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Over the last several decades, the intensive production of corn (Zea mays L.) and
soybeans (Glycine max L.) in the United States has included the widespread use of
herbicide-tolerant crops, contributing to soil management with reduced tillage.
The continuous use of herbicides with the same modes of action has led to the
accelerated development of herbicide resistance in weed populations, particularly
from the Amaranthaceae family. Integrated weed management tools, such as the
use of cover crops, have increasingly been recognized as cultural approaches with
the potential to reduce herbicide-driven selection pressure. We utilized six multi-
year (4—7 years) cover crop research trials in corn-based crop rotations to measure
germinable weed seedbanks, aboveground weed density, and biomass. This
included four on-farm and two university research experiments across eastern
and central Nebraska, with histories of no tillage or reduced tillage. Three sites
showed increases in Amaranthaceae family (pigweed) seedbank densities under
cover crops (137%-355%) compared to the no cover crop check, but no
differences in total weed seed bank densities were found. Cover crops reduced
aboveground total weed density and biomass at the two sites; however, increases
from the pigweed seedbank were not observed at any site. Multivariate analyses
revealed that the species composition of the seedbanks under cover crops was
distinct from that of the check at the two sites, suggesting that cover crops may
influence weed seedbank composition over time. This work underscores the value
of exploring integrated weed management, as well as monitoring weed
populations in the soil seedbank and aboveground emerged species, particularly
in cropping systems with reduced soil disturbance. We encourage more research
on the multi-year use of integrated weed management approaches, such as cover
crops, to better understand the complexity of how such approaches shift weed
communities, especially with respect to herbicide-resistant weeds.
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1 Introduction

Corn (Zea mays L.) and soybeans (Glycine max L.) are the most
widely grown field crops in the United States and their production is
concentrated in the Upper Midwestern “Corn Belt.” Globally, the
United States accounts for 31% of the production of both corn and
soybeans (USDA and FAS, 2022), and this intensive production has
led to advanced systems for pest management. Approximately 85%
of all corn and 96% of all soybeans planted in the Corn Belt are
genetically engineered (GE) hybrids or cultivars with stacked
tolerance traits for herbicide and insect resistance (USDA ERS,
2022). The continuous use of herbicides in the same mode or site of
action to complement these trait platforms reduces herbicide
diversity and increases the risk of herbicide resistance (HR)
development in weeds (Jhala et al., 2014). Instances of multiple
resistance, in which weed populations are resistant to more than
one unique site of action, are particularly troubling because they
further reduce viable herbicide options.

Herbicide-resistant weeds have been a global challenge for
decades, and the rate of HR has accelerated since the introduction
of GE herbicide-tolerant crops, such as glyphosate-tolerant
(RoundUp Ready) crops, in the mid-1990s (Peterson et al., 2018).
Glyphosate has become the most widely used herbicide, and its use
has increased approximately 100-fold since its release to farmers in
1974 (Myers et al., 2016). Herbicide resistance reports in the Corn
Belt have surmounted to 236 since 1985, 81 of which were
Amaranthaceae weeds primarily found in corn and soybean
systems (Heap, 2025), with glyphosate resistance comprising 38%
of the Amaranthaceae resistance. Over the last several decades,
increased reliance on glyphosate has also decreased its weed control
efficacy across dozens of experiments (Landau et al., 2023).

The utilization of herbicide-tolerant crops has also enabled
growers to shift away from mechanical weed management, and
no-tillage and reduced-tillage systems have been widely adopted,
especially in dryland acres, due to concerns of soil erosion and
maintenance of soil moisture (Bekele, 2020). The most recent
Census of Agriculture calculated that 4.1 million hectares of
cropland in Nebraska were under no-tillage practices and an
additional 2.1 million hectares were under reduced or
conservation tillage practices (USDA and NASS, 2024).
Eliminating or reducing tillage shifts weed management to
depend primarily on cultural and chemical methods such as crop
rotation and the use and proper timing of herbicides (Huggins and
Reganold, 2008), and shifting selection pressures towards herbicides
increases the risk of HR over time (Owen, 2016).

The rapid spread of HR weeds has increased interest and
attention towards integrated weed management approaches, in
which multiple cultural, mechanical, biological, and chemical
weed control tactics are integrated into a single weed
management program (Gage and Schwartz-Lazaro, 2019).
Although integrated weed management tactics span a wide range
of options and complexity, cover cropping is a soil conservation tool
that can be adapted to meet different production systems and goals.
According to a national survey of cover crop users in 2019, 64% of
surveyed farmers had herbicide-resistant weeds on their farms, with
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91% reporting improvements in weed control during the growing
season following a cereal rye cover crop (Smith, 2020). Cover crops
are a cultural and biological approach that provides a method of
weed suppression through mechanisms such as allelopathy,
interplant competition, and microenvironmental changes, which
potentially impact weed density or biomass while the cover crop is
living and after termination, and the effects may persist into
subsequent growing seasons (Kruidhof et al., 2008; Liebman et al.,
2021a; Osipitan et al.,, 2018; Rueda-Ayala et al., 2015). Integrating
targeted herbicide management with cover crops in corn-soybean
systems has shown potential for effective aboveground weed
management (Grint et al., 2022; Yenish et al., 1996; Bunchek
et al., 2020).

Much of the prior research has focused on cover crop-weed
interactions at or above the soil surface, in which biomass
production is generally understood to be critical for maximizing
antagonistic effects between plant species and reducing
aboveground weed pressure. However, little is known about the
ability of cover crops to alter weed seedbanks and their
environment, influencing weed survival, dormancy, and
germination, which are influenced by multiple factors other than
cover crop biomass alone (Sias et al., 2021). To better understand
these processes both at the on-farm (e.g., production scale) and on-
station (e.g., small-plot trial) levels, we conducted an in-depth
assessment of weed communities, measuring both weed
seedbanks and aboveground weeds, at six sites in eastern and
central Nebraska with multiple years of cover cropping and
reduced or no tillage history. The objectives of our study were to
1) quantify and characterize the germinable weed seedbank size and
composition, and 2) measure and characterize aboveground weed
density and biomass in six multi-year experiments across eastern
and central Nebraska in the Western US Corn Belt. We
hypothesized that cover crops would reduce both weeds found in
the soil seedbank, as well as aboveground in-season weed density
and biomass.

2 Materials and methods
2.1 Experimental sites and management

Six multi-year experiments across eastern and central Nebraska
in 2021 were used in this study. Cover crop experiments were
initiated in 2014 at the University of Nebraska, Lincoln South-
Central Agriculture Laboratory (SCAL) and the Eastern Nebraska
Research, Extension, and Education Center (ENREEC). Four other
locations were commercial on-farm sites in eastern and central
Nebraska, initiated in 2016 or 2017 in Colfax, Greeley, Howard, and
Merrick Counties. On-farm studies were initiated in partnership
with the Natural Resources Conservation Service (USDA-NRCS) as
part of the Soil Health Initiative (SHI), launched in 2016 to conduct
field-scale cover crop trials for soil conservation purposes (Krupek
et al,, 2019).

The university experimental station sites utilized a randomized
complete block design with cover crop treatments of cereal rye
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(Secale cereale L.), hairy vetch (Vicia villosa Roth), and no cover
crop (check) at SCAL (n = 3 replicates), and cereal rye (S cereale L.)
and no cover crop (check) at ENREEC (n = 3 replicates). On-farm
locations utilized treatments of a multi-species cover crop mix
consisting of 8 to 12 species depending on the site (Table 1) and
no cover crop (n = 4 replicates). The spatial scales for plots differed
between on-farm and research stations, where on-farm plots were at
least 16 hectares and research station plots were at least 0.004
hectares (Table 1). Cover crops were planted in late summer or fall
at all sites and terminated with herbicides in spring before cash crop
planting (Supplementary Table S1). The research stations had a
crop rotation history consisting of a corn-soybean rotation since
the establishment of the trials, whereas on-farm locations were
primarily corn-soybean rotations but were diversified with a small
grain or cool-season legume in 2020, followed by late summer
planted cover crop mixes prior to data collection in 2021 (Table 1).
All sites were under no-tillage, except for the Merrick County
location, which utilized strip tillage. Such differences in field
history allowed us to quantify weed dynamics in cover crops
versus checks (no cover crops) across a diversity of scenarios,
highlighting possible alternatives for the incorporation of cover
crops into cropping systems in Eastern and Central Nebraska. In

10.3389/fagro.2025.1575785

2021, five of the six sites grew corn, and the Greeley County location
grew soybeans as cash crops (Table 1, Supplementary Table S1).

2.2 Weed seedbank assessment

2.2.1 Soil seedbank sampling

In no-tillage systems, approximately 74% of the weed seedbank
is concentrated in the upper 5 cm of the soil profile in silty loam
soils (Buhler et al., 1997; Clements et al., 1996). Larger seeded
species can emerge from greater burial depths, but emergence
typically does not occur at depths greater than 8 cm (Grundy
et al., 2003). Therefore, we assumed that the germinable seedbank
would be no deeper than 10 cm at our sites with no tillage and strip
tillage. Additional literature shows that mixing 20 soil subsamples
into one composite sample will provide a sufficient estimation of the
fields’ seedbank density (Gross, 1990), assuming average seedbank
densities under row-cropped systems (Nichols et al., 2020b). Thus,
to account for the spatial distribution of weeds (Cardina et al., 1997)
and the number of subsamples (Colbach et al., 2000), we collected
20 random soil subsamples at a 10-cm depth which were
composited for soil seedbank germination. The composite

TABLE 1 Site and management information for the four on-farm and two university experiments.

Location Primary
soil

series

Tillage
practice

Cover crop

(longitude,
latitude)

treatment (2021)

2021
Mean
cover

crop

biomass
(Mg ha™)

2020-2021
Cover crop
planting
and termi-
nation dates

2020,
2021
crop

rotation

Cover crop
establishment
year

Colfax 40 m Moody silty | No-tillage Multi-species mix (cereal rye, 2017 6 August 2020 2.99 Wheat,
41°33'N X clay loam radish, forage collards, winter 30 April 2021 Corn
96 57W 623 m peas, winter lentils, sunn hemp,
buckwheat, spring oats, pearl
millet, camelina)
Greeley 74 m Gates silt No-tillage Multi-species mix (oats, 2017 August 2020 1.10 Rye,
4136'N X loam, sorghum, pearl millet, radish, 28 April 2021 Soybean
-98'40°'W 412m | Hersh fine forage collards, rapeseed,
sandy loam buckwheat, mustard, sunn
hemp, mung bean, winter
pea, soybean)
Howard 52m Holdredge No-tillage Multi-species mix (cereal rye, 2016 July 2020 1.51 Rye, Corn
41"10N X silty radish, rapeseed, turnips, kale, April 2021
-98°34°W 573 m | clay loam lentils, Austrian winter
peas, vetch)
Merrick 24 m Thurman Strip-tillage | Multi-species mix (proso millet, | 2017 25 July 2020 4.02 Field
41°05'N X loamy fine grain sorghum, black oats, 7 May 2021 Pea, Corn
98" 19W 670 m | sand, winter barley, flax, safflower,
Kenesaw cowpeas, buckwheat, forage
silt loam collards, canola, sunn
hemp, sunflower)
ENREEC 4.5m | Sharpsburg | No-tillage Cereal rye 2014 8 September 2020 = 0.19 Soybean,
4109N x9m  silty 3 April 2021 Corn
-9624W clay loam
SCAL 6m x | Hastings No-tillage Cereal rye or hairy vetch 2014 6 November 2020 0.31 (rye) Soybean,
40" 34N 9m silt loam 10 May 2021 0.12 Corn
-98" 08'W (hairy vetch)
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samples were stored in air-tight plastic bags in coolers before being
transported to a refrigerator for 12 h-48 h at 0°C, prior to
greenhouse processing.

Seedbank sampling was conducted in April 2021, at least three
days before cover crop termination and cash crop planting. At
SCAL and ENREEC, a ]MC® soil probe (PN031 JMC 91-cm or 36-
inch sampler) was used to collect 1,583 c¢m® of soil volume per
composite sample. At the four on-farm locations, 8,260 cm® of soil
volume per composite sample was used to account for greater plot
size and spatial variability than expected in the research
station plots.

2.2.2 Germination of the soil seedbank

This study utilized the germination method for seedbank
quantification, which allows for a more precise assessment of
seedbank composition by identifying viable seedlings by species
(Gross, 1990). Composite soil samples were sieved through a wire
screen (MTN Gearsmith %” Classifier Sifting Pan) with a sieve size
of 1.61 cm® to remove any live plant matter (e.g,, roots, foliage),
insects, and disaggregate large soil clods. After sieving, each sample
was thoroughly mixed and laid into growing trays (27.8 cm W X
54.5 cm L x 6.2 cm D). The soil within the trays was approximately
three cm depth. Trays were watered twice daily and monitored to
prevent oversaturated soil conditions that might induce seed decay
over time. Greenhouse temperatures were typically maintained at
approximately 25°C, but mid-summer daytime highs increased the
maximum greenhouse temperatures up to 40°C. Trays received 11
h-16 h of natural sunlight daily and were supplemented with timed
grow lights after sunset for 6 h-8 h depending on the time of
the year.

Germinated seedlings were identified by species, counted, and
discarded to allow seedlings to emerge without shading effects from
other weeds. Identification was performed daily when germination
rates were high and less frequent (i.e., once per week) as
germination rates slowed. Approximately five days after seedlings
ceased to emerge, all trays were dried for five days in the
greenhouse, soil was resieved, and watering resumed. Resieving
occurred in July and September for a total of three rounds of
germination between April and October 2021. After the third round
of germination, few seedlings germinated, and soil was disposed five
days after the last weed emerged in early November 2021. The
identified weed species were classified according to Gleason and
Cronquist (1991).

2.3 Aboveground cover crop and weed
sampling

The aboveground weed biomass and density were monitored
during the 2021 growing season. Prior to cover crop termination in
early spring 2021, the cover crop biomass was collected. At the
research stations, cover crop biomass was obtained randomly two
times per replicate in a 0.45 m” quadrat. At on-farm sites, cover
crop biomass was obtained two to three times per replicate (an
approximate rate of one sample per hectare) using 0.5 m” quadrats.
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All biomass samples were dried at 50°C until a constant weight was
achieved, and then weighed and converted to Mg dry plant matter
(DM) ha™.

Aboveground weed observations were taken two times during
the growing season: 1) after cash crop emergence (VE stages for
corn and soybean) but before post-emergence (POST) herbicide
applications were made (‘early sampling’), and 2) 3-4 weeks after
POST and before canopy closure (‘late sampling’). The herbicides
applied at each site are shown in Supplementary Table SI. Weed
density and biomass samples were collected three times per
replicate during both assessments (Supplementary Table 52).

Weed density was calculated by counting the number of weeds
that emerged in a quadrat (0.25 m? at research stations, 1 m? at on-
farm sites). Weed biomass was collected in a separate quadrat at
least one meter north (early sampling) or south (late sampling), so
that weed density data would not be affected by the removal of weed
seedlings. Weed biomass was obtained by clipping seedlings at the
soil surface and drying the biomass at 50°C for five days until a
constant weight was achieved and converted to grams DM m™2.
Once samples were obtained, the locations of the weed density
quadrates were marked with flags and GPS points to return to the
exact location for the late sampling period. Samples were
categorized by pigweeds, grasses, and all other broadleaves, with
the total representing the sum of the three categories.

2.4 Data analysis

For seedbank size, composition, and diversity indices, as well as
aboveground weed analyses, we considered significance at p <0.1
level to assess treatment differences. Given the larger nature of the
experimental units included in on-farm research, it is common to
consider greater value range for significance because there is
expected to be greater variability (University of Nebraska
Extension, 2023). Additionally, a greater statistically significant
cutoff range is accepted in weed science to consider biologically
relevant results in scenarios such as larger experimental units
(Onofri et al., 2010).

2.4.1 Seedbank size and composition

All statistical data analyses were conducted using R 4.1.2 (R
Core Team, 2022). Seedbank density data (e.g., total seedbank
density and subcategory densities of pigweeds, grasses, and all
other broadleaves) were converted to estimates of seeds m™ based
on the number of subsamples and subsample equipment size and
analyzed using a univariate approach. The initial distribution of the
measured seedbank density data exhibited overdispersion and
skewness. Therefore, we utilized a generalized linear mixed-effects
model (Bolker et al., 2009) with a log-linked negative binomial
distribution using the glmer.nb function from the Ime4 package
(Bates et al., 2015). Treatment, site, and their interactions were
considered fixed effects, and replicates nested with site were
included as random effects to account for variability between
replicates within each site. Because the site had a significant effect
and there were confounding differences in field history,
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management, and herbicides, the results are reported on an
individual site basis. Pairwise comparisons were conducted by
calculating the least-squares means and contrasts were
determined using the emmeans package (Lenth et al., 2021). 2.4.2
Nonmetric multidimensional scaling

Using a multivariate approach, seedbank community
composition was compared between treatments within each site
using non-metric multidimensional scaling (NMDS) with the vegan
package (Oksanen et al,, 2019). NMDS analysis helps to visually
display similarities among treatment communities in the ordination
space. The distance between points, calculated using Bray-Curtis
distances, represents the dissimilarity among the treatment
communities. Stress values were used to assess goodness-of-fit,
and hulls were added to the plots to show possible overlap among
the treatment communities. This helps visualize whether
communities within each treatment are unique from one another.
Species that made up less than 0.1% of the total seedbank at each
site were removed prior to NMDS (Poos and Jackson, 2012).

2.4.3 Seedbank community analyses

Species richness, evenness, and Shannon diversity were used as
diversity and population metrics and were analyzed using the vegan
package (Oksanen et al., 2019). Species richness refers to the total
number of species present, whereas evenness refers to the
distribution of individuals of each species present in the
community, with values ranging from 0 to 1. Shannon diversity,
interpreted as the effective number of species in a community, was
determined using the exponential of Shannon diversity (Hill, 1973;
Jost, 2006), with the following equation:

s
H = exp( — EP;‘ In(p;))
i=1

Where S represents species richness, i represents one unique
species from the community, and p; represents relative abundance
of the ith species. Species evenness was determined as bf;ﬁ, also
known as Pielou’s evenness. Metrics were assessed using a linear
mixed-effects model with the Ime4 package (Bates et al., 2015), and
pairwise comparisons were performed using the emmeans package
(Lenth et al., 2021).

2.4.4 Aboveground weed analyses

Weed density data were converted to estimates of weeds m™>
and weed biomass data were converted to estimates of grams DM
m™> before analyses. Both datasets of weed density and weed
biomass exhibited right skewness due to inflation of counts of
zero weeds or measurements of zero grams DM. In response, the
data were In(x + 1) transformed before being analyzed using a linear
mixed-effect model, which was fit using the /mer function from the
Ime4 package (Bates et al., 2015). The main effects and all two- and
three-way interactions between the treatment, site, and sampling
period were used as fixed effects. Replicate nested within site and
treatment nested within replicates and sites were included as
random effects to account for variability between replicates and
within replicates, respectively, with the residual variance accounting
for the variation due to repeated measures over two different
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sampling periods. No correlation structure was included or
necessary because there were only two sampling periods. Pairwise
comparisons were conducted by calculating the least-squares means
and contrasts were determined using the emmeans package (Lenth
et al., 2021).

3 Results

3.1 Germinable weed seedbank size and
composition

A total of 6,561 seedlings emerged from the seedbank
germination assessment. Seedbank density ranged from 165
seedlings m > in the check at the Colfax County site to 4,180
seedlings m™> in the cover crop at the Merrick County site
(Figure 1). A total of 57 different species were identified, with
large variability between sites. The most abundant weeds were
summer annual weeds, with relatively similar abundances of Cs;
and C, plants. Palmer amaranth (Amaranthus palmeri S. Watson)
made up 20.1% of the total seedlings counted across all sites,
followed by green foxtail (Setaria viridis (L.) P. Beauv.) at 13.1%
(Table 2). The cover crop treatments had no influence on the total
seedbank density at any site. However, when looking at different
weed species, we found more pigweed species in the cover crop
treatments than in the check treatments in Merrick County (p =
0.004), Greeley County (p = 0.05), and SCAL [cereal rye (p = 0.03)
and hairy vetch cover crop (p = 0.09) treatments] (Figure 1). This
represented 355%, 243%, 180%, and 137% increases from the check,
respectively. A complete distinction (separation) of treatment
species communities was observed in the NMDS analysis at the
Merrick and Greeley County sites, where cover crop communities
were primarily based on Amaranthus spp. Across most sites, the
NMDS reflected that the cover crop community composition leaned
towards Amaranthus spp., as found in the models, but no other
trends towards one specific species or weed family were observed
consistently across all sites (Figure 2). There were no statistical
differences between cover crops and control treatments for species
richness, evenness, and Shannon diversity, except for a reduction in
evenness in the cover crop at the Merrick County site (Table 3).

3.2 In-season aboveground assessments

3.2.1 Cover crop biomass

The amount of cover crop biomass at termination ranged from
0.11 Mg ha™' to 4.02 Mg ha™' (Table 1). On-farm locations with
multi-species cover crop mixes accumulated more total biomass
than research station locations with monocultures of rye and vetch,
partly because the farms planted in late July and early August
following small grain harvest, whereas the research stations planted
in September and October (Table 1). Between September 2020 and
August 2021, the average temperatures were similar or slightly
cooler than the 30-year average, while precipitation between
September and December 2020 was below normal. All
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experimental locations were classified as having moderate to severe
drought conditions over multiple consecutive months during the
fall of 2020 (National Drought Mitigation Center, 2024). Heavy
precipitation occurred in March across all sites; however, in general,
the growing season precipitation was less than the 30-year average
at two sites during and near normal at four sites during the study
period (HPRCC, 2022; Supplementary Table S3).

3.2.2 Weed density and biomass

The weed density measurements taken during the early and late
growing seasons were site-specific. Despite increases in pigweed
seed densities in the cover crop treatments at Merrick, Greeley, and
SCAL, no differences in emerged pigweed densities were observed at
any of the six sites compared with the control (Figure 3). At the
Greeley County location, total weed densities (Figure 4) decreased
in the cover crop treatment during early- (p = 0.05, -87%) and late
season samples (p = 0.05, —89%). Late season total weed density
reduction in the cover crop treatment also occurred in ENREEC (p
=0.09, =73%). In Greeley County, total weed density reductions in
the cover crop treatment were primarily driven by reductions in
emerged grasses in the early (p = 0.05, -90%) and late-season
samples (p = 0.09, —88%) (Supplementary Figure S1).

The weed biomass results were also site-specific. Despite the
seedbank results, pigweed biomass did not increase at any of the
sites or sampling periods; instead, pigweed biomass decreased under
cover crops at the ENREEC site later in the season (Figure 3) (p = 0.09,
—-93%). Total weed biomass was significantly reduced in the cover crop
treatment at the Greeley County location during both the early (p =
0.06, —97%) and late (p = 0.008, —99%) sampling periods (Figure 4).

Frontiers in Agronomy

Howard County also observed reductions in the total weed biomass
during the early season sample period (p = 0.1, ~88%). The reductions
in total biomass in Greeley County was driven by a reduction in grass
biomass (Supplementary Figure S3) during the early (p = 0.02, —98%)
and late (p = 0.06, —96%) sampling periods, as well as a reduction in
broadleaf biomass during the late growing season (p = 0.005, 99%)
(Supplementary Figure S4). At the Howard County site, there were
reductions in early season grasses in the cover crop treatment (p = 0.09,
—88%), which drove the significant reductions in total weed biomass,
and at the Merrick County site, there were reductions in early season
broadleaves (p = 0.08, —99%) (Supplementary Figure 54).

4 Discussion

4.1 Shifts in weed seedbank composition
after multiple years of cover crop use

Cover crops did not influence the total weed seedbank density at
any site, a finding that has been reported in similar cover crop
seedbank studies (Alonso-Ayuso et al., 2018; Buchanan et al., 2016).
However, other studies have observed reductions in the total weed
seedbank density with the use of cover crops, especially when cover
crops are used long-term (Moonen and Barberi, 2004; Nichols et al.,
2020a). While the total weed seedbank density was unchanged, we
observed increases in pigweeds in the cover crop treatments at the
three sites. While this was not our expected finding, recent work in
Kansas similarly found that when seeds of two pigweed species—
palmer amaranth (A. palmeri S. Watson) and waterhemp

06 frontiersin.org
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TABLE 2 Species composition and associated characteristics of emerged weeds expressed as percent of the total emerged weed seeds across all six
sites included in the analysis.

Species name Species Taxonomy Life cycle Photosynthetic = Percentage of
code classification pathway total (%)
Palmer amaranth Amaranthus palmeri S. Watson AMAPA Dicot. Summer Annual Cy 20.09
Green foxtail Setaria viridis (L.) P. Beauv. SETVI Monocot. Summer Annual Cy 13.12
Scarlet pimpernel Anagallis arvensis L. ANAAR Dicot. Summer/ Cs 10.79
Winter Annual
Lambsquarters Chenopodium album L. CHEAL Dicot. Summer Annual Cs 7.51
Common Oxalis stricta L. OXAST Dicot. Perennial Cs 7.35
yellow woodsorrel
Redroot pigweed Amaranthus retroflexus L. AMARE Dicot. Summer Annual Cy 7.10
Common Amaranthus tuberculatus AMATU Dicot. Summer Annual Cy 4.71
waterhemp (Mogq.) Sauer
Marestail Erigeron canadensis L. ERICA Dicot. Winter/ GCs 4.21
Summer Annual
Green carpetweed Mollugo verticillata L. MOLVE Dicot. Summer Annual GC5/Cy 3.96
Eastern Solanum ptycanthum Dunal SOLPT Dicot. Summer Annual Cs 3.83
black nightshade
Barnyard grass Echinochloa crus-galli (L.) ECHCR Monocot. Summer Annual Cy 2.84
P. Beauv
Yellow foxtail Setaria pumila (Poir.) Roem. SETPU Monocot. Summer Annual Cy 2.71
& Schult
Smooth crabgrass Digitaria ischaemum (Schreb.) DIGIS Monocot. Summer Annual Cy 1.97
Screb. ex Muhl.
Field pennycress Thlaspi arvense L. THLAR Dicot. Winter/ Cs 1.86
Summer Annual
Large crabgrass Digitaria sanguinalis (L.) DIGSA Monocot. Summer Annual C, 1.47
Giant foxtail Setaria faberi Herrm. SETFA Monocot. Summer Annual Cy 0.81
Prostrate vervain Verbena bracteata Cav. Ex Lag. VERBR Dicot. Annual/Biennial GCs 0.75
& Rodr.
False pimpernel Lindernia dubia (L.) Pennell LINDU Dicot. Summer Annual Cs 0.66
Tumble pigweed Amaranthus albus L. AMAL Dicot. Summer Annual Cy 0.59
Black medic Medicago lupulina L. MEDLU Dicot. Summer Annual Cs 0.50

(Amaranthus tuberculatus (Moq.) J. D. Sauer) were buried under
cereal rye cover crop and no cover crop treatments, cereal rye
treatment increased waterhemp seed viability (Woitaszewski, 2023).
Furthermore, two of the three locations where we found increased
pigweed species in the soil seedbank (the Greeley and Merrick
County sites), where the only sand was found in the soil texture
series. Benvenuti (2007) found that seed burial was greater in the
soil profile after one year in sandy soil than in clay soil. Taken
together, these results suggest that there may be physical or
biochemical processes occurring in the soil that contribute to
pigweed species viability when cover crops are present.

Although not directly measured in our experiment, prior research
indicates that increased vegetative cover and reduced tillage may
increase weed seed predator activity (Sarabi, 2019), which could

Frontiers in Agronomy

contribute to lower weed seedbank populations and ultimately weed
emergence. Additionally, any of the known processes that limit weed
emergence when cover crops are present could result in reduced weed
seedling germination, leading to a larger pigweed seedbank size over
time compared to the control treatment. Some of these well-
documented weed suppression processes under cover crops could
include allelopathy (specifically in cereal rye, which was included as a
cover crop or cash crop at all experimental locations), physical shading,
and reduced light transmittance, which affects the soil temperature and
photosensitive germination of pigweeds (Teasdale, 1993; Kunz et al,
2016; Weaver and McWilliams, 1980). Reduced sunlight and decreased
temperatures at the soil surface, even at lower levels of cover crop
biomass, explain the reduced waterhemp (A. tuberculatus) germination
in a recent experiment (Nunes et al., 2024).
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FIGURE 2
Non-Metric Multidimensional Scaling (NMDS) analysis broken out by the six sites included in the analysis. Overlap in the polygons represents similar
weed species communities identified in the weed seedbank study (4/6 sites), while separation of polygons represents distinct weed species identified
(2/6 sites). Weed species codes are found in Table 1.

4.2 Cover crops reduced aboveground within replicates, especially at on-farm sites. Reductions in weed
weed density and biomass at some sites density and biomass observed across sites occurred even with the
with no differences in pigweed prevalence range of cover crop growth (from 0.11 Mg ha™' to 4.02 Mg ha™")
being lower than estimates for significant reductions in weed

Significant reductions in the total aboveground weed density biomass to occur which has been reported to be >5 Mg ha™" of
and biomass occurred at three of the six sites, with reductions of up ~ COVer crop gr owth for this region (Nichols et al., 2020b). Similarly, a
to 99%. The lack of consistent results could be attributed to the  field experiment conducted at two sites in Wisconsin, USA, utilizing
potential differences in the natural spatial distribution of emerged different levels of cereal rye cover crops, calculated a dose response
weeds (Cardina et al., 1997), combined with the spatial variability of 5.2 Mg ha™' required to reduce waterhemp by 50% (Nunes et al.,

TABLE 3 Diversity indices calculated for the six sites included in the analysis.

Richness Evenness Shannon Diversity

Estimated change (SE) P-value Estimated change (SE) P-value Estimated change (SE) P-value

Colfax ~1.00 (1.65) 0.55 -0.19 (0.12) 0.13 ~0.69 (1.53) 0.66
Greeley -0.25 (1.65) 0.88 ~0.05 (0.10) 0.62 0.11 (1.53) 0.94
Howard -2.75 (1.65) 0.11 ~0.03 (0.10) 0.77 ~1.15 (1.53) 0.46
Merrick ~1.25 (1.65) 0.46 0.17 (0.10) 0.09 2.1 (1.53) 0.18
ENREEC ~1.67 (1.68) 0.60 -0.06 (0.17) 0.93 ~1.34 (1.31) 0.58
SCAL (Cereal Rye) ~1.67 (1.68) 0.60 ~0.08 (0.15) 0.84 ~1.43 (1.31) 0.54
SCAL (Hairy Vetch)  —1.00 (1.68) 0.82 ~0.11 (0.15) 0.75 ~1.28 (1.31) 0.61
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Total aboveground weed biomass and density by site and sampling period (early cash crop growing season before post-emergence herbicide
application, and late growing season, after post-emergence herbicide application). Colfax County does not appear in this figure because no weeds
were counted aboveground either sampling period at this site. Treatments differing from the check at a level of p <0.10 indicated by *p <0.05
indicated by **p <0.01 indicated by ***.

2024). Although greater cover crop biomass is frequently discussed

in the literature as a critical factor affecting aboveground weeds

(Blanco-Canqui and Jhala, 2024), another recent experiment on a

corn-soybean rotation in Italy found that aboveground cover crop

Frontiers in Agronomy

biomass was not the most important predictor of weed suppression

(Adeux et al, 2023). Additionally, our work underscores that a

number of other aboveground and/or belowground processes may

occur, which affect how cover crops shift weed communities.
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Aboveground processes could include cover crop-induced
environmental changes, such as delayed weed emergence.
Belowground processes could include changes in soil aeration and
oxygen content that impact weed seed emergence as well as
increased weed seed predation (Liebman et al., 2021a; Sias et al,
2021; Sarabi, 2019). Despite the increases in the pigweed seedbanks
at the three sites, there were no aboveground differences between
cover crops and check treatments for pigweed density or biomass,
except for a significant reduction in pigweed density in the cover
crop at one site (ENREEC experiment station) during the late
growing season. Considering the above- and belowground results
found in our analysis, cover crops may suppress pigweed seed
germination and therefore prevent aboveground weed emergence.

4.3 The role of diversity in weed seedbank
composition

While weed seedbank diversity showed non-significant
increases under cover crops, the multivariate NMDS analysis
revealed that when cover crops were used over multiple years,
they were capable of shifting the overall composition of seedbanks
to the point where communities were distinct from no cover crop
controls. With respect to the weed diversity metrics, we may not
have seen statistical differences because the large numbers of
Amaranthus spp. present in the seedbank may have caused the
Shannon diversity metric to become insensitive to less common
species. The relative simplicity of crop rotations (corn-soybean-
based) at all sites may also override the benefits of weed diversity
induced by cover crops alone (Weisberger et al., 2019). However, we
do believe that our study results suggest a shift toward distinct and
potentially more diverse weed communities when cover crops are
used over multiple years. In a multi-year experiment in Italy in a
corn-soybean rotation, a triticale cover crop was found not only to
reduce weed seedbank density but also to increase the diversity of
the seedbank (Raimondi et al., 2024). Cropping system
diversification, such as extended crop rotations or the use of
cover crops, has been found to diversify the weed seedbank
(Liebman et al, 2021b), as well as diversify selection pressures
that aid in the mitigation of aggressive weed species (Liebman and
Gallandt, 1997; Liebman et al., 2021a; Palmer and Maurer, 1997).
Diverse weed communities are also linked to improvements in crop
yield and a reduced risk of developing HR (Adeux et al, 2019).
Diverse weed populations with greater species evenness also lead to
reduced interplant competition and are less susceptible to being
overcome by a few aggressive or possibly HR species (Smith et al.,
20105 Storkey and Neve, 2018). Additionally, increasing diversity
may be an indication of ecological succession; however, these
changes are difficult to detect in agroecosystems because they are
highly disturbed environments (Gliessman, 2014a, b). Although
high weed diversity could be perceived as a risk from an agronomic
perspective, it may assist in strategies to reduce risks for developing
HR, such as being able to rotate and diversify herbicide modes of
action or sites of action. Therefore, we emphasize the significance of
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analyzing weed seedbank composition and related diversity metrics
in weed seedbank research.

4.4 Study limitations

The herbicides utilized for pre-emergence, cover crop
termination, and post-emergence weed control at all six sites
(Supplementary Table S1) would certainly have affected our
observations of the aboveground weed density and biomass.
However, herbicide use at each site did not differ between the
cover crop and no cover crop treatments. Therefore, the multi-year
presence of a cover crop was the major difference between the areas
of the field sampled, and our primary objective was to understand
the impact of multi-year cover crop use on weeds in different
environments with relatively similar management practices,
including the four commercial farms. Accounting for all variables
in herbicide efficacy across large-scale sites (e.g., soil type, soil pH,
and organic matter) influencing herbicide residual activity
(Moomaw et al., 1992) was outside the scope of our study. The
active ingredients in pre-emergence residual herbicides utilized at
three of the sites (Supplementary Table S1) including flumioxazin,
S-metolachlor, and saflufenacil, have been shown to reduce green
pigweed (Amaranthus powellii S. Watson) emergence in soybean
experiments from 17% to 81% eight weeks after planting (Aicklen
et al,, 2022) and therefore may have had an impact on in-season
weed emergence at our sites. While residual herbicides may be
physically intercepted by cover crop residue before reaching the soil
(Price and Kelton, 2013), there is also evidence of synergism
between cover crop residue and residual herbicides in reducing
weed emergence (Teasdale et al., 2005). Our in-season aboveground
weed biomass and densities did not demonstrate any reduced
herbicide activity in the cover crop treatments; these treatments
led to reductions at some sites (Figure 4), including those where we
observed that the Amaranthus spp. seedbank increased and residual
herbicides were applied. Combined with pre-emergence herbicides
as a chemical tool, cover crops as a biological tool have been shown
to reduce chemical selection pressure for weed resistance,
particularly Palmer amaranth (A. palmeri S. Watson), by 98%,
while also improving yield (Hand et al., 2021). These combinations
of weed control tools are critical for diversifying selection pressures
on weeds and for delaying the onset of HR (Liebman and
Gallandt, 1997).

Additionally, because we did not sample seedbanks prior to the
first year of cover crop establishment, we cannot be certain of the
seedbank trajectory and rates of withdrawal or addition over time.
Because the germination method for assessing seedbanks was utilized
rather than the elutriation method, it is possible that some weeds may
not have emerged over the seven months in the greenhouse and three
re-sieving processes because of their sensitivity to the germination
method (such as not breaking dormancy due to temperature, aged
seeds, etc.). Furthermore, the germination method can bias estimates
for species responsive to particular conditions. For example, our
method may have underestimated species with long seed dormancies
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or seeds that were not sufficiently stratified by the previous winter
(Gross, 1990). This may have resulted in a greater number of summer
annual weeds present, resulting in non-significant treatment differences
in the seedbank diversity indices. However, we believe our experiment
captured the majority of viable weed seeds because of our initial soil
sampling depth, the length of the experiment, and the range of both
winter and summer annual species that emerged. Although we only
evaluated aboveground weed density and biomass in one year, there
was generally similar weather over the cover crop growing period at all
sites (drier than normal conditions overall with drought conditions in
fall, and some wetter conditions in spring), which still produced a range
of cover crop biomass across sites. As a result, we believe that the most
important driving factor was the presence or absence of cover crops
over the medium term (4-7 years) at the experimental locations.

5 Conclusion

In this study, we assessed the soil weed seedbank at six locations
where fall-planted cover crops had been grown for 4-7 years, followed
by an in-season assessment of aboveground weeds from the same four
on-farm and two experimental station sites. We hypothesized that
cover crops would reduce weeds in the soil seedbank and aboveground
during the growing season. The results were more nuanced; compared
to no cover crop treatments, soils managed with cover crops saw no
change in the total weed seeds in the seedbank, but Amaranthus spp.
seeds increased at three of the six sites. At two sites, we found that
seedbank composition was completely distinct when comparing the
cover crop to the no cover crop check. Furthermore, we found that five
of the six sites had slight increases in the total weed seedbank diversity
under cover crops, when taken together this may suggest that cover
crops are shifting or differentiating weed communities. Aboveground,
we found that cover crops decreased total weed density and/or
biomass at three of the six sites, while at all sites, Amaranthus spp.
were suppressed or unchanged compared to no cover crop check
treatments. This underscores the complexity and value of examining
both above and belowground weed dynamics to obtain a holistic
picture of how cover crop management may shift weed communities.
Cover crops are a recognized and growing method to diversify
cropping systems, and are known to have important impacts on
reducing selection pressures and altering the prevalence of competitive
weeds. We encourage further assessment of long-term and
belowground weed impacts on cover crops to understand how they
may impact important weed communities, including weed species
prone to herbicide resistance, such as pigweeds. This is especially
important in environments where chemically based weed control
predominates, such as reduced tillage management.
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