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Abstract: Palmer amaranth (Amaranthus palmeri S. Wats.) is a highly competitive weed that can
be difficult to manage in many cropping systems. Research to date has not quantified the growth
and development of A. palmeri in a manner that allows direct comparisons across cropping systems.
Research was conducted to compare the growth, development, and seed production of A. palmeri
when competing with corn (Zea mays L.), cotton (Gossypium hirsutum L.), peanut (Arachis hypogaea
L.), and soybean [Glycine max (L.) Merr.] when emerging with crops or emerging three weeks after
crops emerge. Regardless of when A. palmeri emerged, seed production was greatest and similar in
cotton and peanut and exceeded that of corn and soybean; seed production in soybean exceeded
that of corn. However, seed production was approximately 10-fold greater when A. palmeri emerged
with crops compared with emergence three weeks later. These results illustrate the importance of
controlling weeds during the first three weeks of the season relative to contributions of A. palmeri to
the weed seed bank and is the first report comparing seed production in presence of these crops in a
manner allowing a statistical comparison of seed production and highlighting the importance of crop
sequence for seed bank management.

Keywords: crop competition; fecundity; weed interference

1. Introduction

Palmer amaranth (Amaranthus palmeri S. Wats.) is regarded as one of the most prob-
lematic weeds in the United States [1]. It possesses robust growth habits [2,3] and has
been shown to effectively compete against crops for nutrients [4], light [5], and water [6].
Amaranthus palmeri is an obligate cross-pollinator, which contributes to its high genetic
variation [7]. Its pollen can move long distances [8]. Along with immense herbicide selec-
tion pressure, these characteristics have led to A. palmeri populations having resistance to
several mechanisms of action with some populations expressing multiple resistance [9,10].
These competitive characteristics make this weed highly problematic. If not controlled ade-
quately, A. palmeri threatens the economic viability of major agronomic and horticultural
crops [4,5,11,12].

Understanding the biology and ecology of weeds is critical in order to mitigate and
manage herbicide-resistant populations with particular attention required for weed seed-
bank dynamics [13]. Previous research has explored some of these aspects with respect to
A. palmeri. In Kansas, Horak and Loughin [14] reported that in mid- to late-June emerging
A. palmeri height increased from 0.18 to 0.21 cm growing-degree-day−1 (GDD) and reached
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maximum heights greater than 2 m. When a second cohort emerged approximately three
weeks later, height increases were 0.11 to 0.17 cm GDD−1 with a maximum height of 174 cm.
In Indiana, Spaunhorst et al. [3] described a similar growth rate of 0.14 to 0.17 cm GDD−1

for regionally distinct A. palmeri accessions, not competing with crops, when emerging in
mid-June. When A. palmeri is growing without competition, it can reach heights of 160 to
269 cm and produce over 613,000 seeds female−1 [2,3,14,15]. When in competition with
cotton in Arkansas, A. palmeri emerging 0 and 3 w after cotton reached approximately 138
and 105 cm in height, respectively [16]. Seed production was still high in these females and
was estimated to be 20,000 to 90,000 seeds plant−1. In Georgia, male and female A. palmeri
attained final heights of approximately 150 and 130 cm when emerging at 0 and 3 weeks
after cotton, respectively [12]. Female plants produced approximately 300,000 and 100,000
seeds plant−1 at these emergence timings, respectively.

While the aforementioned studies are informative, important knowledge gaps exist.
For example, much of the previous research has been completed when A. palmeri was not
growing in competition with crops [2,3,14,15]. Furthermore, the reference studies were
primarily located in the mid-southern to western US [2,3,14–16]. Competition studies
have been conducted in the southeastern US, but only with one crop [5,11,12] and did not
always estimate seed production. Research is also limited with respect to growth and seed
production of A. palmeri when emerging at various times following a competing crop [12,16].
The need for a “zero-tolerance” policy has increased over time, especially when considering
A. palmeri fecundity [17]. To date, research that allows for direct comparison of A. palmeri
growth and seed production in competition with multiple crops has not been done. This
is information is critical to plan rotations with crop sequences that effectively prevent A.
palmeri population growth. Therefore, the objectives of this research were to (1) measure
the growth of male and female A. palmeri plants emerging with and three weeks after corn,
cotton, peanut, and soybean; (2) determine the effects of emergence time and duration of
interference on A. palmeri seed production.

2. Materials and Methods

Two field experiments were conducted at the Upper Coastal Plan Research Station
(35.9 N–77.7 W) near Rocky Mount, North Carolina (NC) in 2018 using natural A. palmeri
populations. Fields were approximately 0.25 km apart with different soil characteristics
and cropping histories including weed management. This population is resistant to both
ALS and EPSP synthase-inhibiting herbicides [18,19]. Soils were an Aycock very fine sandy
loam (fine-silty, siliceous, subactive, thermic Typic Paleudult) in one field and a Goldsboro
fine sandy loam (fine-loamy, siliceous, subactive, thermic Aquic Paleudult) in the other
field. Corn (hybrid P1847VYHR, Pioneer Hi-Bred International, Johnson City, IA, USA),
cotton (cultivar Delta Pine Bolgard II Xtendiflex, Monsanto Company, St. Louis, MO, USA),
peanut [20], and soybean (Credenz 7007LL, BASF Corporation, Research Triangle Park, NC,
USA) were planted on 5 June, 2018 on a conventionally tilled field with raised seedbeds
spaced 96 cm apart. Plant populations for these respective crops were approximately
84,000 plants ha−1, 95,000 plants ha−1, 244,000 plants ha−1, and 135,000 plants ha−1. Crop
populations were determined 2 weeks after planting (WAP). One week after planting,
eight A. palmeri seedlings (Cohort 1) were selected plot−1. Selected seedlings were on the
seedbed edges approximately 20 cm from the crop. Additionally, seedlings were spaced to
ensure at least a 3 m2 weed-free area for each plant to mitigate intraspecific competition.
Plot sizes were 12 rows by 6 to 9.1 m. The experimental design was a randomized complete
block design with four replications. Crops were randomized within each replication. The
plot layout is represented in Figure 1.
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Figure 1. Crop and replication arrangement in the field. Within each crop Amaranthus palmeri emerg-
ing with the crop or emerging three weeks after the crop emerged were sampled. Plots 101, 102, 103, 
and 104 constitute a replication. 

One week after seedling selection (2 WAP), the selected plants were covered with 
inverted cups and herbicides were applied over the top to control non-selected weeds. 
Herbicides with no soil residual activity were chosen to avoid unintended effect on the 
selected plants through root absorption, and to allow for a second flush of A. palmeri (Co-
hort 2) to emerge the following week. The second cohort of A. palmeri was selected in a 
similar fashion at 3 WAP to simulate those escaping a preemergence herbicide. This was 
done to understand the competitive advantage of crops against later-emerging A. palmeri. 
All selected weeds were then covered, and herbicides were applied to control non-selected 
weeds. Plots were kept weed-free beyond this date by hand weeding or hoeing. Urea am-
monium nitrate (32% N) was applied (approximately 5 to 10 cm from the crop base) to 
corn (135 kg N ha−1) and cotton (67 kg N ha−1) 3 to 4 WAP according to the Cooperative 
Extension Service recommendations for North Carolina [21,22]. Fertilizer was applied on 
each side of the crop row from the selected A. palmeri plants to prevent physical damage 
from application equipment. All other pests were controlled using recommended produc-
tion practices [21–24]. 

A. palmeri canopy height and width were measured every two weeks following se-
lection throughout the growing season. Measurements for male or female plants were av-
eraged within each plot where more than one plant was present. All plants from Cohort 
1 and 2 were harvested approximately 14 and 17 WAP, respectively. Freshly cut shoots 
were weighed in the field at harvest. Female plants were placed in bags to minimize seed 
loss, transported to the Method Road Greenhouse Complex (Raleigh, NC, USA), and dried 
in the greenhouse at 25 to 30 C. When dried, seeds were stripped manually and homoge-
nized using a Thomas–Wiley Lab Mill (Thomas Scientific, Swedesboro, NJ, USA) fitted 
with a 2 mm sieve. Chaff was then removed similar to Sosnoskie et al. [25], and the total 
cleaned seed was weighed. The total number of seeds produced was then calculated by 
averaging the weight of 100 seeds from 5 separate, 100-seed counts and extrapolating the 
total seed number per plant based on the total seed biomass [15]. 

Weather data were obtained from a weather station approximately 300 m from the 
field and used to calculate growing degree days (GDD). Growth parameters were plotted 
against GDD (base 10 C) using a four-parameter logistic function in SigmaPlot (SigmaPlot 
v. 14.0, Systat Software, San Jose, CA, USA), similar to the methodology by Spaunhorst et 
al. [3]. Growth parameters included canopy height and width as well as percent of maxi-
mum heights and widths. Percent of maximum height and width were calculated based 
on plants from the plot in each replication that were the tallest and widest irrespective of 
crop. Root mean square error (RSME; Equation (1)) and modeling efficiency coefficients 
(MEF; Equation (2)) were calculated to test the goodness of fit of the model where Pi is the 
predicted value, Oi is the observed value, n is the number of observations, and Oi is the 
mean observed value [26]. = 1 − /
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Figure 1. Crop and replication arrangement in the field. Within each crop Amaranthus palmeri
emerging with the crop or emerging three weeks after the crop emerged were sampled. Plots 101,
102, 103, and 104 constitute a replication.

One week after seedling selection (2 WAP), the selected plants were covered with
inverted cups and herbicides were applied over the top to control non-selected weeds.
Herbicides with no soil residual activity were chosen to avoid unintended effect on the
selected plants through root absorption, and to allow for a second flush of A. palmeri
(Cohort 2) to emerge the following week. The second cohort of A. palmeri was selected
in a similar fashion at 3 WAP to simulate those escaping a preemergence herbicide. This
was done to understand the competitive advantage of crops against later-emerging A.
palmeri. All selected weeds were then covered, and herbicides were applied to control
non-selected weeds. Plots were kept weed-free beyond this date by hand weeding or
hoeing. Urea ammonium nitrate (32% N) was applied (approximately 5 to 10 cm from the
crop base) to corn (135 kg N ha−1) and cotton (67 kg N ha−1) 3 to 4 WAP according to the
Cooperative Extension Service recommendations for North Carolina [21,22]. Fertilizer was
applied on each side of the crop row from the selected A. palmeri plants to prevent physical
damage from application equipment. All other pests were controlled using recommended
production practices [21–24].

A. palmeri canopy height and width were measured every two weeks following se-
lection throughout the growing season. Measurements for male or female plants were
averaged within each plot where more than one plant was present. All plants from Cohort
1 and 2 were harvested approximately 14 and 17 WAP, respectively. Freshly cut shoots were
weighed in the field at harvest. Female plants were placed in bags to minimize seed loss,
transported to the Method Road Greenhouse Complex (Raleigh, NC, USA), and dried in
the greenhouse at 25 to 30 C. When dried, seeds were stripped manually and homogenized
using a Thomas–Wiley Lab Mill (Thomas Scientific, Swedesboro, NJ, USA) fitted with a
2 mm sieve. Chaff was then removed similar to Sosnoskie et al. [25], and the total cleaned
seed was weighed. The total number of seeds produced was then calculated by averaging
the weight of 100 seeds from 5 separate, 100-seed counts and extrapolating the total seed
number per plant based on the total seed biomass [15].

Weather data were obtained from a weather station approximately 300 m from the field
and used to calculate growing degree days (GDD). Growth parameters were plotted against
GDD (base 10 C) using a four-parameter logistic function in SigmaPlot (SigmaPlot v. 14.0,
Systat Software, San Jose, CA, USA), similar to the methodology by Spaunhorst et al. [3].
Growth parameters included canopy height and width as well as percent of maximum
heights and widths. Percent of maximum height and width were calculated based on
plants from the plot in each replication that were the tallest and widest irrespective of
crop. Root mean square error (RSME; Equation (1)) and modeling efficiency coefficients
(MEF; Equation (2)) were calculated to test the goodness of fit of the model where Pi is the
predicted value, Oi is the observed value, n is the number of observations, and Oi is the
mean observed value [26].

RMSE =

[
1
n

n

∑
i=1

(Pi − oi)
2

]1/2

(1)
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MEF = 1 −
[

n

∑
i=1

(Oi − Pi)
2/

n

∑
i=1

(
Oi − Oi

)2
]

(2)

A RMSE value of zero suggests that the predicted and observed values are a perfect
fit to the model. An MEF value close to one suggests high accuracy of model predictions.
Models were fit by gender and crop for each replication. Following fitting, GDD needed to
reach 10, 50, and 90% of maximum height, which were calculated and analyzed using PROC
GLIMMIX in SAS (SAS 9.4, SAS Institute Inc., Cary, NC, USA). Crop and gender were
considered fixed effects while replication and field were considered random. Final height,
width, shoot biomass, and seed production were analyzed using PROC GLIMMIX. Data for
seed production were log-transformed prior to analysis in order to meet the assumptions
of normality, but the untransformed data are presented. Means were separated according
to Fisher’s protected LSD at α = 0.05. Pearson correlation coefficients were determined
using the PROC CORR procedure (SAS 9.4, SAS Institute Inc., Cary, NC, USA).

3. Results and Discussion
3.1. Plant Height

The logistic models built described the relationship of female (RMSE 8.2 to 11.5, MEF
0.97 to 0.99) and male (RMSE 4.0 to 16.1, MEF 0.96 to 1.00) A. palmeri heights in Cohort
1 and GDDs (Table 1). Overall, male and female plants grew similarly in height within
their respective crops over the study period (Figure 2). The maximum canopy height of A.
palmeri was the only response variable affected by crop competition (p < 0.0001, F = 20.7)
and gender (p = 0.0008, F = 11.7). Amaranthus palmeri predicted height in corn (223 cm) was
taller than that in cotton (202 cm height), followed by that in peanut (177 cm) and soybean
(177 cm), which were similar. When competing with cotton season long in Arkansas, the
final A. palmeri heights averaged approximately 138 cm [16]. The seemingly significant
difference in final heights presented by Norsworthy et al. [16] compared to our research
may be due to factors including, but not limited to: environmental differences between
research sites and/or the overspray of herbicides by Norsworthy et al. [16]. In Georgia,
Webster and Grey [12] reported male and female A. palmeri final heights (149 to 166 cm)
being similar when competing with cotton season long. A. palmeri attained heights of
177 cm when competing season long in NC [5]. This maximum height was similar to what
A. palmeri attained when in season-long competition with peanut in the current research.
Burke et al. [11] also reported a maximum height of 175 cm of A. palmeri competing with
peanut season long in NC.
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Figure 2. Male (M) and female (F) Palmer amaranth (Amaranthus palmeri) heights modeled against growing degree days
(GDD; base 10 C) when competing with corn, cotton, peanut, and soybean crops. Amaranthus palmeri was allowed to emerge
with the crops (Cohort 1; (A)) and three weeks after crop planting (Cohort 2; (B). Parameter estimates for Cohort 1 and
Cohort 2 can be found in Table 2. Growing degree day 0 represents crop planting (Cohort 1) or three weeks after crop
planting (Cohort 2). Error bars represent 95% confidence intervals. Data are pooled over two field sites.
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Table 1. Parameter estimates and goodness of fit using the four-parameter logistic function to fit
male and female Palmer amaranth (Amaranthus palmeri) height when emerging with (Cohort 1) and
three weeks after (Cohort 2) with corn, cotton, peanut, and soybean crops a,b.

Crop Gender b c c c d c GDD50 RMSE d MEF e

____________cm____________

_____________________________________Cohort 1_____________________________________

Corn Female 4.0 ± 0.3 2.3 ± 4.4 241.6 ± 6.5 653.4 ± 16.8 11.4 0.98
Male 3.9 ± 0.3 2.3 ± 3.1 217.4 ± 4.7 648.7 ± 13.4 8.0 0.99

Cotton Female 4.1 ± 0.3 2.3 ± 3.2 211.6 ± 5.0 672.5 ± 14.6 8.5 0.99
Male 4.7 ± 0.7 3.0 ± 5.8 199.9 ± 7.6 642.9 ± 23.5 16.1 0.96

Peanut Female 3.7 ± 0.3 2.4 ± 3.1 193.8 ± 6.0 721.0 ± 19.2 8.2 0.99
Male 4.1 ± 0.2 2.5 ± 1.5 174.4 ± 2.4 671.8 ± 8.4 4.0 1.00

Soybean Female 3.8 ± 0.5 3.2 ± 4.4 189.7 ± 8.0 705.8 ± 26.0 11.5 0.97
Male 3.8 ± 0.2 2.5 ± 2.0 176.1 ± 3.2 668.3 ± 11.5 5.2 0.99

_____________________________________Cohort 2_____________________________________

Corn Female 2.7 ± 0.5 0.1 ± 1.3 30.8 ± 2.5 628.8 ± 56.3 2.1 0.95
Male 2.5 ± 2.2 0.4 ± 6.1 43.4 ± 21.4 798.4 ± 396.3 10.3 0.56

Cotton Female 4.4 ± 0.4 2.8 ± 3.6 166.4 ± 4.0 637.4 ± 16.0 6.7 0.99
Male 4.7 ± 0.8 2.5 ± 5.2 146.2 ± 6.0 674.2 ± 27.0 9.9 0.96

Peanut Female 3.9 ± 0.8 2.3 ± 6.3 148.2 ± 9.2 699.8 ± 40.6 11.5 0.95
Male 4.0 ± 0.9 2.4 ± 6.8 168.0 ± 12.4 765.8 ± 47.5 13.0 0.95

Soybean Female 3.9 ± 0.8 0.9 ± 5.7 134.1 ± 7.5 668.1 ± 36.7 10.2 0.95
Male 5.5 ± 3.2 1.7 ± 12.0 110.7 ± 13.4 690.0 ± 77.4 24.8 0.72

a Abbreviations: GDD = growing degree days (base 10 C); RMSE = root mean square error; MEF = modeling
efficiency. b Y = c + (d − c)/(1 + (x/GDD50)−b), where Y = A. palmeri height, c = the minimum height, d = the
maximum height, GDD50 = accumulated GDD since planting at which 50% of the maximum plant height was
achieved, and b = the slope of the regression line. c Values are mean ± standard error. d RMSE values closer to
zero indicate predicted values are closer to the observed values. e MEF closer to one suggests model predictions
are more accurate.

The logistic models described the relationship of female (RMSE 2.1 to 11.5, MEF 0.95 to
0.99) and male (RMSE 9.9 to 24.8, MEF 0.56 to 0.96) A. palmeri heights in Cohort 2 and GDDs
(Table 1). Crop canopies had a three-week advantage on Cohort 2, which may explain
the reduction in goodness of fit of the model as A. palmeri growth was more variable. As
with Cohort 1, only the crop influenced A. palmeri height over time (p < 0.0001, F = 52.3;
Figure 2). The canopy of A. palmeri was tallest in cotton (155 cm) and peanut (151 cm),
followed by that in soybean (121 cm) and in corn (30 cm). This indicates that the height
of competing crop is not the only determinant of the final height of A. palmeri. Other
physiological traits of the competing crop and the ability of the crop to compete with the
weed below ground also modifies the final stature of A. palmeri. Corn and soybean have
taller or denser canopies than peanut and cotton, thus differentially affecting the ability of
A. palmeri to compete for sunlight. Emerging 3 WAP reduced A. palmeri final height in corn,
cotton, peanut, and soybean 87, 23, 15, and 32%, respectively. Webster and Grey [12] and
Norsworthy et al. [16] reported 11.5 and 24% decreases in A. palmeri height when emerging
three weeks after cotton compared to emerging with the crop.

When the data for Cohort 1 and 2 were transformed into the percent of maximum
height modeled against GDD10, the growth lines converge more tightly (Figure 3A,B). The
GDDs needed to achieve 10, 50, and 90% in Cohort 1 differed by crop (p < 0.0001 to 0.0274,
F = 3.8 to 31.3), but were not influenced by the gender of A. palmeri nor the interaction of
crop and gender (p > 0.1). Amaranthus palmeri in cotton (387 GDD10) took longer to reach
10% of their maximum height compared to those growing with soybean (359 GDD10) and
corn (361 GDD10; Figure 4).
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Figure 3. Male (M) and female (F) Palmer amaranth (Amaranthus palmeri) percent of maximum heights modeled against
growing degree days (GDD; base 10 C) when competing with corn, cotton, peanut, and soybean crops. Amaranthus palmeri
was allowed to emerge with the crops (Cohort 1); (A) and three weeks after crop planting (Cohort 2); (B). Growing degree
day 0 represents crop planting (Cohort 1) or three weeks after crop planting (Cohort 2). Error bars represent 95% confidence
intervals. Data are pooled over two field sites.
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Figure 4. Growing degree days (GDD) required for Palmer amaranth (Amaranthus palmeri) to reach 10, 50, and 90% of
maximum height when competing with corn, cotton, peanut, and soybean crops. Cohort 1 (A) was allowed to emerge with
the crop while Cohort 2 (B) emerged three weeks after planting. Data bars within percent of maximum height categories
that have the same letter are not significantly different according to Fisher’s protected LSD (α= 0.05). Data are pooled over
A. palmeri gender and two field sites.

Amaranthus palmeri in soybean (758 GDD10) took the longest to reach 50% of maximum
height compared to all other crops (633 to 672 GDD10). Additionally, A. palmeri growing
with peanut (672 GDD10) grew slower than those with corn (633 GDD10). When growing
with corn and cotton, A. palmeri reached 90% of their maximum height (1026 and 1002
GDD10, respectively) faster than when growing with peanut and soybean (1096 and 1088
GDD10, respectively). Similar to Cohort 1, cropping system influenced the GDDs needed to
reach certain growth percentages (p < 0.0001 to 0.0287, F = 3.8 to 27.0) in Cohort 2. Thus, A.
palmeri in corn (256 GDD10) reached 10% of maximum height faster than those in the other
crops (386 to 429 GDD10; Figure 4). The plants of this weed growing in corn (625 GDD10)
achieved 50% of the maximum height quicker than in peanut (719 GDD10) and soybean
(667GDD10) but was similar to those in cotton. Peanut was the slowest environment to
reach 50% of maximum A. palmeri height. However, in corn, plants took longer to reach
90% of maximum height than in cotton or soybean. This may be due to the corn canopy



Agronomy 2021, 11, 1734 7 of 16

shedding lower leaves as the season progresses, which allowed more light penetration for
A. palmeri to utilize.

With respect to Cohort 1, the average and maximum growth rates for A. palmeri in
corn (0.14 and 0.34 cm GDD10, respectively) and cotton (0.13 and 0.33 cm GDD10) were
greater than those measured in peanut (0.11 and 0.25 cm GDD10, respectively) and soybean
(0.11 and 0.25 cm GDD10, respectively; Figure 5).
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Figure 5. Male (M) and female (F) Palmer amaranth (Amaranthus palmeri) growth rates by growing degree day (GDD; base
10 C) when competing with corn, cotton, peanut, and soybean crops. Cohort 1 (A) emerged with the crop while Cohort 2 (B)
emerged three weeks after crop planting. Error bars represent 95% confidence intervals. Data are pooled over two field sites.

Growth rates for Cohort 2 were less than that of Cohort 1 with average rates of
0.02, 0.10, 0.10, and 0.08 cm GDD10

−1 in corn, cotton, peanut, and soybean, respectively
(Figure 5). Maximum growth rates were also slower at 0.03, 0.24, 0.23, and 0.20, respectively.
In Kansas, Horak and Loughin [14] observed growth rates of 0.18 and 0.21 cm GDD−1

when mid-June-planted A. palmeri measured 100 and 87 cm, respectively (approximately
50% of maximum height). Spaunhorst et al. [3] reported growth rates of 0.14 to 0.17 cm
GDD−1 to 50% of maximum height. These are in good agreement with this research with
growth rates of 0.18, 0.16, 0.13, and 0.12 cm GDD−1 for A. palmeri emerging with the
crop (Cohort 1) to reach 50% of maximum height in corn, cotton, peanut, and soybean,
respectively (Figure 3).

In 2018, NC had approximately 404,685 ha, 145,687 ha, 43,706 ha, and 647,500 ha
of corn, cotton, peanut, and soybean, respectively [27]. In soybean and peanut, contact
herbicides such as fomesafen and acifluorfen are commonly used for A. palmeri control in
soybean and peanut, respectively, while glufosinate is used in glufosinate-tolerant corn,
cotton, and soybean. The manufacturer’s product label of these herbicides recommend
application at a maximum height of 10 cm for good control of A. palmeri. Amaranthus
palmeri in Cohort 1 achieved 10 cm in 17 to 18 d in corn (i.e., 200 to 300 GDD10), cotton,
peanut, and soybean. This means herbicides need to be applied no later than 18 d from
weed emergence. In Cohort 2, A. palmeri reached a height of 10 cm in 30, 19, 21, and
21 d (i.e., 350 to 375 GDD10) after the 3 WAP mark in corn, cotton, peanut, and soybean,
respectively. Thus, later-emerging A. palmeri still needs to be sprayed no later than 3 w after
emergence in these crops, except for corn. However, how late one can spray herbicides in
corn is dictated by the layby growth stage timing of corn.

3.2. Canopy Wdth of A. palmeri

The logistic models described the relationship of Cohort 1 female (RMSE 2.1 to 24.8,
MEF 0.83 to 0.96) and male (RMSE 4.2 to 8.6, MEF 0.88 to 0.94) A. palmeri widths and GDDs
(Table 2).
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Table 2. Parameter estimates and goodness of fit using the four-parameter logistic function to fit
male and female Palmer amaranth (Amaranthus palmeri) width when emerging with (Cohort 1) corn,
cotton, peanut, and soybean crops a,b.

Crop Gender B c C c D c GDD50 RMSE d MEF e

____________cm____________

Corn Female 3.9 ± 1.7 0.1 ± 3.3 41.1 ± 2.1 335.8 ± 32.1 5.8 0.83
Male 4.4 ± 1.9 0.1 ± 2.4 37.2 ± 1.4 314.7 ± 26.6 4.2 0.88

Cotton Female 3.0 ± 0.4 −0.5 ±
4.6 125.7 ± 6.0 564.9 ± 31.3 8.3 0.96

Male 3.9 ± 0.7 0.7 ± 4.8 96.4 ± 4.0 498.8 ± 27.9 8.6 0.93

Peanut Female 2.6 ± 0.5 −0.1 ±
5.3 110.3 ± 9.2 602.2 ± 56.8 9.4 0.92

Male 3.3 ± 0.5 0.2 ± 3.9 89.1 ± 4.0 514.3 ± 29.7 7.0 0.94
Soybean Female 2.2 ± 0.6 0.1 ± 3.8 67.7 ± 7.0 512.9 ± 67.3 6.8 0.89

Male 3.6 ± 0.8 0.2 ± 2.4 46.6 ± 1.7 377.9 ± 22.0 4.2 0.92
a Abbreviations: GDD = growing degree days (base 10 C); RMSE = root mean square error; MEF = modeling
efficiency. b Y = c + (d − c)/(1 + (x/GDD50) − b), where Y = A. palmeri height, c = the minimum height, d = the
maximum height, GDD50 = accumulated GDD since planting at which 50% of the maximum plant height was
achieved, and b = the slope of the regression line. c Values are mean ± standard error. d RMSE values closer
to zero indicate that predicted values are closer to the observed values. e MEF closer to one suggests model
predictions are more accurate.

Generally, differences in the A. palmeri canopy width were evident across cropping
systems (Figure 6). Female plants had wider canopies (more branching and leaf area)
than male plants. The main effects of crop (p < 0.0001, F = 91.6) and gender (p < 0.0001,
F = 25.6) on the final canopy width of A. palmeri were significant, but the interaction of the
two was not (p = 0.1511). The canopy width of Amaranthus palmeri in competition with
cotton (105.0 cm) and peanut (95.2 cm) was largest, followed by soybean (54.5 cm) and
corn (38.4 cm). Averaged over cropping systems, female plants had a greater canopy width
(81 cm) than male plants (67 cm). In sweet potato, Ipomoea batatas (L.) Lam., Meyers et al. [5]
reported that the widths of A. palmeri Palmer decreased from 145 to 69 cm as weed density
increased. Webster and Grey [12] also studied canopy development by gender and found
that female A. palmeri plants have a wider canopy (126 cm) than the males (93 cm). Our
study supports this. Canopy width in Cohort 2 was less than in Cohort 1 (Figure 6B). The
canopy expansion of Cohort 2 followed a quadratic model with GDD for males at RMSE
2.6 to 5.7 and MEF of 0.53 to 0.90 (Table 3).

Table 3. Parameter estimates and goodness of fit using the quadratic function (Y = y0 + a∗x + b∗x2)
to fit male and female Palmer amaranth (Amaranthus palmeri) width when emerging three weeks after
(Cohort 2) corn, cotton, peanut, and soybean crops a.

Crop Gender y0 b a b B b RMSE c MEF d

____________________________cm____________________________

Corn Female −0.28 ± 0.990 0.03 ± 0.002 −1.45 × 10−5 ± 1.71 × 10−6 1.8 0.76
Male −0.02 ± 1.432 0.02 ± 0.004 −1.25 × 10−5 ± 2.48 × 10−6 2.6 0.53

Cotton Female −1.77 ± 3.171 0.08 ± 0.009 −4.23 × 10−5 ± 5.49 × 10−6 5.8 0.78
Male −1.77 ± 1.799 0.07 ± 0.005 −3.70 × 10−5 ± 3.1 × 10−6 3.3 0.86

Peanut Female −1.97 ± 4.119 0.07 ± 0.012 −2.70 × 10−5 ± 7.13 × 10−6 7.5 0.71
Male −3.40 ± 4.278 0.08 ± 0.012 −3.45 × 10−5 ± 7.41 × 10−6 5.7 0.90

Soybean Female −0.12 ± 1.933 0.05 ± 0.006 −2.62 × 10−5 ± 3.35 × 10−6 3.5 0.79
Male −2.29 ± 2.790 0.05 ± 0.008 −2.76 × 10−5 ± 4.83 × 10−6 5.1 0.61

a Abbreviations: GDD = growing degree days (base 10 C); RMSE = root mean square error; MEF = modeling
efficiency. b Values are mean ± standard error. c RMSE values closer to zero indicate predicted values are closer
to the observed values. d MEF closer to one suggests model predictions are more accurate.
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Figure 6. Male (M) and female (F) Palmer amaranth (Amaranthus palmeri) widths modeled against growing degree days
(GDD; base 10 C) when competing with corn, cotton, peanut, and soybean crops. Amaranthus palmeri was allowed to
emerge with the crops (Cohort 1; (A)) and three weeks after crop planting (Cohort 2; (B)). Parameter estimates for Cohort 1
and Cohort 2 can be found in Tables 1 and 2, respectively. Growing degree day 0 represents crop planting (Cohort 1) or three
weeks after crop planting (Cohort 2). Error bars represent 95% confidence intervals. Data are pooled over two field sites.

The RMSE for females ranged from 1.8 to 7.5 with MEF values of 0.71 to 0.78). As the
season progressed, A. palmeri leaves began to senesce, producing a growth curve that best
fits a quadratic model. These data suggest that gender did not influence canopy width
throughout the season for Cohort 2, nor the final width (p = 0.0564). The cropping system
did affect canopy width (p < 0.0001, F = 23.7) as A. palmeri competing with peanut had a
wider canopy (36.5 cm) than those competing with soybean (15.6 cm), cotton (18.5 cm), and
corn (3.5 cm). The canopy structure of A. palmeri mimicked the canopy structure of the
crop, becoming narrower when growing with corn. This reflected canopy modifications to
better compete for light in a narrow inter-row of tall-canopy corn. Webster and Grey [12]
reported A. palmeri emerging three weeks after cotton had final widths of 45 and 78 cm for
male and female plants, respectively.

3.3. A. palmeri Soot Bomass

For A. palmeri plants in Cohort 1, the interaction of cropping system and gender
(p = 0.0002, F = 6.7) influenced plant biomass at harvest. Female plants in cotton (2014 g
plant−1) and peanut (1879 g plant−1) were larger than plants in any other cropping system
(Figure 7). This could be explained by the cotton canopy being open and row width being
wide, resulting in less competition for light. Similarly, light competition with peanut would
be minimal because peanut is low-growing, allowing A. palmeri to grow above this crop
quickly. Male A. palmeri in cotton (934 g plant−1) and peanut (879 g plant−1) were similar
and larger than male or female plants in both corn (77 and 195 g plant−1, respectively)
and soybean (258 and 434 g plant−1, respectively). Within each cropping system, female
plants had 68 to 153% more biomass than their male counterparts. Thus, female plants
are always larger than male plants. This conclusion is consistent with the data of Webster
and Grey [12], wherein females were 167% larger than males when competing with cotton
season long.
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Figure 7. Fresh biomass of male and female Palmer amaranth (Amaranthus palmeri) from Cohort 1 at harvest (14 w after
crop planting). Plants were allowed to emerge and compete season long with corn, cotton, peanut, and soybean. Data bars
with the same letter are not significantly different according to Fisher’s protected LSD (α = 0.05). Data are pooled over two
field sites.

The final biomass for A. palmeri emerging 3 WAP (Cohort 2) was affected only by
cropping system (p < 0.0001, F = 11.5), but not by gender (p = 0.2020). The interaction of
these factors was also not significant (p = 0.1629). Cohort 2 of A. palmeri in peanut had the
largest fresh biomass (166 g plant−1) compared to all other crops (Figure 8). A. palmeri in
cotton (83 g plant−1) and soybean (35 g plant−1) were similar with those in cotton being
larger than those in corn (2 g plant−1). When comparing Cohort 1 and Cohort 2 biomass,
the biomass for the latter was 85 to 99% less than the former, across cropping systems. In
Arkansas, Norsworthy et al. [16] reported a 64% reduction in female A. palmeri biomass
when it emerged three weeks after cotton compared to those emerging with the crop. In
Georgia, A. palmeri biomass was about 80% less, across genders, when emerging 3 weeks
after cotton as opposed to with the crop [12]. Therefore, applying PRE herbicides is critical
in controlling the first flush of A. palmeri, giving the crop a high competitive advantage.
More importantly, A. palmeri biomass is highly correlated with seed production.
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Figure 8. Fresh biomass of Palmer amaranth (Amaranthus palmeri) from Cohort 2 at harvest (17 w after crop planting). Plants
were allowed to emerge 3 w after crop planting and compete season long with corn, cotton, peanut, and soybean. Data bars
with the same letter are not significantly different according to Fisher’s protected LSD (α = 0.05). Data are pooled over plant
gender and two field sites.

3.4. Seed Poduction of A. palmeri in Cop Cmpetition

Seed production for Cohort 1 was not correlated with plant height (r = 0.03) but
was correlated with canopy width (r = 0.71) and plant biomass (r = 0.63) suggesting that
as width or biomass increases, so does seed production (Figure 9). Spaunhorst et al. [3]
reported similar biomass and seed correlations (r = 0.63) from A. palmeri populations
grown in Arkansas. Schwartz et al. [28] described good correlations of biomass and seed
production in A. palmeri (r = 0.79) and tall water hemp [Amaranthus tuberculatus (Monq.)
Sauer; r = 0.73] across multiple states. In Georgia, Webster and Grey [12] also determined a
strong relationship (r = 0.81) between A. palmeri biomass and total seed production. The
cropping system influenced total seed production (p < 0.0001, F = 48.9) with average seed
production in cotton (534,442 seeds plant−1) and peanut (443,228 seeds plant−1) being
similar and greater than seed production in soybean (173,093 seeds plant−1; Figure 10).
Amaranthus palmeri in competition with corn (51,024 seeds plant−1) averaged the lowest
seed production.
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Figure 9. Correlations between final height (A), width (B), or fresh biomass (C) and total seed production (n = 80) of Palmer
amaranth (Amaranthus palmeri) from Cohort 1. Plants were allowed to emerge and compete season long against corn, cotton,
peanut, and soybean. Data are pooled over two field sites and four cropping systems.
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Figure 10. Seed production of female Palmer amaranth (Amaranthus palmeri) from Cohort 1 when
competing with corn, cotton, peanut, and soybean crops. Plants were allowed to emerge and compete
season long. Data bars with the same letter are not different according to Fisher’s protected LSD at
α = 0.05. Data are pooled over two field sites.

In California, Keeley et al. [2] reported a reproduction of upwards of 613,000 seed
plant−1 when A. palmeri was grown without competition. When competing with cotton sea-
son long in Georgia, Webster and Grey [12] and Sosnoskie et al. [25] reported average seed
production of 312,000 and 435,000 seeds plant−1, respectively. In soybean, Bensch et al. [29]
reported that A. palmeri produced approximately 100,000 to 200,000 seeds m−2 when
emerging with the crop and competing season long. This production is approximately
one-quarter to one-half of the seed production in our study (Figure 11).
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Figure 11. Correlations between final height (A), width (B), or fresh biomass (C) and total seed production (n = 56) of Palmer
amaranth (Amaranthus palmeri) from Cohort 2. Plants were allowed to emerge three weeks after the crop and compete
season long against corn, cotton, peanut, and soybean. Data are pooled over two field sites and four cropping systems.

However, this may be explained by the biomass of plants in the Bensch et al. [29]
study, which was reduced to similar proportions when compared to plants in our study.
As discussed, seed production is correlated to plant biomass (Figure 8). In Kansas,
Massinga et al. [30] reported A. palmeri produced 140,000 m−2 when competing with
corn season long. While greater than what was observed in our study (approximately
102,000 seed m−2), these data illustrate the vast amount of seed that one plant can con-
tribute to the soil seedbank if left to compete season long (Figure 10).

Seed production from A. palmeri in Cohort 2 was correlated with plant height (r = 0.85),
width (r = 0.81), and biomass (r = 0.90; Figure 10). The cropping system influenced seed
production (p < 0.0001; F = 47.3) with trends being similar to Cohort 1. Amaranthus
palmeri emerging three WAP cotton (38,531 seed plant−1) and peanut (36,211 seed plant−1)
produced similar amounts of seed with both being greater than A. palmeri in soybean (3742
seed plant−1; Figure 12).
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Figure 12. Seed production of female Palmer amaranth (Amaranthus palmeri) from Cohort 2 when
competing with corn, cotton, peanut, and soybean crops. Plants were allowed to emerge three weeks
after the crop and compete season long. Data bars with the same letter are not different according to
Fisher’s protected LSD at α = 0.05. Data are pooled over two field sites.

Corn produced the lowest amount, averaging only 224 seed plant−1. Reductions in
A. palmeri seed production when it emerges after the crop has previously been observed.
Webster and Grey [12] reported A. palmeri emerging three WAP cotton was able to produce
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approximately 76,000 seed plant−1 (76% reduction), while Norsworthy et al. [16] observed
approximately 51,000 seed plant−1 (30% reduction). When emerging 3 to 4 weeks after
corn, Massinga et al. [30] measured approximately 1800 seeds m−2 were produced, a 99%
reduction when compared to A. palmeri that emerged with corn and competed season
long. The presented data support previous research showing the vast reduction is seed
production (greater than 90% reduction) when A. palmeri emerges weeks after the crop. This
illustrates the importance of a residual herbicide applied at planting to control the initial
flush of A. palmeri to give the crop a competitive advantage. The data also demonstrate
the importance of controlling escaped A. palmeri even when it emerges weeks after the
crop, as it still has the capacity to produce thousands of seeds and the advantage of more
competitive crop canopies.

4. Summary and Conclusions

Amaranthus palmeri is a highly competitive weed that can cause short- and long-term
problems for farm managers. In the short term, timely herbicide applications are needed
to control this weed if a residual herbicide was not applied. Amaranthus palmeri was
10 cm in height approximately 17 to 18 d after it emerged with corn, cotton, peanut, or
soybean. It is imperative to be timely with applications to ensure that adequate control
of emerged A. palmeri is achieved, and it is recommended to include a residual herbicide
with postemergence herbicides for extended control. The rate of growth beyond this point
exceeded 5 cm d−1 creating enormous light competition with the crop. If a PRE herbicide
was applied and adequate control was received, farm managers must still be cognizant of
their timelines. Amaranthus palmeri, which emerges three weeks after cotton, peanut, or
soybean, reached 10 cm in height approximately three weeks after emergence. In corn, this
height was achieved in approximately four weeks. Robust growth may still occur with a
later cohort as growth rates of greater than four cm d−1 were measured.

Long term, farm managers must consider the weed seedbank. Amaranthus palmeri
produced approximately 51,000, 534,000, 434,000, and 173,000 seed plant−1 in corn, cotton,
peanut, and soybean, respectively. While it is not likely that farm managers would allow
A. palmeri to emerge with the crop and compete season long, later emerging cohorts still
require much attention. Cotton and peanut were the least competitive, and A. palmeri
was still able to produce greater than 35,000 seed plant−1. Less seed was produced in
soybean (3000 seed plant−1) and corn (200 seed plant−1). Good growing conditions in
our study allowed for uniform crop stands, which may not always occur. A. palmeri may
produce more biomass and seed if a non-uniform stand allows for more light interception.
Additionally, A. palmeri emerging further away from the crop may respond differently
in terms of competition with crops compared to our results. Nonetheless, these data il-
lustrate why rotating corn is an important feature into an integrated weed management
plan, as it provides a competitive advantage and alternative herbicide options. A. palmeri
has shown the ability to morphologically adapt to differing cropping systems [31]; thus,
multiple shorter canopied cropping systems followed by one taller in nature may provide
the greatest benefit (i.e., peanut to sweetpotato, to soybean to corn). Further research is
needed to better determine crop sequence effects and how they best fit into an integrated
weed management plan. Results from this experiment are from a single growing cycle
in two different fields with variation in previous cropping cycles and management prac-
tices. Additional research in different geographies and environmental conditions would
strengthen the understanding of the production of seed for this species when A. palmeri is
growing with these crops.

Producers must be timely and attentive when cotton follows peanut, or vice-versa, as
these were the two least competitive crops against A. palmeri. Ultimately, a zero tolerance
for escapes is required with this weed to minimize additions to the weed seedbank. With
respect to herbicide-resistance mitigation, the problem can quickly become field-wide if
one plant is allowed to escape and reproduce [32]. Additionally, the chances of selecting a
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herbicide-resistant individual increases as the population exposed to herbicides increases;
thus, the decreasing additions to the seedbank reduce the amount of plants exposed.
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