht) of 10-cm, which may decrease herbicide efficacy. Hedges et al. (2018) reported delaying control until 25-cm GR horseweed (Erigeron canadensis L.) with glyphosate plus dicamba applied POST resulted in 14–25% lower control than treatments sprayed at 5- and 15-cm weed ht, when averaged across herbicide rates 28 days after treatment (DAT). Moreover, it is well-established that use of effective PRE herbicides and/or preplant tillage operations can help to alleviate early-season competition for limited nutrients, light, water, and space (Ross and Lembi, 2008). Knezevic et al. (2019) reported applying a soil-residual herbicide PRE delayed the critical period for weed control by several weeks in soybean, providing flexibility for growers to complete POST applications in accordance with their weed pressure, weed stage, and soybean canopy closure.

Utilizing dicamba POST in combination with glyphosate is a common recommendation with the RR2X technology. Underwood et al. (2017) reported increased control of broadleaf weed populations with no known herbicide resistance [i.e., common ragweed (Ambrosia artemisiifolia L.) and common lambsquarters (Chenopodium album L.)] with 900 g ae ha−1 glyphosate plus 300 g ae ha−1 DGA+VG, regardless of POST timing, when compared with glyphosate alone. Vink et al. (2012) reported 900 g ae ha−1 glyphosate plus 300 or 600 g ae ha−1 DGA dicamba provided greater control of (GR) giant ragweed (Ambrosia trifida L.) than glyphosate alone when applied as a single POST (78–100 vs. 40–46%, respectively). Spaunhorst et al. (2014) reported that a PRE herbicide fb DGA dicamba plus glyphosate at V3–V4 soybean growth stage (10-cm weed ht) increased control of GR waterhemp [Amaranthus tuberculatus (Moq.) J.D. Sauer] from glyphosate alone from 50 to 89%. This indicates including dicamba as part of a chemical weed management program has the potential to enhance GR broadleaf weed control.

Another recommended approach in soybean is to utilize a layered residual approach, where in addition to applying a full rate of residual herbicide PRE, a full rate of soil-applied residual herbicide is also included as part of the POST program [~21–30 days after planting (DAP)] to control germinating weed seeds (Norsworthy et al., 2012; Goplen et al., 2017; Hartzler and Anderson, 2019). In soybean, the main options for soil residual herbicides that are labeled for POST use include very long chain fatty acid (VLCA, Group 15/K3 N; i.e., acetochlor, S-metolachlor), protoporphyrinogen oxidase (PPO, Group 14/E; i.e., fomesafen), and acetolactate synthase (ALS, Group 2/B) inhibitor herbicides (i.e., chlorimuron-ethyl, cloransulam-methyl, imazethapyr). Product labels enforce region-specific cut-offs that influence when and how labeled products might fit into a layered residual approach. This approach has become a frequently recommended integrated weed management (IWM) practice (Norsworthy et al., 2012). Steckel et al. (2002) and Sarangi and Jhala (2018) reported that a layered residual approach improved control of Palmer amaranth (Amaranthus palmeri S. Watson) and waterhemp, respectively; however, the utility of this approach in conjunction with the RR2X technology across diverse weed communities has not been fully documented in the literature. This integrative approach is a promising technique to attain season-long control of small-seeded, difficult-to-control broadleaf weeds with extended emergence windows while also minimizing the need for additional herbicides applied POST, thus reducing selection pressure for herbicide resistance evolution (Norsworthy et al., 2012).

With the recent launch of RR2X and increased adoption of the layered residual approach, research on how combinations of these two approaches influence control and seed production of multiple weed species, including difficult-to-control broadleaf weed species such as giant ragweed and waterhemp, is warranted. The objective of this research was to evaluate the effects of (1) a herbicide applied PRE fb dicamba plus glyphosate applied POST at different crop developmental stages and (2) acetochlor POST as part of a layered residual approach on weed control, viable weed seed production, and soybean grain yield to determine the optimal POST timing for weed control in DR soybean in southern Wisconsin. The hypothesis of this research was that a herbicide applied PRE fb dicamba plus glyphosate early-POST (EPOST) in combination with a soil-residual herbicide would provide >90% weed control, near zero weed seed production, and sustain soybean grain yield in respect to other PRE fb POST treatments across distinct weed community compositions in southern Wisconsin.



MATERIALS AND METHODS

A field study was conducted at seven-site years in Wisconsin in 2018 and 2019. The study was established at the University of Wisconsin-Madison Arlington Agricultural Research Station (ARS) near Arlington, Wisconsin (WI; 2018 and 2019), Lancaster ARS near Lancaster, WI (2018 and 2019), Rock County Farm near Janesville, WI (2018 and 2019), and a grower's field near Brooklyn, WI (2019). Field sites and soil information for site-years are listed in Table 1. All field sites were part of an annual corn—soybean rotation; five of the site-years were following a corn crop, while the Janesville and Brooklyn sites in 2019 were following soybean. All sites had a history of conventional tillage (<30% soil surface residue after planting), which is common practice in Wisconsin (Werle and Oliveira, 2018). Janesville and Lancaster in 2018 and Arlington in 2018 and 2019 were chisel-plowed the preceding fall. In the spring, the seedbed was prepared for planting with a field cultivator at Arlington in 2018 and 2019, a field cultivator with a field finisher at Janesville in 2018 and 2019, vertical tillage at Lancaster in 2018, a chisel-plow fb a cultimulcher at Lancaster in 2019, and a disk fb a field cultivator with a field finisher at Brooklyn in 2019. Dicamba-resistant (DR) soybean (2018: Asgrow 21X8; 2019: Asgrow 21X7, Bayer Crop Science) was planted in 76 cm row spacing at 2.5–3.8 cm depth, depending on site, from mid-May to early June and seeded at 345,940 seeds ha−1 for all site-years, except for Janesville 2018, which was seeded at 296,520 seeds ha−1 (Table 1). Plot size was 3 m wide (4 soybean rows) by 9 m long at all sites.


Table 1. Experiment sites, soil properties, and planting datesa.
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The study consisted of eight treatments organized in a randomized complete block design with four replications. The study was designed as a 3 × 2 factorial with three levels of POST timing: V1–V2 (EPOST), V3–V4 (mid-POST, MPOST), and V5–V6/R1 (late POST, LPOST), and addition or exclusion of a soil-residual herbicide applied POST. Two additional treatments were included, a non-treated control (NTC) and a PRE herbicide only treatment (PRE-only), for a total of eight treatments. All products selected were included at recommended field rates per label specifications by soil type and soil organic matter content except for the rate of glyphosate, which was 157 g ae ha−1 lower than the maximum rate permitted. Flumioxazin (43.4 g ai ha−1, Valor SX®, Valent, Walnut Creek, CA) was applied PRE in all treatments within 3 d after planting except for the NTC, which received no PRE application. The POST treatments included 560 g ae ha−1 DGA+VG (XtendiMax® with VaporGrip® Technology, Bayer Crop Science) plus potassium salt of glyphosate at 1,101 g ae ha−1 (Roundup PowerMax®, Bayer Crop Science). For treatments with a layered residual approach, 1,262 g ai ha−1 encapsulated acetochlor (Warrant®, Bayer Crop Science) was included with the POST treatment. All POST treatments included a water conditioning agent plus non-ionic surfactant blend at 1% v/v (Class Act® Ridion®, Winfield United, St. Paul, MN) and a drift reduction agent containing polyethylene glycol, choline chloride, and guar gum at 0.5% v/v (IntactTM, Precision Laboratories, LLC, Waukegan, IL). Application dates and soybean growth stages are listed in Table 2. Herbicide treatments were applied using a CO2-pressurized backpack sprayer equipped with a 3.0-m hand-held spray boom with Extended Range (XR) 11002 flat-fan nozzles (TeeJet Technologies, Spraying Systems Co., Wheaton, IL) for the PRE applications and Turbo TeeJet Induction (TTI) 110015 nozzles (TeeJet Technologies) for POST applications on 50.8-cm spacing calibrated to deliver 140 L ha−1 carrier vol at 165 kPa for PRE applications and 275 kPa for POST treatments and a walking speed of 4.8 km h−1.


Table 2. POST herbicide application dates and soybean growth stage informationa−d.
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Data Collection
 
Meteorological Data

Weather data for all site-years were collected with a Watchdog 1650 Micro Station (Spectrum Technologies, Aurora, IL) positioned adjacent to study area at each site to record the following parameters in 15 min intervals: air temperature at 1 m, relative humidity at 1 m, soil temperature and soil moisture at 2-cm depth. The 30-yr normal monthly temperature and precipitation values were obtained in R statistical software version 4.0.2 (R Core Team, 2020) using daily Daymet weather data for 1 km grids (“daymetr” package 1.4; Thornton et al., 2020; Correndo et al., 2021). Temperature and precipitation for 2018 and 2019 growing seasons and 30 year averages for each site are presented in Table 3. Adequate rainfall for activation occurred within 10 d following PRE flumioxazin application for all site-years (18.6–53.4 mm), with the first rainfall occurring within 0–7 d following application across site-years (data not shown).


Table 3. Mean monthly air temperature and total precipitation in 2018 and 2019 at Arlington, Janesville, and Lancaster, and 2019 in Brooklyn, WI, and during the past 30 yearsa, b.
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Weed Emergence

Weed species richness and density varied across sites and years. Broadleaf species were more abundant than monocot species at all sites. Emergence of weed species were monitored at all site-years from crop establishment through 28 days (d) after the LPOST treatment in 7–10 d increments in two 0.1 m2 permanent quadrats between the center two rows per plot in the PRE-only and NTC treatments. At each data collection point, emerged seedlings were identified, counted, removed, and discarded. Most weed seedlings were <2.5-cm in ht at removal. Caution was taken to minimize soil disturbance while seedlings were identified, enumerated, and removed.



Weed and Crop Developmental Stage at Post Treatments

Shoot weed biomass (g m−2), weed density (plants m−2), and weed ht (cm) were recorded immediately prior to each POST herbicide treatment for each species in the respective plots from three randomly placed 0.1 m2 quadrats between the center two rows (Table 4). Weeds were identified, heights measured, counted, clipped at ground level, and bagged by species for each quadrat. Weed biomass was dried at 52°C for 2 weeks (wk) until constant dry weight. To estimate crop canopy at each POST timing, one to eight images of the center two rows of treated plots were captured at 1.2 m ht with an iPhone 7 (Apple, Inc., Cupertino, CA) camera. The camera was adjusted to square mode in order to produce a repeatable image frame with its lens centered in between the two soybean rows and perpendicular to the ground. Images were edited to remove green area from weeds and then batch analyzed for green area cover using Canopeo (Oklahoma State University, Stillwater, OK) add-on within Matlab (The Math Works, Inc., Natick, MA) (Arsenijevic et al., 2020; Potratz et al., 2020). Default Canopeo settings were used (Red/Green: 0.95, Blue/Green: 0.95, Noise reduction: 100) to maintain continuity across analyses. Averages (± SE) for soybean canopy and shoot biomass, density, and ht for the most abundant weed species at each site-year are presented (Table 4).


Table 4. Average (± SE) crop canopy, weed biomass, density, and height collected prior to POST herbicide application in 2018 and 2019 at Arlington, Janesville, and Lancaster, and 2019 in Brooklyn, WIa−d.
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Weed Control and Density

By species and overall control ratings from 0 to 100% were collected 28 d after the LPOST treatment. Weed density (m−2) was also collected from two randomly placed 0.1 m2 quadrats between the center two rows per plot from all treatments at this time. Weed density (by species) was utilized to calculate percent reduction (y) from the NTC:

[image: image]

where a is the average density (by species) for the NTC treatment and b is the observed density (by species) for an individual experimental plot; calculations were completed within site-years.



Weed Seed Production and Viability

Prior to crop harvest, giant ragweed and waterhemp seed production was estimated at two (Janesville 2018 and 2019) and one (Brooklyn 2019) site-years, respectively. These site-years were selected due to high and consistent pressure of the most abundant weed species (>15 plants m−2) and lack of complete control with POST herbicide treatments. Weed seedheads were collected late August to early October (after weeds reached physiological maturity) from two plants per plot. Care was taken to select seedheads with minimal shattering from representative plants. Seedhead samples were dried for 2 wk in laboratory settings at 21°C air temperature, hand-threshed, and cleaned using mesh sieves and an Oregon Seed Blower (Hoffman Manufacturing, Inc., Corvallis, OR). Seeds per plant (determined as described below) and species density (estimated from two randomly placed 0.1 m2 quadrats per plot) were used to estimate seed production m−2.

Giant ragweed seeds per sample were counted individually. Two subsamples of 15 non-conditioned giant ragweed seeds per sample were subjected to a tetrazolium (Tz) viability test as described by Glettner and Stoltenberg (2015). Estimated seed production m−2 and percent viability were used to estimate viable seed production m−2. Waterhemp seed production was estimated by recording five, 100 seed count weights and the total mass for each sample, dividing the average 100 seed count weight by the total mass of the sample, and multiplying that number by 100 (adapted from Clay et al., 2005). Total seed counts were multiplied by 0.5 to account for assumption of a 50:50 male to female ratio of waterhemp (Heneghan and Johnson, 2017). Care was taken to collect female plants at seed collection.



Soybean Grain Yield

At crop maturity, the center two rows of each plot were mechanically harvested using an Almaco plot combine (Almaco Co., Nevada, IA) equipped with a Seed Spector LRX (Almaco Co.) grain gauge. Soybean yield data were adjusted to 13% moisture and presented in kg ha−1.




Statistical Analyses
 
Modeling Weed Emergence and Total Emergence

All analyses were completed in R statistical software version 4.0.0 (R Core Team, 2020). Total weed emergence for the NTC and PRE-only monitored quadrats over time following study area preparation and planting were used to calculate relative cumulative emergence of species over time for each treatment. These models do not account for early season weed emergence, as emerged weeds were eliminated prior to planting during spring tillage and seedbed preparation as described above. Thus, cumulative emergence at experiment establishment was assumed to be 0%. The cumulative emergence of the most abundant broadleaf species over day of year (DOY) for each site were subjected to a non-linear regression analysis (“drc” package 3.0–1; Ritz et al., 2015). Cumulative emergence data were fit to a 4-parameter log-logistic model (Ritz et al., 2015):
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where y is cumulative emergence, x is DOY, b is slope, e is the inflection point (also represents time to 50% cumulative emergence[T50]), c is the lower limit, and d is the upper limit, which was restricted to 1. Proportions were used for cumulative emergence in the model and then converted to percentage for discussion and data presentation. Estimates were obtained for T10 and T90 (days to 10 and 90% cumulative seedling emergence, respectively) (“drc” package 3.0–1; Ritz et al., 2015). Total weed species emergence within sites for the NTC and PRE-only treatments were subjected to a two-sample t-test (“stats” package 4.0.0; R Core Team, 2020) by site.



ANOVA

Sites were analyzed separately due to differences in weed species composition. Years within a site were included as a random effect and considered as environments sampled at random for all response variables (Carmer et al., 1989; Blouin et al., 2011). All response variables were analyzed as a 3 × 2 factorial; replication and year were nested within sites as random effects. The NTC and PRE treatments were excluded from analyses because the objective of this study was to determine the optimal POST timing and evaluate the influence of a layered soil-residual herbicide applied POST in the context of a two-pass PRE fb POST program. Weed seed production, viable weed seed production, and soybean yield data were fit to a linear mixed model (LMM; “lme4” package 1.1–23; Bates et al., 2015). Model assumptions for LMMs were evaluated using Pearson chi-square test for normality (“nortest” package 1.0–4; Gross and Ligges, 2015) and Levene's test for homogeneity of variance (“car” package 3.0–8; Fox and Weisberg, 2019). A square root transformation was applied to weed seed production and viable weed seed production to satisfactorily meet model assumptions (back-transformed means are presented for ease of interpretation). Weed density reduction from NTC, weed control, and weed seed viability data were fit to a generalized linear mixed model (GLMM) with Template Model Builder with a beta distribution and logit link (“glmmTMB” package 1.0.1; Brooks et al., 2017). ANOVA was performed (LMM: “car” package; GLMM: Anova.glmmTMB function) and means were separated using Fisher's Protected LSD at P ≤ 0.05 (“emmeans” package 1.4.7; Lenth, 2020).





RESULTS AND DISCUSSION

The ANOVA results for POST timing and layered residual interaction and main effects are summarized for all response variables presented herein (Table 5). Broadleaf weed emergence for all sites throughout the season is detailed in Table 6. Weed control 28 d after the LPOST treatment for PRE fb POST treatments ranged from 66 to 99% across weed species (Table 7; Figures 1, 2). Density reduction relative to the NTC 28 d after the LPOST treatment ranged from 58 to 99% across species (Table 7; Figures 1, 2).


Table 5. Summary of main effects and interactions for weed control and weed density reduction by species, weed seed fecundity and viability, and soybean grain yield at Arlington, Janesville, and Lancaster pooled across two years, and in 2019 at Brooklyn, WIa−c.
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Table 6. Parameter estimates for slope (b) and the inflection point (e); time to 10 and 90% total emergence of most abundant broadleaf weed species (T10 and T90, respectively) for the monitored quadrats in the non-treated control and PRE flumioxazin treatments at Arlington, Janesville, and Lancaster pooled across two years, and in 2019 at Brooklyn, WIa.
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Table 7. Mean weed control and density reduction relative to the non-treated control (NTC) collected 28 d after late POST and soybean grain yield and the lower and upper limits of the 95% confidence interval around the means for experiments conducted at Arlington and Lancaster, WI pooled across two yearsa−e.
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FIGURE 1. Giant ragweed biology and management at Janesville, WI pooled across 2 years. Experiment location (A), giant ragweed emergence over time for non-treated control (NTC) and preemergence-only (PRE) treatments (B), control (C), density reduction relative to NTC (D), giant ragweed seed production (E), and soybean grain yield (F). (C–F) Only, bars represent the 95% confidence intervals built around means. POST, postemergence.



[image: Figure 2]
FIGURE 2. Waterhemp biology and management at Brooklyn, WI in 2019. Experiment location (A), waterhemp emergence over time for non-treated control (NTC) and preemergence-only (PRE) treatments (B), control (C), density reduction relative to NTC (D), waterhemp seed production (E), and soybean grain yield (F). (C–F) Only, bars represent the 95% confidence intervals built around means. POST, postemergence.



Janesville
 
Giant Ragweed Control and Density Reduction

Flumioxazin applied PRE alone provided 29% giant ragweed control and 30% density reduction 28 d after the LPOST treatment at Janesville, respectively (data not shown). Total giant ragweed emergence did not differ between the PRE-only treatment and the NTC at Janesville (P < 0.05). Giant ragweed is listed as controlled or suppressed at the use rate selected on the flumioxazin product label (e.g., Valor SX; Anonymous, 2016). However, flumioxazin is typically applied in combination with an ALS inhibitor when applied PRE to increase control of giant ragweed (i.e., cloransulam-methyl; Kaur et al., 2014; Spaunhorst et al., 2014; Wuerffel et al., 2015). Control of giant ragweed was influenced by POST timing at Janesville (P < 0.0001; Table 5). Adequate rainfall (12.7–19 mm) for layered residual activation occurred within 10 d after each POST treatment for all applications except for the LPOST treatment at Janesville in 2018 (1.3 mm rainfall within 10 d after treatment; data not shown). At Janesville, >25% of giant ragweed had yet to emerge after the EPOST treatment, yet 100% cumulative emergence was attained by the LPOST treatment (Figure 1B). Giant ragweed control was lower for the EPOST treatment when compared with the MPOST and LPOST treatments (Figure 1C).

Vink et al. (2012) reported PRE fb DGA plus glyphosate POST (V1-V2 soybean growth stage) provided higher than 96% giant ragweed control 4 wk after application. Spaunhorst et al. (2014) reported similar levels of GR giant ragweed control for pre-plant (PP) fb EPOST (10 cm weed ht) and PP fb MPOST (~20 cm weed ht) of DGA dicamba plus glyphosate and attributed the response due to no additional emergence through the remainder of the season. Giant ragweed is one of the earliest emerging summer annuals in the Midwest (Werle et al., 2014); biotypes exhibit either a rapid emergence pattern (50% emergence in less than a wk) or an extended emergence window and require different management practices (Sprague et al., 2004; Schutte et al., 2008, 2012). Giant ragweed biotypes with an extended emergence window can be exceptionally challenging to manage (Wuerffel et al., 2015). The giant ragweed population at the Janesville site had an extended emergence window well into June (Figure 1B).

End-of-season giant ragweed density in Janesville for the NTC and PRE-only treatments was 27 (±5) and 24 (±4) plants m−2, respectively (data not shown). The POST timing (P < 0.0001) influenced giant ragweed density reduction at Janesville, while layered residual had no impact (P = 0.6640; Table 5). Giant ragweed density reduction was lower for the EPOST treatment compared with the MPOST and LPOST treatments (Figure 1D). As described above, most giant ragweed seedlings that emerged following EPOST treatments were controlled by later POST treatments (Figures 1B–D). Applying acetochlor as part of a layered residual approach, regardless of POST timing, did not influence giant ragweed control or density reduction (Table 5). It is well-established that use of a residual herbicide early- or late-spring (i.e., saflufenacil, simazine, chlorimuron-ethyl, tribenuron-methyl) improves control of giant ragweed (Wuerffel et al., 2015). Layering residual in-season has not been frequently evaluated for giant ragweed; however, Spaunhorst et al. (2014) evaluated addition of fomesafen and cloransulam-methyl with EPOST treatments and reported minimal improvement in control over glyphosate alone POST (all >90% control). It is important to note the giant ragweed biotype evaluated by Spaunhorst et al. (2014) had a short monophasic emergence pattern. A layered residual approach for giant ragweed control could have more utility for biotypes exhibiting the prolonged biphasic emergence pattern observed herein. Furthermore, acetochlor is not effective on large-seeded broadleaf weeds (e.g., does not suppress giant ragweed). More research is needed to evaluate other residual herbicides (i.e., cloransulam-methyl) as part of a layered residual approach for control of giant ragweed.



Giant Ragweed Seed Production, Viability, and Viable Seed Production

The average giant ragweed seed production in the NTC and PRE-only was 7,490 (± 2,210) and 3,870 (± 1,110) seeds m−2, at Janesville (data not shown). There was a POST timing by layered residual interaction among PRE fb POST treatments for giant ragweed seed production at Janesville (P < 0.0001; Table 5). The EPOST treatment without layered residual had the greatest amount of total giant ragweed seed production when compared with other POST treatments, fb the EPOST treatment with layered residual (Figure 1E). All MPOST and LPOST treatments resulted in similar amounts of total giant ragweed seed production (<150 seeds m−2), regardless of level of layered residual (Figure 1E). Giant ragweed seed viability was not influenced by POST timing (P = 0.3381; Table 5) or layered residual (P = 0.9729; Table 5). There was a POST timing by layered residual interaction for viable giant ragweed seed production at Janesville (P = 0.00537; Table 5) where treatment means closely followed the trends reported above for total seed production.



Soybean Yield

Soybean grain yield in Janesville for the NTC and PRE-only treatments was 420 (± 200) and 710 (± 270) kg ha−1, respectively (data not shown). All PRE fb POST treatments had average yield higher than 3,000 kg ha−1, indicating a clear increase compared with NTC and PRE-only treatments. Soybean grain yield was influenced by POST timing at Janesville (P = 0.0480; Table 5). Yield was similar for the MPOST and LPOST treatments; yield was lower for the LPOST compared with the EPOST treatment (Figure 1F). Prolonged competition between the weed population and the crop for the delayed POST application treatments likely contributed to the yield reduction observed for LPOST treatments (Figures 1B–D).




Brooklyn
 
Waterhemp Control and Density Reduction

Flumioxazin applied PRE provided 11% waterhemp control and 86% waterhemp density reduction 28 d after the LPOST treatment (data not shown). Total waterhemp emergence was lower for the PRE-only treatment compared to the NTC at Brooklyn (P < 0.0001). At Brooklyn, 15% of waterhemp had yet to emerge after the EPOST treatment while 100% cumulative emergence was attained by the LPOST treatment (Figure 2B). Control of waterhemp was influenced by POST timing at Brooklyn (P < 0.0001; Table 5). Adequate rainfall for layered residual activation occurred within 10 d after each POST treatment at Brooklyn (data not shown). Waterhemp control was lowest for the EPOST treatment compared to MPOST and LPOST treatments for which waterhemp control did not differ (Figure 2C). The EPOST treatment occurred at <80% cumulative waterhemp emergence, while MPOST and LPOST treatments occurred at higher than 95% cumulative emergence (Figure 2B). None of the PRE fb POST treatments were able to attain complete waterhemp control at Brooklyn. Numerous waterhemp escapes the previous cropping year in soybean and heavy rainfall that occurred after planting, contributing to poor soybean emergence and slow/incomplete canopy closure, are two factors that likely influenced the heavy waterhemp pressure observed (end of season waterhemp density for NTC = 452 plants m−2, data not shown).

End-of-season waterhemp density in Brooklyn for the NTC and PRE-only treatments was 452 (±41) and 62 (±15) plants m−2, respectively (data not shown). There was a POST timing by layered residual interaction for waterhemp density reduction at Brooklyn (P < 0.0001; Table 5). Waterhemp density reduction was lowest for the EPOST treatment without layered residual. The EPOST and MPOST treatments with layered residual and the LPOST treatment without layered residual all showed similar levels of density reduction (Figure 2D). All MPOST and LPOST treatments provided higher than 95% waterhemp density reduction, regardless of level of layered residual. As described above, a flush of waterhemp emerged following EPOST treatment; however, the layered residual did not similarly affect control (Figure 2D). This suggests a layered residual approach may be effective at reducing plant density when sprayed earlier (24 DAP) rather than later (>35 DAP) in the season, which is supported by recommendations for this approach (Norsworthy et al., 2012; Hartzler and Anderson, 2019). Steckel et al. (2002) reported that utilizing either acetochlor, S-metolachlor, or dimethenamid as part of a layered residual PRE fb POST approach in corn improved control of common waterhemp 56 DAP. Similarly, Sarangi and Jhala (2018) observed improved Palmer amaranth control in soybean with a PRE fb POST plus layered residual program, averaged across VLCFA herbicides. Conversely, Spaunhorst et al. (2014) reported PRE flumioxazin plus chlorimuron fb EPOST dicamba plus glyphosate with and without acetochlor as a layered residual provided similar levels of waterhemp control, which corroborates our findings. Product selection likely influences the efficacy of the layered residual approach for distinct weed species compositions. For instance, Hay et al. (2018) reported that encapsulated acetochlor applied PRE provided 2–14% and up to 45% lower control of waterhemp and Palmer amaranth, respectively, compared with other VLCFA herbicides (e.g., S-metolachlor, dimethenamid-P, and pyroxasulfone), pooled across three rates tested.



Waterhemp Seed Production

Waterhemp seed production in NTC and PRE-only treatments was 511,000 (± 134,000) and 314,000 (± 173,000) seeds m−2, respectively (P = 0.404; data not shown). While effective in-season weed control should reduce weed seed production, weed seedbank response to herbicide treatment is infrequently evaluated (Norsworthy et al., 2018). Preventing weeds from reaching maturity and producing viable seed can minimize seed spread and seedbank deposits (Hill et al., 2016). Seed production was lower for all PRE fb POST treatments when compared with NTC treatment (P < 0.05), with exception of the EPOST treatment without layered residual (P = 0.094). Moreover, waterhemp seed production differed among POST timings at Brooklyn (P = 0.006; Table 5). Waterhemp plant density was greater in EPOST treatments compared to MPOST and LPOST treatments; therefore, higher estimated seed production was expected for the EPOST treatments. The highest waterhemp seed production was in the EPOST treatments; the MPOST and LPOST treatments produced similar levels of total waterhemp seed production (Figure 2E). Thus, the treatment producing the highest amount of waterhemp seed was the EPOST without layered residual.



Soybean Yield

Soybean grain yield in Brooklyn for the NTC and PRE-only treatments was 940 (±80) and 1,500 (±110) kg ha−1, respectively (data not shown). Soybean grain yield was influenced by POST timing at Brooklyn (P = 0.026; Table 5). At Brooklyn in 2019, the EPOST treatment was the lowest yielding, while yield for the MPOST and LPOST treatments was similar, pooled across levels of layered residual (Figure 2F). Following the EPOST treatment, a flush of waterhemp emerged (Figures 2B–D); therefore, adequate weed interference was likely present to reduce yield. Although waterhemp density reduction 28 d after LPOST was higher at the EPOST treatment with layered residual there was no difference in soybean yield amongst levels of layered residual at the EPOST treatment.




Arlington and Lancaster
 
Other Broadleaf Control and Density Reduction

Flumioxazin applied PRE was effective at suppressing establishment of many weed species present across sites (i.e., common lambsquarters, common ragweed) as has been reported by Oliveira et al. (2017). Flumioxazin applied PRE provided >80% control of common lambsquarters (97% control, 96% density reduction) and common ragweed (82% control, 82% density reduction) 28 d after the LPOST treatment at Arlington and Lancaster, respectively (data not shown). Total emergence of common ragweed and common lambsquarters was lower for the PRE-only treatment compared to the NTC at Arlington (P = 0.038) and Lancaster (P = 0.026), respectively (data not shown). At Arlington and Lancaster, nearly 100% cumulative weed emergence had occurred prior to EPOST (Table 6). No interaction nor main effects were significant for the response variables at these two sites (P > 0.05; Table 5). Adequate rainfall for layered residual activation occurred within 10 d after each POST timing, except for the two later POST treatments at Arlington in 2018 (3.6 and 0-mm rainfall, respectively; data not shown). All PRE fb POST treatments resulted in 99% common ragweed control and higher than 93% common ragweed density reduction (Table 7). Results were similar for common lambsquarters. This indicates POST timing of dicamba plus glyphosate and use of a layered residual approach may not be as influential for easier to control species that have not evolved resistance to herbicides or difficult-to-control broadleaf weeds (i.e., waterhemp, giant ragweed) present in lower densities compared with higher densities. While all weeds were controlled regardless of POST timing and weed ht, the recommended practice is to spray before weed ht exceeds the label-recommended 10-cm in order to optimize product performance and reduce selection pressure (Anonymous, 2020a,b).



Other Broadleaf Seed Production

Complete weed control was attained at both sites (Table 7), thus, no common ragweed or common lambsquarters plants produced seed in PRE fb POST treatments.



Soybean Yield

Soybean grain yield for the NTC was 1,890 (±480) and 3,600 (±160) kg ha−1 and 3,350 (±190) and 4,610 (±60) kg ha−1 for the PRE-only treatments at Arlington and Lancaster, respectively (data not shown). Soybean grain yield was not influenced at either site by POST timing (P = 0.7811 at Arlington and 0.3151 at Lancaster) or layered residual (P = 0.3077 at Arlington and 0.8918 at Lancaster; Tables 5, 7).




Summary

Our findings indicate a PRE fb DGA+VG plus glyphosate applied MPOST (V3-V4, 32-43 DAP), not EPOST as we had hypothesized, optimized season-long weed control, reduced seed-producing escapes, and protected yield potential for locations with difficult to control broadleaf weed species in southern Wisconsin. Herbicides applied MPOST compared to LPOST may also serve as a proactive approach toward reducing potential for off-target movement as weather conditions are generally more favorable for dicamba application earlier in the growing season (i.e., lower temperature; Striegel et al., 2020). In further contrast of our hypothesis, the addition of acetochlor POST as a layered residual did not consistently improve weed control or reduce weed seed production, except for Brooklyn 2019. Although this finding is for only one site-year, it corroborates the findings of Spaunhorst et al. (2014) that waterhemp control was not improved with the addition of acetochlor POST. Weed community composition is an important consideration for appropriate herbicide selection; though this is a recommended approach for management of small-seeded annual broadleaf (i.e., Amaranthus spp.) and grass species, addition of a layered residual herbicide POST may not always be necessary, thus reducing program costs and environmental impact. The inability to attain complete control at site-years with predominantly broadleaf weed communities despite use of a two-pass PRE fb POST herbicide program with multiple SOA supports the need for inclusion of integrated weed management practices in addition to chemical control measures in present and future weed management programs. Moreover, dicamba could have provided short residual activity on broadleaf species as has been reported previously (Johnson et al., 2010; Underwood et al., 2017), thus concealing the value of the layered residual approach with acetochlor in this research. More research is needed to understand the benefit of the layered residual approach across residual herbicide chemistries and distinct weed communities.
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Soil texture

Silty clay loam (8% sand, 56% sit, 37% clay)
Silty clay loam (5% sand, 66% sit, 27% clay)
Silt loam (12% sand, 70% sit, 19% clay)

Silt loam (10% sand, 65% sit, 25% clay)
Loam (40% sand, 41% sit, 19% clay)

Silty clay loam (5% sand, 66% sit, 27% clay)
Silt loam (10% sand, 65% sit, 25% clay)

Planting date

May 24
May 25
May 24
May 13
June 3

May 15
May 23
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EPOST MPOST LPOST

site Year Date (DOY) Stage DAP Date (DOY) Stage DAP Date (DOY) Stage
Arington 2018 June 20 (171) v2 27 June 27 (178) v3 34 July 3 (184) R
Janesville 2018 June 20 (171) V2 26 June 29 (180) v4 35 July 2 (183) R1
Lancaster 2018 June 14 (165) Vi 21 June 25 (176) V3 32 July 3 (184) R
Ariington 2019 June 13 (164) Vi 31 June 25 (176) v3 43 July 3 (184) 3
Brooklyn 2019 June 27 (178) Vi 24 July 9 (190) VANS 36 July 11 (192) V5NVE
Janesville 2019 June 11 (162) Vi 27 June 25 (176) Va4 41 July 2 (183) V5
Lancaster 2019 June 18 (169) Vi 2 July 1(182) V3 39 July 10 (191) V5

3DAR, days after planting; DOY, day of year; EPOST, early postemergence application; LPOST, late postemergence application; MPOST, mid postemergence application.
PEPOST herbicide applications completed at V1-V2 growth stages.

SMPOST herbicide appiications completed at V3-V4 growth stages.

91 POST herbicide applications completed at V5-V&/R1 growth stages.

DAP

40
38
40
51
38
48
48
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Site Treatment

Ariington EPOST
MPOST
LPOST
Lancaster EPOST
MPOST
LPOST

Control

99 (08-99)
99 (98-99)
99 (98-99)

AMBEL

Density reduction

%
97 (96-98)
97 (96-98)
97 (96-98)

Control

99 (98-99)
99 (98-99)
99 (98-99)

CHEAL

density reduction

91(91-92)
91(91-92)
91(91-92)

Soybean grain yield"9

kg ha~!
4,070 (3,890-4,260)
4,110 (3,920-4,300)
4,110 (3,920-4,300)
2,810 (2,550-3,080)
3,220 (2,960-3,490)
3,270 (3,000-3,530)

@AMBEL, common ragweed (Ambrosia artemisifolia L.); CHEAL, common lambsquarters (Chenopodium album L.); EPOST, early postemergence; LPOST, late postemergence; MPOST,

mid postemergence; res, layered residual.

b%." Denotes data were not recorded because weed species were not present.
SAll POST treatments consisted of diglycolamine salt of dicamba with VaporGrio® (560g ae ha~") + potassium sal of glyphosate (1,101g ae ha~") with or without acetochlor (1,263g

ai ha~"), and included a non-AMS water conditioner (1% v/v) and a diift reducing agent (0.5% v/).

9End-of-season common ragweed density at Ariington: 6 and 2 plants m™2 for NTC and PRE, respectively.

®End-of-season common lambsquarters density at Lancaster: 15 and 0 plants m2 for NTC and PRE, respectively.

!Grain yield adjusted to 13% moisture for comparison.
9Grain yield for pooled site-years: 1,890 (:480) and 3,600 (+160) kg ha~" for nontreated control (NTC) and 3,350 (+190) and 4,610 (:60) kg ha~" for PRE-only (PRE) at Arlington and

Lancaster, respectively.
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Site

Arlington

Brooklyn

Janesvile

Lancaster

Weed control

ANOVA AMATU AMBEL AMBTR CHEAL AMATU AMBEL AMBTR CHEAL

POST - 0.2089
Res - 0.2253
POST*res - 0.2886
POST <0.0001 ~
Res 0.7641 -
POST'res  0.1483 -
POST - -
Res % =
POST*res - -
POST & =
Res - -
POST*res - ~

0.4952
0.4092
0.5359

Weed density reduction?

<0.0001
0.0003
<0.0001

Pr(>Chisq)
0.6659
05278
0.6866

<0.0001
0.6640
0.3610

0.9512
0.4684
0.9484

Weed seed production

Seed

production

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

Viability

0.3381
0.9729

Viable seed
production

<0.0001
<0.0001
0.00537

Soybean grain yield

Pr(>F)
07811
03077
08262
00256
02398
0.1484
00480
0.4421
07340
0.3151
0.8918
02731

SAMATU, waterhemp [Amaranthus tuberculatus (Mog.) J.D. Sauer]; AMBEL, common ragweed (Ambrosia artemisiifolia L.); AMBTR, giant ragweed (Ambrosia trfida L.); CHEAL, common
lambsquarters (Chenopodium album L.); POST, postemergence application timing; res, layered residual.

b“." denotes data were not recorded because weed species was not present.

°." denotes data were not recorded.
dReduction from nontreated control.
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Location

Adington

Brooklyn

Janesvile

Lancaster

Species

AMBEL

AMATU

AMBTR

CHEAL

Treatment

NTC
PRE
NTC
PRE
NTC
PRE
NTC
PRE

Parameter estimates

b (& SE)

—211.1 (371.0)
-111.2 (434.0)
-21.0(25)
-27.089)
—213(2.7)
-22729)
—245(4.6)
~132.9 (245.8)

o (& SE)®

1477 0.6)
155.1(7.6)
167.4 2.0)
168.0 (1.6)
1548 (1.6)
160.0 (1.5)
1576 2.0)
160.0 9.2)

Tio (& SE)

1463
152 (19)
157 @)
159 (3)
1442
147 @)
144 (4)
167 (1)

Too (& SE)

1492
158 (5)
187 (1)
183 (1)
172(2)
177 @
172 (4)
163 (10)

AMATU, waterhemp [Amaranthus tuberculatus (Mog.) J.D. Sauer]; AMBEL, common ragweed (Ambrosia artemisiifolia L.); AMBTR, giant ragweed (Ambrosia trifida L.); CHEAL, common
lambsquarters (Chenopodium album L.); NTC, nontreated control; PRE, preemergence only.

bParameter e also represents Tsp (time to 50% cumulative emergence).
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