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. Knowledge of Palmer amaranth demographics and biology is essential for the development and
implementation of weed management strategies. A field experiment was conducted to investigate the
effects of Palmer amaranth density on seedling mortality, flowering initiation, and flowering progress
throughout the growing season and biomass production and fecundity in wide-row soybean. The
experimental design was a randomized complete block design with three levels of Palmer amaranth
density-clusters: high, medium, and low. Palmer amaranth mortality rate was greater at high Palmer
amaranth population density-cluster, reaching a peak within 30 to 40 d after Palmer amaranth
emergence (DAE) (0.55 and 0.80 for 2014 and 2015, respectively), in comparison with mortality
rate at medium and lower density-clusters. Likewise, as Palmer amaranth density increased, biomass
and seed production per unit area of the weed also increased. Biomass production at the high
density-cluster in 2014 was 664.7 g m−2 compared with 542.9 and 422.1 g m−2 at medium and low
density-clusters, respectively. Similarly, biomass production at high density-cluster in 2015 was
100.6 g m−2 compared with 37.3 and 34.2 at medium and low density-clusters, respectively. In addi-
tion, seeds produced at high density-cluster were 1.5 million and 245,400 seeds m−2 for 2014 and
2015, respectively. Seed production was reduced by 29% and 54% in 2014 and by 65%
and 75% in 2015 at medium and low density-clusters, respectively. Earlier flowering initiation
(i.e., between 30 to 40 DAE) occurred in higher Palmer amaranth density-clusters, indicating a
trade-off between reproduction and survival at high densities and more stressed environments for
species survival. Palmer amaranth male-to-female sex ratio was greater at high densities, 1.3 and 1.9,
compared with lower densities of 0.6 to 0.7 and 0.7 to 0.8 in 2014 and 2015, respectively.
The plasticity of Palmer amaranth population and population-structure regulation, vegetative growth,
and flowering shifts at various levels of intraspecific competition (i.e., high vs. low population
density-clusters) and the trade-off between these biological transitions merits further investigation.
Nomenclature: Palmer amaranth, Amaranthus palmeri S. Wats.; soybean, Glycine max (L.) Merr.
Key words: Cluster analysis, cohort analysis, fecundity, flowering, life table analysis, male-to-female
sex ratio, phenology, weed population dynamics

Palmer amaranth is one of the most problematic
weeds in soybean, cotton (Gossypium hirsutum L.), and
corn (Zea mays L.) in the southern United States
(Riar et al. 2013; Webster and Nichols 2012), causing
substantial yield losses when not adequately controlled
(Culpepper et al. 2006; Green and Owen 2011;
Massinga et al. 2001; Morgan et al. 2001). The
occurrence of Palmer amaranth becomes even more
concerning due to the evolution of multiple herbicide-
resistant biotypes. Palmer amaranth has evolved
resistance to multiple herbicide modes of action
such as 5-enol-pyruvylshikimate-3-phosphate synthase,

acetolactate synthase, and 4-hydroxyphenylpyruvate
dioxygenase inhibitors; microtubule assembly inhibi-
tors; and photosystem II inhibitors (Heap 2017; Jhala
et al. 2014; Molin et al. 2016). Future management
strategies will rely on an improved understanding of
weed biology and ecology with particular emphasis on
population demographics (Puricelli et al. 2002). This
information can be used for improvements in crop
management decisions (Bussan et al. 2000; Norsworthy
et al. 2007). Norsworthy et al. (2016), for example,
evaluated the effectiveness of various fall management
programs and herbicide regimes based on Palmer
amaranth density.

Demography is the study of a population as it
responds to intrinsic and extrinsic factors that act
upon it (Hutchings 1997; Werner and Caswell
1977). Growth of individuals, fecundity, and mor-
tality or survival are the main parameters that affect
weed populations; inclusion of these parameters
in demographic studies secures the accuracy of the
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study’s outcome (Boutin and Harper 1991). Weed
seed germination, seedling emergence, and seedling
establishment, including those for Palmer amaranth,
have been mostly investigated as isolated events
(Hakansson 1986; Jha and Norsworthy 2009;
Kropff et al. 1993), but in our research these were
considered collectively to facilitate an integrated
analysis of Palmer amaranth demographics. In
addition, the deviation of male-to-female sex ratio
from the 1:1 relationship was assessed, as evidence in
the literature on Amaranthus species is contradictory.
Costea et al. (2005) recorded a tall waterhemp
[Amaranthus tuberculatus (Moq.) Sauer] male-to-
female sex ratio close to 1:1, although Lemen (1980)
found that the proportion of male plants in a
population of common waterhemp (Amaranthus
rudis Sauer) from Illinois was 0.33. Conversely,
Menalled et al. (2004) reported a marginally higher
male-to-female ratio in common waterhemp plants
grown under different compost-amended treatments
compared with those with compost-free treatments.
Based on field observations, Neve et al. (2011) used
a 3:1 male-to-female ratio for modeling herbicide
resistance in Palmer amaranth.

The highly plastic manner by which weeds, par-
ticularly Palmer amaranth, respond to stressful
conditions (e.g., self-thinning, adjustments in size
and biomass production, alterations in resources
allocation or phenology) (Jha et al. 2008; Korres
et al. 2016, 2017) necessitates a detailed demo-
graphic approach. Methodologies that fail to con-
sider and quantify the plasticity of weed response to
stresses are prone to failure.

Representations of weed population dynamics
have largely been accomplished using demographic
models (Freckleton and Stephens 2009; Holst et al.
2007). Demographic data in the form of life tables
provide important means of quantifying the impact
of biotic and abiotic stresses on population para-
meters such as mortality (Roach 2003; White 1980).
There are two major types of life tables, the current
or period life tables and the generation or cohort life
tables. The former evaluates the mortality rates of an
entire population at one moment of time, whereas
the latter, as in this work, follows a given cohort of
births over its entire life span (Kalisz et al. 2014;
Salguero-Gomez and de Kroon 2010).

Life table analysis has been used widely in studies
on invasive plants, insects (Asiimwe et al. 2007;
Kalisz et al. 2014; Salguero-Gomez and de Kroon
2010), weed biological control (Bellows and
Driesche 1999), and toxicological effects of
herbicides (Saska et al. 2016). Surprisingly, no

demographic studies on Palmer amaranth in row
crops using life table analysis have been reported so
far, to the best of our knowledge.

Knowledge of Palmer amaranth biology and
demography can be a valuable tool in relation to the
implementation of various management options of
this species. The objectives of this study are to
investigate (1) Palmer amaranth seedling mortality
patterns, (2) flowering initiation and cumulative
flowering, and (3) fecundity and biomass production
as affected by Palmer amaranth density in soybean.

Materials and Methods

Experiment Establishment. Field experiments
were conducted at the University of Arkansas–
Agriculture Research and Extension Center,
Fayetteville, AR, during the summers of 2014 and
2015 to investigate Palmer amaranth demographics in
92-cm wide-row soybean. The soil texture was a silt
loam (fine, mixed, active, thermic Typic Albaquults)
with 34% sand, 53% silt, 13% clay, 1.5% organic
matter, and a pH between 6.5 and 6.9. Prior to crop
planting, the seedbed was prepared by disking
followed by a field cultivator (Kongskilde Industries,
Hudson, IL). A glufosinate-resistant soybean cultivar
(i.e., Pioneer® 95L01 maturity group 4.6 and
Credenz® 4748 maturity group 4.7 for the first and
second years, respectively) was planted in four-row
plots at 320,000 seeds per ha−1 on June 24, 2014, and
June 25, 2015. Differences between soybean densities
among plots or between years were statistically insigni-
ficant when soybean densities were analyzed taking
plot and year as random effects (unpublished data).
Plots were 6-m long and 2.5-m wide. A few days after
soybean planting, Palmer amaranth seeds collected
from a local population were spread by hand between
the middle two rows of the plot to create a range of
targeted Palmer amaranth population densities (i.e., 1,
10, 100, 1,000, and 10,000 plants m−2) and slightly
covered with soil. The targeted densities were
underachieved, so a generated range of Palmer
amaranth densities, as it is described in Life Table and
Statistical Analyses section, was developed.

Glyphosate (Roundup® PowerMax, Monsanto
Company, St. Louis, IL) and glufosinate (Liberty®

280 SL, Bayer CropScience, Research Triangle Park,
NC) were sprayed at 870 g ae ha−1 and 594 g ai ha−1,
respectively; the former prior to soybean planting
and the latter after crop planting but prior to Palmer
amaranth sowing to ensure the control of weed
vegetation. A CO2-pressurized backpack sprayer
consisting of a handheld boom that contained four
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110015 flat-fan nozzles (TeeJet® Technologies, Spring-
field, IL) calibrated to deliver 140L ha−1 at 276 kPa
was used. Experimental plots were routinely hand
weeded during the entire experimental period to
remove other weed species and were irrigated when
rainfall did not occur approximately within a 1-wk
period, using a Valley remote irrigation system
(Valmont Industries, Valley, NE) that delivered
12.5mm of water per irrigation run (approx. 3- to
5-h time period).

Sampling and Data Measurements. Flags marked
1-m2 sampling quadrats in the center of each plot as
an area to assess Palmer amaranth demographic and
biological characteristics every 10 to 15 d after Palmer
amaranth emergence (DAE) throughout the growing
period. Soybean plants at the top of the bed were

included within the area of the sampling quadrat. The
experiment was set up as a randomized complete block
design with four replications. Unfortunately, unsuitable
weather conditions, particularly in the second year of
the study, when notable deviations from the 30-yr
averages for monthly precipitation totals occurred
(Figure 1), did not permit targeted Palmer amaranth
densities. These were monitored by counting the
emergence and establishment of Palmer amaranth
seedlings on a daily basis until their population reached
a stable state (i.e., until seedling population did not
increase) approximately 20 DAE. After this period,
Palmer amaranth plants within each quadrat were
counted at 10- to 15-d intervals, i.e., 30, 40, 55, 65,
and 75 DAE for both experimental years (Figure 2).

A sunfleck ceptometer (AccuPAR, model LP-80,
Decagon Devices, Pullman, WA) was used to record

Figure 1. Monthly precipitation during the experimental period and 30-yr average rainfall in Fayetteville, AR (data obtained from www.
srh.noaa.gov).

Figure 2. Palmer amaranth life cycle stages in relation to the stages and transitions under investigation in this research.
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light interception for each experimental plot.
Recordings were taken above and below the crop
and Palmer amaranth canopy from two predeter-
mined points within sampling quadrats under
uniform sky conditions between 1100 and
1400 hours every 10 to 15 DAE. Two measure-
ments were taken from each plot, and the plot
average from each block was used for statistical
analysis. The results presented here are estimated
based on the percentage fractional transmission of
light (Equation 1) (Liu et al. 2012)

Fr = 1� I
I0

� �
´ 100 [1]

where Fr is fractional light interception (%), I0 is
photosynthetically active radiation (µmol m−2 s−1)
above crop and Palmer amaranth canopy, and I is
photosynthetically active radiation below crop and
Palmer amaranth canopy.

Palmer amaranth density, flower initiation, sub-
sequent number of flowering plants, and average
height of all Palmer amaranth plants within the
sampling area were measured every 10 to 15 d,
whereas dry biomass and seed production were
measured at final harvest. All plants in the 1-m2

sampling quadrat were cut at ground level prior to
soybean harvesting and before seeds were shed for
the evaluation of weed dry biomass and seed
production (Figure 2). Harvested plants were
separated by gender, placed in paper bags, and dried
in the greenhouse at 32/25C for 3wk before
threshing. Collected seeds from female plants were
separated from plant tissue using a series of sieves,
with the bracts and other plant debris removed by
gently blowing air over the seeds as they were
transferred between sieves. A minimum of five
subsamples of 100 seeds from each female plant
within each plot were weighed for the determination
of female plant seed production, and the total
number of seeds produced per female plant was
extrapolated for the entire seed sample and expressed
on square-meter basis. Seed-cleaning procedures
were standardized across treatments and years.

The male-to-female sex ratio was calculated from
the actual counts of male and female Palmer
amaranth plants within each sampling quadrat at
approximately 120 DAE, just prior to soybean
harvesting. Palmer amaranth plant gender was
determined based on the inflorescence characteristics
and pollen production.

Life Table and Statistical Analyses. A hierarchical
cluster analysis, using Ward’s minimum variance

method, was performed to categorize Palmer amar-
anth densities into three separate clusters for low,
medium, and high density-clusters. Life table ana-
lyses were employed to investigate the weed
demographics during the experimental season based
on these density-clusters. Hierarchical clustering
is a process that considers each entity as a separate
cluster. At each step, two of the clusters that
are close to each other are merged into a single
cluster. This process continues until only one
cluster that contains the entire data set remains. The
routine will produce a nested hierarchy of n
partitions, where n is the number of entities in
the data set. Partitions represent nonoverlapping
clusters, and once two entities become members of
the same cluster, they are never again partitioned.
This type of clustering is the most appropriate
for small data sets, as in this study (Milligan and
Cooper 1987).

Survivorship and mortality rates for each of the
three Palmer amaranth density-clusters up to 75
DAE were evaluated using life table analysis as
described by Begon et al. (2006) and Preston et al.
(2001). Each of the three Palmer amaranth density-
clusters was considered as a group of individuals all
emerging in the same time period; survivorship and
mortality rates were estimated for each sampling
period (i.e., life stage). Specifically, a cohort-based
life table analysis, as in this work, was calculated by
analyzing the actual mortality of individuals (i.e., the
cohort) from birth to the death of the last member
of the cohort (Begon et al. 2006; Preston et al.
2001). Once the life stages have been defined (i.e.,
sampling occasion in Table 1) and the number of
individuals in each age class has been counted (i.e.,
average population of Palmer amaranth within each
density cohort, denoted as at in Table 1), the values
of other variables such as survivorship and mortality
can be calculated. Survivorship (lt), for example, is a
standardized ratio of the number of individuals at a
given life stage relative to the number of individuals
at t= 0. The first survivorship value entered in
any life table (l0, t = 0) is always 1.0, because
100% of individuals are observed at the first stage
(Table 1).

lti =
ati
at0

[2]

where at is the average number of individuals for
each cohort at each sampling occasion and t is the
stage at each sampling occasion; i is an element of
natural numbers N0= {0, 1, 2, 3…} i.e., i 2 N0.
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Actual mortality (dt) is the reduction in number
of individuals between each sampling occasion,
calculated by subtracting survivorship values:

dti = lti � lti + 1 [3]

where t is the stage at each sampling occasion and
i 2 N0.

Mortality rate (qt), an estimate of mortality intensity
at each sampling occasion, is calculated as follows:

qti =
dti
lti

[4]

where t is the stage at each sampling occasion and
i 2 N0.

An unbalanced one-way ANOVA was used, due
to differences in sample sizes among population
density treatments resulting from cluster analysis, to
analyze Palmer amaranth biological characteristics,
i.e., biomass production, fecundity, and flowering,
using JMP Pro v. 12.0.1 (SAS Institute, Carey, NC)
software. The relationship between light intercep-
tion by the crop and Palmer amaranth canopy and
Palmer amaranth cumulative flowering was deter-
mined by correlation analysis. The measurements of
fractional light interception and corresponding
cumulative flowering from each sampling occasion
and each Palmer amaranth density across the entire
experimental period were used as variables in
correlation analysis. Transformations based on
natural logarithms were conducted to secure
assumptions of normality. SigmaPlot v. 13.0 (Systat

Software, San Jose, CA) was used to fit a three-
parameter sigmoidal model to the cumulative
number of Palmer amaranth flowering plants (based
on initiation of flowering) as they were recorded
through the entire experimental period for each
Palmer amaranth density.

Results and Discussion

Palmer Amaranth Demographics. The resulting
range of Palmer amaranth plants in each cluster were
different between 2014 and 2015 because of higher
precipitation, particularly in the second year
(Figure 1), which necessitated the adoption of a
hierarchical cluster analysis. Based on this analysis
three density-clusters were classified in 2014 with the
high density-cluster having 697 to 927 plants m−2,
the medium having 84 to 252 plants m−2, and the
low having 23 to 66 plants m−2 (Figure 3a). In 2015
the three density-clusters were high with 745 to
1178 plants m−2, medium with 186 to 389 plants m−2,
and low with 29 to 118 plants m−2 (Figure 3b). Life
tables were constructed for each Palmer amaranth
density-cluster, with stages defined as sampling
occasions for each year (Table 1). Life table data can
provide great insight into the demographics of a
population. Quantifying density-specific mortality
rates, for example, enables us to distinguish patterns
and make predictions mostly related with the timing
of implementation measures to control Palmer
amaranth infestations. A large proportion of the

Table 1. Life table analysis for low, medium, and high Palmer amaranth density-clusters up to 75 days after Palmer amaranth
emergence for both 2014 and 2015 experimental periods.a

Sampling occasion Low density-cluster Medium density-cluster High density-cluster

Year DAE at lt dt qt at lt dt qt at lt dt qt

2014 20 51.0 1 0.08 0.08 143.1 1 0.13 0.13 825.4 1 0.28 0.28
30 46.1 0.92 0.16 0.17 125.3 0.87 0.14 0.14 596.2 0.72 0.40 0.55
40 38.2 0.76 0.06 0.08 104.1 0.75 0.11 0.11 265.0 0.32 0.12 0.38
55 35.3 0.70 0.04 0.06 92.7 0.65 0.09 0.09 163.6 0.20 0.04 0.22
65 33.0 0.66 0.12 0.17 84.4 0.59 0.13 0.13 128.0 0.15 0.004 0.023
75 27.2 0.54 73.7 0.50 125.0 0.15

2015 20 78.3 1 0.49 0.49 263.2 1 0.40 0.36 913.8 1 0.30 0.29
30 40.2 0.51 0.38 0.75 168.2 0.60 0.50 0.85 647.0 0.71 0.60 0.83
40 10.0 0.13 0.03 0.25 25.8 0.10 0.04 0.46 111.2 0.12 0.05 0.46
55 7.5 0.09 0.02 0.23 14.0 0.05 0.02 0.34 60.6 0.07 0.025 0.30
65 5.8 0.07 0.02 0.31 9.2 0.04 0.01 0.20 37.4 0.01 0.01 0.24
75 4.0 0.05 7.4 0.03 29.0 0.03

a DAE, days after Palmer amaranth emergence; at, total number of individuals observed each sampling occasion; lt, proportion of
original number of individuals surviving at each sampling occasion (survivorship); dt, proportion of original number of individuals dying
from one to the succeeding sampling occasion (mortality); qt, mortality rate from one to the succeeding sampling occasion.
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Palmer amaranth population did not survive to later
ages, particularly in high density-clusters (Table 1).
The lower survivorship values at later life cycle stages
of high Palmer amaranth density-cluster, for exam-
ple, are indicative of the higher mortality rates this
population exhibited at the earliest life cycle stages
(Figure 4). Survivorship curves have traditionally
been used in plant demography studies, although it
is difficult to discern the pattern of mortality by
examining the changes in the slope of a survival
curve (Carey et al. 1992). Thus, mortality rate was
used to evaluate changes in Palmer amaranth density
for each sampling occasion (Figure 4a and b).

Excluding the adult stage (approx. 120 DAE), when
every individual plant entering is destined to die, the
highest rates of mortality were observed between 30
to 40 DAE in both years (Figure 4a and b). Mortality
rates were increased in higher Palmer amaranth den-
sities, although a secondary peak of mortality rate
occurred for the low Palmer amaranth density at 55 to
65 DAE following a relatively steady population state
between 40 to 55 DAE (Figure 4a and b). Blackman
and Templeman (1938) reported an increased mor-
tality of annual broadleaf species [i.e., wild radish
(Raphanus raphanistrum L.) and wild mustard (Sinapis
arvensis L.)] in spring cereal crops at approximately 65

Figure 3. Palmer amaranth density-clusters for 2014 (a) and 2015 (b) experimental periods as determined by cluster analysis on actual
weed densities at the beginning of the experimental period i.e., 20 d after Palmer amaranth emergence (DAE).
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DAE as the crop canopy was fully developed and light
interception by the crop canopy reached its maximum.

Air temperature in both years was below the
optimal range for maximum photosynthesis

(Figure 5) up to 60 to 65 DAE, which might
partially explain the decrease in Palmer amaranth
density within this time period, as the effects of
competition for light and nutrients on plants with
weaker performance are enhanced. Net photo-
synthetic rate in Palmer amaranth plants grown
outdoors during the summer months in Salt Lake
City, Utah, was found to be temperature dependent
(i.e., optimal range between 35 to 45 C), resulting in
reduced photosynthetic rates of approximately 50%
of the maximum rate at 25 C (Ehleringer 1983). In
addition, there may be mechanisms other than
environmental ones that cause reductions in Palmer
amaranth density, such as those mechanisms that
result in senescence following the developmental
shift to reproduction.

Palmer amaranth density was found to be
negatively correlated with interception of solar
radiation by the soybean and Palmer amaranth
canopies. This trend was observed for all Palmer
amaranth densities, especially the higher density
(Figure 6a and b), in which the correlation

Figure 4. Palmer amaranth mortality rate as estimated by life table
analysis under low, medium, and high Palmer amaranth density-
clusters up to 75 d after Palmer amaranth emergence (DAE)
during 2014 (a) and 2015 (b) experimental periods.

Figure 5. Daily means of air temperature throughout the
experimental period in 2014 and 2015 (data obtained from
www.srh.noaa.gov). Days after Palmer amaranth emergence
(DAE) as an ancillary x-axis scale are shown within figure.

Figure 6. Relationship between high Palmer amaranth density-
cluster and light interception by the soybean and Palmer
amaranth canopies for 2014 (a) and 2015 (b) experimental
periods.
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coefficient was equal to 0.58 and 0.82 for 2014 and
2015, respectively. The correlation coefficient was
0.28 and 0.16 in 2014 and 0.79 and 0.61 in 2015
for medium (N2014 = 35 and N2015 = 30) and low
(N2014 = 40 and N2015 = 60) Palmer amaranth
densities, respectively (unpublished data; N repre-
sents sample size for correlation analysis and not
Palmer amaranth density). Ngouajio and Ernest
(2004) reported a reduction in weed density as light
transmission was decreased by the use of colored
polyethylene mulches. However, the ability of
Palmer amaranth to tolerate growth under low-
light environments through increases of specific leaf
area has been reported (Jha et al. 2008). The results
presented in this work indicate the importance of
light manipulation in reducing the density of Palmer
amaranth. The use of early-maturing cultivars, an
increasingly popular strategy in the midsouthern
United States for avoiding drought and reducing
irrigation cost, planted at higher crop densities for
earlier canopy closure, hence greater light inter-
ception (Seversike and Purcell 2006), is a cultural
method that can reduce Palmer amaranth density
and biomass production (Korres et al. 2015).
Nevertheless, increased soybean seeding rates in
conjunction with appropriate row-width adjust-
ments can make this production system cost
prohibitive for some growers.

The differential response of male and female
plants under different Palmer amaranth densities is
noteworthy (Table 2). Particularly at high density,
the increase of male plants compared with female
plants (i.e., male-to-female ratio> 1) is statistically
different (α = 0.057 and α = 0.05 for 2014 and
2015 experiments, respectively) compared with
medium and low Palmer amaranth densities.

The reverse relationship was observed at the
medium and lower Palmer amaranth densities,
where females dominated (i.e., male-to-female
ratio< 1) (Table 2). This resulted in significantly
different male-to-female ratios between high Palmer
amaranth density-clusters in comparison with med-
ium and low Palmer amaranth density-clusters for

Table 2. Segmentation of Palmer amaranth population prior to soybean harvesting for gender evaluation and male-to-female sex ratio
determination.

Malea Femalea

Year Palmer amaranth density-cluster Plants m − 2 Plants m − 2 SEb M/F ratioc SEd

2014 High 75.8 (4.5) 52.6 (3.9) 7.91 (0.20) 1.3 0.14
Medium 28.8 (3.4) 44.3 (3.8) 7.07 (0.17) 0.7 0.19
Low 11.7 (2.4) 15.9 (2.6) 6.87 (0.16) 0.6 0.18

2015 High 18.9 (2.8) 10.9 (2.4) 3.46 (0.43) 1.9 0.24
Medium 3.0 (1.1) 3.7 (1.5) 2.85 (0.36) 0.8 0.17
Low 2.1 (0.7) 4.2 (1.4) 2.62 (0.34) 0.7 0.17

a Numbers in the parentheses represent the mean of the natural log-transformed male and female Palmer amaranth counts.
b SE of the untransformed and natural log-transformed (in parentheses) of male and female counts (i.e., different sample size with

unequal variances).
c Male-to-female (M/F) ratio was estimated based on the untransformed male and female Palmer amaranth counts.
d SE of the male-to-female sex ratio (i.e., different sample sizes with unequal variances).

Figure 7. Relationship between cumulative number of flowering
plants at high population density and light interception by
crop and Palmer amaranth canopy for 2014 (a) and 2015
(b) experimental periods.
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both experiment years. Male-to-female ratios
between medium and low Palmer amaranth
density-clusters were nonsignificantly different for
both years. The differential occurrence in reproduc-
tion between males and females and the differences
in sex ratios could be due to environmental
requirements that are different for each Palmer
amaranth gender. This could explain the alterations
of Palmer amaranth gender expression at different
densities, namely various regimes of intraspecific
competition. Palmer amaranth female plants under
various nutrient deficiencies and light regimes were
showing a negative energy feedback (i.e., a reversibility
in photosynthetic performance at high light intensities
and in nitrogen- and phosphorus-deficient environ-
ments) despite their ability, compared with male
Palmer amaranth plants, to respond to stressful abiotic
conditions more efficiently (Korres et al. 2017).

Palmer Amaranth Biological Characteristics.
Reproduction is the last stage to consider in demo-
graphic analyses, and a large number of factors affect
this stage (Fox 2007). Fractional light interception
by the soybean and Palmer amaranth canopies was
positively correlated (R2 = 0.53 and 0.60 for 2014
and 2015, respectively) with Palmer amaranth
flowering initiation and cumulative number of
flowering plants (Figure 7a and b). Increases in
fractional light interception caused earlier flowering
initiation and consequent increases in the

cumulative number of Palmer amaranth flowering
plants. This trend was observed for all Palmer
amaranth densities, especially at the highest density
in both experiments (Figure 7a and b). The corre-
lation coefficients for medium and low Palmer
amaranth density-clusters were 0.40 and 0.49 for
2014 and 0.51 and 0.36 for 2015, respectively, and
were lower than those observed under higher Palmer
amaranth densities in both years.

Various factors such as planting date can influence
the phenology of flowering, and therefore the
transition from vegetative to reproductive development
in Palmer amaranth (Keely et al. 1987). Plant density
is also known to affect temporal patterns of flowering
(Lyons and Mully 1992). A sigmoidal model, the
parameters of which are shown in Table 3, was used to
examine the relationship of cumulative flowering to
Palmer amaranth density (Figure 8a and b). Earlier
flowering at the higher Palmer amaranth density was
observed between 30 and 40 DAE for both
experiments (Figure 8a and b) and was10 to 20 d
earlier compared with low Palmer amaranth density.
This may be an example of a trade-off between
reproduction and species survival that could explain
the flowering initiation earlier in the season under high
densities and a more stressed environment. Increases in
light interception by soybean and Palmer amaranth
canopies resulted in significant decrease in Palmer
amaranth population at high density (Figure 6),
whereas they resulted in a significant increase in

Table 3. Coefficients and related statistics of the three-parameter sigmoidal model (Figure 8) fit onto cumulative
number of Palmer amaranth flowering plants for each Palmer amaranth density throughout the experimental period.

Year Density-cluster Model parametersa Coefficient SE t-test P value R2

2014 High α 134.4 4.62 29.1 <0.0001 0.98
b 7.7 0.95 8.16 0.0005
χo 56.2 1.19 47.39 <0.0001

Medium α 86.6 5.36 16.15 <0.0001 0.94
b 8.5 1.65 5.18 0.0035
χo 55.7 2.14 28.03 <0.0001

Low α 30.9 2.60 11.85 <0.0001 0.96
b 9.0 2.45 3.68 0.0142
χo 59.9 3.14 17.72 <0.0001

2015 High α 23.7 0.71 33.4 <0.0001 0.99
b 6.2 0.76 8.16 0.0012
χo 58.3 0.85 68.73 <0.0001

Medium α 6.5 0.066 98.61 <0.0001 0.99
b 5.7 0.27 20.97 <0.0001
χo 56.6 0.28 198.91 <0.0001

Low α 4.1 0.13 31.73 <0.0001 0.99
b 6.7 0.71 9.42 0.0007
χo 66.1 0.84 78.38 <0.0001

a α, upper asymptote; b, inflection point; χo, lower asymptote
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cumulative number of Palmer amaranth flowering
plants per square meter (Figure 7). Reports in the
literature on nonphotoperiodic flowering or stress-
induced flowering (i.e., the tendency to flower under
unsuitable growth conditions) indicate that factors
responsible for stress-induced flowering include,
among others, light stress (i.e., low or high light
intensity) (Takeno 2012). As stated by Adams et al.
(2009), acceleration of flowering under shade could be
another adaptive mechanism by the plants.

Flowering reached a plateau i.e., the entire Palmer
amaranth population was reproductive, between 70
and 80 DAE, particularly at the highest Palmer
amaranth density; whereas a relatively noticeable
increase of cumulative number of Palmer amaranth
flowering plants per square meter was observed beyond
that period for the low density (Figure 8a and b).
Alterations of flowering time in response to population

density at very short time periods after emergence
indicate a level of plasticity in response to intraspecific
competition. This phenological attribute is of great
importance, as selection of earlier-flowering ecotypes is
likely to increase the risk of seed release prior to
soybean harvest with possible evasion of the at-harvest,
nonherbicide weed control strategies, as investigated by
Norsworthy et al. (2016).

Palmer amaranth plants at low density continued
growing after flower initiation up to 55 and 65 DAE
for 2014 and 2015, respectively. Significantly taller
plants (α = 0.05) were observed at the low density
(i.e., 130 and 95 cm in 2014 and 2015, respectively)
compared with plants at the high density (i.e., 100 and
83 cm in 2014 and 2015, respectively) (Figure 9).
This is an indication of an extended vegetative growth
period at lower densities, possibly due to reduced
intraspecific competition and greater resource avail-
ability. The results from this research indicate the
ability of Palmer amaranth to easily adapt to various
pressure regimes, since plants grown under high
density invest in reproductive output earlier than
those grown under less suppressive conditions. The
plasticity of Palmer amaranth definitely deserves
further investigation, since knowledge of the species

Figure 9. Effects of Palmer amaranth density-clusters on plant
height during the growing season for 2014 (top) and 2015
(bottom) experimental periods. Arrows indicate plant height
differences at low Palmer amaranth density compared with those
at higher densities. Vertical bars represent the pooled SEs of
different sample sizes with unequal variances. DAE, days after
Palmer amaranth emergence.

Figure 8. Relationships between Palmer amaranth density-clusters
and cumulative number of flowering plants for 2014 (a) and
2015 (b) experimental periods. Arrows indicate the initiation of
flowering at high Palmer amaranth density. DAE, days after
Palmer amaranth emergence.
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behavioral attributes in the face of the current lack of
simple solutions for management (Strek 2014) could
be invaluable for improving the implementation of
Palmer amaranth control options.

Many studies have shown that high densities
compared with low densities exhibit greater biomass
and seed production per area (Hendrix 1994; Korres
et al. 2015). Similar results were observed in this
study, as the relationship between Palmer amaranth
biomass and seed production per unit area increased
with increases in Palmer amaranth density (Figure
10a and b). Increases in Palmer amaranth biomass
production of 20% and 40% were observed in 2014
at the high density compared with the medium and
low densities, respectively, whereas biomass produc-
tion at high density increased by 60% and 65% in
2015 compared with medium and low densities,
respectively. In addition, seed production per square
meter in 2014 was increased by 30% and 50% at
the high Palmer amaranth density in relation to
medium and low densities, respectively, whereas the

corresponding values for 2015 were 65% and 75%
(Figure 10a and b). Norsworthy et al. (2016)
reported a strong relationship between Palmer
amaranth density and seed production under various
harvest weed seed control techniques aiming to
control glyphosate-resistant Palmer amaranth in
wide-row soybean. Significantly greater biomass
production on a per-plant basis at the low Palmer
amaranth density (unpublished data) was not
adequate to compensate for the production of
biomass and seeds per square meter at higher plant
densities.

Practical Implementations and Future
Research. Increased light interception reduced Pal-
mer amaranth density but promoted earlier flowering
initiation within 30 to 40 DAE. In addition, the highest
mortality was observed within this time period in both
years. If weed control is successful in the first 4 to 5wk
after soybean emergence, seed production from exist-
ing Palmer amaranth plants may be prevented in a

Figure 10. Effects of Palmer amaranth density-clusters on dry matter production and seed production at harvesting in the 2014 (a) and
2015 (b) experimental periods. Vertical bars represent the pooled SEs of different sample sizes with unequal variances.
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wide-row soybean production system. Nevertheless,
late-flowering Palmer amaranth may require additional
weed control measures later in the growing season to
prevent additions to the soil seedbank. The ability of
Palmer amaranth to exhibit flowering-time shifts and
bipolar adaptation strategies requires further investiga-
tion on how these characteristics can optimize the
implementation of Palmer amaranth control strategies.
Male-to-female sex ratio alterations such as those we
observed at high and low Palmer amaranth densities
require further research. Further research is also required
for the determination of factors that could possibly
affect Palmer amaranth sex expression in favor of either
maleness or femaleness, as manipulation of gender
expression could prove to be of great importance in
integrated Palmer amaranth management. Another
interesting question, in conjunction with this research,
is how late Palmer amaranth emergence affects flower-
ing initiation. Clay et al. (2016) reported that the
growth of Palmer amaranth planted over 6-wk intervals
(i.e., early, mid, and late) was unaffected under South
Dakota conditions, and flowering commenced about
the same time for all sowing dates. Finally, development
of Palmer amaranth demographic studies under various
cropping systems would enhance our knowledge on the
biology and phenology of this weed.

Acknowledgments

Funding for this research was provided by the
Arkansas Soybean Research and Promotion Board. We
thank Anita Dille (associate editor) and two anonymous
reviewers whose comments have significantly improved
the outcome of this paper.

Literature Cited
Adams S, Allen T, Whitelam GC (2009) Interaction between the

light quality and flowering time pathways in Arabidopsis. Plant
J 60:257–267

Asiimwe P, Ecaat JS, Otim M, Gerling D, Kyamanywa S,
Legg JP (2007) Life-table analysis of mortality factors affecting
populations of Bemisia tabaci on cassava in Uganda. Entomol
Experim et Applicata 122:37–44

Begon M, Townsend CR, Harper JL (2006) Ecology. From
Individuals to Ecosystems. 4th ed. Oxford, UK: Blackwell.
Pp 89–131

Bellows TS, Driesche RC (1999) Life table construction and
analysis for evaluating biological control agents. Pages 199–
220 in Bellows TS & Fisher TW, eds. Handbook of Biological
Control: Principles and Applications of Biological Control. San
Diego: Academic

Blackman GE, Templeman WG (1938) The nature of competi-
tion between cereal crops and annual weeds. J Agric Sci
28:247–271

Boutin C, Harper JL (1991) A comparative study of the
population dynamics of five species of Veronica in natural
habitats. J Ecol 79:199–221

Bussan AJ, Boerboom CM, Stoltenberg DE (2000) Response of
Setaria faberi demographic processes to herbicide rates. Weed
Sci 48:445–453

Carey JR, Liedo P, Orozco D, Vaupel JW (1992) Slowing
mortality rates at older ages in large Medfly cohorts. Science
258:457–460

Clay SA, Erazo-Barradas M, Van de Stroet B (2016) Palmer
amaranth in South Dakota. Weed Science Society of America,
Annual Meeting. San Juan, Puerto Rico, February 8–11, 2016

Costea M, Weaver SE, Tardif FJ (2005) The biology of invasive
alien plants in Canada. 3. Amaranthus tuberculatus (Moq.)
Sauer var. rudis (Sauer). Can. J. Plant Sci. 85:507–522

Culpepper A, Grey T, Vencill W, Kichler J, Webster T, Brown S,
York A, Davis J, Hanna W (2006) Glyphosate-resistant Palmer
amaranth (Amaranthus palmeri) confirmed in Georgia. Weed
Sci 54:620–626

Ehleringer J (1983) Ecophysiology of Amaranthus palmeri, a
Sonoran Desert summer annual. Oecologia 57:107V112

Fox LR (2007) Climatic and biotic stochasticity: disparate causes
of convergent demographies in rare, sympatric plants. Conserv
Biol 21:1556–1561

Freckleton RP, Stephens PA (2009) Predictive models of weed
population dynamics. Weed Res 49:225–232

Green JM, Owen MDK (2011) Herbicide-resistant crops:
utilities and limitations for herbicide-resistant weed manage-
ment. J Agric Food Chem 59:5819–5829

Hakansson S (1986) Competition between crops and weeds:
influencing factors, experimental methods and research needs.
Pages 49–60 in Proceedings of the European Weed Research
Society Symposium 1986: Economic Weed Control, Paris,
France. Doorwerth, Netherlands: European Weed Research
Society

Heap I (2017) The International Survey of Herbicide Resistant
Weeds. www.weedscience.org. Accessed: January 3, 2017

Hendrix SD (1994) Effects of population size on fertilization,
seed production, and seed predation in two prairie species.
Pages 115–121 in Wickett RG, Dolan-Lewis P, Woodlife A &
Pratt P, eds. Proceedings of the Thirteenth North American
Prairie Conference: Spirit of Land, Our Prairie Legacy.
Windsor, ON: Preney Print & Litho

Holst N, Rasmussen IA, Bastiaans L (2007) Field weed
population dynamics: a review of model approaches and
applications. Weed Res 47:1–14

Hutchings MJ (1997) The structure of plant populations (Pages
325–358 in Crawley MJ, ed. Plant Ecology. Oxford, UK:
Blackwell Scientific

Jha P, Norsworthy JK (2009) Soybean canopy and tillage effects
on emergence of Palmer amaranth (Amaranthus palmeri) from
a natural seed bank. Weed Sci 57:644–651

Jha P, Norsworthy JK, Riley MB, Bielenberg DG, Bridges W
(2008) Acclimation of Palmer amaranth (Amaranthus palmeri)
to shading. Weed Sci 56:729–734

Jhala AJ, Sandell LD, Rana N, Kruger GR, Knezevic SZ
(2014) Confirmation and control of triazine and
4-hydroxyphenylpyruvate dioxygenase-inhibiting herbicide-
resistant Palmer amaranth (Amaranthus palmeri) in Nebraska.
Weed Technol 28:28–38

Kalisz S, Spigler RB, Horvitz CC (2014) In a long-term
experimental demography study, excluding ungulates reversed

502 • Weed Science 65, July–August 2017

https://doi.org/10.1017/wsc.2017.12 Published online by Cambridge University Press

www.weedscience.org
https://doi.org/10.1017/wsc.2017.12


invader’s explosive population growth rate and restored natives.
Proc Nat Acad Sci USA 111:4501–4506

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

Korres NE, Norsworthy JK, FitzSimons T, Roberts TL,
Oosterhuis DM (2017) Differential response of Palmer
amaranth (Amaranthus palmeri) gender to abiotic stress. Weed
Sci 65:213–227

Korres NE, Norsworthy JK, Scott RC (2015) Fall management
practices and herbicide programs for controlling Palmer
amaranth population and seed production in soybean.
Pages 122–125 in Ross JE, ed. Arkansas Soybean Research
Studies 2014. Research Series 631. http://arkansasagnews.uark.
edu/1356.htm. Accessed: January 5, 2017

Korres NE, Norsworthy JK, Tehranchian P, Gitsopoulos TK,
Loka DA, Oosterhuis DM, Moss S, Gealy D, Burgos NR,
Miller R, Palhano M (2016) Cultivars to face climate change
effects on crops and weeds: a review. Agron Sustainable Dev,
36. doi: 10.1007/s13593-016-0350-5

Kropff MJ, Lotz LAP, Weaver SE (1993) Practical applications.
Pages 149–167 in Kropff ML & van Laar HH, eds. Modeling
Crop-Weed Interactions. Wallingford, UK: CABI

Lemen C (1980) Allocation of reproductive effect to the male
and female strategies in wind-pollinated plants. Oecologia
45:156–159

Liu Ti, Song F, Liu S, Zhu X (2012) Light interception and
radiation use efficiency response to narrow-wide row planting
patterns in maize. Aust J Crop Sci 6:506–513

Lyons EE, Mully TW (1992) Density effects on flowering
phenology and mating potential in Nicotiana alata. Oecologia
91:93–100

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

Menalled FD, Liebman M, Buhler D (2004) Impact of
composted swine manure and tillage on common waterhemp
(Amaranthus rudis) competition with soybean. Weed Sci
52:605–613

Milligan GW, Cooper MC (1987) Methodology review:
clustering methods. Appl Psychol Meas 11:329–354

Molin WT, Nandula VK, Wright AA, Bond JA (2016) Transfer
and expression of ALS inhibitor resistance from Palmer
amaranth (Amaranthus palmeri) to an A. spinosus × A.
palmeri hybrid. Weed Sci 64:240–247

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

Neve P, Norsworthy JK, Smith KL, Zelaya IA (2011) Modelling
evolution and management of glyphosate resistance in
Amaranthus palmeri. Weed Res 51:99–112

Ngouajio M, Ernest J (2004) Light transmission through colored
polyethylene mulches affects weed populations. HortScience
39:1302–1304

Norsworthy JK, Jha P, Bridges W Jr (2007) Sicklepod survival
and fecundity in wide- and narrow-row glyphosate-resistant
soybean (Glycine max). Weed Sci 55:252–259

Norsworthy JK, Korres NE, Walsh MJ, Powles SB (2016)
Integrating herbicide programs with harvest weed seed control
and other fall management practices for the control of
glyphosate-resistant Palmer amaranth (Amaranthus palmeri).
Weed Sci 64:240–250

Preston SH, Heuveline P, Guillot M (2001) Demography:
Measuring and Modeling Population Processes. Oxford, UK:
Blackwell. Pp 38–69

Puricelli E, Orioli G, Sabbatini MR (2002) Demography of
Anoda cristata in wide- and narrow-row soybean. Weed Res
42:456–463

Riar DS, Norworthy JK, Steckel LE, Stephenson DO, Eubank TW,
Scott RC (2013) Assessment of weed management practices and
problem weeds in the midsouth United States—soybean: a
consultant’s perspective. Weed Technol 27:612–622

Roach DA (2003) Evolutionary and demographic approaches to the
study of whole plant senescence. Pages 331–348 in Nooden LD,
ed. Cell Death in Plants. San Diego: Elsevier Academic

Salguero-Gomez R, de Kroon H (2010) Matrix projection
models meet variation in the real world. J Ecol 98:250–254

Saska P, Skuhrovec J, Lukas J, Chi H, Tuan SJ, Honek A (2016)
Treatment by glyphosate-based herbicide alters life history
parameters of the rose-grain aphid Metopolophium dirhodum.
Sci Rep 6:27801

Seversike TM, Purcell LC (2006) Multifoliate soybean: breeding
and management strategies for ultra-early production systems
in Arkansas. Page 4 in Arkansas Crop Protection Association.
Abstracts Research Conference. Volume 10. Clarion Inn,
Fayetteville, Arkansas, November 27–28, 2006

Strek HJ (2014) Herbicide resistance. What have we learned
from other disciplines? J Chem Biol 7:129–132

Takeno K (2012) Stress induced flowering. Pages 331–345 in
Ahmad P & Prasad MNV, eds. Abiotic Stress Responses in
Plants: Metabolism, Productivity and Sustainability. London,
UK: Springer Science + Business Media

Webster TM, Nichols RL (2012) Changes in the prevalence of
weed species in the major agronomic crops of the Southern
United States: 1994/1995 to 2008/2009. Weed Sci 60:145–157

Werner PA, Caswell H (1977) Population growth rates and age
versus stage-distribution models for teasel (Dispacus
sylvestris Huds.). Ecology 58:1103–1111

White J (1980) Demographic factors in populations of plants.
Pages 21–45 in Solbrig OT, ed. Demography and Evolution in
Plant Populations. Botanical Monographs 15. Berkeley:
University of California Press/Blackwell Scientific

Received November 9, 2016, and approved March 15,
2017.

Associate Editor for this paper: J. Anita Dille, Kansas State
University.

Korres and Norsworthy: Palmer amaranth demography, biology • 503

https://doi.org/10.1017/wsc.2017.12 Published online by Cambridge University Press

http://arkansasagnews.uark.edu/1356.htm
http://arkansasagnews.uark.edu/1356.htm
https://doi.org/10.1017/wsc.2017.12

	Palmer Amaranth (Amaranthus palmeri) Demographic and Biological Characteristics in Wide-Row Soybean
	Materials and Methods
	Experiment Establishment
	Sampling and Data Measurements

	Figure 1Monthly precipitation during the experimental period and 30-yr average rainfall in Fayetteville, AR (data obtained from www.srh.noaa.gov).
	Figure 2Palmer amaranth life cycle stages in relation to the stages and transitions under investigation in this research.
	Life Table and Statistical Analyses

	Results and Discussion
	Palmer Amaranth Demographics

	Table 1Life table analysis for low, medium, and high Palmer amaranth density-clusters up to 75�days after Palmer amaranth emergence for both 2014 and 2015 experimental periods.a
	Figure 3Palmer amaranth density-clusters for 2014 (a) and 2015 (b) experimental periods as determined by cluster analysis on actual weed densities at the beginning of the experimental period i.�e., 20 d after Palmer amaranth emergence�(DAE).
	Figure 4Palmer amaranth mortality rate as estimated by life table analysis under low, medium, and high Palmer amaranth density-clusters up to 75 d after Palmer amaranth emergence (DAE) during 2014 (a) and 2015 (b) experimental periods.
	Figure 5Daily means of air temperature throughout the experimental period in 2014 and 2015 (data obtained from www.srh.noaa.gov).
	Figure 6Relationship between high Palmer amaranth density-cluster and light interception by the soybean and Palmer amaranth canopies for 2014 (a) and 2015 (b) experimental periods.
	Table 2Segmentation of Palmer amaranth population prior to soybean harvesting for gender evaluation and male-to-female sex ratio determination.
	Figure 7Relationship between cumulative number of flowering plants at high population density and light interception by crop and Palmer amaranth canopy for 2014 (a) and 2015 (b) experimental periods.
	Palmer Amaranth Biological Characteristics

	Table 3Coefficients and related statistics of the three-parameter sigmoidal model (Figure�8) fit onto cumulative number of Palmer amaranth flowering plants for each Palmer amaranth density throughout the experimental period.
	Figure 9Effects of Palmer amaranth density-clusters on plant height during the growing season for 2014 (top) and 2015  (bottom) experimental periods.
	Figure 8Relationships between Palmer amaranth density-clusters and cumulative number of flowering plants for 2014 (a) and 2015 (b) experimental periods.
	Practical Implementations and Future Research

	Figure 10Effects of Palmer amaranth density-clusters on dry matter production and seed production at harvesting in the 2014 (a) and 2015 (b) experimental periods.
	Acknowledgments
	ACKNOWLEDGEMENTS
	Literature Cited


