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Abstract

The commercialization of crops that are resistant to 2,4-D plus glyphosate provided an oppor-
tunity to growers to apply the herbicide postemergence. However, the potential drift injury of
these herbicides to peanuts grown near crops that are resistant to 2,4-D plus glyphosate is
concerning. Field experiments were conducted in 2019 and 2020 to evaluate peanut response
when exposed at 25, 50, and 75 d after planting (DAP) corresponding to vegetative, flowering,
and pod development stages, respectively, to reduced rates of 1/512×, 1/128×, 1/32×, and 1/8×
of the labeled rate of 2,4-D plus glyphosate (i.e., 1,077þ 1,132 g ae ha−1, respectively). 2,4-D
plus glyphosate was more injurious to peanuts when exposed at 25 DAP compared with 50 and
75 DAP. Similarly, greater canopy height (12%) and canopy width (16%) reductions were
observed at 25 DAP compared with 50 and 75 DAP exposure timings (3% to 9%). This result
indicates that peanut is more sensitive to 2,4-D plus glyphosate exposure at the vegetative
growth stage than at the flowering and pod development stages. However, yield reductions
(13% to 16%) were not different between 25, 50, or 75 DAT exposure timings. Regression
analysis indicated a linear response for peanut injury, canopy height, width, and yield reduction
with an increasing rate of 2,4-D plus glyphosate. The highest rate of 2,4-D plus glyphosate
(1/8× of the label rate) resulted in 38%, 22%, and 23% peanut injury, canopy height, and width
reduction at 4 wk after treatment, and 33% yield reduction. There was a correlation between
peanut injury and yield reduction, with Pearson’s rho values ranging from 0.70 to 0.73. The
findings suggest that peanut injury rating data after 2,4-D plus glyphosate drift can be useful
for estimating potential yield losses.

Introduction

The commercialization of genetically modified crops, including soybean [Glycine max (L.)
Merr.], cotton (Gossypium hirsutum L.), and corn (Zea mays L.) with resistance to 2,4-D
and glyphosate (i.e., Enlist™Technology; Corteva, Indianapolis, IN) has led to widespread adop-
tion of 2,4-D and glyphosate for weed control in these crops (Knezevic et al. 2018; Manuchehri
et al. 2020). Enlist™ technology allows growers to use 2,4-D formulations alone or in a mixture
with glyphosate to effectively control Palmer amaranth (Amaranthus palmeri S. Wats.), horse-
weed [Conyza canadensis (L.) Cronq.], giant ragweed (Ambrosia trifida L.), [Amaranthus
tuberculatus (Moq.) J. D. Sauer], and other difficult-to-control weed species with in-season
applications (Dintelmann et al. 2020; Manuchehri et al. 2020; Shyam et al. 2020; Werle et al.
2022). However, a major concern is the risk of spray-tank contamination and off-target move-
ment of 2,4-D choline/glyphosate–based herbicides to 2,4-D/glyphosate–sensitive crops grown
in nearby fields.

In the southeastern United States, peanut is commonly grown in rotation or in close prox-
imity to soybean, cotton, and corn (Johnson et al. 2001; Katsvairo et al. 2006). At present,
Enlist™ cotton, corn, and soybean varieties are widely adopted in the southeastern United
States, with 2,4-D plus glyphosate regularly applied for effective weed management
(Schwartz-Lazaro et al. 2018). The increased use of 2,4-D plus glyphosate throughout the
growing season in southeastern cropping systems is likely to increase the risk of accidental expo-
sure of neighboring peanut crops to these herbicides, which can cause injury and yield loss.
Previous research has shown that 2,4-D and glyphosate are susceptible to off-target movement
and cause damage to sensitive crops (Manuchehri et al. 2020; Shyam et al. 2020; Werle et al.
2022). Off-target injury of 2,4-D or glyphosate can occur through physical drift, volatility,
sprayer contamination, and application error (Bish et al. 2021; Jones et al. 2019; Werle et al.
2018). High wind speed during application can result in off-target movement of the spray drop-
lets to nearby fields (Soltani et al. 2020; Wolf et al. 1993). Likewise, volatility of 2,4-D can
increase during a temperature inversion and high relative humidity conditions, thereby
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increasing the risk of unintended peanut exposure in nearby
fields to the herbicide (Mueller and Steckel 2019; Sosnoskie
et al. 2015).

The severity of peanut injury and yield loss from the off-target
movement of 2,4-D and glyphosate is highly variable. It depends
on several factors, including peanut growth stage during drift
occurrence, exposure rate, application variables, formulations,
and prevailing environmental conditions (Johnson et al., 2012;
Solomon and Bradley 2014; Werle et al. 2022). For example,
Johnson et al. (2012) reported that peanut exposure to the
amine formulation of 2,4-D at 1/512 to 1/2 of the label rate of
540 g ae ha−1 resulted in 30% to 40% injury. However, the rate
required to cause crop injury does not necessarily correlate with
the rate required to cause yield loss (Werle et al. 2022). Leon
et al. (2014) observed 0% to 35% peanut injury and 11% to 41%
yield loss following exposure to 2,4-D amine at 21 and 42 d after
planting at a rate between 70 and 1,120 g ae ha−1. Leon et al. (2014)
further demonstrated that lower rates between 70 and 280 g ae ha−1

were not injurious to peanut but resulted in 11% to 19% yield loss
(Leon et al. 2014). In another study, 2,4-D applied to peanuts at a
rate between 67 to 1,066 g ae ha−1 at the V2 stage resulted in 10% to
20% injury but did not cause yield loss, whereas up to 35% injury
and between 23% to 36% yield loss occurred following peanut
exposure to 2,4-D at V3 and V5 growth stages (Blanchett et al.
2017). Similarly, various degrees of peanut injury and yield loss
were reported from glyphosate application (Grey and Prostko
2010; Lassiter et al. 2007). Peanut exposure to glyphosate at a rate
between 18 to 1,120 g ae ha−1 at 4 wk after planting and just before
flower development resulted in 95% injury and caused >50% yield
loss with a rate greater than 560 g ae ha−1 (Lassiter et al. 2007). Grey
and Prostko (2010) also reported 12% to 32% yield loss following
peanut exposure to glyphosate at 240 to 470 g ae ha−1. In addition,
Grey and Prostko (2010) showed that peanut yield loss from glyph-
osate was greater when exposed at 75 d compared with 90 and
105 d after planting.

In previous peanut studies, authors evaluated 2,4-D or glyph-
osate applied alone. In glyphosate-resistant corn, Soltani et al.
(2018) reported that a mixture of glyphosate plus 2,4-D accen-
tuated 2,4-D injury and caused greater yield reduction than
2,4-D applied alone. The potential impact of 2,4-D applied with
glyphosate (a herbicide widely used on Enlist™ crops) on
peanut injury and yield response has not yet been investigated.
Therefore, the objectives of this study were to 1) evaluate the
impact of reduced rates of 2,4-D plus glyphosate on peanut
injury and yield response, and 2) determine peanut response
to reduced rates of 2,4-D plus glyphosate at various growth

timings corresponding to vegetative, flowering/pegging, and
pod development growth stages.

Materials and Methods

Field research was conducted at the University of Florida Institute
of Food and Agricultural Sciences West Florida Research and
Education Center at Jay, FL (30.774333°N, 87.137417°W) in the
summer of 2019 and 2020. The soil in the research site was sandy
loam (fine-loamy, kaolinitic, thermic typic kandiudult) with 1.5%
organic matter. Weather data at 2 wk before application (WBA) of
2,4-D plus glyphosate and 0 to 2 wk after application (WAA) are
presented in Table 1. Total rainfall 2WBA ranged from 4 to 16mm
in 2019, and 108 to 191 mm in 2020 (Table 1). At 2 WAA, rainfall
ranged from 20 to 110 mm in 2019, and 10 to 78 mm in 2020,
across all exposure timings.

Georgia-06G peanut variety (Branch 2007) was planted at 6-cm
depth with a rate of 20 seeds per meter per row in mid-May in both
years. Peanuts were planted in single rows spaced 91 cm apart.
Individual plots (subplots) were 7.6 m long and 3.6 m wide, and
contained four rows of peanuts. Flumioxazin (Valor SX;
Valent USA Corporation, Walnut Creek, CA) was sprayed at
107 g ai ha−1 on the same day after peanut planting to provide
preemergence weed control. Clethodim (Select Max; Valent
USA Corporation) was sprayed at 136 g ai ha−1 6 wk after planting
(WAP) for grass weed control. Broadleaf weeds were controlled
early in the season by cultivation at 4 WAT, and with imazapic
(Cadre; BASF Corporation, Research Triangle Park, NC) applica-
tion at 70 g ai ha−1 during the mid and late seasons. Fertilizer,
fungicide, insecticide, and gypsum were applied based on peanut
production recommendations from the University of Florida
Cooperative Extension Services (Wright et al. 2016).

The experiment was a randomized complete block design with a
split-plot restriction on randomization with four replications and
repeated over 2 yr. Peanut growth stage or exposure timing was the
main plot factor and included 25, 50, and 75 d after planting (DAP)
to represent vegetative flowering/pegging, and pod development
stages. The subplot factor was 2,4-D plus glyphosate rates
at 2.1 plus 2.2, 8.4 plus 8.8, 33.6 plus 35.4, or 134.6 plus
35.4 g ae ha−1, respectively. These rates represented 1/512×
(0.2%), 1/128× (0.8%), 1/32× (3.1%), and 1/8× (12.5%) of the label
rate of 2,4-D and glyphosate (Enlist Duo; Corteva Agriscience,
Indianapolis, IN) at 1,077 and 1,132 g ae ha−1, respectively. In addi-
tion, a weed-free control was included for treatment comparisons.
Herbicides were applied with a CO2-pressurized backpack sprayer

Table 1. Total rainfall, temperature, and relative humidity range for each growth/exposure timing for 2 WBA and up to 2 WAA herbicide application.a,b,c

Year Growth exposure timing Application date

Rainfall
Maximum temperature

range
Maximum relative
humidity range

2 WBA 0–2 WAA 2 WBA 0–2 WAA 2 WBA 0–2 WAA

———— mm———— ————— C———— ———— % ————

2019 25 DAP June 4 4 110 30–37 25–37 94–100 86–100
50 DAP June 28 27 20 30–35 30–38 86–100 92–100
75 DAP July 20 16 77 31–38 30–35 92–100 93–100

2020 25 DAP June 12 191 10 27–33 30–34 86–100 93–99
50 DAP July 9 115 73 29–34 30–36 96–100 98–100
75 DAP July 30 108 78 28–35 33–37 98–100 99–100

aAbbreviations: DAP, days after planting; WAA, weeks after application; WBA, weeks before application.
bExposure timing represents the days after planting peanut.
cExperiments were carried out in 2019 and 2020 in Jay, Florida.
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equipped with TTI11002 nozzles (TeeJet Technologies, Glendale
Heights, IL) calibrated to deliver 140 L ha−1 at 4.8 km h−1.

Data Collection

Peanut injury (aggregate of epinasty, chlorosis, and stunting) was
visually estimated on a 0% to 100% scale (where 0% = no injury or
plants similar to the weed-free control, and 100% = completely
dead plants) at 2, 4, and 8 wk after treatment (WAT). Peanut
canopy width and height were measured at 4 WAT to quantify
the impact of 2,4-D plus glyphosate drift on peanut growth.
Peanut canopy height and width were recorded from randomly
selected spots at two middle rows (i.e., two height or canopy width
data per plot). The height was recorded from the ground surface to
the top of the peanut canopy. The width was recorded from one
end of the peanut canopy to the other end. After determining
the peanut pod maturity based on mesocarp color as described
byWilliams andDrexler (1981), peanuts were dug from themiddle
two rows and left to dry for 3 to 5 d, after which pods were
harvested. The yield was recorded, and the final yield was adjusted
to 10% moisture content.

Statistical Analysis

For data analysis, the peanut canopy width, canopy height, and
yield were converted to percent reduction as follows:

Percent reduction ¼ ½ðvalue forweed-free control�
value for 2; 4-D plus glyphosate exposed peanutÞ=
value for weed� free controlÞ� � 100%

[1]

Data were subjected to ANOVA using the GLIMMIX
procedure with SAS software (version 9.4; SAS Institute Inc.,
Cary, NC). Initial analyses were performed on all dependent vari-
ables to determine the effect of the year as a fixed effect. The year,
herbicide application timing, and herbicide application rate
were independent variables. The preliminary analyses indicated
significant interactions (P < 0.05) between year and treatments
(herbicide application timing and herbicide application rate) for
most response variables. However, the interactions were driven by
the magnitude of differences among treatments but with similar
trends across the years. Therefore, all subsequent analyses were
performed for both years combined as a random effect. Box
plots and residual plots were evaluated to determine whether
the data violated ANOVA assumptions. The data did not violate
ANOVA assumptions, so the transformation was not required.
Peanut growth timing, herbicide rate, and their interactions were
considered fixed effects, whereas year, replication nested within the
year, and their interactions were considered random effects.
Degrees of freedom were estimated using the Kenward-Roger
method. The least-square means of fixed effects were computed,
and differences among least-square means were compared using
Tukey’s honestly significant difference test. The SLICE option
for the LSMEANS command was used to partition significant
interactions among fixed effects. To compare and contrast trends,
linear and nonlinear regression models were evaluated to
determine associations between herbicide rate and all dependent
variables using the GLIMMIX procedure with SAS software.
Treatment differences for all parameters were considered signifi-
cant at P< 0.05. Pearson correlations were conducted among
selected dependent variables for all years combined using the
CORR procedure with SAS software and were considered

significant at P< 0.05. All figures were generated using R software
version 4.0.0 (R Core Team 2020).

Results and Discussion

Significant interactions were observed between exposure timing
and 2,4-D plus glyphosate rates for all response variables
(P≤ 0.0001). However, this interaction was due to the difference
in magnitude, which occurred from herbicide rates. Therefore,
the results were separated by the main plot and subplot factors.

Peanut Injury

2,4-D plus glyphosate injury on peanuts (the aggregate response
characterized by epinasty, chlorosis, and stunting) increased with
the earlier exposure timings for all rating periods (Table 2). For
example, injury at 2 WAT was 31% when peanut was exposed
to 2,4-D plus glyphosate at 25 DAP, and greater than 21% and
17% injury was observed at 50 and 75 DAP exposure timings,
respectively. At the same rating timing, the injury was greater
for peanuts exposed to 2,4-D plus glyphosate at 50 DAP compared
with 75 DAP. Although the severity of peanut injury after exposure
to 2,4-D plus glyphosate was reduced over time for all exposure
timings, the injury trend at 4 and 8 WAT was consistent with that
at 2 WAT (Table 2). Peanut injury at 4 and 8 WAT (17% to 24%)
was greater with 2,4-D plus glyphosate applied at 25 DAP than at
50 or 75DAP (7% to 18%). Similarly, peanut injury at 4 and 8WAT
(12% to 18%) was greater at 50 DAP than at 75 DAP exposure
timings when it was 7% to 12%.

These results indicate that the severity of peanut injury from
2,4-D plus glyphosate depends mainly on the peanut growth stage
during exposure. This was probably due to differential absorption,
metabolism, or translocation of the herbicides at different growth
stages. Greater injury at early exposure timing (vegetative growth
stage) could be due to the plants being younger, less mature,
smaller in canopy size, and more susceptible. Furthermore, higher
injury at the vegetative growth stage could be attributed to the
potential of young, rapidly growing plants to absorb and concen-
trate more herbicide in the meristematic tissues (Orfanedes et al.
1993). The young leaf surface has metabolically active tissue and an

Table 2. Effect of peanut growth/exposure timing and 2,4-D plus glyphosate
rate on injury at 2, 4 and 8 WAT.a,b,c,f

Effect Ratee 2 WAT 4 WAT 8 WAT

g ae ha−1 —————%—————

Exposure timingd

25 DAP — 31 a 24 a 17 a
50 DAP — 21 b 18 b 12 b
75 DAP 17 c 12 c 7 c
Herbicide rate
2,4-D þ glyphosate 2.1þ 2.2 (1/512×) 9 d 8 c 4 c
2,4-D þ glyphosate 8.4þ 8.8 (1/128×) 13 c 10 c 6 c
2,4-D þ glyphosate 33.6þ 35.4 (1/32×) 19 b 15 b 11 b
2,4-D þ glyphosate 134.6þ 141.5 (1/8×) 52 a 38 a 27 a
T × R **** **** ****

aAbbreviations: DAT, days after planting; R, herbicide rate; T, exposure timing; WAT, weeks
after treatment.
bPeanut injury (aggregate of epinasty, chlorosis, and stunting) was visually estimated on a 0%
to 100% scale where 0% = no injury or plants similar to the weed-free control, and 100% =
completely dead plants at 2, 4, and 8 WAT.
cMeans followed by the same superscript within a column are not significantly different at
P≤ 0.05 according to Tukey’s honestly significant difference test.
dExposure timing represents the days after planting peanut.
eReduced rates were applied as a fraction of the 1× rate of 2,4-D þ glyphosate.
fAsterisks (****) indicate significance at P≤ 0.0001.
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easily penetrable cuticle, which is usually more permeable to herbi-
cide penetration (Bhatti et al. 1995). In contrast, at the later growth
stage (pod formation stage), the thick cuticle of older peanut leaves
probably absorbed less herbicide, leading to comparatively less
injury. In agreement with the result of this study, Merchant
et al. (2014) reported that 2,4-D application at 30 DAP was more
injurious to peanuts than applications at 60 and 90 DAP. Similarly,
Marple et al. (2008) reported greater cotton injury with 2,4-D
(0 to 1/1,200× of the label rate) applied at the three- to four-leaf
stage compared to the 18-node growth stage.

There was a significant response for peanut injury across all the
2,4-D plus glyphosate rates applied (Table 2). Peanut injury
increased with an increasing rate of 2,4-D plus glyphosate from
1/512× (4% to 9%) to 1/8× (27% to 52%) of the label rates at 2,
4, and 8 WAT. At 2 WAT, the injury averaged across the exposure
timings ranged from 9% to 52% as the 2,4-D plus glyphosate rate
increased from 1/512× to 1/8×. However, the severity of the injury
decreased over time, ranging from 8% to 38%, and 4% to 27% at 4
WAT and 8 WAT, respectively. Similar to the results of this study,
Leon et al. (2014) observed higher 2,4-D injury on peanuts at 1
WAT compared with 3 WAT. Also, Lassiter et al. (2007) reported
33% peanut injury from glyphosate at 140 g ae ha−1 at 2 WAT.
Greater peanut injury in the present study may be due to the
combined effect of 2,4-D and glyphosate. Soltani et al. (2018) also
reported a 15% greater corn injury with application of glyphosate
with 2,4-D than glyphosate or 2,4-D alone.

At 1/512× and 1/128× of the label rates, the injury was <10% at
4 and 8 WAT, which suggests that 2,4-D plus glyphosate drift at
these rates may not cause severe injury on peanuts. However,
>1/32× of the label rate caused 11% to 38% injury, indicating that
2,4-D plus glyphosate drift above this rate has the potential to cause
severe peanut injury. Peanut injury was 27% to 52% as the 2,4-D
plus glyphosate rate increased to 1/8×. These results are consistent
with those in the study by Blanchett et al. (2017), who reported
increased peanut injury from 5% to 32% as the 2,4-D rate increased
from 67 to 1,066 g ae ha−1. Leon et al. (2014) also reported 15% to
35% peanut injury with an increased 2,4-D rate from 560 to 1,120 g
ae ha−1. In another study, Lassiter et al. (2007) observed that glyph-
osate at 140 g ae ha−1 injured peanuts 33% at 7 DAT, with injury
increasing to 95% when glyphosate was applied at 1,120 g ae ha−1.

Although peanut injury increased with increasing rates of
2,4-D plus glyphosate from 1/512× to 1/8× at 2 WAT, and from
1/128× to 1/8× at 4 and 8 WAT (Table 2) with R2 values ranging
from 0.70 to 0.97, the rate of injury increase varied among the
exposure timings (Table 3; Figure 1). Linear regression analysis
indicated a 0.9% to 2.9% increase in peanut injury for an additional
1% of the label rate of 2,4-D plus glyphosate for the 50 and 75 DAP
exposure timings. In contrast, the corresponding increase for the
25 DAP exposure timing (2.9% to 5.8%) was about two to three
times higher (Table 3). These results further confirm that 2,4-D
plus glyphosate is more injurious to peanut at 25 DAP (vegetative
growth stage) compared with 50 or 75 DAP (flowering/pod forma-
tion stage).

Peanut Canopy Reduction

Peanut canopy height and width were significantly reduced
following exposure to 2,4-D plus glyphosate at 4 WAT (Table 4).
There was no difference in peanut canopy height reduction (≤9%)
between 50 and 75 DAP exposure timings. However, exposure to
2,4-D choline plus glyphosate at 25 DAP resulted in twice as much
peanut canopy height reduction (12%) than at 75 DAP (6%).

A similar result was observed for peanut canopy width reduction,
for which the 50 and 75 DAP exposure timings showed similar
peanut canopy width reduction (3%). However, peanut exposed
at 25 DAP was more sensitive to 2,4-D plus glyphosate with
as much as 16% canopy width reduction (Table 4). Similarly,
Blanchett et al. (2017) reported as much as a 24% reduction in peanut
canopy width when 2,4-D was applied at 67 to 1,066 g ae ha−1 at the
vegetative (V2/V3) stage.

Linear regression analysis indicated that the intercept for height
reduction was −2.4% at the 25 DAP exposure timing but
was greater than 4.11 at 50 and 75 DAP (Table 5; Figure 2).
However, the intercept for canopy width reduction was 0.8% for
the 25 DAP exposure timing but was not greater than zero for
the 50 and 75 DAP exposure timings. The result indicates that
exposure to 2,4-D plus glyphosate at the vegetative growth stage
(25 DAP) resulted in canopy width reduction even at low rates,
while exposure at the flowering or pod formation stage (50 or
75 DAP) did not (Table 5). Furthermore, there was a≤1% increase
in peanut canopy height and width reduction with each 1% of the
label rate of 2,4-D plus glyphosate when applied at 50 or 75 DAP,
whereas the corresponding increase in peanut canopy height and
width reduction for the 25 DAP exposure timing (4%) was at least
four times higher (Table 5). This result reflects the greater injury
observed on peanuts following 2,4-D plus glyphosate application at
25 DAP. There was a lack of information on the comparative
response of peanut canopy characteristics to 2,4-D or glyphosate
at the vegetative and reproductive growth stage. The present study
demonstrates that peanut canopy height and width are susceptible
to a more significant reduction at the vegetative than reproductive
growth stage following exposure to 2,4-D plus glyphosate.

All the 2,4-D plus glyphosate rates caused a significant reduc-
tion in peanut canopy height and width at 4 WAT (Table 4).
Peanut canopy height reduction (≤4%) was similar between the
1/512× and 1/128× rates. Canopy height reduction was similar
for the 1/128× and 1/32× rates; however, canopy height reduction
was greater than 3-fold with the 1/32× rate (4%) compared with
the 1/512× rate (1%). Peanut canopy height reduction was 23%
with an increased 2,4-D plus glyphosate rate of 1/8× of the label
rate. Peanut canopy width reduction (<4%) was similar among
2,4-D plus glyphosate label rates at 1/512×, 1/128×, and 1/32×,
which suggests that drift at these rates may not cause severe peanut
canopy reduction. However, the 1/8× exposure rate resulted in a

Table 3. Regression parameters for peanut injury response with different
growth/exposure timings to increasing rates of 2,4-D plus glyphosate rates at
2, 4, and 8 WAT.a,b,c

Week after
treatment

Exposure
timing Intercept Linear slope R2

———————P-value—————————

2 25 DAP 7.25 (0.0447) 5.81 (<0.0001) 0.97 (<0.0001)
50 DAP 10.95 (0.0050) 2.48 (<0.0001) 0.90 (<0.0001)
75 DAP 8.81 (0.0180) 1.97 (<0.0001) 0.88 (<0.0001)

4 25 DAP 8.28 (0.0209) 3.68 (<0.0001) 0.95 (<0.0001)
50 DAP 9.97 (0.0074) 2.07 (<0.0001) 0.91 (<0.0001)
75 DAP 5.23 (0.1229) 1.59 (<0.0001) 0.77 (<0.0001)

8 25 DAP 4.46 (0.0040) 2.91 (<0.0001) 0.90 (<0.0001)
50 DAP 5.44 (0.0009) 1.54 (<0.0001) 0.87 (<0.0001)
75 DAP 3.39 (0.0204) 0.95 (<0.0001) 0.70 (<0.0001)

aAbbreviations: DAP, days after planting; WAT, weeks after treatment.
bPeanut injury (aggregate of epinasty, chlorosis, and stunting) was visually estimated on a 0%
to 100% scale where 0% = no injury or plants similar to the weed-free control, and 100% =
completely dead plants at 2, 4, and 8 WAT.
cExposure timing represents the days after planting peanut.
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22% canopy width reduction. The observed trend of increasing
peanut canopy height and width reduction with increased expo-
sure rate is consistent with previous studies that evaluated the effect
of 2,4-D or glyphosate on peanut canopy at simulated drift rates
(Blanchett et al. 2017; Merchant et al. 2014). Blanchett et al.
(2017) estimated a 9% reduction in peanut canopy width following
application of 2,4-D at the 1/8× the label rate of 1,066 g ae ha−1

between the V3 andV5 growth stages. Higher peanut canopy width
reduction (22%) in the present study suggests that there could be a
combined effect of 2,4-D and glyphosate that resulted in a greater
negative impact on the peanut canopy. Therefore, peanut response
to 2,4-D applied alone or in a mixture with glyphosate cannot be
generalized because of the difference in the magnitude of the
impact of these applications.

Peanut Yield Reduction

Peanut yield was not significantly affected by the stage of crop
growth during exposure to 2,4-D plus glyphosate (Table 4). The
yield reduction was 13% to 16% among the peanut growth stages
compared with that of the d weed-free control, and the yield reduc-
tion trend was numerically greater for early season exposure.
Regression analysis showed a 2% yield reduction for each 1% of
the label rate of 2,4-D plus glyphosate applied at 50 or 75 DAP
(Table 5), while yield reduction for each 1% of the label rate of
2,4-D plus glyphosate applied at 25 DAT was 50% higher (3%).

This result followed a similar trend with injury and canopy reduc-
tion, indicating that peanut tolerance to 2,4-D plus glyphosate
increases with delayed exposure timing. When exposed at 25
DAP (during the vegetative growth stage), higher peanut yield loss
could be attributed to greater injury and canopy reduction
compared with exposures at 50 DAP and 75 DAP (at the flowering
and pod development stages). As previously discussed, young
leaves could have thinner cuticles, resulting in more herbicide
absorption, greater injury, slow recovery, and higher yield reduc-
tion. These results are consistent with those of previous studies
evaluating the impact of 2,4-D or glyphosate on peanut yield at
different exposure timings (Blanchett et al. 2017; Grey and
Prostko, 2010; Merchant et al. 2014). Merchant et al. (2014)
reported 24% and 7% yield reduction when peanut was exposed
to 2,4-D at 30 and 90 DAP, respectively. Grey and Prostko
(2010) also reported a trend toward greater peanut yield reduction
at 75 DAP compared with 90 or 105 DAP.

Peanut yield decreased linearly with increasing 2,4-D plus
glyphosate rate (Table 5; Figure 2). The yield reduction ranged
from 5% to 33% as the 2,4-D plus glyphosate rate increased from
1/512× to 1/8× of the label rate (Table 4). However, a significant
difference in yield reduction was noted between the 1/512×, 1/32×,
and 1/8× rates. Yield reduction (>10%) was notable with 2,4-D
plus glyphosate at ≥1/32× of the label rate. Peanut yield reduction
(33%) at the 1/8× rate was 2.7 times greater than at the 1/32× rate
(12%). These results correspond with those of Leon et al. (2014),

Figure 1. Effect of 2,4-D plus glyphosate exposure timing and rate on peanut injury at 2, 4, and 8 wk after treatment (WAT). Peanut injury (aggregate of epinasty, chlorosis, and
stunting) was visually estimated on a 0% to 100% scale where 0% = no injury or plants similar to the weed-free control and 100% = completely dead plants at 2, 4, and 8 WAT.

Table 4. Effect of exposure timing and 2,4-D plus glyphosate rate on peanut canopy width, height, and yield reduction.a,b,c,e

Effect Rated Canopy width reduction at 4 WAT Canopy height reduction at 4 WAT Yield reduction

g ae ha−1 ————————————————%————————————————————

Exposure timing
25 DAP — 16 a 12 a 16 a
50 DAP — 3 b 9 ab 14 a
75 DAP — 3 b 6 b 13 a
Herbicide rate
2,4-D þ glyphosate 2.1þ 2.2 (1/512×) 1 b 2 c 5 c
2,4-D þ glyphosate 8.4þ 8.8 (1/128×) 2 b 4 bc 7 bc
2,4-D þ glyphosate 33.6þ 35.4 (1/32×) 4 b 7 b 12 b
2,4-D þ glyphosate 134.6þ 141.5 (1/8×) 22 a 23 a 33 a
T × R **** **** *

aAbbreviations: R, herbicide rate; T, exposure timing; WAT, weeks after treatment.
bMeans followed by the same superscript within a column are not significantly different at P≤ 0.05 (according to Tukey’s honestly significant difference test).
cExposure timing represents the days after planting peanut.
dReduced rates applied as a fraction of 1× rate of 2,4-D þ glyphosate.
eAsterisks (****) indicate significance at P≤ 0.0001.
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who reported lower peanut yield reduction (≤19%) at lower rates
(70, 140, and 280 g ha−1) of 2,4-D, whereas the yield reduction
was as much as 41% at a higher rate of 1,120 g ae ha−1. Grey
and Prostko (2010) also reported that peanut yield reduction
increased from 12% to 36% with an increased glyphosate rate from
240 to 470 g ae ha−1. Other crops have also observed significant
yield reductions with 2,4-D and glyphosate. Johnson et al.
(2012) reported that yield reductions in soybean and cotton were
greatest with 2,4-D applied at 1/8× of the label rate. Similarly,
Miller et al. (2020) observed the greatest negative yield impact
on sweetpotatoes with glyphosate plus 2,4-D applied at 1/10× of
the label rate.

Correlation Analysis

Correlation analysis (Table 6) showed a highly significant
(P≤ 0.0001) positive relationship between injury at 4 and 8
WAT, canopy height and width, and peanut yield reductions
(R2= 0.61 to 0.93). The strong positive correlation (R2> 0.72)
between peanut injury at 4 and 8 WAT, and canopy height and
width reductions, suggest that peanut canopy characteristics are
an important parameter for determining peanut injury from
2,4-D plus glyphosate. Blanchett et al. (2017) also reported
a significant positive correlation (R2= 0.56) between 2,4-D
injury and peanut canopy width. The strong positive correlation
(R2= 0.93) between injury at 4 and 8 WAT indicates a slow
peanut recovery from the injury with a possibly more significant
negative impact on the yield. The strong positive correlation

(R2= 0.72 to 0.73) between injury at 4 or 8 WAT and yield reduc-
tion suggests that injury parameters could be reliable indicators for
predicting peanut yield loss following 2,4-D plus glyphosate drift.
Lassiter et al. (2007) also reported a strong correlation (R2= 0.83
to 0.93) between peanut injury and yield following exposure to
glyphosate drift rates at five locations.

This study showed that peanut is highly sensitive to 2,4-D plus
glyphosate. Although peanut exposure to 2,4-D plus glyphosate at
25, 50, and 75 DAP resulted in statistically similar yield reductions
(≤16%), the result showed that 2,4-D plus glyphosate is more inju-
rious to peanuts at 25 DAP (vegetative growth stage) than at 50
DAP (flowering stage) and 75 DAP (pod development stage),
presumably due to younger plants having amore permeable cuticle
for herbicide penetration. Peanuts not only suffered a more signifi-
cant injury following exposure to 2,4-D plus glyphosate at the
vegetative stage but also showed slower recovery than exposures
at the flowering and pod development stage. Also, peanut injury,
canopy height and width, and yield reductions increased linearly
with increasing rates of 2,4-D plus glyphosate. The maximum yield
reduction was 33% with 1/8× of the labeled rate. Therefore,
extreme care must be taken when using these herbicides on
Enlist™ crops in fields that are near peanut fields. Canopy height
and width reduction can be an early indicator of the injury severity
from 2,4-D plus glyphosate. The high Pearson’s rho values
(R2≥ 0.70) observed in this study also suggest that injury can help
predict yield reduction and make a rational decision on whether to
continue, terminate, or replant peanut in the case of 2,4-D plus
glyphosate drift incidence.

Table 5. Regression parameters for peanut canopy height andwidth at 4 wk after treatment, and yield response with different growth/exposure timing
to increasing rates of 2,4-D plus glyphosate rates.a

Effect Exposure timingb Intercept Linear slope R2

——————————————P-value——————————————

Peanut canopy height 25 DAP −2.41 (0.4307) 3.58 (<0.0001) 0.90 (<0.0001)
50 DAP 4.68 (0.1382) 1.03 (<0.0001) 0.75 (<0.0001)
75 DAP 4.11 (0.1892) 0.44 (0.0166) 0.75 (<0.0001)

Peanut canopy width 25 DAP 0.79 (0.5253) 3.65 (<0.0001) 0.89 (<0.0001)
50 DAP −0.68 (0.5845) 0.78 (<0.0001) 0.66 (<0.0001)
75 DAP −0.004 (0.9971) 0.68 (0.0002) 0.36 (0.0003)

Peanut yield 25 DAP 3.47 (0.3782) 2.95 (<0.0001) 0.84 (<0.0001)
50 DAP 6.51 (0.1097) 1.79 (<0.0001) 0.80 (<0.0001)
75 DAP 4.98 (0.2126) 2.04 (<0.0001) 0.68 (<0.0001)

aAbbreviation: DAP, days after planting.
bExposure timing represents the days after planting peanut.

Figure 2. Effect of 2,4-D plus glyphosate exposure timing and rate on peanut canopy height and width reductions at 4 wk after treatment (WAT), and yield reduction.
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Injury at 4
WAT

1
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