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Abstract

Glyphosate-resistant (GR) Palmer amaranth continues to be challenging to control across the
U.S. cotton belt. Timely application of POST herbicides and herbicides applied at planting or
during the season with residual activity are utilized routinely to control this weed. Although
glyphosate controls large Palmer amaranth that is not GR, herbicides such as glufosinate used
in resistance management programs for GR Palmer amaranth must be applied when weeds are
small. Dicamba can complement both glyphosate and glufosinate in controlling GR and
glyphosate-susceptible (GS) biotypes in resistant cultivars. Two studies were conducted to
determine Palmer amaranth control, weed biomass, and cotton yield, as well as to estimate eco-
nomic net return when herbicides were applied 2, 3, 4, and 5 wk after planting (WAP). In one
experiment POST-only applications were made. In the second experiment PRE herbicides were
included. In general, Palmer amaranth was controlled at least 98% by herbicides applied at least
three times regardless of timing of application or herbicide sequence. Glyphosate plus dicamba
applied at 4 and 5 WAP controlled Palmer amaranth similarly compared to three applications
by 8 WAP; however, yield was reduced 23% because of early-season interference. The inclusion
of PRE herbicides benefited treatments that did not include herbicides applied 2 or 3 WAP.
Glyphosate plus dicamba applied as the only herbicides 5 WAP provided 69% control of
Palmer amaranth. PRE herbicides increased control to 96% for this POST treatment.
Economic returns were similar when three or more POST applications were applied, with
or without PRE herbicides.

Introduction

Early-season management of Palmer amaranth is critical in cotton production to maximize yield
potential (Fast et al. 2009; MacRae et al. 2013; Norsworthy et al. 2016). Palmer amaranth con-
tinues to be one of the most challenging weed species to manage in cotton and other agronomic
crops (Webster 2013). Implications of Palmer amaranth interference in cotton production have
been well documented (Fast et al. 2009; MacRae et al. 2013; Morgan et al. 2001; Norsworthy et al.
2009; Rowland et al. 1999; Smith et al. 2000; Webster and Grey 2015). Vann et al. (2017a)
reported cotton height reduction ranged from 7% to 57% and lint yield reductions from 8%
to 42% when the first POST herbicide applications were delayed 7 to 28 d, respectively.
Furthermore, prolonged insufficient control of Palmer amaranth can lead to a rapid increase
in Palmer amaranth populations and contribution of seed to the soil seedbank (Inman
et al. 2016).

Resistance management has been at the forefront of weed management programs in cotton
production since glyphosate-resistant (GR) Palmer amaranth was first confirmed in 2005
(Culpepper et al. 2006). The use of soil-applied residual herbicides combined with timely
POST applications and integrated management strategies have become requirements to effec-
tively manage GR Palmer amaranth and other herbicide-resistant weeds (Culpepper et al. 2010;
Norsworthy et al. 2012; Sosnoskie and Culpepper 2014). POST herbicide options are limited for
cotton growers. Since the transition from GR cotton to glyphosate- and glufosinate-resistant
cotton, growers have intensively relied on glufosinate (Barnett et al. 2013; Sosnoskie and
Gulpepper 2014). Glufosinate can be effective in controlling GR Palmer amaranth when timely
applications are made (Barnett et al. 2013; Cahoon et al. 2015a; Corbett et al. 2004). However,
control is generally reduced when glufosinate is applied to Palmer amaranth taller than 8 cm
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(Coetzer et al. 2002; Culpepper et al. 2010). The rapid growth and
competitive ability of Palmer amaranth (Ward et al. 2013) creates
challenges for growers in making well-timed herbicide applica-
tions. In addition, at-plant residual herbicides may not control
weeds adequately and may further decrease a grower’s flexibility
in making timely POST applications (Norsworthy et al. 2012).

The commercialization of dicamba-resistant cotton has provided
growers with an additional POST option for managing GR Palmer
amaranth (Cahoon et al. 2015b). Dicamba has proved to be an effec-
tive tank-mix partner in combinations with glyphosate or glufosinate
for control of glyphosate-susceptible (GS) and GR Palmer amaranth
(Cahoon et al. 2015b; Johnson et al. 2010; Merchant et al. 2013; York
et al. 2012). Depending on POST application timing and location,
late-season Palmer amaranth control was increased at least 14%
and 41% when dicamba was tank-mixed with glufosinate and
glyphosate, respectively, compared to when they were applied without
dicamba (Cahoon et al. 2015b). Regardless of rate, POST mixtures of
glufosinate and dicamba were more effective at controlling
16- to 23-cm Palmer amaranth 12 d after application compared to
glufosinate or dicamba alone (Vann et al. 2017b). Similar findings
were reported by Merchant et al. (2013), where a 17% to 22% increase
in control was observed with 20-cm-tall Palmer amaranth when
dicamba was included with glufosinate compared to glufosinate alone.

The performance of a POST herbicide application is related to
herbicide rate, herbicide coverage, and susceptible weed size at appli-
cation. Adequate weed control could be compromised when one or
more of these components are not observed, thus increasing selection
pressure of the herbicides applied and potentially contributing to her-
bicide resistance. With unpredictable weather conditions, executing
timely herbicide applications can be challenging, as weed control
may be reduced because of an increase in weed size (Stewart et al.
2010). The potential increase in cost, due to the possibility of applying
an increased number of different herbicides at separate application
timings, may lead to growers’ reluctance to follow a well-timed spray-
ing schedule. However, short-term and long-term benefits can be
attained through weed management programs that offer greater
diversity of herbicides and cultural practices (Inman et al. 2017;
Jordan et al. 2014).

Although the importance of weed control timing has been well
reported, only limited research in North Carolina has evaluated
specific POST herbicide frequency and application timings in
dicamba-resistant cotton. Furthermore, the peer-reviewed litera-
ture contains few data that address the economics of various weed
management herbicide intensities in dicamba-resistant cotton. It is
also important to understand how PRE herbicides can influence
the dynamics of POST herbicide frequency. Therefore, two sepa-
rate experiments were conducted to determine the most effective
POST herbicide application timings in dicamba-resistant cotton.
The objective for the first experiment was to compare different
timings of POST herbicide applications of glufosinate and glyph-
osate plus dicamba on Palmer amaranth and annual grass control,
cotton yield, and economic net returns without PRE herbicides.
The objective for the second experiment was to follow the same
POST timings and herbicides as experiment 1, comparing
Palmer amaranth control, cotton yield, and economic net returns
with and without PRE herbicides.

Materials and Methods
Experiment 1

Experiments were established in North Carolina across six
environments during 2015 and 2016 near Clayton (35.67°N,
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Table 1. Herbicide common names, trade names, application rates, and
manufacturers.

Common
name Trade name Rate Manufacturer
g ai or
ae ha™
Acetochlor Warrant 840 Monsanto Co., St. Louis, MO
Dicamba Xtendimax 560 Monsanto Co., St. Louis, MO
Diuron Direx 4L 560 ADAMA, Raleigh, NC
Fomesafen  Reflex 175 Syngenta Crop Protection,
Greensboro, NC
Glufosinate  Liberty 280SL 660 Bayer CropScience, Research
Triangle Park, NC
Glyphosate  Roundup PowerMAX 946 Monsanto Co., St. Louis, MO

Table 2. Cotton growth stage and Palmer amaranth height at first POST
application, averaged over all environments, for experiments 1 and 2

Palmer amaranth heights

Application timing Cotton growth stage Maximum Average
m

Wk after planting

2 One leaf 7 35

3 Two- to three-leaf 15 9

4 Three- to five-leaf 30 18

5 Six- to eight-leaf 61 38

78.51°W) and Rocky Mount (35.89°N, 77.64°W). Soils in
Clayton were a Dothan loamy sand (fine-loamy, kaolinitic, thermic
Plinthic Kandiudults) with 0.27% humic matter. Soils in Rocky
Mount were a Norfolk loamy sand (fine-loamy, kaolinitic, thermic
Typic Kandiudults) with 0.5% humic matter. Dyna-Gro® cotton
3385 B2XF (Crop Production Services, Loveland, CO) was
planted in 2015. Cotton ‘DP 1522 B2XF (Monsanto, St Louis,
MO) was planted in 2016. Cotton was planted in conventionally
tilled, raised beds at a seeding rate of 14 seeds m™' of row. Plot sizes
ranged from three to four rows (91-cm spacing) by 9 to 12 m,
depending on location. Other than treatments imposed for the
experiment, cotton was managed according to North Carolina
Cooperative Extension Service recommendations (Edmisten
et al., 2015).

The experimental design was a randomized complete block
with four replicates. Treatments consisted of POST herbicides
applied 2, 3, 4, and 5 wk after planting (WAP); 3, 4, and 5
WAP; 4 and 5 WAP; and 5 WAP only. Additional treatments
included herbicides applied 2 WAP only, 2 and 3 WAP, and 2,
3, and 4 WAP. Glufosinate was applied 2 and 3 WAP. At 4 and
5 WAP, glyphosate plus dicamba was applied. A nontreated con-
trol was also included. No PRE herbicides were applied at planting.
Rates for all herbicides are provided in Table 1. All herbicides were
applied using CO,-pressurized backpack sprayers equipped with
Turbo TeeJet® Induction 110025 nozzles (TeeJet Technologies,
Wheaton, IL) calibrated to deliver 140 L ha™! at 165 kPa.

All environments had natural infestations of Palmer amaranth
with a mixture of GS and GR Palmer amaranth; density was
75 plants m~ or greater. Palmer amaranth height and crop growth
stage at each application timing can be found in Table 2. Most envi-
ronments had dense populations of annual grass species ranging
from 25 to 100 plants m™. Broadleaf signalgrass [Urochloa
platyphylla (Munro ex C. Wright) RD. Webster], goosegrass
[Eleusine indica (L.) Gaertn.], large crabgrass [Digitaria sanguinalis
(L) Scop.], and Texas millet [Urochloa texana (Buckley) R.D.
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Webster] were the dominant grass species. Palmer amaranth control
was estimated visually using a 0 to 100 scale (Frans et al. 1986) and
Palmer amaranth density recorded in each plot by counting the
number of plants from a randomly determined 1 m? in each plot
biweekly from 2 to 8 WAP. Palmer amaranth aboveground fresh bio-
mass was collected from row middles in treated plots (17 to 23 m?)
within 3 wk prior to harvest and from 1 m? in the nontreated plots.
Data collected for estimated visible control, densities, and above-
ground biomass for annual grass were recorded in the same manner
as Palmer amaranth. All treated plots were mechanically harvested in
mid-October to mid-November with a spindle picker modified for
small-plot harvesting.

Experiment 2

Experiments were established in North Carolina across four envi-
ronments during 2016 and 2017 near Clayton (35.67°N, 78.51°W)
and Rocky Mount (35.89°N, 77.64°W). Soils in Clayton were a
Goldsboro sandy loam (fine-loamy, siliceous, subactive, thermic
Aquic Paleudults) with 0.41% humic matter. Soils in Rocky
Mount were an Aycock very fine sandy loam (fine-silty, siliceous,
subactive, thermic Typic Paleudults) with 0.5% humic matter.
Cotton ‘DP 1522 B2XF (Monsanto, St Louis, MO) was planted
in 2016. Cotton ‘DP 1538 B2XF’ (Monsanto, St Louis, MO) was
planted in 2017. Cotton was planted in conventionally tilled, raised
beds at a seeding rate of 14 seed m™ of row. Plot sizes were four
rows (91-cm spacing) by 9 to 12 m, depending on location. Other
than treatments imposed for the experiment, cotton was managed
according to North Carolina Cooperative Extension Service rec-
ommendations (Edmisten et al., 2015).

The experimental design was a randomized complete block
with four replicates. Treatments consisted of the same POST her-
bicide treatments as experiment 1 with and without PRE herbicides
applied immediately after planting. The PRE herbicide program
consisted of acetochlor plus diuron plus fomesafen. A nontreated
control was also included. Rates for all herbicides are provided in
Table 1. Each site received a minimum of 10 mm of rainfall within
2 wk of PRE herbicides being applied.

All environments had natural infestations of Palmer amaranth
with a mixture of GS and GR Palmer amaranth; density was 100
plants m™ or greater. Average Palmer amaranth height and crop
growth stage at each application timing can be found in Table 2.
Palmer amaranth control was estimated visually using a 0 to
100 scale (Frans et al. 1986) and Palmer amaranth density recorded
in each plot by counting the number of plants from a randomly
determined 1 m? in each plot biweekly from 2 to 8 WAP.
Palmer amaranth aboveground fresh biomass was collected from
row middles in treated plots (17 to 23 m?) within 3 wk prior to
harvest and from 1 m? in the nontreated plots. All treated plots
were mechanically harvested in mid-October to mid-November
with a spindle picker modified for small-plot harvesting.

For both experiments, estimated economic net return was cal-
culated based on the North Carolina Cooperative Extension
Service budget for cotton (Edmisten et al., 2015), with a total pro-
duction cost of $1,268.12 ha™!, excluding herbicide cost. Herbicide
cost was based on pricing from local chemical retailers and factored
into total production cost. Ginning cost was based on seed cotton
yield for each plot at a price of $0.27 ha™'. Economic return was
calculated for three lint prices as the difference between the prod-
tct of yield (45% lint at $1°:54 ha " $1.76 ha " and $1.98 ha™! with
55% seed at $0.30 ha™) and total production cost.

Inman et al.: Herbicide timing

Data for both experiments were analyzed using the PROC
Mixed procedure in SAS (v. 9.4; SAS Institute, Cary, NC).
Treatments were considered a fixed factor, and replication and
environment were considered random factors, as this allows infer-
ences over a broad range of environments (Blouin et al. 2011;
Carmer et al. 1989). Significant treatment-by-environment inter-
actions for Palmer amaranth control, lint yield, and economic
returns were observed for both experiments. Similar trends were
found when environments were analyzed individually; therefore,
analyses were combined across environments. Furthermore, the treat-
ment mean square was at least 3-fold greater than the treatment-by-
environment interaction mean square, providing justification to
combine results over environments. Type III statistics were used to
test all fixed effects, and least square means were calculated based
on P <0.05 (Moore and Dixon 2015). Treatment means were sepa-
rated using Fisher’s Protected LSD at P < 0.05.

Results and Discussion
Experiment 1. POST-Only Herbicide Treatments

Regardless of herbicide sequence, Palmer amaranth was controlled
98% or greater 8 WAP when herbicides were applied three times.
When glyphosate and dicamba were applied twice (4 and 5 WAP),
no difference in Palmer amaranth control was observed 8 WAP
compared to treatments with at least three herbicide applications
(Table 3). Control of Palmer amaranth declined to 71% when a sin-
gle glyphosate plus dicamba application was delayed to 5 WAP.
Vann et al. (2017a) reported 75% control of Palmer amaranth
when the first POST application of glufosinate plus dicamba
was delayed to 5 WAP. Glufosinate alone applied 2 WAP and 2
and 3 WAP controlled Palmer amaranth 58% and 82% 8 WAP,
respectively. Although effective control was observed 14 d after
treatment, longevity of herbicide applications at only 2 WAP
and 2 and 3 WAP are not sufficient for season-long weed control.
Trends among treatments for annual grass control were like that of
Palmer amaranth control (Table 3). The greatest control was
observed when at least three herbicide applications were delivered
or when glyphosate and dicamba was applied 4 and 5 WAP. A sin-
gle application of glyphosate plus dicamba 5 WAP controlled
annual grasses 85%, compared to glufosinate alone 2 WAP or 2
and 3 WAP resulting in 60% and 89% control, respectively.
Glyphosate is generally more effective than glufosinate on grass
species, especially goosegrass (Corbett et al. 2004; Culpepper
et al. 2000). Average aboveground biomass for the nontreated
check was 21,500 kg ha™! and 11,200 kg ha™! for Palmer amaranth
and annual grasses, respectively (data not shown). Treatments
comprising three or more herbicide applications reduced Palmer
amaranth biomass at least 96% (data not shown). Annual-grass
biomass was reduced at least 93% with three or more herbicide
applications or sequential applications of glyphosate plus dicamba
at 4 and 5 WAP.

When at least three herbicide applications were made, no differ-
ence in cotton lint yield was observed regardless of timing sequence
(Table 4). However, yields following three applications at 2, 3, and
4 WAP were lower compared to yields following herbicides applied
at 3,4, and 5 WAP and 2, 3, 4, and 5 WAP. Buchanan and Burns
(1970) suggested that cotton should be maintained weed-free for
approximately 8 WAP to protect maximum yields. Although weed
control 8 WAP was similar between these application timings, the
lack of herbicide beyond 4 WAP proved to be critical by the end of
the season. Despite sequential applications of glyphosate plus
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Table 3. Palmer amaranth and annual grass control 8 wk after planting (WAP) as affected by POST only application timing in experiment 1, conducted in North
Carolina in 2015 and 2016.2

Herbicides and application timings WAP

2 3 4 5 Palmer amaranth control Annual grass control®
%

Glufosinate Glufosinate Glyphosate + dicamba Glyphosate + dicamba 100 a 100 a

- Glufosinate Glyphosate + dicamba Glyphosate + dicamba 99 a 99 a

- - Glyphosate + dicamba Glyphosate + dicamba 92 ab 94 ab

- - - Glyphosate + dicamba Tlc 85¢
Glufosinate - - - 58d 60 d
Glufosinate Glufosinate - - 82 bc 89 bc
Glufosinate Glufosinate Glyphosate + dicamba - 98 a 97 a

2Means within a column followed by the same letter are not different according to Fisher’s Protected LSD test at P < 0.05. Data are pooled over six environments. Nontreated control was not

included in data analysis.

PAnnual grass consisted of broadleaf signalgrass, goosegrass, large crabgrass, and Texas millet.

Table 4. Lint yield and economic net return as affected by POST application timing, in experiment 1, conducted in North Carolina in 2015 and 2016.2

Herbicides and application timings WAP?

Economic net return®

Cotton price $ kg™*

2 3 4 Lint yield 1.54 1.76 1.98
kg ha™ $ ha™t

Glufosinate Glufosinate Glyphosate + dicamba Glyphosate + dicamba 780 a -151 a 21l a 193 a
- Glufosinate Glyphosate + dicamba Glyphosate + dicamba 740 a -175a -12 a 151 ab
- - Glyphosate + dicamba Glyphosate + dicamba 545 bc -456 ab -337 ab -217 bc
- - - Glyphosate + dicamba 300 de -814 cd -746 cd -680 de
Glufosinate - - 135 e -1,088 de -1,058 de -1,029 ef
Glufosinate Glufosinate - 470 cd -582 bc -478 bc -375 cd
Glufosinate Glufosinate Glyphosate + dicamba 710 ab -231a -75a 82 ab
- - - 2f -1,265 e -1,265 e -1,265 f

2Means within each column followed by the same letter are not different according to Fisher’s Protected LSD test at P < 0.05. Data are pooled over six environments.

PAbbreviations: WAP, weeks after planting.
“Cotton price based on 45% lint and 55% cottonseed.

dicamba applied 4 and 5 WAP providing similar weed control
compared to three or more herbicide applications, early-season
weed interference reduced lint yield 23% to 30% (Table 3).
Vann et al. (2017a) reported a 23% reduction in lint yield when
the first POST application was delayed 14 d. Furthermore,
Everman et al. (2007) reported a 72% reduction in lint yield when
no early-POST herbicide was used compared to glufosinate alone
early POST. Glufosinate alone at 2 WAP provided the lowest
yields. Similar yields were observed with glufosinate at 2 and 3
WAP and a single application of glyphosate plus dicamba 5
WAP (Table 4). Comparable to yield trends, economic net returns
were highest following three or four herbicide applications.
Although cotton lint yield was lower for sequential applications
of glyphosate plus dicamba (4 and 5 WAP), reductions in herbicide
cost allowed for similar returns compared to three and four appli-
cations (Table 4).

Experiment 2. PRE and POST Herbicide Treatments

All POST herbicide sequences provided similar or greater control
of Palmer amaranth when following PRE herbicides (Table 5).
Palmer amaranth was controlled 99% or greater 8 WAP when
three POST herbicide applications were made, with or without
the use of PRE herbicides. Palmer amaranth control increased
by=30%;:27%:28%;rand=8%with-POST+timings 2 WAP only,
5 WAP only, 2 and 3 WAP, 4 and 5 WAP with PRE herbicides
compared to no PRE, respectively. The PRE herbicide program

alone provided 79% control of Palmer amaranth, like sequential
POST herbicide applications at 2 and 3 WAP. Previous studies
have shown excellent Palmer amaranth control by fomesafen
applied PRE alone or in combination with acetochlor and/or
diuron (Cahoon et al. 2015¢; Whitaker et al. 2011). The importance
of PRE herbicides has been well documented in combating
herbicide-resistant Palmer amaranth and reducing early-season
weed interference (Everman et al. 2009; Norsworthy et al. 2012;
Whitaker et al. 2011).

Although not always significant, greater cotton lint yields were
observed when the PRE herbicide program was used compared
with no PRE herbicides (Table 5). There were no differences in lint
yields when at least three POST applications were applied, regard-
less of timing sequence or PRE herbicides. The PRE herbicide pro-
gram alone resulted in yields similar to that of POST-only
applications at 2 WAP, 2 and 3 WAP, and 5 WAP. The inclusion
of PRE herbicides allowed for greater flexibility in the number of
POST application timings. This was more evident with later POST
application timings, 4 and 5 WAP, and 5 WAP only, compared to
early application timings, 2 WAP and 2 and 3 WAP. Everman et al.
(2007) reported similar findings, showing that cotton lint yields
were comparable when PRE and POST-directed herbicide applica-
tions were made regardless of a mid-POST application.

Trends for economic returns among treatments were similar to
that of cotton lint yield. Although inclusion of a PRE treatment
increased costs, greater returns were observed when the PRE
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Table 5. Palmer amaranth control 8 wk after planting (WAP) and lint yield in response to POST application timing with and without PRE herbicides, in experiment 2

conducted in North Carolina in 2016 and 2017.2

Palmer amaranth

POST Herbicides and application timings WAP control Lint yield
2 3 4 5 No PRE PRE No PRE PRE
_— % kg ha™t
Glufosinate Glufosinate Glyphosate + dicamba Glyphosate + dicamba 100 a 100 a 770 a 780 a
- Glufosinate Glyphosate + dicamba Glyphosate + dicamba 99 ab 100 a 700 ab 820 a
- - Glyphosate + dicamba Glyphosate + dicamba 91 abc 99 ab 500 bc 770 a
- - - Glyphosate + dicamba 69 e 96 ab 150 de 685 ab
Glufosinate - - - 55 f 85 cd 80 e 390 cd
Glufosinate Glufosinate - - 81 bc 89 bed 310 cd 370 cd
Glufosinate Glufosinate Glyphosate + dicamba - 99 ab 100 a 670 ab 755 a
- - - - - 79 de l4e 225 de

2Means within columns (Palmer amaranth control or lint yield) followed by the same letter are not different according to Fisher’s Protected LSD test at P < 0.05. Data are pooled over four

environments. Nontreated for Palmer amaranth control was not included in data analysis.

Table 6. Influence of POST application timing with and without PRE herbicides on economic net return.?

Economic net return

Cotton price $ kg™

Herbicides and application timings WAP? 1.54 1.76 1.98
2 3 4 5 No PRE PRE No PRE PRE No PRE PRE
$ ha't
Glufosinate  Glufosinate  Glyphosate + dicamba  Glyphosate + dicamba -172 a -184 ab -3a -11 ab 166 a 161 ab
- Glufosinate ~ Glyphosate + dicamba  Glyphosate + dicamba -244 ab -88a -91 ab 92 a 63 ab 272 a
- - Glyphosate + dicamba  Glyphosate + dicamba -529 bc -122 a -420 bc 48 a -310 bc 218 a
- - - Glyphosate + dicamba  -1,059 def -226 ab  -1,026 def -75 ab -933 def 75 ab
Glufosinate - - - -1,174 ef -715 cd -1,156 ef -630 cd -1,137 ef -544 cd
Glufosinate  Glufosinate - - -847 cde  -788 cde -779 cde -707 cd -710 cde  -625cd
Glufosinate  Glufosinate  Glyphosate + dicamba - -293 ab -194 ab -146 ab -27 ab 2 ab 139 ab
- - - - -1,245 f -942 def 1,240 f -892 de 1,240 f -843 de

2Means within pricing columns (comparison of No PRE and PRE) followed by the same letter are not different according to Fisher’s Protected LSD test at P < 0.05. Data are pooled over four

environments.
bAbbreviation: WAP, weeks after planting.

was implemented with one or two POST application timings com-
pared to programs without a PRE (Table 6). This was more evident
when POST timings were delayed until 4 WAP, compared to tim-
ings at 2 WAP. Excellent weed control was obtained with the PRE
herbicide program, and the POST application 2 WAP was not war-
ranted in most cases, as no weeds had emerged. Highest economic
returns were observed when the PRE herbicide program was
included with POST application timings of 4 followed by 5
WAP and 5 WAP alone (Table 6). This can further be attributed
to the differences in weed interference at critical growth stages
(Buchanan and Burns 1970). There was no difference in economic
returns when herbicides were applied at least three times, irrespec-
tive of PRE herbicide treatment. These data show the importance
of timely herbicide applications and herbicide program cost in
relation to cotton lint prices. When cotton lint prices are low, it
would be more cost-efficient to ensure timely herbicide applica-
tions compared to a delay, as this would help prevent follow-up
herbicide applications. As cotton lint prices increase, there may
be more flexibility in costs associated with increased herbicide
use or applications.

Total POST herbicide programs can be successful in some sit-
uations (Askewand Wilcut:1999;Burkeet:als2005; Culpepper and
York 1998; Jordan et al. 1993). However, timely applications are

critical when soil-applied herbicides are not included
(Culpepper and York 1999; Vann et al. 2017a). These data show
that excellent Palmer amaranth control was achieved when three
or more timely POST applications were utilized. Similar weed con-
trol can be obtained with sequential applications of glyphosate plus
dicamba at 4 and 5 WAP. However, cotton lint yields could be
reduced as a result of early-season weed interference. Although
effective at the time, POST-only weed management programs most
likely contributed to a more rapid evolution of herbicide resistance
due to less diversity of herbicide mechanisms of action and spray-
ing of larger weeds resulting in partial control (Beckie 2006).
Furthermore, soil weed seedbank dynamics should be included
in weed management programs (Buhler et al. 1997; Norsworthy
et al. 2018). Control of larger weeds is obtainable, but weed seed
contribution is unknown when weeds are not completely con-
trolled. This research demonstrates that even when adequate weed
control is obtained with larger weeds, early-season weed interfer-
ence can still adversely affect cotton yield. The use of PRE herbi-
cides can offset missed early-season weed control efforts by
providing similar yields and economic returns compared to timely,
early-POST applications. Timely POST herbicide applications
contribute to greater weed efficacy that leads to higher yields,
and though not quantified in this study, reduce weed seed
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contribution to the soil seedbank. Yield was consistently greater
across all POST treatments that included PRE herbicides.
Economic returns were greater among treatments that included
PRE applications, except for the four POST application program,
where returns were similar. Management tactics aside from herbi-
cides should be better understood. Future research should explore
how herbicide frequency and timings in combination with other
control factors such as cover crops, tillage, and rotation of herbi-
cide-resistant crop varieties can be used most efficiently.

Acknowledgments. The authors gratefully acknowledge the North Carolina
Agricultural Foundation for providing partial funding for this research. The
authors would like to thank the staff at the Central Crops Research Station
and Upper Coastal Plain Research Station for technical assistance. No conflicts
of interest have been declared.

References

Askew SD, Wilcut JW (1999) Cost and weed management with herbicide pro-
grams in glyphosate-resistant cotton (Gossypium hirsutum). Weed Technol
13:308-313

Barnett KA, Culpepper AS, York AC, Steckel LE (2013) Palmer amaranth
(Amaranthus palmeri) control by glufosinate plus fluometuron applied post-
emergence to WideStrike® cotton. Weed Technol 27:291-297

Beckie HJ (2006) Herbicide-resistant weeds: management tactics and practices.
Weed Technol 20:793-814

Blouin DC, Webster EP, Bond JA (2011) On the analysis of combined experi-
ments. Weed Technol 25:165-169

Buchanan G, Burns E (1970) Influence of weed competition on cotton. Weed Sci
18:149-154

Buhler DD, Hartzler RG, Forcella F (1997) Implications of weed seedbank
dynamics to weed management. Weed Sci 45:329-336

Burke IC, Troxler SC, Askew SD, Wilcut JW, Smith, WD (2005) Weed man-
agement systems in glyphosate-resistant cotton. Weed Technol 19:422-429

Cahoon CW, York AC, Jordan DL, Seagroves RW, Everman W], Jennings KM
(2015a) Sequential and co-applications of glyphosate and glufosinate in
cotton. ] Cotton Sci 19:337-350

Cahoon CW, York AC, Jordan DL, Everman W7, Seagroves RW, Culpepper AS,
Eure PM (2015b) Palmer amaranth (Amaranthus palmeri) management in
dicamba-resistant cotton. Weed Technol 29:758-770

Cahoon CW, York AC, Jordan DL, Everman W], Seagroves RW, Braswell LR,
Jennings KM (2015¢) Weed control in cotton by combinations of microen-
capsulated acetochlor and various residual herbicides applied preemergence.
Weed Technol 29:740-750

Carmer SG, Nyquist WE, Walker WM (1989) Least significant differences for
combined analyses of experiments with two- or three-factor treatment
designs. Agron J 81:665-672

Coetzer E, Al-Khatib K, Peterson DE (2002) Glufosinate efficacy on
Amaranthus species in glufosinate-resistant soybean (Glycine max). Weed
Technol 16:326-331

Corbett JL, Askew SD, Thomas WE, Wilcut JW (2004) Weed efficacy evalua-
tions for bromoxynil, glufosinate, glyphosate, pyrithiobac, and sulfosate.
Weed Technol 18:443-453

Culpepper AS, York AC (1998) Weed management in glyphosate-tolerant cot-
ton. J Cotton Sci 2:174-185

Culpepper AS, York AC (1999) Weed management and net returns with trans-
genic, herbicide-resistant, and non-transgenic cotton (Gossypium hirsutum).
Weed Technol 13:411-420

Culpepper, AS, Grey TL, Vencill WK, Kichler JM, Webster TM, Brown SM,
York AC, Davis JW, Hanna WW (2006) Glyphosate-resistant Palmer ama-
ranth (Amaranthus palmeri) confirmed in Georgia. Weed Sci 54:620-626

Culpepper AS, Webster TM, Sosnoskie LM, York AC (2010) Glyphosate-
resistant Palmer amaranth _in the United States. Pages 195-212 in

687

Nandula VK, ed., Glyphosate Resistance in Crops and Weeds: History,
Development, and Management. Hoboken, NJ: Wiley

Culpepper AS, York AC, Batts RB, Jennings KM (2000) Weed management in
glufosinate- and glyphosate-resistant soybean (Glycine max). Weed Technol
14:77-88

Edmisten KL, Yelverton FH, Bachelor JS, Koenning SR, Crozier CR, Meijer AD,
Cleveland BR, York AC, Hardy DH, Bullen G (2015) Cotton Information.
Publication AG-417. Raleigh, NC: North Carolina Cooperative Extension Service

Everman W/, Burke, IC, Allen JR, Collins J, Wilcut JW (2007) Weed control and
yield with glufosinate-resistant cotton weed management systems. Weed
Technol 21:695-701

Everman W], Clewis SB, York AC, Wilcut JW (2009) Weed control and yield
with flumioxazin, fomesafen, and S-metolachlor systems for glufosinate-
resistant cotton residual weed management. Weed Technol 23:391-397

Fast BJ, Murdock SW, Farris RL, Willis JB, Murray DS (2009) Critical timing of
Palmer amaranth (Amaranthus palmeri) removal in second-generation
glyphosate-resistant cotton. ] Cotton Sci 13:32-36

Frans RE, Talbert R, Marx D, Crowley H (1986) Experimental design and tech-
niques for measuring and analyzing plant responses to weed control practi-
ces. Pages 29-46 in Camper ND, ed., Research Methods in Weed Science.
Champaign, IL: Southern Weed Science Society

Inman MD, Jordan DL, York AC, Jennings KM, Monks DW (2017) Long-term
management of Palmer amaranth with herbicides and cultural practices
in cotton. Crop, Forage and Turfgrass Management 3:2017-03-0017,
10.2134/cftm2017.03.0017

Inman MD, Jordan DL, York AC, Jennings, KM, Monks DW, Everman W],
Bollman SL, Fowler JT, Cole RM, Soteres JK (2016) Long-term management
of Palmer amaranth (Amaranthus palmeri) in dicamba-tolerant cotton.
Weed Sci 64:161-169

Johnson B, Young B, Matthews ], Marquardt P, Slack C, Bradley K, York A,
Culpepper S, Hager A, Al-Khatib K, Steckel L, Moechnig M, Loux M,
Bernards M, Smeda R (2010) Weed control in dicamba-resistant soybeans.
Crop Manag 9(1), 10.1094/CM-2010-0920-01-RS

Jordan DL, Frans RE, McClelland MR (1993) Total postemergence herbicide
programs in cotton (Gossypium hirsutum) with sethoxydim and DPX-
PE350. Weed Technol 7:196-201

Jordan DL, York AC, Seagroves RW, Everman W], Clewis B, Wilcut J, Shaw D,
Owen M, Wilson R, Young B, Weller S (2014) Economic value of herbicide
programs and implications for resistance management in North Carolina.
Crop Manag 13, 10.2134/CM-2014-0023-RS

MacRae AW, Culpepper AS, Webster TM, Sosnoskie LM, Kichler JM (2013)
Cotton yield loss potential in response to length of Palmer amaranth
(Amaranthus palmeri) interference. J Cotton Sci 17:227-233

Merchant RM, Sosnoskie LM, Culpepper AS, Steckel LE, York AC, Braxton LB,
Ford JC (2013) Weed response to 2,4-D, 2,4-DB, and dicamba applied alone
or with glufosinate. ] Cotton Sci 17:212-218

Moore KJ, Dixon PM (2015) Analysis of combined experiments revisited.
Agron ] 107:763-771

Morgan GD, Baumann PA, Chandler JM (2001) Competitive impact of Palmer
amaranth (Amaranthus palmeri) on cotton (Gossypium hirsutum) develop-
ment and yield. Weed Technol 15:408-412

Norsworthy JK, Korres NE, Bagavathiannan MV (2018) Weed seedbank man-
agement: revisiting how herbicides are evaluated. Weed Sci 66:415-417

Norsworthy JK, Schrage BW, Barber TL, Schwartz, LM (2016) Emergence date
influences growth and fecundity of Palmer amaranth in cotton. ] Cotton Sci
20:263-270

Norsworthy JK, Smith KL, Steckel LE, Koger CH (2009) Weed seed contami-
nation of cotton gin trash. Weed Technol 23:574-580

Norsworthy JK, Ward SM, Shaw DR, Llewellyn RS, Nichols RL, Webster TM,
Bradley KW, Frisvold G, Powles SB, Burgos NR, Witt WW, Barrett M (2012)
Reducing the risks of herbicide resistance: best management practices and
recommendations. Weed Sci 60(SP1):31-62

Rowland MW, Murray DS, Verhalen LM (1999) Full-season Palmer amaranth
(Amaranthus palmeri) interference with cotton (Gossypium hirsutum).
Weed Sci 47:305-309

www.manaraa.com


https://doi.org/10.2134/cftm2017.03.0017
https://doi.org/10.1094/CM-2010-0920-01-RS
https://doi.org/10.2134/CM-2014-0023-RS

688

Smith DT, Baker RV, Steele GL (2000) Palmer amaranth (Amaranthus palmeri)
impacts on yield, harvesting, and ginning in dryland cotton (Gossypium
hirsutum). Weed Technol 14:122-126

Sosnoskie LM, Culpepper AS (2014) Glyphosate-resistant Palmer amaranth
(Amaranthus palmeri) increases herbicide use, tillage, and hand-weeding
in Georgia cotton. Weed Sci 62:393-402

Stewart CL, Nurse RE, Hamill AS, Sikkema PH (2010) Environment and soil
conditions influence pre- and postemergence herbicide efficacy in soybean.
Weed Technol 24:234-243

Vann RA, York AC, Cahoon CW, Buck TB, Askew MC, Seagroves RW (2017a)
Effect of delayed dicamba plus glufosinate on Palmer amaranth control and
XtendFlex cotton yield. Weed Technol 31:633-640

Vann RA, York AC, Cahoon CW, Buck TB, Askew MC, Seagroves RW (2017b)
Glufosinate plus dicamba for rescue Palmer amaranth control in XtendFlex
cotton. Weed Technol 31:666-674

Inman et al.: Herbicide timing

Ward SM, Webster TM, Steckel LE (2013) Palmer amaranth (Amaranthus pal-
meri): a review. Weed Technol 27:12-27

Webster TM (2013) Weed survey—southern states: broadleaf crops subsection.
Pages 275-287 in Proceedings of the Southern Weed Science Society.
Houston, TX: Southern Weed Science Society

Webster TM, Grey TL (2015) Glyphosate-resistant Palmer amaranth
(Amaranthus palmeri) morphology, growth, and seed production in
Georgia. Weed Sci 63:264-272

Whitaker JR, York AC, Jordan DL, Culpepper AS, Sosnoskie LM (2011)
Residual herbicides for Palmer amaranth control. J Cotton Sci 15:
89-99

York AC, Culpepper AS, Sosnoskie LM, Bollman S (2012) Palmer amaranth
management in dicamba/glufosinate tolerant cotton. Page 98 in
Proceedings of the 2012 Southern Weed Science Society 65th Annual
Meeting. Charleston, SC: Southern Weed Science Society

www.manharaa.com



© Weed Science Society of America, 2020

www.manharaa.com

o AJLb



	Influence of timing of Palmer amaranth control in dicamba-resistant cotton on yield and economic return
	Introduction
	Materials and Methods
	Experiment 1
	Experiment 2

	Results and Discussion
	Experiment 1. POST-Only Herbicide Treatments
	Experiment 2. PRE and POST Herbicide Treatments

	References


