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Abstract

The tolerance of cereal rye to eight herbicides registered for use in wheat, at two rates, was evalu-
ated for potential labeling in cereal rye to expand limited chemical weed control options. Across
five site-years, halauxifen-methyl þ florasulam, pyroxsulam, and thifensulfuron-methyl þ tri-
benuron-methyl applied at a 2X rate to cereal rye at Zadoks (Z) 13 caused less than 15% injury
and had no impact on cereal rye density. These herbicides at the 2X rate reduced cereal rye
heights 11% at 10 days after treatment (DAT), with rye recovering by 31DAT; cereal rye heights
were not reduced with these herbicides at their 1X rate. In contrast, significant injury was
observed with the 1X rate of mesosulfuron-methyl (45%), pinoxaden (27%), and pinoxaden
þ fenoxaprop-P-ethyl (30%) applied postemergence; early-season height was reduced 19%
to 26%. Residual herbicide pyroxasulfone applied as a delayed preemergence at Z 10 and flu-
mioxazin þ pyroxasulfone applied at Z 11 caused 27% to 28% and 16% to 47% injury, respec-
tively, when the 1X rate was activated by rainfall within 2 d of application. These residual
herbicides reduced cereal rye height and density up to 35% and 40%, respectively. Cereal
rye grain yield was not influenced by herbicide or rate applied.

Introduction

Cereal rye is commonly grown as a winter cover crop because of its cold hardiness, drought
tolerance, and ability to grow well on marginal soils (Bushuk 1976). It has additional uses as
a pasture forage, hay, and grain, which is fed to livestock or consumed by humans as food
and alcoholic beverages (Bushuk 1976; Hales et al. 2007; Shee et al. 2016). Cereal rye serves
multiple purposes across the United States as a late-wintering forage for cattle or as a summer
cover crop used tomitigate erosion,moisture loss, andweed interference in the subsequent cash-
generating crop (Bunchek et al. 2020; Li et al. 2013; Wiggins et al. 2016). A study conducted in
Arkansas indicated that cereal rye fed to cattle had greater nutritional benefits compared to oat
(Avena sativa L.) and triticale (×TriticosecaleWittm. ex A. Camus [Secale×Triticum]), resulting
in greater average daily gain and weight gain per area (Beck et al. 2007). Although wheat hec-
tarage exceeded cereal rye nationally in 2018 (19.4 and 0.8 million hectares planted, respec-
tively), Georgia growers planted a comparable number of hectares of both crops (76,923 to
80,972 ha) (USDA 2020). Furthermore, Georgia was second in the nation for cereal rye planted
and harvested at 76,923 ha and 6,073 ha, respectively, with a value of US$2.8 million
(USDA 2020).

Weed management in cereal rye is challenging because of limited herbicide and tillage
options. Although preplant tillage can be an effective approach to removing weeds at planting
for growers not using conservation tillage production systems, weed control is needed for the
entire season (Taylor and Everman 2015). In-crop tillage options are limited and often not prac-
tical, as cereal rye seed is often broadcast spread or drilled in rows spaced 19 cm apart (Buntin
and Cunfer 2017; Tautges et al. 2016). Thus the success of in-season weed control in both con-
servation and conventional tillage production systems is highly dependent on herbicides.
Registered herbicides are limited to 2,4-D, MCPA, bromoxynil, bromoxynil þ pyrasulfotole,
and prosulfuron (Marshall 2017). Although prosulfuron is registered, a 10-mo rotational restric-
tion to cotton (Gossypium hirsutum L.), peanut (Arachis hypogaea L.), and soybean [Glycine
max (L.) Merr.] limits its use, as these crops are often planted immediately after cereal rye har-
vest (Anonymous 2019c).

Italian ryegrass [Lolium perenne L. ssp. multiflorum (Lam.) Husnot], henbit (Lamium
amplexicaule L.), chickweeds (Stellaria spp.), and annual bluegrass (Poa annua L.) are common
and troublesome weeds that often escape treatment by registered herbicides (Anonymous 2015,
2018a, 2018b, 2019b; Buntin and Cunfer 2017; Webster 2012). Italian ryegrass is the most prob-
lematic weed infesting Georgia small grains, including cereal rye. Fast et al. (2009) estimated
wheat yield loss at 16% in the presence of 30 Italian ryegrass plants m−2. This resulted in a reduc-
tion in grade, an increase in dockage, and reduced price for wheat. Other studies concluded that
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Italian ryegrass uptake of nitrate and potassium was twice that of
wheat and that wheat yield decreased 4.2% for every 10 Italian rye-
grass plants m−2. Henbit densities of 82 and 155 plants m−2

reduced wheat yields 13% and 38%, respectively, as a result of
reduced tiller and spike densities (Conley and Bradley 2005).
Common chickweed can be extremely competitive for both space
and nutrients; common chickweed interference can reduce barley
yield up to 80% (Mann and Barnes 1950).

Wheat has excellent tolerance to mesosulfuron-methyl, pinox-
aden, and pyroxsulam (Ellis et al. 2010; Grey et al. 2012a,b; Howatt
2006). Additionally, these herbicides provide excellent control of
susceptible populations of Italian ryegrass (Ellis et al. 2010; Grey
et al. 2012b; Howatt 2006). Not only do mesosulfuron-methyl
and pyroxsulam control Italian ryegrass and annual bluegrass
but they also effectively control other weeds, including henbit
and chickweed, with minimal restrictions to commonly planted
rotational crops (Anonymous 2012, 2020; Grey et al. 2012a,
2012b). Thifensulfuron-methyl þ tribenuron-methyl and halaux-
ifen-methyl þ florasulam are also safe for use in wheat; they pro-
vide effective control of henbit and chickweed (Anonymous 2018c,
2019a; Jackson et al. 2018; Lee et al. 2015; Soltani et al. 2006). These
two herbicides also avoid rotational concerns documented with
prosulfuron (Anonymous 2018c, 2019a).

In areas where Italian ryegrass is resistant to Group 1 and 2
POST-applied herbicides, pyroxasulfone and flumioxazin þ
pyroxasulfone have become viable management tools in wheat
and could prove beneficial for cereal rye production.
Pyroxasulfone applied shortly after planting has become a major
component of ryegrass management with minimal impacts on
wheat in both the United States (Hulting et al. 2014) and
Australia (Boutsalis et al. 2014). The addition of flumioxazin to
pyroxasulfone incorporates an additional mechanism of action
that broadens the weed control spectrum compared to pyroxasul-
fone alone, with minimal injury to wheat (Crow et al. 2015;
Randhawa et al. 2018).

Previous studies evaluating cereal rye tolerance to tribenuron
demonstrated minimal injury, whereas tolerance to mesosulfuron
was variable (MacRae et al. 2007). There is little information on the
tolerance of cereal rye to other wheat herbicides. Therefore the
objectives of this study were to determine rye tolerance to com-
monly used wheat herbicides and to generate data needed for
potential registrations through the IR-4 program for minor crop
registrations.

Materials and Methods

A study consisting of five experiments was conducted during 2018
to 2019 and 2019 to 2020 at three locations to evaluate the toler-
ance of cereal rye to eight commonly used wheat herbicides. One
on-farm field study was conducted near Chula, GA (31.53’73°N,
83.64’75°W), in 2018 to 2019. In 2019 to 2020, studies at two loca-
tions, with two different planting dates at each, were conducted at
the Ponder Research Farm near Ty Ty, GA (31.30 018°N, 83.39 003°
W), and the Sunbelt Ag Expo near Moultrie, GA (31.14 015°N,
83.71 064°W). Location characteristics, including soil texture,
organic matter, soil pH, planting dates, and herbicide application
dates, are presented in Table 1. Cereal rye (cultivar ‘Wrens
Abruzzi’) was planted with a grain drill (Great Plains
Manufacturing, Salina, KS, USA) on conventionally tilled soil in
rows spaced 19 cm apart; seeds were drilled 1.25 cm deep at a rate
of 100 kg ha−1. Tillage consisted of disking in previous crop debris
and field cultivating prior to planting. Production practices were

consistent with recommended practices by the University of
Georgia Cooperative Extension Service (Buntin and Cunfer
2017). Experiments were maintained weed-free using tillage prior
to planting and labeled applications of MCPA or 2,4-D applied to
the entire trial area for broadleaf weed control at least 2 wk after
postemergence (POST) treatment applications. Locations void of
Italian ryegrass were selected to avoid the confounding effect of
weed interference.

Treatments were arranged in a randomized complete block
design with a factorial treatment arrangement of eight herbicide
treatments and two rates of each herbicide treatment. Two non-
treated controls were included for comparison, resulting in a total
of 18 treatments replicated eight times in 2018 to 2019 and four
times at each location in 2019 to 2020. Following label recommen-
dations for use in wheat, three different application timings were
implemented depending on herbicide applied: (1) delayed pre-
emergence (PRE) applications when at least 80% of the cereal
rye was at Zadoks (Z) 10 stage of growth with a shoot at least 1
cm in length for pyroxasulfone, (2) spike applications with cereal
rye 2 to 5 cm in height in the Z 11 stage of growth for pyroxasulfone
þ flumioxazin, and (3) POST applications when rye was 10 to 13
cm in height with three true leaves in Z 13 growth stage for all other
herbicides. Herbicides evaluated, rates applied, and application
timings for each herbicide are presented in Table 2. All herbicide
applications were made using a CO2-pressurized backpack sprayer
equipped with 110012 AIXR nozzles (TeeJet® Technologies,
Wheaton, IL, USA). The spray boomwas 138 cm long with a nozzle
spacing of 46 cm and was calibrated to deliver 140 L ha−1.

To quantify the tolerance of cereal rye to the herbicides evalu-
ated, cereal rye injury was estimated visually (0% to 100%), and
cereal rye heights, density, and yield were recorded. All response
variables were split into two groups: early-season residual herbi-
cide applications (pyroxasulfone and flumioxazin þ pyroxasul-
fone) and POST herbicide applications. Cereal rye injury,
heights, and density were evaluated beginning approximately
17 d after Z 10 applications, 11 d after Z 11 applications, and
10 d after Z 13 applications. Cereal rye injury and heights were
recorded for all treatments weekly for 5 additional weeks, with
injury evaluated again at harvest. Cereal rye height was quantified
by measuring 10 random plants from rows 2 and 6 on the planted
bed, resulting in 20 plants measured per plot. Average heights per
plot were calculated prior to statistical analysis. Cereal rye density
was measured at the first injury evaluation for each application
timing and was quantified by counting emerged plants from a
1.5-m section of rows 2 and 6 on the planted bed. At the end of
the 2019 to 2020 season, a plot combine (ALMACO, Nevada,
IA, USA) was used to collect grain yield from entire plots. Yield
was not collected in 2018 to 2019 due to high winds and rain lead-
ing to lodging and rotting prior to harvest. Cereal rye yields were
adjusted to 14% moisture for statistical analysis.

For statistical analysis, data were subjected to analysis of vari-
ance (ANOVA) using PROC GLIMMIX in SAS (version 9.4, SAS
Institute, Cary, NC, USA) to determine the impact of herbicide
and application rate on cereal rye injury, heights, density, and grain
yield. To compare all herbicides and initially determine suitability
for use in cereal rye, maximum injury levels were compared among
herbicides regardless of application timing and location. Further
data analysis with respect to cereal rye injury, heights, and density
was separated into Z 10/11 and Z 13 applications. For Z 10/11
applications, all response variables were separated by location
due to a significant site-year × treatment interaction resulting from
the time of activating rainfall (Table 3). For Z 13 applications, a
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significant site-year× treatment interaction was not present; there-
fore all injury, height, and density data are combined across loca-
tions. Cereal rye grain yield was not influenced by the interaction of

year × treatment and are combined across harvested locations.
Cereal rye injury, heights, density, and grain yield were set as
the response variables for all herbicide applications. For all varia-
bles, replication was included in the model as a random factor. For
Z 13 applications and grain yield, location was also included in the
model as a random factor. All P-values for tests of differences
between least squares means were compared and adjusted using
the Tukey–Kramer method (α= 0.05). The Tukey–Kramer
method was chosen because it reduces Type I error compared to
Fisher’s protected least significant difference whenmore than three
means are compared to each other, and it can also be used for bal-
anced designs (Blythe 2012; Westfall et al. 2011).

Results and Discussion

All Herbicides

To determine the suitability of the herbicides evaluated in this
study for use in cereal rye, an analysis was conducted across appli-
cation timing and location to determine the impact of herbicide
and rate when cereal rye injury was maximized. This would equate
to 17 DAT for applications at Z 10 (pyroxasulfone), 11 DAT for

Table 1. Location, year, soil characteristics, planting dates, and herbicide application dates for five experiments conducted in 2018 to 2019 and 2019 to 2020 in
Georgia.

Application dateb

Locationa Year Soil texture Organic matter Soil pH Planting date Delayed PRE Spiking POST

% sand, silt, clay %
Chula, GA 2018 88, 8, 4 0.65 6.6 30 Oct 4 Nov 9 Nov 19 Nov
Ponder 2019 88, 10, 2 0.52 6.7 24 Oct 26 Oct 28 Dec 7 Nov
Ponder 2019 88, 10, 2 0.52 6.7 11 Nov 15 Nov 19 Nov 5 Dec
Expo 2019 86, 10, 4 1.2 6.2 21 Nov 24 Nov 27 Nov 15 Dec
Expo 2019 86, 10, 4 1.2 6.2 5 Dec 8 Dec 11 Dec 23 Dec

aThe Chula, GA, location was conducted on-farm. Ponder locations were conducted at the Ponder Research Farm near Ty Ty, GA, and Expo locations were conducted at the Sunbelt Ag Expo near
Moultrie, GA.
bDelayed PRE, spiking, and POST applications were made at the Zadoks 10, 11, and 13 growth stages, respectively.

Table 2. Herbicide active ingredient, trade name, manufacturer, application rate, and timing to cereal rye for five experiments conducted in 2018 to 2019 and 2019 to
2020 in Georgia.a,b,c,d,e,f

Herbicide Trade name Rate Application timing Manufacturer

g ai ha-1

Pyroxasulfone Zidua® 59 delayed PRE (Z 10) BASF Corp., Research Triangle Park, NC
119 delayed PRE (Z 10)

Flumioxazin þ pyroxasulfone Fierce® 14.3þ 18.1 Spiking (Z 11) Valent USA Corp., Walnut Creek, CA
28.6þ 36.2 Spiking (Z 11)

Halauxifen-methyl þ florasulam Quelex® 2.2þ 2.1 POST (Z 13) Corteva Agrisciences, Indianapolis, IN
4.4þ 4.2 POST (Z 13)

Mesosulfuron-methyl Osprey® 15 POST (Z 13) Bayer CropScience, St. Louis, MO
30 POST (Z 13)

Pinoxaden Axial® XL 24 POST (Z 13) Syngenta Crop Protection, Greensboro, NC
49 POST (Z 13)

Pinoxaden þ fenoxaprop-P-ethyl Axial® Bold 24.3þ 12.1 POST (Z 13) Syngenta Crop Protection, Greensboro, NC
48.6þ 24.2 POST (Z 13)

Pyroxsulam PowerFlex® 18 POST (Z 13) Corteva Agrisciences, Indianapolis, IN
37 POST (Z 13)

Thifensulfuron-methyl þ tribenuron-methyl Harmony® Extra 8.5þ 4.3 POST (Z 13) FMC Corp., Philadelphia, PA
17þ 8.6 POST (Z 13)

aDelayed PRE, spiking, and POST applications were made at the Zadoks 10, 11, and 13 growth stages, respectively.
bAbbreviation: Z, Zadoks.
cApplications of Quelex included 1% v/v of COC for the lower rate, with 2% v/v utilized with the higher rate.
dApplications of Osprey included 2.34 L ha−1 of both NIS and UAN (28-0-0) with the lower rate, with 4.68 L ha−1 NIS and UAN utilized with the high rate.
eApplications of PowerFlex included 2.34 L ha−1 of COC with the lower rate, with 4.68 L ha−1 utilized with the higher rate.
fApplications of Harmony Extra included 2.34 L ha−1 of NIS with the lower rate, with 4.68 L ha−1 utilized with the higher rate.

Table 3. Rainfall data accumulated for the first 20 d after applying early-season
residual herbicides, by location.a,b,c

Herbicide DAAb 2018c
Ponder
earlyc

Ponder
latec

Expo
earlyc

Expo
latec

————————— cm —————————

Pyroxasulfone 0–2 0.7 1.3 1.4 0.4 0.1
0–5 3.7 3.1 2.6 0.4 0.4
0–10 9.9 3.8 2.6 1.2 2.2
0–20 11.6 6.8 4.2 1.7 9.8

Flumioxazin þ
pyroxasulfone

0–2 0.1 1.7 0 0 0.1

0–5 6.3 2.3 0.5 0.8 1.9
0–10 7.9 2.3 0.6 0.9 3.7
0–20 8.5 6.5 1.7 4.6 9.7

aCumulative rainfall for indicated days after application.
bAbbreviations: DAA, days after application.
cThe 2018 study was conducted on-farm near Chula, GA. Studies at the Ponder Research Farm
near Ty Ty, GA, and the Sunbelt Ag Expo near Moultrie, GA, were conducted during 2019, with
two different planting dates at each location.
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applications at Z 11 (flumioxazin þ pyroxasulfone), and 10 DAT
for applications at Z 13 (all POST herbicides). There was a signifi-
cant herbicide ×rate interaction for cereal rye injury. Generally,
rate did not increase injury when POST herbicides were applied
at Z 13, but it was more influential in cereal rye response when
residual herbicides were applied at Z 10/11. Therefore further
analysis is necessary to describe the response of cereal rye to the
residual (Z 10/11) and POST (Z 13) herbicides.

Residual Herbicides Applied at Z 10/11

At each site-year, there was a herbicide × rate interaction for cereal
rye injury, so the simple effects are presented in Table 4. Both
pyroxasulfone rates applied at Z 10 caused 27% to 52% cereal
rye injury at two of five locations 17 DAT. Numerically higher

cereal rye injury occurred at the two Ponder sites, which both
received more than 1 cm of rainfall within 2 d of application
(Table 3). For the three other locations where less injury (0% to
16%) was initially observed, rainfall during this same period was
less than 0.5 cm. Crop injury is often elevated from soil-applied
herbicides due to increased soil moisture along with decreased soil
temperatures (Boldt and Barrett 1989). At 41 DAT, injury at all
site-years receiving more than 4 cm of rainfall within 20 DAT
ranged from 13% to 44%, with 25% to 44% injury at the two
site-years with the greatest initial rainfall.

Pyroxasulfone reduced cereal rye height 19% to 37% at the two
site-years with the greatest early-season injury (Table 5).
Pyroxasulfone reduced cereal rye density 27% to 37% at these
site-years, while the low rate reduced cereal rye density 26% at
one site-year (Table 6). At the other three site-years, pyroxasulfone

Table 4. Cereal rye injury in response to pyroxasulfone applied at Zadoks (Z) 10 or flumioxazin þ pyroxasulfone applied at Z 11 from five experiments conducted in
2018 to 2019 and 2019 to 2020 in Georgia.a,b

17 d after Z 10 and 11 d after Z 11 41 d after Z 10 and 35 d after Z 11

Herbicide Rate 2018
Ponder
early

Ponder
late

Expo
early

Expo
late 2018

Ponder
early

Ponder
late

Expo
early

Expo
late

g ai ha−1 ———————————————————————— % ————————————————————————

Pyroxasulfone 59 0 c 28 c 27 b 1 c 8 c 13 c 25 c 30 ab 1 b 15 b
Flumioxazin þ
pyroxasulfone

119 7 c 42 bc 52 a 14 b 16 bc 29 b 39 bc 44 a 2 b 23 b
14.3þ 18.1 30 b 47 b 20 b 16 b 39 ab 33 b 45 b 18 b 7 b 43 b
28.6þ 36.2 48 a 75 a 24 b 45 a 58 a 55 a 65 a 25 ab 31 a 86 a

aMeans followed by the same letter within a column do not differ significantly (P≥ 0.05).
bThe 2018 study was conducted on-farm near Chula, GA. Studies at the Ponder Research Farm near Ty Ty, GA, and the Sunbelt Ag Expo near Moultrie, GA, were conducted during 2019, with two
different planting dates at each location.

Table 5. Cereal rye height as influenced by pyroxasulfone applied at Zadoks (Z) 10 or flumioxazinþ pyroxasulfone applied at Z 11 from five experiments conducted in
2018 to 2019 and 2019 to 2020 in Georgia.a,b,c,d

Herbicide Rate 2018 Ponder early Ponder late Expo early Expo late

g ai ha−1 ——————————————————— cm ———————————————————

Pyroxasulfone 59 12.5 ab 9.5 b 9.4 c 9.8 ab 8.8 ab
119 11.4 bc 7.8 c 8.6 c 9.7 ab 8.5 ab

Flumioxazin þ pyroxasulfone 14.3þ 18.1 11.0 c 8.1 c 10.8 ab 9.5 ab 7.6 b
28.6þ 36.2 10.5 c 5.8 d 10.6 b 9.0 b 5.8 c

NTC 12.8 a 12.4 a 11.6 a 10.1 a 9.4 a

aHeights weremeasured 17 d after delayed PRE applications and 11 d after spike applications. Heights were quantified bymeasuring 10 plants from rows 2 and 6 on the planted bed, resulting in
20 total plants measured per plot.
bAbbreviation: NTC, nontreated control.
cMeans followed by the same letter within a column do not differ significantly (P≥ 0.05).
dThe 2018 study was conducted on-farm near Chula, GA. Studies at the Ponder Research Farm near Ty Ty, GA, and the Sunbelt Ag Expo near Moultrie, GA, were conducted during 2019, with two
different planting dates at each location.

Table 6. Cereal rye density as influenced by pyroxasulfone applied at Zadoks (Z) 10 or flumioxazinþ pyroxasulfone applied at Z 11 from five experiments conducted in
2018 to 2019 and 2019 to 2020 in Georgia.a,b,c,d

Herbicide Rate 2018 Ponder early Ponder late Expo early Expo late

g ai ha−1 ———————————————— plants m−1 of row ————————————————

Pyroxasulfone 59 37.6 a 39.3 b 39.0 ab 56.5 a 41.7 ab
119 37.7 a 33.2 bc 36.7 b 53.6 a 41.5 ab

Flumioxazin þ pyroxasulfone 14.3þ 18.1 36.3 a 31.9 c 47.4 ab 56.7 a 37.4 b
28.6þ 36.2 30.4 b 28.8 c 48.3 ab 41.3 b 39.0 b

NTC 38.9 a 52.8 a 50.2 a 59.2 a 50.1 a

aStand was quantified 11 d after flumioxazinþ pyroxasulfone applications by counting emerged plants from a 1.5-m section of rows 2 and 6 on the planted bed. Stand was then converted to a
percentage of the nontreated prior to statistical analysis.
bAbbreviation: NTC, nontreated control.
cMeans followed by the same letter within a column do not differ significantly (P≥ 0.05).
dThe 2018 study was conducted on-farm near Chula, GA. Studies at the Ponder Research Farm near Ty Ty, GA, and the Sunbelt Ag Expo near Moultrie, GA, were conducted during 2019, with two
different planting dates at each location.
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did not reduce cereal rye density; pyroxasulfone (2X rate) reduced
height 11% at one site-year (Tables 5 and 6). Cereal rye height at 41
DAT followed similar trends to early-season measurements; how-
ever, by 70 DAT, differences in height were no longer detectable
(data not shown).

Previous research has demonstrated that pyroxasulfone applied
preplant (Price et al. 2020) and preemergence (Boutsalis et al. 2014;
Palhano et al. 2018) reduced wheat density, but labels support a
delayed PRE application to minimize injury (Anonymous 2017).
In the present study, cereal rye injury exceeded the level of safety
required for labeling. Cereal rye frequently emerges more slowly
compared to wheat; thus it may have been more sensitive to a
delayed PRE application of pyroxasulfone (Clark 2007).
Although injury was significant at four of five site-years during
the first 5 wk after application, cereal rye recovered to less than
10% injury across site-years by 130 DAT with no effect on yield
(data not reported).

Flumioxazin þ pyroxasulfone applied at Z 11 caused greater
cereal rye injury than pyroxasulfone applied at Z 10 at two of five
site-years (Table 4). Similar to pyroxasulfone, greater injury levels
occurred at the locations where rainfall occurred more closely to
application (Table 3). Flumioxazin applied prior to wheat planting
caused up to 30% wheat injury and reduced biomass at tillering
(Clay et al. 2010; Crow et al. 2015). Cereal injury from mixtures
of flumioxazinþ pyroxasulfone are likely to be greater than pyrox-
asulfone alone even with delayed application timings. Flumioxazin
þ pyroxasulfone (1X rate) caused ≥18% cereal rye injury at four of
five site-years 35 DAT (Table 4).

Flumioxazin þ pyroxasulfone (1X rate) reduced cereal rye
height (14% to 35%) at three site-years; the 2X rate reduced cereal
rye height 9% to 53% at all site-years at 11 DAT compared to the
nontreated control (Table 5). Additionally, cereal rye density was
reduced at two and four site years with the 1X and 2X rate, respec-
tively (Table 6). Cereal rye height 5 wk after application followed
trends seen earlier in the season; however, by 65 DAT, height
differences were no longer detectable (data not shown). Similar
to pyroxasulfone, cereal rye injury was transient, with less than
15% cereal rye injury noted across locations by 120 DAT (data
not reported). Interestingly, yield was not influenced by flumiox-
azin þ pyroxasulfone, even with significant decrease in density.
The ability of cereal rye to recover from early-season herbicide
injury has been reported (Crow et al. 2015). Some researchers
noted that wheat stand losses up to 60% had no influence on yield
at two out of three site-years (Conley and Bradley 2005).

POST Herbicides Applied at Z 13

There was a herbicide × rate interaction for cereal rye injury and
height, so the main effects are presented in Table 7. There was no
effect of herbicide on cereal rye density (data not reported).
Halauxifen-methyl þ florasulam, pyroxsulam, and thifensul-
furon-methyl þ tribenuron-methyl, when averaged over rate,
caused ≤13% throughout the season (Table 7). At 10 DAT, the
aforementioned herbicides, averaged over rate, reduced cereal
rye height 10% compared to the nontreated control. However,
no height differences occurred by 31 DAT. Pinoxaden and pinox-
adenþ fenoxaprop-P-ethyl caused 29% and 18% cereal rye injury,
respectively, and reduced cereal rye height 19% to 22% at 10 DAT
(Table 7). Mesosulfuron-methyl, the most injurious of the POST
herbicides evaluated, caused 48% and 40% cereal rye injury and
reduced cereal rye height 26% and 10% at 10 and 31 DAT, respec-
tively. Other studies have reported that mesosulfuron-methyl

caused 11% more cereal rye injury (36%) compared to wheat at
14 DAT (Grey et al. 2012b; MacRae et al. 2007). Similar to Z 10
and 11 applications, rye recovered from POST herbicide applica-
tions with 10% or less injury observed by 120 DAT (data not
reported). There was no impact of the POST herbicides evaluated
on cereal rye grain yield (346 to 463 kg ha−1) (data not reported).
Previous studies reported similar results, with significant early-sea-
son injury followed by rapid cereal rye or wheat recovery with no
impact on yield (Crow et al. 2015; Grey et al. 2012b; MacRae et al.
2007; Robinson et al. 2015).

Cereal rye injury from pyroxasulfone applied at Z 10, pyroxa-
sulfone þ flumioxazin applied at Z 11, mesosulfuron-methyl,
pinoxaden, and pinoxaden þ fenoxaprop-P-ethyl applied at Z
13 exceeded the level of safety to obtain a registration for rates
and application methods evaluated in this study. This would result
in hesitancy from registrants due to liability issues (Fennimore and
Doohan 2008). In contrast, halauxifen-methyl þ florasulam,
pyroxsulam, and thifensulfuron-methyl þ tribenuron-methyl
applied at Z 13 caused less than 15% cereal rye injury at the 2X rate
with no effect on cereal rye density or yield. These herbicides at the
2X rate reduced cereal rye heights 11% at 10 DATwith rapid recov-
ery; additionally, cereal rye height was not influenced with 1X rates
of these herbicides. These herbicides have an acceptable margin of
crop safety in cereal rye and could potentially control henbit,
chickweed, wild radish (Raphanus raphanistrum L.), cutleaf
eveningprimrose (Oenothera laciniataHill), and nonresistant pop-
ulations of Italian ryegrass (Anonymous 2018c; Culpepper and
Vance 2016; Ellis et al. 2010; Geier et al. 2011; Lee et al. 2015;
Rauch and Campbell 2019). Further research is needed to refine
the application timings of the herbicides studied here, as well as
the use of tank mixtures to broaden the weed control spectrum.
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