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Abstract

With Palmer amaranth and waterhemp evolving resistance to 9 and 6 different sites of action
(SOA) globally, soybean producers continue to search for new options to control the problematic
weeds. Bayer CropScience has announced its intentions to launch a Convintro™ brand of
herbicides, one being a three-way premixture for preemergence use in soybean. The premixture
will contain diflufenican (WSSA Group 12), metribuzin (WSSA Group 5), and flufenacet
(WSSA Group 15), adding a new SOA for soybean producers throughout the United States. With
the anticipated launch of the premixture, research is needed to evaluate the length of residual
control provided by the new herbicide. Research trials were conducted in Fayetteville and Keiser,
AR, and Morrice, MI, in 2022 and 2023. A 0.17:0.35:0.48 ratio of a
diflufenican:metribuzin:flufenacet (DFF-containing premixture) was applied alone and in
combination with additional metribuzin and dicamba. Also, metribuzin, acetochlor, a S-
metolachlor:metribuzin premixture, and a flumioxazin:pyroxasulfone:metribuzin premixture
were applied preemergence. The DFF-containing premixture was more effective in reducing
Palmer amaranth/waterhemp emergence than acetochlor in four of six trials at 28 d after
treatment (DAT). Plots treated with DFF-containing premixture had similar Palmer amaranth and
waterhemp  densities to  the  S-metolachlor:metribuzin ~ premixture and  the
flumioxazin:pyroxasulfone:metribuzin premixture at 28 DAT. By 56 DAT, Palmer amaranth and
waterhemp densities in plots with the DFF-containing premixture were comparable or superior to
acetochlor and metribuzin and was comparable or superior to the S-metolachlor:metrbuzin
premixture in five of six sites. The addition of dicamba or metribuzin to the DFF-containing
premixture did not improve performance on Palmer amaranth and waterhemp over the DFF-
containing premixture at 28 or 56 DAT. Overall, the DFF-containing premixture generally
provided greater or comparable control to several standard herbicides, providing growers a new

preemergence-applied product for control of Amaranthus species in soybean.

Nomenclature: Acetochlor; dicamba; diflufenican; flufenacet; flumioxazin; metribuzin;
pyroxasulfone; Palmer amaranth, Amaranthus palmeri (S.) Wats.; waterhemp, Amaranthus

tuberculatus; soybean, Glycine max (L.) Merr.

Keywords: Group 12, weed density, residual control
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Introduction

Palmer amaranth and waterhemp are the two most problematic weeds in soybean in the United
States (Van Wychen 2022). Characteristics of Amaranthus species that make them problematic
include high seed production, rapid growth, extended germination periods, and drought tolerance
mechanisms (Keeley et al. 1987; Sellers et al. 2003; Horak and Loughin 2000; Jha et al. 2009),
resulting in a high degree of interference with a wide array of crops (Monks and Oliver 1988).
Yield reductions of up to 60% have been noted in cotton (MacRae et al. 2013), 91% in corn

(Massinga et al. 2001), and 78% in soybean (Bensch et al. 2003) from Palmer amaranth.

With the introduction of the glyphosate-resistant (GR) soybean, producers across the U.S.
began to adopt the technology, quickly shifting management strategies and relying upon
sequential applications of glyphosate postemergence (POST) to control weeds such as Palmer
amaranth or waterhemp (Powles 2008; Duke 2014). With the heavy reliance on glyphosate to
control weeds, herbicide diversity decreased, leading to the evolution of glyphosate resistance in
weeds such as Palmer amaranth and waterhemp (Powles 2008). Currently, these two weed
species have evolved resistance to glyphosate in 26 and 18 states, respectively, across the U.S.

(Heap 2024), causing producers to alter weed management strategies.

With GR Palmer amaranth and waterhemp spreading across the U.S., producers began to
change weed management to control the most troublesome weed species in their fields. Current
recommendations to control herbicide-resistant Amaranthus species include starting with a
preemergence (PRE) herbicide and making sequential applications POST in combination with
soil residual herbicides (Kohrt and Sprague 2017). Additionally, recommendations include using
herbicides in combination that contain multiple sites of action (SOA) that are effective against
the most troublesome weed to slow the evolution of resistance (Norsworthy et al. 2012). Overall,
a strong PRE herbicide can protect crop yields by reducing early-season competition due to the

delayed emergence of troublesome weed species (Tursun et al. 2016).

Currently, herbicides belonging to WSSA Groups 2, 3, 4, 5, 14, and 15 are recommended
for use PRE in soybean (Barber et al. 2023). Pyroxasulfone (WSSA Group 15) and metribuzin
(WSSA Group 5) controlled Palmer amaranth 88% and 78%, respectively, 28 days after
treatment (Houston et al. 2019). In addition, flumioxazin (WSSA Group 14) + pyroxasulfone

provided greater than 95% control of Palmer amaranth 3 to 4 weeks after application (Meyer et
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al. 2015). While these herbicides can still offer high levels of control against problematic weeds,
Palmer amaranth and waterhemp have evolved resistance to 9 and 6 different SOA globally
(Heap 2024). Therefore, herbicide manufacturers continue to search for new SOA for producers

to integrate into weed management programs.

In 2021, Bayer CropScience announced its intentions to launch a Convintro™ brand of
herbicides, one being a premixture that will be labeled for use PRE in soybean (Anonymous
2021). The premixture will be composed of diflufenican (WSSA Group 12), metribuzin (WSSA
Group 5), and flufenacet (WSSA Group 15) targeted at control of Amaranthus ssp. Currently,
norflurazon, another WSSA Group 12 herbicide, is labeled for use in soybean, but restricted to
the midsouthern United States (Anonymous 2015). Therefore, if labeled, diflufenican will be the
first Group 12 labeled for use in soybean throughout the United States that will allow producers
to incorporate multiple SOA to slow the evolution of herbicide resistance (Norsworthy et al.
2012).

Diflufenican is a phytoene desaturase inhibitor, with the typical symptomology being
bleaching of leaf tissue due to the accumulation of phytoene in place of carotenoid formation
(Bartels and Watson 1978). Diflufenican was originally discovered in the 1980s and registered
for use PRE and early POST in European cereal production (Cramp et al. 1987). When used PRE
in wheat (Triticum aestivum L.), diflufenican effectively controlled broadleaf weed species, but
the overall spectrum of the herbicide appears to be limited (Haynes and Kirkwood 1992).
Because control is limited to broadleaf weeds, the herbicide is typically paired with additional
herbicides to achieve broad-spectrum weed control. For instance, diflufenican + flufenacet, a
premixture registered for use in European cereals, reduced the growth of blackgrass (Alopecurus

myosuroides Huds.), a problematic weed in wheat, by 90% (Ducker et al. 2019).

This research aims to understand the length of residual control provided by the
diflufenican:metribuzin:flufenacet premixture (hereafter referred to as DFF-containing
premixture) relative to other herbicides commonly used in soybean. The need for dicamba or

additional metribuzin for the DFF-containing premixture is also examined.
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Material and Methods

Field experiments were conducted at the Milo J Shult Agriculture Research and Extension Center
in Fayetteville, AR (36.09326, -94.17380), near Morrice, MI (42.838435, -84.149501), and the
Northeast Arkansas Research and Extension Center in Keiser, AR (35.67491, -90.08076), in
2022 and 2023 (Table 1). The seedbed was prepared using conventional tillage, including chisel
at MI, disk, and cultivation at all locations and bedding at the AR locations. Following ground
preparation, soybean variety AG45XF0 (Bayer CropScience, St. Louis, MO) was planted at
346,000 seeds ha™ at Fayetteville and Keiser, AR and AG26XF3 (Bayer CropScience, St. Louis,
MO) in Morrice, MI at 370,000 seeds ha™ using a four-row vacuum planter. Plots measured 7.6
m in length at all locations, and 3.7 m in width (91 cm spacing) at Fayetteville, 3.9 m in width
(97 cm spacing) at Keiser, and 3.0 m in width (76 cm spacing) at Morrice. Preplant fertilizer was
applied when needed based on soil test results and fertilizer recommendations from the
University of Arkansas and Michigan State University for soybean (Ross et al. 2022; Warncke et
al. 2009). Furrow or overhead irrigation occurred if 2.5 cm of rainfall did not occur within a
seven-day period for trials conducted in Arkansas while trials in M1 were conducted under non-

irrigated conditions.

The experiment was designed as a randomized complete block with four replications and
one factor (herbicide treatment). Seven different herbicides or herbicide combinations were
evaluated PRE in this study (Table 2). Due to the differences in soil texture across the three
different locations, herbicide rates were adjusted for each soil type (Table 3). Applications were
made using a CO,-pressurized backpack sprayer and a four-nozzle boom, using AIXR 110015
nozzles (TeeJet Technologies, Springfield, IL) calibrated to deliver 140 L ha™ at 4.8 km hr' in
Fayetteville and Keiser, AR. In MI, applications were made using a tractor-mounted sprayer
using AIXR 11003 nozzles (TeeJet Technologies, Springfield, IL) calibrated to deliver 178 L ha™
at 6.1 km hr. Visible injury ratings were collected on a scale of 0 to 100%, with 0% being no
crop injury and 100% being complete crop death 14, 28, and 42 days after treatment (DAT) in
2022 and 2023 at Fayetteville and Keiser, and 28, 35, and 42 DAT in 2023 at Morrice (Frans and
Talbert 1977). Palmer amaranth (AR) and waterhemp (M) counts in two 0.5 m™ quadrats per
plot were collected 14, 28, 42, and 56 DAT at all locations. Following counts, the entire trial was
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over-sprayed with glufosinate at 656 g ai ha™ at each evaluation. Grain yield was not collected

because applications of glufosinate occurred after the R1 growth stage.
Data analysis

Statistical analysis was performed using R Studio, version 4.3.2 (R Core Team 2022), and
JMP Pro, version 17.2 (SAS Institute, Cary, NC). Cumulative Palmer amaranth plus waterhemp
counts were fitted to a generalized linear mixed model using a Poisson distribution (Gbur et al.
2012), with herbicide and site-year as a fixed effect and replication as a random effect. At each
evaluation time, the interaction of herbicide and site-year was significant, which is partially
attributed to the drastic differences in Palmer amaranth density among years and differences in
rainfall. Therefore, locations and site-years were analyzed separately to understand the
consistency of each herbicide within the environments and years across different Amaranthus
species. Means were separated using Tukey’s HSD (0=0.05) to reduce type one error. Percent
reduction in Palmer amaranth and waterhemp density was calculated relative to the nontreated

check using the formula below:

qul <1 _ ( Average density of treated plot )) +100

Average density of nontreated plot

Injury data were bound between 0 and 1 and fit to a generalized linear mixed-effect model
(Stroup 2015) using the “glmmTMB” function (gImmTMB package; Brooks et al. 2017) with a
beta distribution (Gbur et al. 2012). Herbicide was considered a fixed effect, and replication was
considered a random effect. Data were analyzed by location and year due to the differences in
injury observed between years at the various research sites. An analysis of variance (car package)
was performed on the fitted model (Fox and Weisberg 2019) with the Type 111 Wald chi-square
test. Estimated marginal means (emmmeans package; Searle et al. 1980) were obtained and
separated using Tukey’s HSD (a=0.05). A compact letter display (multcomp package; Hothorn et

al. 2008) was generated to visually represent groups that were significantly different.
Results and Discussion

The DFF-containing premixture was evaluated against a range of herbicides with one, two, three,
or four SOA for effectiveness on Palmer amaranth and waterhemp. In all site years, Palmer

amaranth density was reduced by 94% or more by the DFF-containing premixture at 14 DAT
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relative to the nontreated. Regarding the single SOA treatments, acetochlor and metribuzin, the
DFF-containing premixture was more effective in reducing Palmer amaranth density than
acetochlor in both years at Keiser by 14 DAT but not more effective than metribuzin (Table 4).
By 28 DAT, acetochlor and metribuzin were less effective than the DFF-containing premixture in
reducing the Amaranthus weed density in four and one site years, respectively (Table 5). The
greater effectiveness of the DFF-containing premixture on Palmer amaranth and waterhemp
compared to acetochlor and to a lessor extent metribuzin generally continued through 42 and 56
DAT (Tables 6 and 7). Other researchers have found acetochlor to provide >89% control of
Palmer amaranth up to 14 DAT (Wiggins et al. 2016). However, residual Palmer amaranth
control with acetochlor is short-lived, as less than 65% control was reported by 28 DAT. In other
research, metribuzin at 420 g ai ha™ averaged across three soil textures provided 68 to 71%
Palmer amaranth control at 28 DAT in 2016 and 2017 (Houston et al. 2021). However, adding
metribuzin to other commonly used PRE herbicides, such as pyroxasulfone or flumioxazin,
increased Palmer amaranth control (Houston et al. 2021). Since the DFF-containing premixture
includes metribuzin in combination with two additional SOA, the reduction in Palmer amaranth
and waterhemp density compared to metribuzin is not surprising. Overall, the DFF-containing
premixture appears more effective than acetochlor and to a lessor extent metribuzin, both single

SOA, providing longer residual control of Palmer amaranth and waterhemp.

The DFF-containing premixture was compared to a mixture of S-metolachlor plus
metribuzin, a herbicide premixture widely used for Palmer amaranth control in soybean in the
midsouthern United States (Schwartz-Lazaro et al. 2018). The S-metolachlor plus metribuzin
premixture provides two SOA with activity against Palmer amaranth and waterhemp. The DFF-
containing premixture was comparable to the S-metolachlor:metribuzin premixture at 14 DAT on
Palmer amaranth, but by 28 DAT, it was more effective at one of four site years (Table 5).
Similarly for waterhemp, the DFF-containing premixture was more effective than the S-
metolachlor:metribuzin premixture for one of two site years. These trends held through 56 DAT.
There was only one site year where the DFF-containing premixture was less effective than the S-
metolachlor:metribuzin premixture (Table 7). Except for the Keiser site in 2022, Palmer
amaranth and waterhemp densities were reduced by more than 91% relative to the nontreated by
both the DFF-containing premixture and the S-metolachlor:metribuzin premixture. Similarly,

others have found the S-metolachlor:metribuzin premixture controlled common waterhemp
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(Amaranthus rudis Sauer) 94% or more through 35 DAT (Sarangi et al. 2017). It should be noted
that resistance to S-metolachlor has been documented in multiple Palmer amaranth accessions in
Arkansas (Brabham et al. 2019). If widespread resistance to S-metolachlor is observed in a field,
the DFF-containing premixture could be a viable alternative option. Overall, the DFF-containing
premixture was similar to or more effective than the S-metolachlor:metribuzin premixture with
only one site year in which the S-metolachlor:metribuzin premixture provided longer residual

control of Palmer amaranth and waterhemp.

The flumioxazin:pyroxasulfone:metribuzin premixture is a premium option for PRE use
in soybean, containing three highly effective herbicides with differing SOA against Palmer
amaranth and waterhemp. Therefore, the DFF-containing premixture was compared against the
flumioxazin:pyroxasulfone:metribuzin premixture, with both treatments having a similar number
of herbicides and SOAs. Except for Keiser in 2022 and 2023, the DFF-containing premixture
was as effective as the flumioxazin:pyroxasulfone:metribuzin premixture in reducing Palmer
amaranth and waterhemp through 42 DAT (Tables 4, 5, and 6). Previous research found that
flumioxazin:pyroxasulfone:metribuzin premixture delayed the critical time of Palmer amaranth
removal as much as 45 days after soybean emergence when applied PRE (Sanctis et al. 2021).
Through the final evaluation at 56 DAT, Palmer amaranth and waterhemp densities were reduced
by more than 93% by the flumioxazin:pyroxasulfone:metribuzin premixture. In earlier research,
flumioxazin plus pyroxasulfone reduced Palmer amaranth density by 93 and 98%, respectively,
relative to the nontreated check 28 DAT in 2016 and 2017 (Houston et al. 2021).

The DFF-containing premixture was spiked with additional metribuzin and mixed with
dicamba to see if it would increase the effectiveness of the herbicide on Amaranthus species. The
addition of metribuzin to the DFF-containing premixture generally did not improve effectiveness
of the herbicide on Palmer amaranth or waterhemp. In only one site year at 42 DAT, did plots
treated with additional metribuzin have fewer Palmer amaranth plants (Table 6). Similarly,
dicamba addition to the DFF-containing premixture did not improve herbicide performance on
either species in any site year or evaluation timing compared to the premixture alone. The lack of
improved suppression of Palmer amaranth and waterhemp emergence with the addition of
dicamba is not surprising, considering that the herbicide has a short half-life (17 to 32 days) and
readily leaches with minimal rainfall (Altom and Stritzke 1973; Harris 1964). In five of six site
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years, rainfall greater than 1.5 cm occurred within a seven-day period after planting (data not

shown), likely leaching the dicamba from the uppermost depths of the soil profile.

Differing levels of crop response resulted from the various treatments evaluated in Keiser
in 2022 and Morice in 2023 (Table 8). All treatments containing diflufenican had the highest
levels of injury through 28 DAT at Keiser and through 35 DAT at Morrice. In general, the
herbicide treatments not containing diflufenican were less injurious to soybean and on no
occasion more injurious. It is important to note soybeans recovered from early-season injury at
sites where injury was most prevalent, with less than 8% injury at Keiser in 2022 by 42 DAT
(Table 8) and no injury at Morrice in 2023 by 42 DAT (data not shown). As a result of exceeding
the maximum annual use rate of glufosinate in soybean and applications beyond the R1 growth
stage, grain yield was not measured; hence, it is unknown whether the early-season injury

observed would translate to yield loss.
Practical Implications

The DFF-containing premixture proved highly effective against Palmer amaranth and waterhemp
through 28 DAT, providing better than a 96% reduction in the density of both weeds (Table 5).
Overlapping of residual herbicides, where a PRE herbicide is followed by POST plus residual
herbicides, is a common recommendation in soybean and other agronomic crops (Norsworthy et
al. 2012). With the application of PRE herbicides, the need for in-crop weed removal with POST
application that includes a residual herbicide occurs 4-6 weeks after planting (Knezevic et al.
2019); hence, the DFF-containing premixture appears to maintain a high level of Palmer
amaranth and waterhemp control through the normal timing of the POST application. At the
final evaluation (56 DAT), the density of Palmer amaranth and waterhemp was similar in plots
treated with the three-way premium premixture of flumioxazin + pyroxasulfone + metribuzin
compared to the DFF-containing premixture. If the DFF-containing premixture is priced lower
than the premium three-way mixture product, growers should strongly consider the later product
because there does not appear to be a significant reduction in performance on Palmer amaranth
or waterhemp. Another reason for using the DFF-containing premixture is the occurrence of
protoporphyrinogen oxidase resistance in Palmer amaranth and waterhemp. There was no
known Group 14 resistance at any of the test sites where the trials were conducted, which likely

benefited the performance of the flumioxazin-containing premixture.
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With the planned introduction of the DFF-containing premixture in the upcoming years,
diflufenican will be the first Group 12 herbicide labeled for use in soybean throughout the United
States. With the premixture including three different SOAs, producers will be able to utilize
multiple effective herbicides to target two of the most resistant-prone and troublesome weeds in
U.S. soybean production. Overall, the DFF-containing premixture appears to be highly effective
against Palmer amaranth and waterhemp with consistent residual control up to 28 DAT. The DFF
premixture appears to be more effective than both single active ingredient herbicides evaluated in
this study. Additionally, the DFF-containing premixture was superior or comparable to the S-
metolachlor:metribuzin premixture in five of six site years. The DFF-containing premixture was
never more effective than the flumioxazin:pyroxasulfone:metribuzin premixture; however,
similar weed densities were observed in four site years. All herbicides evaluated had high
reductions of weeds relative to the nontreated plots, reducing the selection for resistance to POST
herbicides. Soybean injury >15% was observed from the DFF-containing premixture 28 DAT,;
however, it is unknown if the early-season injury would translate to yield loss. Starting with a
strong PRE herbicide, like the DFF-containing premixture, should be a cornerstone of an

effective weed management plan.
Acknowledgements

The authors thank Bayer CropScience, the University of Arkansas System Division of

Agriculture, and Michigan State University for supporting this research.
Funding

Funding for this research was provided by Bayer CropScience
Competing Interests

The authors declare none.

https://doi.org/10.1017/wet.2024.89 Published online by Cambridge University Press


https://doi.org/10.1017/wet.2024.89

References

Altom JD, Stritzke JF (1973) Degradation of dicamba, picloram, and four phenoxy herbicides in
soils. Weed Sci 21:556-560

Anonymous (2015) Solicam® DF herbicide product label. Tessenderlo Kerley, Inc Publication
No. 61842-41. Gig Harbor, WA: 23 p

Anonymous (2021) Bayer further commits to crop protection innovation with planned
introduction of diflufenican. https://www.bayer.com/en/us/diflufenican. Accessed March
4,2024

Barber LT, Butts TR, Boyd JW, Wright-Smith HE, Cunnigham K, Selden G, Norsworthy JK,
Burgos N, Bertucci M (2023) Recommend chemicals for weed and brush control.

University of Arkansas System Division of Arkansas Cooperative Extension Service

Bartles PG, Watson CW (1978) Inhibition of carotenoid synthesis by fluridone and norflurazon.
Weed Sci 26:198-203

Bensch CN, Horak MJ, Peterson D (2003) Interference of redroot pigweed (Amaranthus
retroflexus), Palmer amaranth (Amaranthus palmeri), and common waterhemp (A. rudis)
in soybean. Weed Sci 51:37-43

Brabham C, Norsworthy JK, Houston MM, Varanasi VK, Barber T (2019) Confirmation of S-
metolachlor resistance in Palmer amaranth (Amaranthus palmeri). Weed Technol 33:720-
726

Brooks ME, Kristensen K, Van Benthem KJ, Magnusson A, Berg CW, Nielsen A, Skaug HJ,
Machler M, Bolker BM (2017) GImmTMB balances speed and flexibility among

packages for zero-inflated linear mixed modeling. R J 9:378-400

Cramp MC, Gilmour J, Hatton LR, Hewett RH, Nolan CJ, Parnell EW, (1987) Design and
synthesis of N-(2,4-difluorphenyl)-2-(3-trifluoromethylphenoxy)-3-pyridinecarboxamide
(diflufenican), a novel pre- and early post-emergence herbicide for use in winter cereals.
Pestic Sci 18:15-28

https://doi.org/10.1017/wet.2024.89 Published online by Cambridge University Press


https://www.bayer.com/en/us/diflufenican
https://doi.org/10.1017/wet.2024.89

Ducker R, Zollner P, Parcharidou E, Ries S, Lorentz L, Beffa R (2019) Enhanced metabolism
causes reduced flufenacet sensitivity in black grass (Alopecurus myosuroides Huds.) field
populations. Pest Manag Sci 75:2996-3004

Duke SO (2014) Perspectives on transgenic, herbicide-resistant crops in the United States almost
20 years after introduction. Pest Manag Sci 71:652-657

Fox J, Weisberg S (2019) An R companion to applied regression. Third ed. Thousand Oaks CA:
Sage. https://socialsciences.mcmaster.ca/jfox/Books/Companion/. Accessed: February 7,
2024

Frans RE, Talbert RE (1977) Page 19 in the design of field experiments and the measurement

and analysis of plant responses. Research Methods in Weed Science

Gbur EE, Stroup WW, McCarter KS, Durham S, Young LJ, Christman W, West M, Kramer M
(2012) Analysis of generalized linear mixed models in the agricultural and natural
resources of sciences. Madison WI, USA: American Society of Agronomy, Soil Science

Society of America, and Crop Science of America
Harris Cl (1964) Movement of dicamba and diphenamid in soils. Weeds 12:112-115

Haynes C, Kirkwood RC (1992) Studies on the mode of action of diflufenican in selected crop
and weed species: Basis of selectivity of pre- and early post emergence application.
Pestic Sci 35:161-165

Heap I (2024) The international herbicide-resistant weed database.

https://www.weedscience.org/Pages/Species.aspx. Accessed March 1, 2024

Horak MJ, Loughin TM (2000) Growth analysis of four Amaranthus species. Weed Sci 48:347-
355

Hothorn T, Bretz F, Westfall P (2008) multcomp: Simultaneous inference in general parametric
models. https://CRAN.R-project.org/package=multcomp. Accessed: February 7, 2024

Houston MM, Barber LT, Norsworthy JK, Roberts TL (2021) Evaluation of preemergence
herbicide programs for control of protoporphyrinogen oxidase-resistant Amaranthus
palmeri in soybean. Int J Agron 2021:1-8 https://doi.org/10.1155/2021/6652 382

https://doi.org/10.1017/wet.2024.89 Published online by Cambridge University Press


https://nam11.safelinks.protection.outlook.com/?url=https%3A%2F%2Fsocialsciences.mcmaster.ca%2Fjfox%2FBooks%2FCompanion%2F&data=05%7C01%7Cmcwoolar%40uark.edu%7Cf9dce0107bd44eec1c2a08dbef6cd150%7C79c742c4e61c4fa5be89a3cb566a80d1%7C0%7C0%7C638367022863236136%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=LoGp5a1Z2ktuzSo8Ho7EhFwMmO9ld7jB8I3igWeTI9s%3D&reserved=0
https://www.weedscience.org/Pages/Species.aspx
https://cran.r-project.org/package=multcomp
https://doi.org/10.1155/2021/6652
https://doi.org/10.1017/wet.2024.89

Houston MM, Norsworthy JK, Barber T, Brabham C (2019) Field evaluation of preemergence
and postemergence herbicides for control of protoporphyrinogen oxidase-resistant Palmer
amaranth (Amaranthus palmeri S. Watson). Weed Technol 33:610-615

Jha P, Norsworthy JK, Riley MB, Bielenberg DG, Bridges W Jr (2009) Acclimation of Palmer
amaranth (Amaranthus palmeri) to shading. Weed Sci 56:729-734

Keeley PE, Carter CH, Thullen RJ (1987) Influence of planting date on growth of Palmer
amaranth (Amaranthus palmeri). Weed Sci 35:199-204

Knezevic SZ, Pavlovic P, Osipitan OA, Barnes ER, Beiermann C, Oliveira MC, Lawrence N,
Scott JE, Jhaka A (2019) Critical time for weed removal in glyphosate-resistant soybean

as influenced by preemergence herbicides. Weed Technol 33: 393-399

Kohrt JR, Sprague CL (2017) Herbicide management strategies in field corn for a three-way
herbicide-resistant Palmer amaranth (Amaranthus palmeri) population. Weed Technol
31:364-372

MacRae AW, Webster TM, Sosnoskie LM, Culpepper AS, Kichler JM (2013) Cotton yield loss
potential in response to length of Palmer amaranth (Amaranthus palmeri) interference. J
Cotton Sci 17:227-232

Massinga RA, Currie RS, Horak MJ, Boyer J Jr (2001) Interference of Palmer amaranth in corn.
Weed Sci 49:202-208

Meyer CJ, Norsworthy JK, Young BG, Steckel LE, Bradley KW, Johnson WG, Loux MM, Davis
VM, Kruger GR, Bararpour MT, Ikley JT, Spaunhorst DJ, Butts TR (2015) Herbicide
program approaches for managing glyphosate-resistant Palmer amaranth (Amaranthus
palmeri) and waterhemp (Amaranthus tuberculatus and Amaranthus rudis) in future
soybean-trait technologies. Weed Technol 29:716-729

Monks DM, Oliver R (1988) Interactions between soybean (Glycine max) cultivars and selected
weeds. Weed Sci 36:770-774

Norsworthy JK, Ward SM, Shaw DR, Llewellyn RS, Nichols RL, Webster TM, Bradley KW,
Frisvold G, Powles SB, Burgos NR, Wit WW, Barrett M (2012) Reducing the risks of

https://doi.org/10.1017/wet.2024.89 Published online by Cambridge University Press


https://doi.org/10.1017/wet.2024.89

herbicide resistance: best management practices and recommendation. Weed Sci
60(SP1):31-62

Powles SB (2008) Evolved glyphosate-resistant weeds around the world: lessons to be learnt.
Pest Manag Sci 64:360-365

R Core Team (2022) R: A language and environment for statistical computing. Vienna, Austria: R
Foundation for Statistical Computing. https://www.r-project.org/. Accessed March 1,
2024

Ross J, Elkins C, Norton C (2022) 2022 Arkansas soybean quick facts. University of Arkansas

System Division of Agriculture, Cooperative Extension Service. 2 p

Sanctis J, Barnes ER, Knezevic SZ, Kumar V, Jhala AM (2021) Residual herbicides affect on

critical time of Palmer amaranth removal in soybean. Agron J 113:1920-1933

Sarangi D, Sandell LD, Kruger GR, Knezevic SZ, Irmak S, Jhala AJ (2017) Comparison of
herbicide programs for season-long control of glyphosate-resistant common waterhemp
(Amaranthus rudis) in soybean. Weed Technol 31:56-66

Schwart-Lazaro LM, Norsworthy JK, Steckel LE, Stephenson DO, Bish MD, Bradley KW,
Bond JA (2018) A midsouthern consultant’s survey on weed management practices in

soybean. Weed Technol 32:116-125

Searle SR, Speed FM, Milliken GA (1980) Population marginal means in the linear model: An
alternative to least squares means. Am. Stat. 34:216-221

Sellers BA, Smeda RJ, Johnson WG, Kendig JA, Ellersieck MR (2003) Comparative growth of
six Amaranthus species in Missouri. Weed Sci 51:329-333

Stroup WW (2015) Rethinking the analysis on non-normal data in plant and soil science. Agron J
107:811-827

Tursun N, Datta A, Sakinmaz MS, Kantarci SZ, Chauhan BS (2016) The critical period for weed
control in three corn (Zea mays L.) types. Crop Prot 90:59-65

[USDA] US Department of Agriculture (2024) Natural Resource Conservation Service (NRCS),
Web Soil Survey. https://soilseries.sc.egov.usda.gov/. Accessed March 1, 2024

https://doi.org/10.1017/wet.2024.89 Published online by Cambridge University Press


https://www.r-project.org/
https://soilseries.sc.egov.usda.gov/
https://doi.org/10.1017/wet.2024.89

Van Wychen L (2022) 2022 Survey of the most common and troublesome weeds in broadleaf
crops, fruits, & vegetables in the United States and Canada. Weed Science Society of
America National Weed Survey Dataset. https://wssa.net/weed/surveys/. Accessed March
1, 2024

Warncke D, Dahl J, Jacobs L (2009) Nutrient recommendations for field crops in Michigan.
Michigan State University Extension. 36 p.

Wiggins MS, Hayes RM, Steckel LE (2016) Evaluating cover crops and herbicides for
glyphosate-resistant Palmer amaranth (Amaranthus palmeri) control in cotton. Weed
Technol 30:415-422

https://doi.org/10.1017/wet.2024.89 Published online by Cambridge University Press


https://wssa.net/weed/surveys/
https://doi.org/10.1017/wet.2024.89

Table 1. Soil series, texture, sand (%), silt (%), clay (%), organic matter (%), pH, planting date,

application date, emergence date, and total rainfall (cm) for Fayetteville, AR, Morrice, MI, and

Keiser, AR in 2022 and 2023.

Location

Fayetteville, AR Morrice, Ml Keiser, AR

2022 2023 2022 2023 2022 2023
Soil series® Leaf Macomb Sharkey
Soil texture Silt loam Sandy clay loam Clay
Sand (%) 18 P 49 36 17 -
Silt (%) 69 - 26 37 34 -
Clay (%) 13 - 25 27 49 -
OM? (%) 1.6 - 2.6 1.3 2.3 -
pH 6.6 - 6.1 6.1 6.9 -
Planting date May 19 May 9 May 24  May 23 May 4 May 17
Application
date May 19 May 10 May 24 May 23 May 4 May 18
Emergence
date May 25 May 18 May 29 May 30 May 9 May 22
Total rainfall
28 DAT (cm) 11.4 10.8 3.70 0.50 10.4 5.2

®Abbrevitations: OM, organic matter; DAT, days after treatment

*Trial was conducted in an adjacent location within the field in 2023

¢ Trial was conducted in an adjacent location within the field in 2023

9S0il series and texture were obtained from USDA-NRCS 2024
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Table 2. Herbicide information for all products used in experiments.

Herbicide Trade name

Manufacturer

Metribuzin Tricor® 4L2
Metribuzin Mauler®"
Acetochlor Warrant®

S-metolachlor Boundary® 6.5 EC

Metribuzin

Diflufenican Convintro™

Metribuzin

Flufenacet

Dicamba Xtendimax®  with
Technology

Flumioxazin Fierce® MTZ

Pyroxasulfone

Metribuzin

VaporGrip®

UPL, King of Prussia, PA
Valent USA, San Ramon, CA
Bayer CropScience, St. Louis, MO

Syngenta USA, Greensboro, NC

Bayer CropScience, St. Louis, MO

Bayer CropScience, St. Louis, MO

Valent USA, San Ramon, CA

®Product used in AR

bProduct used in Ml
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Table 3. Trade name, herbicide treatments, and herbicide rates in g ai/ae ha™ evaluated at
Fayetteville, AR, Morrice, Ml, and Keiser, AR.

Rate
Trade name Herbicide Fayetteville, AR*  Morrice,MI" Keiser, AR®
--------------------------- g ai/ae hat--------mmmmmeemmem -
Nontreated n/a n/a n/a n/a
Warrant Acetochlor 1260 1260 1260
Tricor/Mauler Metribuzin 560 560 1120
Boundary S-metolachlor 1100 1100 1840
Metribuzin 260 260 440
Convintro Diflufenican 120 150 180
Metribuzin 240 300 360
Flufenacet 330 410 490
Convintro Diflufenican 120 150 180
Tricor/Mauler Metribuzin 240 300 360
Flufenacet 330 410 490
Metribuzin 320 320 760
Fierce MTZ Flumioxazin 70 70 105
Pyroxasulfone 90 90 135
Metribuzin 210 210 315
Convintro Diflufenican 120 150 180
Xtendimax Metribuzin 240 300 360
Flufenacet 330 410 490
Dicamba 560 560 560

®Rates for Fayetteville, AR based on a silt loam soil

®Rates for Morrice, M1 based on a sandy clay loam soil

‘Rates for Keiser, AR based on a silty clay soil
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Table 4. Influence of herbicide treatment on cumulative Palmer amaranth density 14 DAT at Fayetteville, AR, and Keiser, AR, and

waterhemp density at Morrice, M1, in 2022 and 2023.*>¢
Cumulative Palmer amaranth density Cumulative waterhemp density
Fayetteville, AR Keiser, AR Morrice, Ml

Treatment ~ SOA 2022 2023 2022 2023 2022 2023
------------------------------------------------- Plants m™

Acetochlor 1 0.0 (100)? 12.2 (82.7) 28.2 a (91.0) 11.7 a (776) 10 (99.7) NA

Metribuzin 1 0.0 (100) 0.0 (100) 12.1 bc (96.1) 0.0 b (100) 0.0 (100) NA

S-metol. +2 0.0 (100) 0.0 (100) 11.4 bc(96.4) 1.7 b (96.7) 0.0 (100) NA

Met.

DFF premix 3 0.0 (100) 0.0 (100) 5.2 cd(98.3) 32 b (938) 03 (99.9) NA

DFF premix3 0.0 (100) 0.0 (100) 13.4 b (95.7) 0.0 b (100) 0.0 (100) NA

+ Met.

Flum. + Pyro.3 0.0 (100) 0.0 (100) 0.5 d (99.8) 22 b (93.8) 0.0 (100) NA

+ Met.

DFF premix4 0.0 (100) 0.0 (100) 6.9 bc(95.7) 05 b (99.0) 0.2 (100) NA

+ Dic.

P-value 1.000 0.0846 <0.0001 <0.0001 0.0541 NA

®Abbreviations: DAT, days after treatment; SOA, sites of action; S-metol, S-metolachlor; Met, metribuzin; DFF premix,
diflufenican:metribuzin:flufenacet premixture; Flum, flumioxazin; Pyro, pyroxasulfone; Dic, dicamba

®Columns within year by location not containing the same letter are significantly different according to Tukey’s HSD (a=0.05)
‘P-values were generated using a generalized linear mixed model in JMP Pro V 17.2 with a Poisson distribution

INumbers in parentheses represent percent reduction relative to the nontreated check
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Table 5. Influence of herbicide treatment on cumulative Palmer amaranth density 28 DAT at Fayetteville, AR, and Keiser, AR, and
waterhemp density at Morrice, M1, in 2022 and 2023.>>¢

Cumulative Palmer amaranth density Cumulative waterhemp density
Fayetteville, AR Keiser, AR Morrice, Ml

Treatment SOA 2022 2023 2022 2023 2022 2023
------------------------------------------------- Plants m™

Acetochlo 1 25 a (95.3)"13.2a (81.4) 33.7 a (905 17.1 a (89.2 154 a (96.6) 1.2 ab (84.8)
r

Metribuzi 1 1.2
n

S-metol. + 2 0.5
Met.

o))

(97.7) 01 b (99.9) 135 b (96.2) 15 b (984) 6.6 b (98.6) 13 ab (83.4)

o))

(99.1) 0.1 b (99.8) 140 b (96.0) 45 b (97.2) 09 ¢ (998) 33 a (55.8)

DFF 3 01
premix

o))

(99.8) 02 b (99.7) 62 ¢ (983) 57 b (96.4) 2.6  bc(99.9) 04 b (94.5)

DFF 3 01
premix +
Met.

Flum. +3 04
Pyro. +
Met.

DFF 4 02 a (99.8) 0.0 b (100) 7.4 bc (97.9) 25 b (98.0) 3.1 bc (99.3) 0.2 b (97.2)
premix +

Dic.

P-value 0.0415 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

o))

(99.9) 0.0 b (100) 134 bc (96.3) 0.0 b (100) 1.3 ¢ (997) 00 b (100)

o}

(99.2) 00 b (100) 07 d (99.8) 32 b (972) 00 ¢ (100) 09 b (87.6)

®Abbreviations: DAT, days after treatment; SOA, sites of action; S-metol, S-metolachlor; Met, metribuzin; DFF premix,
diflufenican:metribuzin:flufenacet premixture; Flum, flumioxazin; Pyro, pyroxasulfone; Dic, dicamba

®Columns within year by location not containing the same letter are significantly different according to Tukey’s HSD (0=0.05)
°P-values were generated using a generalized linear mixed model in JIMP Pro V 17.2 with a Poisson distribution

INumbers in parentheses represent percent reduction relative to the nontreated check
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Table 6. Influence of herbicide treatment on cumulative Palmer amaranth density 42 DAT at Fayetteville, AR, and Keiser, AR and
waterhemp density at Morrice, M1, in 2022 and 2023.*>¢

Cumulative Palmer amaranth density Cumulative waterhemp density
Fayetteville, AR Keiser, AR Morrice, Ml

Treatment SOA 2022 2023 2022 2023 2022 2023
------------------------------------------------- Plants m™

Acetochlo 1 3.9 a(92.6)d 187 a (746) 701 a (86.7) 194 a (90.2 203 a (95.7) 36 bc (98.2
r

Metribuzi 1 23 a(95.7) 23 Db (96.8) 1094 a (79.2) 2.7 cd (98.6) 145 ab (97.0) 58 a (97.2)
n

S-metol. + 2 1.1 a(978) 17 b (97.7) 715 b (864) 7.1 bc (96.4) 1.9 d (99.6) 94 a (94.7)
Met.

DFF 3 02 a(9.7) 16 b (97.8) 417
premix
DFF 3 01 a(99.8) 15 b (97.9) 47.1

premix +
Met.

Flum. +3 04 a(99.2) 03 b (99.6) 53 d (98.9) 37 cd (98.6) 5.3 cd (98.9) 1.7 Dbc (98.6)
Pyro. +
Met.

DFF 4 03 a(994) 12 b (984) 555 b (89.4) 4.7 bc (97.6) 7.7 bc (98.4) 0.4 ¢ (99.7)
premix + c d

Dic.

P-value 0.0065 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

(@]

92.1) 101 b (949) 7.7  bc (98.4) 0.7 ¢ (99.4)

o

(91.0) 07 d (99.6) 68 cd (986) 0.0 ¢  (100)

®Abbreviations: DAT, days after treatment; SOA, sites of action; S-metol, S-metolachlor; Met, metribuzin; DFF premix,
diflufenican:metribuzin:flufenacet premixture; Flum, flumioxazin; Pyro, pyroxasulfone; Dic, dicamba

®Columns within year by location not containing the same letter are significantly different according to Tukey’s HSD (0=0.05)
‘P-values were generated using a generalized linear mixed model in JMP Pro V 17.2 with a Poisson distribution

YNumbers in parentheses represent percent reduction relative to the nontreated check
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Table 7. Influence of herbicide treatment on cumulative Palmer amaranth density 56 DAT at Fayetteville, AR, and Keiser, AR, and waterhemp
density at Morrice, M1, in 2022 and 2023.2¢

Cumulative Palmer amaranth/waterhemp density

Fayetteville, AR Keiser, AR Morrice, Ml

Treatment SOA 2022 2023 2022 2023 2022 2023

-- Plants m™ T
Acetochlo 1 7.6 a (87.0)' 187 a (746) 1229 bc (82.7) 331 a (841) 203 a (957) 64 bc (97.2)
i
Metribuzi 1 36 ab(93.9) 23 b (96.8) 1981 a (721) 191 b (90.8) 145 ab (97.0) 116 ab (95.0)
n

S-metol. + 2 39 ab(93.3) 1.7 b (97.7) 191.0 a (73.1) 186 bc (91.1) 1.9 d (99.6) 159 a (93.1)
Met.

DFF 3 04 b (994) 16 b (97.8) 1022 c (856) 152 bc (92.7) 7.7 bc (98.4) 0.9 d (99.6)
premix d

DFF 3 10 b (983) 15 b (97.9) 1083 bc (847) 83  bc (96.0) 68  cd (98.6) 1.4 d  (99.4)

premix +

Met.

Flum. +3 11 b (98.2) 03 b (99.6) 343 cd (95.2) 1338 bc (93.4) 53 cd (98.9) 2.0 cd  (99.1)
Pyro. + d

Met.

DFF 4 06 b (989 12 Db (98.4) 1316 b (814) 100 cd (95.2) 8.2 bc (98.3) 0.5 d (99.8)
premix +

Dic.

P-value 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

®Abbreviations: DAT, days after treatment; S-metol, S-metolachlor; Met, metribuzin; DFF premix, diflufenican:metribuzin:flufenacet premixture;
Flum, flumioxazin; Pyro, pyroxasulfone; Dic, dicamba

®Columns within year by location not containing the same letter are significantly different according to Tukey’s HSD (0=0.05)

°P-values were generated using a generalized linear mixed model in JMP Pro V 17.2 with a Poisson distribution

YNumbers in parentheses represent percent reduction relative to the nontreated check
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Table 8. Influence of evaluation timing and herbicide treatments on soybean injury in 2022 at Keiser, AR, and 2023 at Morrice,

WIELE
Injury
Keiser, AR Morrice, Ml
2022 2023
Treatment 14 DAT 28 DAT 42 DAT 28 DAT 35 DAT
_______________________________________ 0p-------— —_—- - ———— - _—
Acetochlor 0 b 4 C 0 C 0 C 0 b
Metribuzin 2 b 20 ab 9 a 0 C 0 b
S-metol. + Met. 0 b 10 bc 1 bc 0 C 0 b
DFF premix 28 a 23 ab 5 abc 18 ab 10 a
DFF premix + Met. 40 a 37 a 4 abc 21 a 11 a
Flum. + Pyro. + Met. 2 b 12 bc 7 ab 15 b 17 a
DFF premix + Dic. 32 a 23 ab 0 C 20 a 11 a
P-value® <0.0001 <0.0001 0.0004 <0.0001 <0.0001

®Abbreviations: DAT, days after treatment; S-metol, S-metolachlor; Met, metribuzin; DFF premix, diflufenican:metribuzin:flufenacet
premixture; Flum, flumioxazin; Pyro, pyroxasulfone; Dic, dicamba
®Columns within evaluation timing not containing the same letters are statically different according to Tukey’s HSD (a=0.05)

°P-values were generated using the “glmmTMB” function in R Studio 4.3.2 using a beta distribution
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