& frontiers | Frontiers in

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Caleb Squires,
Corteva Agriscience, United States

REVIEWED BY
Aritz Royo-Esnal,
Universitat de Lleida, Spain
Alessandra Carrubba,
Universita di Palermo, Italy
Panagiotis Kanatas,
University of Patras, Greece

*CORRESPONDENCE
Rodrigo Werle
rwerle@wisc.edu

SPECIALTY SECTION
This article was submitted to
Weed Management,

a section of the journal
Frontiers in Agronomy

RECEIVED 05 September 2022
accepTeD 15 November 2022
PUBLISHED 07 December 2022

CITATION
Arsenijevic N, DeWerff R, Conley S,
Ruark MD and Werle R (2022) Growth
and development of multiple
waterhemp (Amaranthus tuberculatus)
cohorts in corn and soybeans.

Front. Agron. 4:1037483.

doi: 10.3389/fagro.2022.1037483

COPYRIGHT
© 2022 Arsenijevic, DeWerff, Conley,
Ruark and Werle. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Agronomy

TYPE Original Research
PUBLISHED 07 December 2022
D01 10.3389/fagro.2022.1037483

Growth and development of
multiple waterhemp
(Amaranthus tuberculatus)
cohorts in corn and soybeans

Nikola Arsenijevic', Ryan DeWerff*, Shawn Conley,
Matthew Dwain Ruark? and Rodrigo Werle™

‘Department of Agronomy, University of Wisconsin-Madison, Madison, WI, United States,
2Department of Soil Science, University of Wisconsin-Madison, Madison, WI, United States

Waterhemp is a troublesome weed species in cropping systems throughout
Wisconsin and much of the US Midwest. Coupled with extended emergence
window, rapid growth, high genetic diversity, and herbicide resistance to
multiple sites of action, waterhemp represents a major challenge for
chemical-based weed control. The objective of this experiment was to
evaluate the impact of soybean and corn canopy on growth and
development of multiple waterhemp cohorts in 2019 and 2020. Treatments
consisted of narrow- (38 cm row spacing) and wide-row (76 cm row spacing)
soybeans, corn (76 cm row spacing), and fallow (no crop), with 6 waterhemp
transplant timings (cohorts) in 2019 and 2020, respectively. Waterhemp
seedlings grown in the greenhouse were transplanted at the 2-3 true leaves
growth stage to the field at 10-day increments throughout the typical
waterhemp emergence season for Wisconsin (June-July). Waterhemp plants
were measured for height and harvested for biomass when they reached the
flowering stage. The number of days from the first transplant timing to result in
50% and 90% biomass and height reduction (EDsg and EDgp) of subsequent
waterhemp cohorts were estimated and used as indicators of weed
suppression ability by the respective crop. Narrow-row soybeans required
fewer days to suppress 50% growth of new waterhemp cohorts followed by
corn, wide row soybeans, and fallow, respectively (4, 6, 9, and 14 d for 50%
biomass reduction, and 10, 14, 18, and 42 d for 50% height reduction,
respectively). Similarly, narrow-row soybeans required fewer days to
suppress 90% biomass of waternemp, followed by corn, wide-row soybeans,
and fallow (11, 15, 18, and 78 d, respectively). Conversely, narrow and wide-row
soybeans required fewer days to suppress 90% height of new waterhemp
cohorts followed by corn and fallow (20, 26, 43, and 85 d, respectively). Rapid
soybean canopy closure (e.g., planting soybeans earlier and in narrow row-
spacing) combined with other integrated weed management practices have
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the potential to reduce reliance on POST herbicide application and mitigate
herbicide resistance evolution. In corn, mid- to late-season monitoring and
management of later emerging waterhemp cohorts is recommended due to
longer time required to reach 90% waterhemp growth suppression.

KEYWORDS

integrated weed management, row spacing, cultural weed control, weed suppression,

weed biology

Introduction

In most developed regions of the world, herbicides are
already used as the primary mean of weed control in cropping
systems, while in developing regions, population migration from
rural to urban areas is reducing labor availability for hand-
weeding and other labor-intensive activities as means of weed
control, leading to a higher reliance on chemical weed control
(Gianessi, 2013). Herbicide resistance is the consequence of high
reliance on chemical weed control whereas 513 unique cases of
herbicide resistance have been documented globally (Heap,
2022). In the United States, the introduction of glyphosate-
resistant (GR) soybean, cotton, and corn in 1996, 1997, and
1998, respectively, revolutionized POST-emergence weed
control in these crops reducing overall chemical costs, reliance
on tillage, and labor requirements given glyphosate’s broad-
spectrum efficacy (Johnson et al., 2000; Reddy and Whiting,
2000; Bradley et al., 2004). The high reliance on glyphosate has
however resulted in widespread selection and occurrence of
glyphosate-resistant weeds (Powles, 2008; Givens et al., 2009;
Duke, 2015), with 55 glyphosate-resistant species reported
globally, 17 in the United States (Heap, 2022).

Waterhemp (Amaranthus tuberculatus Mogq.) is a C,4
summer annual species in the pigweed (Amaranthaceae)
family highly adapted to current corn and soybean cropping
systems due to extended emergence window (mid-May to mid-
July), fast growth, acclimation to adverse conditions such as
shading and drought, and high seed production (Keeley et al,
1987; Horak and Loughin, 2000; Sellers et al., 2003; Jha and
Norsworthy, 2009; Jha et al., 2009; Werle et al.,, 2014).
Waterhemp is ranked as one of the most troublesome weeds
in corn and soybean production in the Midwest (Van Wychen,
2019). In Wisconsin, waterhemp has been documented in 61 of
72 counties (Zimbric et al., 2018) whereas the first glyphosate
resistance case was confirmed in 2013 by Butts and Davis (2015).
To confront herbicide resistance, integrated weed management
(IWM) with the emphasis on systematically applied weed
control measures including cultural, genetic, mechanical,
biological, and chemical tactics need to be restored, with the
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aim to reduce weed-crop interference and weed fecundity, while
favoring crop yield potential and profit (Shaw, 1982; Walker and
Buchanan, 1982; Regnier and Janke, 1990; Swanton and Weise,
1991; Swanton and Murphy, 1996; Liebman and Staver 2001;
Blackshaw et al., 2008; Butts et al., 2016).

Soybean [(Glycine max (L.) Merr] and corn (Zea mays L.)
are globally important crops and key components of annual
cropping system rotations in the United States, accounting for
33.9 and 37.2 million planted crop ha in 2020, respectively
(USDA-NASS, 2020). Approximately 830 thousand and 1.6
million ha of soybean and corn, respectively, were planted in
Wisconsin in 2020 (USDA-NASS, 2020) and are commonly
rotated every growing season (Stanger and Lauer, 2008).
Soybean is not a strong competitor during the early
developmental stages (Jannink et al., 2000), and unlike corn,
has limited effective POST-emergence chemical weed control
options (Lingenfelter and Wallace, 2021). In response to the
occurrence of herbicide-resistant weeds, PRE-emergence
herbicides with soil residual activity are once again being
commonly used due to limited options of POST chemical
control, and their integration is an effective strategy for the
management of herbicide-resistant weeds (Norsworthy et al,
2012; Ribeiro et al., 2021). However, herbicides with soil residual
activity applied PRE (e.g., at crop planting) may not have
sufficient residual efficacy to control later-emerging cohorts of
weeds such as waterhemp throughout the growing season
(Hager et al,, 2002), which in many cases requires subsequent
applications of POST herbicides and/or other means for season-
long weed control. Earlier canopy closure can limit the amount
of light reaching the soil surface, thus, impacting weed seed
germination, establishment, and growth (Norsworthy and
Oliveira, 2007; Sanyal et al., 2008; Oliveira et al., 2022). In
general, soybean is a poor competitor during earlier stages of
development, however, earlier planting and narrow row spacing
can contribute to its competitiveness with weeds (Legere and
Schreiber, 1989; Klingaman and Oliver, 1994). Narrow-row
spacing in the soybean cropping system can increase the crop
competitiveness against late-emerging weeds. Soybean canopy
closure is faster in 19- to 38 cm soybean in comparison to wide-
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spaced (76 cm) soybean, resulting in lower radiation transmitted
through the canopy and partially contributing to greater
competitiveness over weeds in narrow- versus wide-spaced
soybeans (Mulugeta and Boerboom, 2000; Puricelli et al., 2003;
Steckel and Sprague, 2004; Arsenijevic et al., 2022). The
advantage of narrow-spaced soybean was demonstrated by
Butts et al. (2016), indicating a reduction in waterhemp
growth and fecundity under such crop management practice.
Furthermore, previous research has reported the impact of corn
on waterhemp growth and fecundity, where waterhemp
biomass, survival, and fecundity was significantly reduced with
delayed emergence relative to corn, but weeds emerging at or
before the V5 corn growth stage could still contribute
significantly to the seed bank (Nordby and Hartzler, 2004).
The weed suppression potential of the cultivated crops
themselves is often overlooked. The alarming rate of herbicide
resistance evolution in the past decade and shortage of new
chemistry (Heap, 2022) warrant investigation of other weed
management practices, including cultural weed control
through rapid crop canopy closure. Such results can be
beneficial in developing and enhancing the ITWM
recommendations for controlling and/or suppressing
waterhemp and other troublesome weed species by creating
an environment unsuitable for their growth and
reproduction. Therefore, the objective of this experiment
was to determine the impact of narrow-spaced (38 cm row
spacing) soybean, wide-spaced (76 cm) soybean, and corn
(76 cm) on the growth and development of multiple
waterhemp cohorts throughout the growing season. We
hypothesized that narrow-spaced soybeans and corn would

10.3389/fagro.2022.1037483

be more effective at suppressing waterhemp biomass and
height than wide-spaced soybean.

Materials and methods
Experimental site description

A field experiment was conducted in 2019 and 2020 at the
University of Wisconsin-Madison Arlington Agricultural
Research Station (AARS) near Arlington, WI (43.3097° N,
89.3458° W). The experiment was conducted as a 4x5 factorial
in 2019 and as a 4x6 factorial in 2020 with treatments consisting of
4 crop treatments (38 cm row spacing soybean [“narrow rows”],
76 cm row spacing soybean [“wide rows”], 76 cm row spacing
corn, and no crop [“fallow”]) and 5 (2019) and 6 (2020)
waterhemp transplant timings (simulated cohorts). The
experiment was established in a split-plot design employed in a
randomized complete block design (RCBD) with four replications
(Figure 1). Crops were considered as the whole-plot level, whereas
the waterhemp transplant timings (simulated cohorts) were
considered as the split-plot level (defined as “segment” later).
Each whole-plot was 6 m wide and 12.2 m long. The experiment
area was chisel plowed before the crops were planted and sprayed
with glyphosate (glyphosate 863 gae ha™, Roundup® PowerMAX,
Bayer AG, Leverkusen, Germany; + ammonium-sulfate 1,430 g
ha™') 14 days later to eliminate emerged weeds before the first
waterhemp transplant timing. Complete soil and crop
establishment information within each year is available in
Table 1. Weather information is presented in Table 2.

FIGURE 1
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Example illustrating placement of transplanted waterhemp seedlings in fallow, narrow and wide soybean, and corn in the randomized
experimental block. Numbers starting from 1 to 6 represent respective transplant timings. Transplanted waterhemp seedlings and their
placement inside the crop rows are presented as red circles. Green dashed lines illustrate soybean rows (narrow [38 cm] and wide [76 cm]) and

corn (76 cm).
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TABLE 1 Soil characteristics, crop management, and waterhemp transplant timings for the field experiments in 2019 and 2020 at Arlington,

Wisconsin.

Year Soil pH Organic matter
— 0% —

2019 6.9 4.8

2020 5.6 32

Transplant timing Waterhemp transplanting

2019

1 June 14
June 24
July 4
July 14
July 24

AN R W N

“In parentheses: (% clay:silt:sand) soil texture ratio.

Soil texture® Crop planting®

Silt loam (26:59:16)
Silt loam (23:68:9)

May 23
May 22

2020

——— date ——-

June 9
June 19
June 29
July 9
July 19
July 29

®In 2019 and 2020 soybean variety AG24X7 (seed treatment; Acceleron® Seed Applied Solutions Elite with NemaStrikeTM Technology, Asgrow Seed Co. LLC, Creve Coeur, MO) was
planted at 360,000 seeds ha'ata depth of 3.8 cm. In 2019 corn variety P9998AMXT (Pioneer Hi-Bred International, Inc. Johnston, IA, USA) was planted, whereas in 2020 corn variety
NK9535-3220-EZ1 (Syngenta Group, Basel, Switzerland) was used. The seeding rate for corn was 80,300 seeds ha ' at a depth of 5 cm. Corn treatments received urea (N; 46-0-0) at a rate of

365 kg ha™™

TABLE 2 Monthly average air and soil temperature, and precipitation for the experimental site at Arlington, Wisconsin, and greenhouse air

temperatures during the 2019 and 2020 growing seasons.?®.

Air temperature Soil temperature Precipitation
2019 2020 30-yr 2019 2020 2019 2020 30-yr
°C mm

April 75 5.8 7.4 8.5 8.6 77 37 111
May 12.6 12.9 14.1 16.4 154 172 113 118
Jun 185 20.1 19.5 234 23.7 141 110 119
Jul 227 223 21.6 27.7 26.9 118 142 148
Aug 189 19.7 20.5 26.1 247 153 97 114
Sep 17.5 14.3 16.2 207 208 146 76 94
Oct 7.2 8.2 9.2 162 13.9 158 21 80

“Air, soil and rainfall data obtained from Enviro-weather station (Michigan State University, East Lansing, MI, USA) located at Arlington Agricultural Research Station.
©30-year air temperature and precipitation averages for period from 1988 - 2018 obtained in R statistical software (version 4.0.1) using daily Daymet weather data for 1 km grids (Thornton

et al., 2016; Correndo et al, 2021) (“daymetr” package).
Waterhemp cohorts

Waterhemp seedlings were grown in the greenhouse before
each transplant timing. Transplanted waterhemp seedlings were
used in this experiment for two main reasons: i) waterhemp
seeds were not present in the soil seedbank at AARS where this
experiment was conducted, and ii) by transplanting we were able
to successfully establish and monitor the growth and
development of multiple waterhemp cohorts. The waterhemp
accession used in this experiment was collected near Fond du
Lac, WI (43.7146 N, 88.5170° W) in the fall of 2018. Seed
samples were threshed, cleaned through an air column, and cold
stratified to improve seed germination. For the cold stratification
procedure, all seeds were placed in a glass container with a thin
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layer of water, allowing seeds to float, and stored in a refrigerator
(dark conditions) at 5 C for 2 weeks. After stratification,
waterhemp seeds were washed with distilled water using a soil
sieve and dried on paper towels at room temperature for 24 h
(adapted from Kohlhase et al., 2018). Waterhemp seeds were
placed in plastic bags and kept in storage at 5 C until use.
Waterhemp seeds were planted in 30 x 60 cm plastic trays, filled
with potting mix (Promix® HP Mycorrhizae, Premier Tech
Horticulture, Delson, QC, Canada). Waterhemp seedlings were
supplied with adequate water and kept under greenhouse
conditions at 28/20 C day/night temperature. Artificial lighting
was provided using metal halide lamps (600 mmol m™ s™) to
ensure a 15-hour photoperiod. Waterhemp seedlings at the 2-3
leaf growth stage were transplanted to cell insert containers (6 x
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6 cm, 1 cell; 196 cm’3) which were then transplanted in the field
the next day. Transplanting of waterhemp seedlings in the field
started mid-June (typical period of active waterhemp emergence
in Wisconsin in fields treated with a PRE-emergence herbicide;
Striegel et al., 2021) when soybeans reached V2-V3 and corn was
in a V3-V4 growth stage (Table 1). Transplant timings that
followed were 10-days apart, with a total of 5 (2019) and 6
transplant timings (2020) (Table 1). Whole-plots for each crop
(6 m wide x 12.2 m long) were divided into six segments (3 x
3 m), each segment designated for a different transplant timing.
Four waterhemp seedlings spaced 40 cm apart in a row were
transplanted in each segment. For wide rows soybean and corn
(76 cm row spacing), seedlings were transplanted between the
2™ and 3™ rows of each segment, while for narrow rows
soybean, seedlings were placed between 3™ and 4™ rows
(Figure 1). Seedlings transplanted in the fallow treatment were
placed in the center of the respective segment. The study area
was kept free of other weeds throughout the season by weekly
hoeing. Newly transplanted waterhemp seedlings were watered
for 3 days to ensure acclimation to field conditions. A total of 64
waterhemp seedlings were transplanted in the field per
transplant timing (4 crops x 4 whole plots x 4 seedlings/
segment/whole plot) similar to the methodology by Uscanga-
Mortera et al. (2007).

Data collection

The field experiment was visited at least 3 times per week
during the growing season to monitor the growth and

10.3389/fagro.2022.1037483

development of waterhemp plants; individual waterhemp
plants that reached the reproductive stage were immediately
harvested. Waterhemp harvest occurred at flowering to avoid
seed set at AARS; moreover, maximum height and biomass
accumulation was expected at this developmental stage. Similar
methodology was adopted by Oliveira et al., 2022. At harvest
time of each waterhemp plant, the day of year, treatment
(segment [transplant timing] and whole-plot [crop]), plant sex,
and height (from ground level to the top of the inflorescence)
were recorded. Harvested waterhemp plants were dried in the
oven at 45 ° C until constant weight for biomass estimation.

Statistical analyses

All statistical analyses were conducted in R statistical
software 4.0.1 (R Foundation for Statistical Computing,
Vienna, Austria). Waterhemp biomass and height reduction
were used to estimate the impact of crops on waterhemp
growth and development as:

1—5*100
T

where biomass or height reduction of each waterhemp plant

R =

(R) growing within a specific crop was estimated by comparing
its biomass or height (7) to the average biomass or height of
waterhemp plants from the first transplant timing within that
crop (F). A 3-parameter Weibull 2 model was fit to waterhemp
biomass (Figure 2) and height (Figure 3) reduction data (%;
response variable) pooled across years (2019-2020) regressed on

weight_g
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FIGURE 2

Nonlinear regression 3-parameter Weibull 2 models depicting reduction of waterhemp biomass for 38 (narrow) and 76 (wide) cm row spacing
soybeans, corn (76 cm row spacing), and fallow treatment. Data lines represent the best model fit for cumulative waterhemp biomass regressed
on the days from the first transplant timing. Waterhemp transplanting started on June 14 in 2019, and June 9 in 2020.
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FIGURE 3

Nonlinear regression 3-parameter Weibull 2 models depicting reduction of waterhemp height for 38 (narrow) and 76 (wide) cm row spacing
soybeans, corn (76 cm row spacing), and fallow treatment. Data lines represent the best model fit for cumulative waterhemp height regressed
on the days from the first transplant timing. Waterhemp transplanting started on June 14 in 2019, and June 9 in 2020.

the day from the first waterhemp transplant timing (explanatory
variable) for each crop using the “drc” package in R:

y = ¢ + d - o exp (—exp (bllog(x)—e)))

where y is the waterhemp height or biomass reduction (%), ¢
is the lower limit (fixed at 0%), d is the upper limit (fixed at
100%), b is the slope, x is the number of days from the first
waterhemp transplant timing, and e is the inflection point (Ritz
and Strebig, 2016). Dsg and Doy were estimated using the ED
function in R and represent the number of days from the first

transplant timing for the crop to reduce the biomass or height of
a newly waterhemp cohort by 50% and 90%, respectively.

Results

Average waterhemp biomass (g plant™) and height (cm
plant™) used to estimate biomass and height reduction over
time are presented in Tables 3, 4. The average data are
reported herein to support researchers conducting future

TABLE 3 The average biomass (g plant™) of harvested waterhemp plants per each crop and transplant timing in 2019 and 2020, respectively.?.

Crop
1 2 3

Corn 144 (£ 1.2) 0.78 (£ 0.2) 0.36 (+ 0.3)
Narrow 9.15 (+ 0.93) 04 (+0.2) 0.01 (+0)
Wide 204 (£ 5.7) 8.7 (£ 4.9) 0.03 (+ 0.01)
Fallow 137.9 (+ 39.2) 79.6 (10.3) 72.8 (+3.8)
Corn 145 (£ 2.1) 62 (£ 1.1) 1.9 (£ 07)
Narrow 263 (£ 7.8) 546 (+1.2) 0.08 (+ 0.02)
Wide 54.7 (+ 9.6) 29.5 (£ 3.2) 34 (£03)
Fallow 470.2 (& 165.5) 213.1 (¢ 41.9) 194.2 (+ 70.1)

Waterhemp transplant timing

4 5 6
2019
g plant™
0.013 (+ 0.002) 0.01 (+ 0.001) -
0.001 (+0.001) 0 (+0) -
0.004 (+ 0.001) 0 (+0) -
69.7 (+ 2.7) 305 (x1.2) -
2020
g plant™!
0.44 (+ 0.08) 0.06 (£ 0.01) 0.05 (+ 0.004)
0.01 (+ 0.01) 0 (+0) 0 (+0)
0.01 (£ 0.01) 0 (x0) 0 (0)
160.7 (+ 55.3) 79.1 (£ 18.5) 25.4 (+ 6.76)

“Information in parentheses refers to the standard errors of average biomass of harvested waterhemp plants. Waterhemp transplanting started on June 14 and 9 in 2019 and 2020, respectively.
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TABLE 4

Crop

1 2 3
Corn 125.4 (+ 9.6) 444 (+ 3.9) 284 (+ 7.9)
Narrow 83.2 (+ 84) 349 (£ 5.3) 9.75 (+ 0.5)
Wide 121.7 (+ 12.6) 75.1 (£ 9.9) 13.4 (+ 0.3)
Fallow 125.56 (+ 16.9) 144 (+ 8.5) 97.6 (+ 5.1)
Corn 105.4 (+9.3) 91.6 (+ 8.5) 62.4 (+10.9)
Narrow 138.7 (+ 12.1) 95.2 (+ 4.9) 132 (£ 0.7)
Wide 149.2 (+ 15.0) 124.1 (+ 29.6) 81.2 (£ 11.6)
Fallow 1513 (+ 11.6) 140.9 (+ 8.3) 122.8 (+ 19.4)

10.3389/fagro.2022.1037483

The average height (cm plant™) of harvested waterhemp plants per each crop and transplant timing in 2019 and 2020, respectively.’.

Waterhemp transplant timing

4 5 6
2019
cm plant™
11.3 (£ 0.7) 8 (£0.7) -
1.1 (£ 0.6) 0(+0) -
34 (£ 14) 0 (+0) -
69.5 (+ 1.8) 51.6 (+ 1.4) -
2020
cm plant™
32.8 (+1.7) 125 (£ 1.9) 10.8 (£ 0.5)
4.8 (+ 1.6) 0(x0) 0 (+0)
44 (£28) 0(x0) 0(+0)

1216 (+ 24.2) 95.9 (+ 10.2) 68.3 (+ 9.0)

“Information in parentheses refers to the standard errors of height of harvested waterhemp plants. Waterhemp transplanting started on June 14 and 9 in 2019 and 2020, respectively.

modeling work. Overall, waterhemp biomass and height reduced
with later establishment time. As anticipated, the crops (corn
and soybean) had a major impact on waterhemp growth whereas
the fallow treatment had the heaviest and tallest plants within
each transplant timing. Although similar in height, waterhemp
plants in the fallow treatment were >6X heavier than plants
growing in the corn and soybean treatments in the earliest
transplant timing (transplant timing 1). Regarding the last
transplant timings (transplant timings 5 and 6), waterhemp
plants in the fallow treatment were >500X heavier and >6X
taller than plants growing in the corn. No waterhemp plant
survived and produced biomass in the last transplant timing in
both soybean treatments.

According to the biomass reduction model (Table 5),
narrow-row soybeans required fewer days to suppress 50%
biomass of new waterhemp cohorts followed by corn, wide
row soybeans, and fallow, respectively (4, 6, 9, and 14 d,
respectively), and 10, 14, 18, and 42 d for 50% height
reduction of waterhemp (Table 6). Similarly, narrow-row
soybeans required fewer days to suppress 90% biomass of

waterhemp, followed by corn, wide-row soybeans, and fallow
(11, 15, 18, and 78 d, respectively). Conversely, narrow and
wide-row soybeans required fewer days to suppress 90% height
of new waterhemp cohorts followed by corn and fallow (20, 26,
43, and 85 d, respectively).

Discussion

Light is an essential component of photosynthesis and plays
a major role in the growth and competitive ability of plants
(Holt, 1995). Waterhemp is a light-sensitive C, plant, and under
an environment with high irradiation, it is extremely
photosynthetically efficient (Pearcy and Ehleringer, 1984).
Waterhemp cohorts that emerge later in the season will be
naturally smaller and produce lower biomass due to shorter
daylight (Khan et al, 2021). Similarly, Oliveira et al. (2022)
reported that later emerging cohorts of another troublesome
Amaranthus species, Palmer amaranth (Amaranthus palmeri),
accumulated lower biomass and flowered faster. Combining this

TABLE 5 Predicted days (Dsg. Do) after the first waterhemp transplant timing required to reach 50 and 90% biomass reduction of waterhemp for

each crop, respectively.?®.

Crop

b e
Corn 1.11 (+ 0.31) 7.60 (+ 1.25)
Narrow soybean 0.96 (+ 0.21) 4.58 (+ 1.09)
Wide soybean 2.15 (+ 0.80) 11.54 (+ 0.91)

Fallow 0.77 (+ 0.14) 2459 (+ 2.73)

“Crop row spacing; narrow soybean — 38 cm; wide soybean — 76 cmj; corn — 76 cm;

Time to 50 and 90% of waterhemp biomass reduction

Dso

days
6 (4-8) 15 (9-21)
4 (2-5) 11 (6-15)
9 (7-12) 18 (11-25)
14 (10-19) 78 (41-115)

"Nonlinear regression 3-parameter Weibull 2 model parameter estimates; b - slope, e - inflection point, standard errors are displayed in parentheses. Lower and upper limits of 95%

confidence intervals for D5, and Dy, are presented in parentheses.
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TABLE 6 Predicted days (Dso; Dgo) after the first waterhemp transplant timing required to reach 50 and 90% height reduction of waterhemp for

each crop, respectively.?®.

Crop

b e
Corn 1.09 (+ 0.19) 20.17 (+ 1.74)
Narrow soybean 1.89 (+ 0.44) 13.17 (+ 1.01)
Wide soybean 3.34 (+ 0.85) 20.23 (+ 0.93)
Fallow 1.74 (£ 0.35) 52.74 (¢ 5.26)

aCrop row spacing; narrow soybean — 38 cm; wide soybean — 76 cm; corn — 76 cm;

Time to 50 and 90% of waterhemp height reduction

Dso

days
14 (11-18) 43 (31-55)
10 (9-13) 20 (15-26)
18 (16-20) 26 (22-30)
42 (36-49) 85 (54-116)

Nonlinear regression 3-parameter Weibull 2 model parameter estimates; b - slope, e - inflection point, standard errors are displayed in parentheses. Lower and upper limits of 95%

confidence intervals for D5, and Dy, are presented in parentheses.

knowledge in tandem with the competitive ability of the
cultivated crop can hinder the growth of waterhemp. The
predicted days required for biomass and height reduction of
waterhemp were the highest in the fallow treatment due to
transplanted waterhemp seedlings being able to grow in a non-
competitive environment, where daylength was the contributing
factor for plant growth and the initiation of flowering. This is
further supported by the higher mean dry waterhemp biomass
and height for the fallow treatment, when compared to
treatments where a crop was established (Tables 3, 4).
Knezevic et al. (2003) indicated that reduction in the soybean
row spacing (< 76 cm) improves early-season crop tolerance to
weeds, delays the critical time for weed removal, and requires a
less intensive weed management program than wide-spaced
soybean. Furthermore, the early impact of corn on waterhemp
growth and development has been reported by Nordby and
Hartzler (2004); however, they indicated that later emerging
waterhemp plants in the corn were able to produce seed and
could contribute significantly to the weed seed bank.
Narrow-row soybeans required fewer days (e.g., were more
effective at suppressing) to reduce biomass and height of new
waterhemp cohorts by 50% followed by corn and wide-row
soybeans, respectively (Tables 5 6). In contrast, fewer days to
reduce growth of new waterhemp cohorts by 90% were required
in both soybean row spacing treatments compared to corn
(Table 6). There was a 17- and 23-day difference in the
predicted time in days to 90% height reduction of waterhemp
cohorts established in wide- and narrow-spaced soybeans,
respectively, when compared to corn treatment (Table 6). This
indicates that corn reaches its maximum weed suppressive effect
later in the growing season compared to soybean. Corn was
unable to completely suppress waterhemp growth in this study,
like the soybean treatments. The difference in suppression of
later established cohorts between soybean and corn can also be
reflected by corn treatment having consistently taller and less
branched waterhemp plants across all transplant timings likely
due to increased allocation of dry matter in the main stem and
less in branches (Arsenijevic, in-field observation; McLachlan
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et al., 1993). This difference in suppression potential between
soybean and corn can be significant when it comes to late season
waterhemp management and seed production of late emerging
cohorts. Gaps in the canopy allow for light penetration, which
results in a greater growth and seed production potential (Steckel
et al,, 2003). According to the results by Uscanga-Mortera et al.
(2007), although waterhemp transplanted in the corn was always
shaded by the crop canopy, it was able to produce high amounts
of seeds even if it was transplanted after July 26, which they did
not observe in the soybean (76 cm row spacing) crop. Planting
corn earlier in the season and in narrower row space could
amplify its suppressive effect on later emerging waterhemp
cohorts, however that deserves further investigation. 76 cm
row spacing is the standard for corn planting across the US
Midwest (Porter et al., 2013).

It is important to mention that waterhemp seedling
mortality in this experiment was only observed in the soybean
treatments. Waterhemp mortality in both soybean treatments
occurred for transplant timings 5 and 6 (after July 19; Tables 3,
4). Even though the late-season transplanted waterhemp
seedlings adapted well after they were placed in the soil, they
exhibited etiolation on the leaf tissue due to lack of light, and
none of the seedlings were able to survive under such conditions
(Arsenijevic, in-field observation). Our observation corroborates
with results from Steckel and Sprague (2004), who reported
mortality close to 100% after the R1 soybean growth stage. This
indicates that once soybeans are reaching the point of their full
canopy closure, they will effectively suppress the late-emerging
waterhemp cohorts under its canopy, causing other means of
weed control unnecessary. Moreover, under low-irradiance
environments, waterhemp requires more time to accumulate
biomass and will partition more biomass to leaves at the expense
of reproductive structures (Steckel et al., 2003), reducing their
seed production potential. Schwartz et al. (2017) reported a
strong correlation between pigweed biomass and total seed
production. This indicates that suppression of waterhemp
exerted by soybean canopy in the late-season greatly
contributes to the reduced seed production of waterhemp
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cohorts, protects the yield potential, and eases the harvestability
of the crop.

From an ecological perspective, reducing the seed production
potential of waterhemp is paramount, given this troublesome
weed species has a high fecundity and adaptation potential (Keeley
et al,, 1987; Horak and Loughin, 2000; Sellers et al., 2003; Jha et al.,
2009; JTha and Norsworthy, 2009; Werle et al., 2014). Moreover,
understanding the biology of waterhemp and conditions that suit
this weed species can support best management decisions. As
observed in this experiment, the healthiest, tallest, and highest
biomass plants were in fallow, non-competitive treatments. Such
plants have the highest seed production potential. Introducing
waterhemp to more stressful environment, such as a competitive
crop canopy, could mitigate waterhemp growth (biomass and
height) thus seed production.

The results from this experiment showcase the impact of
soybean and corn canopy on the growth and development of
multiple waterhemp cohorts. The predicted estimates in this
experiment can also be used as rough indicators of the length of
effective chemical and other non-cultural weed control options
needed until the crop can effectively suppress waterhemp.
Reducing soybean row spacing from 76 cm to 38 cm
significantly enhanced the crops’ ability to suppress waterhemp.
In addition, narrow-spaced soybean can reduce the need for
multiple POST herbicide applications due to the earlier canopy
closure and can provide more flexibility for a well-timed POST
application due to overall lower biomass and height of waterhemp.
It is highly recommended that growers scout corn in the mid-
season to evaluate the need to manage later established
waterhemp cohorts, which if present, will likely thrive and
produce seeds. Thus, we partially rejected our initial hypothesis
that narrow-spaced soybeans and corn would be more effective at
suppressing waterhemp growth and development than wide-
spaced soybean. A fully closed soybean canopy, regardless or
row spacing, completely suppressed late emerging waterhemp
cohorts in this study, whereas corn didn’t provide complete
suppression of late-established waterhemp plants, and such
plants were able to reach flowering stages. It is important to
mitigate seed production potential of prolific weed species, such as
waterhemp, in order to effectively deplete the soil seedbank.
Utilizing the suppressive ability of the crop in synergism with
other IWM practices can assist growers manage troublesome
weeds and mitigate further herbicide-resistance evolution, while
increasing sustainability and profitability of farmers.
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