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Abstract

Weed management in tobacco (Nicotiana tabacum L.) is accomplished primarily with soil-
residual herbicides, cultivation, and hand removal. Management practices that reduce weed
emergence, like reduced tillage and cover crop mulches, may improve weed management
efficacy. Depending on cover-cropping goals, growers face trade-offs in species selection and
management priorities—producing weed-suppressive mulches may lead to transplanting
difficulties and soil-residual herbicide interception. Managing more complex cover crop
mixtures may result in different challenges. We established on-farm trials across 4 site-years
to study impacts of cover crop composition [wheat (Triticum aestivum L.) monoculture or
mixture], termination treatment (early or late chemical termination or removing above-
ground biomass), and soil-residual herbicides on weed density and biomass. The cover crop
mixture contained cereal rye (Secale cereale L.), crimson clover (Trifolium incarnatum L.),
and hairy vetch (Vicia villosa Roth.), with canola (Brassica napus L.) at 1 site-year. The
mixture typically produced more biomass than monoculture wheat, although composition
had few impacts on weed density or biomass. With residual herbicides, termination treatment
had few impacts on weed density, suggesting that residues did not adversely affect herbicide
efficacy. Without residual herbicides, early-season weed density was often higher following
the late-terminated cover crop compared with other termination treatments, though
midseason weed density was typically lower. When termination treatment affected final
weed biomass, it was lower following late termination, with one exception—crop establish-
ment was reduced at 1 site-year, leading to reduced weed–crop competition and greater weed
biomass. Our results suggest that growers can use mixtures and, if well-timed to a rainfall
event for incorporation, still effectively use soil-residual herbicides to maintain adequate weed
control in tobacco regardless of how the cover crop is managed. Later termination, resulting
in more residue, may lead to less weed biomass accumulation in the absence of herbicide use.

Introduction

Tobacco (Nicotiana tabacum L.) remains an economically important crop in the state of
Kentucky, with almost US$400 million in sales in 2017 (NASS 2017). Weeds are a significant
challenge for tobacco producers. Weed management in tobacco is primarily accomplished
with a combination of PRE soil-residual herbicides, cultivation, and hand removal (Pearce
et al. 2017). There are relatively few POST herbicides for tobacco, and they provide limited
control of broadleaf weeds. Tobacco is grown on 1-m row spacing, in part to accommodate
cultivation equipment and also to maximize the intact leaf yield of large plants. However, this
wide row spacing lengthens the time until canopy closure, thereby reducing the effectiveness
of crop–weed competition for weed control. The use of strip tillage or no-till, combined with
cover cropping that leaves a mulch layer between the crop rows, has proven to be promising
for reducing weed emergence and suppressing weed growth in high-value vegetable crops
(Brainard et al. 2013; Haramoto and Brainard 2017; Luna and Staben 2002) and likely can be
applied to tobacco production as well. However, growers may face trade-offs in terms of
managing the cover crop optimally for weed suppression or providing optimum conditions for
planting and successful tobacco establishment.

Winter cover crops, typically wheat (Triticum aestivum L.), are common in Kentucky
tobacco production, which has traditionally relied on extensive tillage and high rates of
nitrogen fertilizer (Pearce et al. 2017). These cover crops are used primarily to scavenge excess
nutrients (Kaspar et al. 2007) and prevent soil erosion (Blanco-Canqui et al. 2015). The main
goal of the cover crop—whether suppressing weeds, scavenging nutrients, serving as a forage
source, or reducing soil erosion while minimizing planting issues—determines the species used
and typically informs cover crop management decisions like termination time and method.
Multispecies mixtures with small grains, legumes, and brassicas are often promoted over cover
crop monocultures by agencies like the Natural Resource Conservation Service (NRCS n.d.),
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necessitating the need for research into how management by
cover crop mixture composition combinations influence weed
management and crop yield in production systems.

The impact of cover crops on weed management within the
tobacco crop will likely depend on species selection and termi-
nation time and method. Mulches formed by surface cover crop
residues may suppress weeds through reducing the amount of
light that reaches the soil surface (Teasdale and Mohler 1993),
harboring seedling diseases (Conklin et al. 2002), and providing a
physical barrier to seedling emergence (Teasdale et al. 2012).
Nitrogen immobilization by small grain residues may suppress
growth of emerged weeds, leading to smaller weeds in these
systems (Wells et al. 2013). Weed suppression by cover crop
mixtures (i.e., those including a small grain and legume) has been
shown to be more influenced by biomass production than by the
mixture composition (Finney et al. 2016), though others have
noted that weed suppression by legume cover crops does not last
as long as that provided by small grain residues alone (Cornelius
and Bradley 2017; Norsworthy et al. 2010; Palhano et al. 2018).
The nitrogen contribution of cover crop mixtures may be less
important to regulating weed emergence and growth in systems
like tobacco that receive high rates of nitrogen fertilizer that is
typically broadcast over the entire field width, even in reduced-
tillage systems like strip tillage or no-till (Pearce et al. 2017).
Because more biomass is typically linked to better weed sup-
pression (Webster et al. 2013), cover crops that are terminated
later in the season likely result in more residue to suppress weeds.
However, terminating earlier in the season results in improved
planting conditions and higher yields (Pearce et al. 2002). Thus,
managing cover crops to optimize weed management may be at
odds with what is best for tobacco production.

On the one hand, cover crop mulches may suppress weed
emergence through physical, chemical, and biological means. On
the other, dense cover crop residues may also interfere with the
efficacy of soil-residual herbicides—a risky strategy in a tobacco
cropping system that relies heavily on residual herbicide use. If
rainfall occurs soon after application, soil herbicides may be
washed from the cover crop residues into the soil, with the net
effect dependent on the quality and quantity of cover crop residue
present and the timing and amount of rainfall received (Ghadiri
et al. 1984; Reddy et al. 1995). However, dry periods after appli-
cation can lead to prolonged binding, with subsequent release
dependent on the type of cover crop residue and compound
applied (Anderson 1988; Ayeni et al. 1998; Carbonari et al. 2016).
In Kentucky, sulfentrazone, typically in combination with carfen-
trazone-ethyl, is a commonly used soil-residual herbicide in
tobacco production. When sulfentrazone was applied to sugarcane
(Saccharum spp.) residue, 64% to 77% of the herbicide was released
to the soil with 20,000 kg residue ha− 1 and 5,000 kg residue ha− 1,
respectively, if 20mm of simulated rain occurred within 24 h of
application (Carbonari et al. 2016). To our knowledge, lower
amounts of surface plant residues have not been studied with
sulfentrazone. Between 43% and 52% of acetanilide herbicides
reached the soil surface when applied over 1,120 kg ha− 1 of wheat
residue, and ultimately, the amount reaching the soil surface after
irrigation depended on the amount of residue and the compound
(Banks and Robinson 1986). For metolachlor, only 30% reached
the soil surface under 2,240 kg ha− 1 of wheat residue after 12.5mm
of irrigation, whereas more than 50% of acetochlor and alachlor
were released (Banks and Robinson 1986).

In addition to cover crop residue amount, residue quality (i.e.,
legumes vs. small grain) can also impact the interception of soil-

residual herbicides. Sorption of chlorimuron-ethyl (measured by
Kf, or the Freundlich coefficient—the distribution of the com-
pound between the sorbed and solution phase) was almost 2.5
times greater on hairy vetch (Vicia villosa Roth.) residue com-
pared with cereal rye (Secale cereale L.) residue, and less of the
compound was found in soil under hairy vetch compared with
cereal rye (Reddy et al. 1995). Thus, weed management in high
cover crop residue systems is complicated by the types of herbi-
cides used and the ability of the producer to time these applica-
tions around weather forecasts.

Removing aboveground residue, as in a forage system, may
help alleviate concerns about residual herbicide interception, in
addition to alleviating difficulty transplanting into residue that
can result in reduced tillage systems; on the other hand, no cover
crop residue remains to suppress weed emergence once the soil-
residual herbicides have degraded and are no longer effective.
Kentucky has many cow/calf operations that could potentially
use cover crops as an additional forage source in the spring,
providing an additional economic benefit and incentive for
growers to adopt cover crops (Schomberg et al. 2014; Sulc and
Franzluebbers 2014). Using cover crops for forage also influ-
ences species selection, or the decision to plant cover crop
mixtures, and the amount of residue remaining in the system.
Thus, this management practice represents another set of trade-
offs that should be examined.

The objectives of this study were to examine the impact of cover
crop composition and termination method on weed control and
yield in no-till tobacco. Four site-years of on-farm trials specifically
compared: (1) cover crop composition (mixture containing cereal
rye and forbs compared with a wheat monoculture); (2) termina-
tion treatment imposed on the cover crops—early chemical ter-
mination (“early terminated”), late chemical termination (“late
terminated”), and a biomass removal to simulate forage production
(“removal”); and (3) the presence or absence of soil-residual her-
bicides. We hypothesized that we would see few impacts of
including legumes in a cover crop mixture relative to a small grain
cover crop monoculture on weed density and biomass and on yield,
as tobacco receives high amounts of inorganic nitrogen fertilizer.
Our second hypothesis was that, in the absence of the soil-residual
herbicide, the late-terminated treatment cover crops, regardless of
species, would be the most effective in suppressing weed emergence
due to larger amounts of residue present; we also hypothesized that
we would potentially observe reduced tobacco yields in the late-
termination treatment if poor soil conditions persisted after
transplanting. Finally, we hypothesized that the treatments that left
the most cover crop residue on the soil surface would have the
greatest potential to intercept and bind the soil-residual herbicide,
especially if dry conditions occurred after application. Specifically,
if an activating rainfall did not occur soon after application, we
predicted that the late-terminated treatment would have greater
herbicide interception than the early-terminated treatment, and
that both would intercept more than the removal treatment. This
would lead to reduced efficacy of the residual herbicide, particularly
early in the season.

Materials and Methods

Plot Establishment

This experiment was conducted on three commercial tobacco
farms in three counties in Kentucky during 2016 and 2017. Four
site-years were evaluated—Garrard County in 2016 (G16) and
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2017 (G17; two different fields on the same farm were evaluated),
Franklin County in 2016 (F16), and Scott County in 2017 (S17).
Table 1 provides details for each site including soil type, GPS
coordinates of the farms, and previous crop grown in each field
used. At each site-year, a large strip (at least 10m-wide by 100-m
long) of a cover crop mixture was established with a no-till drill in
the fall before each experiment. With one exception (F16), a
monoculture wheat cover crop was also sown. Composition of the
mixture used and seeding rates at each site-year are provided in
Table 1. Mixtures included cereal rye, hairy vetch, and crimson
clover (Trifolium incarnatum L.) at all site-years; G16 also included
canola (Brassica napus L.). The mixture composition at the sites,
and the decision not to include the wheat monoculture at F16, was
driven by the growers’ interest in the experimental treatment
factors.

A strip block design was used to examine three termination
method treatments: early kill, chemically terminated with all
above- and belowground biomass left in situ (“early terminated”);
late kill, chemically terminated with all above- and belowground
biomass left in situ (“late terminated”); and late kill, with all
aboveground biomass cut and removed to simulate a forage
cutting (“removal”). The large cover crop strip (mixture or
monoculture wheat) was divided into four blocks for replication
based on field position and variability. Within each of these
blocks, each termination treatment (i.e., main plot treatment) was
replicated once. Main plots were 6.4-m wide by 9.1-m long.

The cover crops in the early-termination plots were termi-
nated with paraquat (Gramoxone SL 2.0®, 1.12 kg ai ha − 1, Syn-
genta Crop Protection, Greensboro, NC) plus 1% v-v crop oil
concentrate (COC) in mid-April (approximately 6 wk before
tobacco planting at most site-years; Table 2); the same rate of
paraquat plus COC was applied to the late-termination plots in
mid-May (approximately 1mo before tobacco planting at most
site-years; Table 2). All applications were made with an ATV-
mounted sprayer using a spray volume of 234 L ha− 1. In the
removal plots, forage was cut with a sickle bar mower, and all

aboveground biomass was raked and removed from the plot.
All plots also received an additional application of paraquat
(0.66 kg ha− 1) approximately 3 wk before tobacco planting
(Table 2); sulfentrazone (354 g ai ha − 1) plus carfentrazone-ethyl
(39 g ai ha− 1; Spartan Charge©, FMC Corporation, Philadelphia,
PA) was also applied at this time for residual weed control. While
this last application of paraquat was made to the entire main plot,
a subplot (1.5-m long by whole plot width) was left unsprayed
with the residual herbicides in each main plot to assess the
impacts of the cover crop residues alone on suppressing weeds.
Hereafter, subplots without the residual herbicides will be referred
to as “unsprayed,” and subplots with the sulfentrazone and
carfentrazone-ethyl application are referred to as “sprayed.”

All fields were fertilized with phosphorus and potassium
according to soil test results; 280 kg N ha− 1 were also broadcast
applied as urea (treated with a urease inhibitor) across the entire
field in each site-year before planting. At all sites, except S17,
tobacco was planted in early to mid-June; S17 was planted on
May 18, 2017 (Table 2). A modified no-till transplanter was used
at all sites. This unit has row cleaners followed by a subsoiling
shank with coulters and cutting disks followed by the planting
units. Imidacloprid (0.17 kg ai ha− 1) was applied in the transplant
water for management of aphids (Myzus spp.) and tobacco flea
beetle (Epitrix hirtipennis F.E. Melsheimer, 1847).

Data Collection and Analysis

Cover Crop Sampling
Before all termination treatments, cover crop biomass was sam-
pled from two 0.25-m− 2 quadrats in each subplot. Samples were
separated into component cover crop species and weeds, then
dried at 60 C until a consistent weight was achieved, and weighed.

Weed Density and Biomass Sampling
Weed density was measured in mid-June at 3 site-years (G16,
F16, and S17). Heavy precipitation events at the G17 site during

Table 1. GPS coordinates, soil type, and previous crop in all fields used in the 4 site-years of this experiment.

Cover crop seeding ratesa

—————————— Cover crop mixture —————————— Monoculture

Site-year Field coordinates Soil type Previous crop Cereal rye Hairy vetch Crimson clover Brassica Wheat

——————————— kg seed ha − 1 ——————————————————

G16 37.7259°N,
84.4881°W

Allegheny loamb Tobacco 39 11 11 4.5c

2.2d
139

F16 38.1810°N,
84.8293°W

Nicholson silt loame

(Faywood silt loamf in rep 4)
Soybeang 39 11 11 2.2d NAh

G17 37.7280°N,
84.4886°W

Elk silt loami Tobacco 39 11 11 2.2d 139

S17 38.2059°N,
84.4870°W

Huntington silt loamj Tobacco 39 11 11 NAk 79

aSeeding rates of the individual components of the cover crop mixture and wheat monoculture.
bFine-loamy, mixed, semiactive, mesic Typic Hapludult.
cCanola, did not winterkill.
dOilseed radish (Raphanus sativus L.), winterkilled.
eFine-silty, mixed, active, mesic Oxyaquic Fragiudalf.
fFine, mixed, active, mesic Typic Hapludalf.
gSoybean [Glycine max (L.) Merr.].
hThe wheat monoculture cover crop was not sown at F16.
iFine-silty, mixed, active, mesic Ultic Hapludalf.
jFine-silty, mixed, active, mesic Fluventic Hapludoll.
kNo brassica cover crop was included in the mix examined at S17.
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this period precluded fieldwork, including counting weeds. In
2016, this count occurred 23 d after the residual herbicide was
applied and within 1 wk of planting; at S17, this count was 20 d
after the herbicide was applied and 18 d after planting (Table 2).
Weed density was assessed in mid-July at all sites—approximately
30 to 34 d after planting at G16, F16, and G17, and 60 d after
planting at S17. Weed biomass at harvest was also collected at all
site-years except F16.

Weeds were counted in sprayed and unsprayed subplots in all
main plots. Due to low weed density, the early-season density
evaluation at each site-year was typically performed over a larger
area (i.e., 2 to 6m− 2, depending on the density at each site-year).
For the midseason density evaluation, two 0.25-m− 2 quadrats
were counted in each subplot. Quadrats were placed within the
second or third tobacco row to avoid the edge rows; quadrats
were also placed within the center of the subplots. A tobacco stalk
was placed in the corner of the quadrat, and all quadrats were
aligned in the same manner so a consistent area of the tobacco
row and area between the rows was sampled. All weeds within the
quadrat were identified to species and counted. Weed biomass at
harvest was measured by clipping all aboveground biomass in two
0.25-m− 2 quadrats in all subplots. Samples were dried at 60 C
until a consistent weight was achieved, then weighed.

Tobacco was harvested from the center two rows of the sprayed
subplots within each main plot following the conventional practice
of stalk cutting and spearing the plants onto wooden sticks for
curing. A maximum of 30 stalks were harvested from the center of
each plot (approximately 16m2); the number of harvested stalks
was recorded if fewer than 30 (i.e., there was reduced stand due to
losses at transplanting). All sticks were tagged with plot number
and transported to a curing barn where they were hung for 10 to
12 wk. After curing, the leaves were removed from the stalks by
hand and weighed to estimate yield of cured leaf.

Data Analysis
Before analysis, all cover crop biomass and weed density and
biomass data were averaged over subsamples within an experi-
mental unit. All data were analyzed with SAS software using
PROC MIXED (v. 9.4, SAS Institute, Cary, NC). Data were either
log or square-root transformed as necessary to meet normality
assumptions. Grouping was used to account for heterogeneous
variances if necessary, and Akaike information criterion and
Bayesian information criterion values were compared to select the

best-fit model. Before data analysis, we selected α= 0.1 as our
significance level due to the variable nature of our sites and weed
density in general, in addition to our desire to capture potential
treatment effects that may warrant a more detailed examination
in future studies. A combination of single degree of freedom
contrasts and effects slicing was used to separate significant
interactions and determine differences within significant main
effects.

Cover Crop Biomass
To examine potential differences in total cover crop biomass
production between the mixture and wheat monoculture at site-
years with both plantings (all except F16), data were subjected to a
two-way ANOVA with site-year by composition as the main plot
factor and termination treatment as a fixed subplot factor. Block
(replicate) was treated as a random factor. Total biomass pro-
duction by the cover crop mixture and the proportion of total
biomass comprised of legumes (hairy vetch and/or crimson clo-
ver) were analyzed using a two-way ANOVA and biomass data
from all 4 site-years. Site-year was the main plot factor, with
termination treatment as a fixed subplot factor and block as a
random factor. The effect of termination treatment on canola
biomass and proportion of total biomass composed of canola was
also conducted using a one-way ANOVA for the G16 site-year.

Weed Density and Biomass
Due to variability in field management, planting dates, and
weather, each site-year was analyzed separately for the weed
density and biomass data. The cover crop composition (i.e.,
mixture or wheat monoculture) was treated as location, with
blocks nested within location. Cover crop termination treatments
were treated as fixed main plot factors, with the herbicide treat-
ment as a fixed subplot factor. Replications of the cover crop
treatments within the species locations were treated as random
factors; the herbicide subplot factor was only replicated once
within each main plot. Because the sampling size varied
depending on sampling date, all weed density and biomass data
were converted to number per square meter for presentation;
untransformed data are also presented in all cases.

Tobacco Plant Density and Yield
The tobacco crop was assessed by analyzing two variables—
number of plants in the harvest area and total marketable yield.

Table 2. Timing of relevant field operations at the 4 site-years.

G16 F16 G17 S17

Early termination April 13, 2016 April 14, 2016 April 14, 2017 April 18, 2017

Late termination May 9, 2016 May 9, 2016 May 2, 2017 May 12, 2017

Residue removal May 6, 2016 May 5, 2016 May 2, 2017 May 12, 2017

Burndown and residual herbicide applied May 25, 2016 May 25, 2016 May 18, 2017 May 16, 2017

Tobacco planted June 11, 2016 June 13, 2016 June 9, 2017 May 18, 2017

Weed density measured June 17, 2016
(6 DAPa, 23 DATb)
July 14, 2016
(34 DAP, 51 DAT)

June 17, 2016
(4 DAP, 23 DAT)
July 13, 2016
(30 DAP, 50 DAT)

July 10, 2017
(31 DAP, 53 DAT)

June 5, 2017
(18 DAP, 20 DAT)
July 17, 2017
(60 DAP, 62 DAT)

Tobacco harvested September 15, 2016 September 5, 2016 September 18, 2017 August 15, 2017

Weed biomass measured September 20, 2016 NA September 20, 2017 August 16, 2017

aDAP, days after planting tobacco.
bDAT, days after residual herbicide treatment.
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Both were subjected to a two-way ANOVA, with separate ana-
lyses for each site-year. Cover crop composition was treated as
fixed location, with the termination treatments as fixed treat-
ments within location and replicate as a random factor.

Results and Discussion

Cover Crop Biomass and Composition

Cover Crop Biomass—Composition Effects
Results of an initial two-factor ANOVA of the effects of site-year
and composition on cover crop biomass (analysis results not
shown) showed that cover crop biomass was generally greater in
the mixtures than in the monoculture (Table 3; site-year by
species interaction P= 0.003). At the S17 and G17 site-years, the
mixture produced 23% to 29% more biomass than the wheat
monoculture cover crop (Table 3; P= 0.0021 and P= 0.013 for
effects slicing, respectively, for the 2 site-years). Biomass was
similar between the mixture and the wheat at G16 (P= 0.11). The
cover crop mixture contained cereal rye as the small grain com-
ponent, making direct comparisons to the monoculture wheat
cover crop difficult. Cereal rye does produce more biomass than
wheat in Kentucky in the spring (ERH, unpublished data).
However, greater biomass production by the mixture at these 2
site-years could illustrate the “overyielding” potential of small
grain/legume mixtures (Hayden et al. 2014; Sainju et al. 2005) due
to functional complementarity.

Cover Crop Biomass—Termination Treatment and Site-Year
Effects
The early-terminated cover crops produced less biomass than the
late-terminated ones. For the cover crop mixture, the removal
treatment was also associated with greater biomass compared

with the late termination (averaged over site-years). It is unclear
why this occurred, as the removal treatments were sampled before
biomass removal, and this operation occurred either on the same
day (both site-years in 2017; Table 2) or before (both site-years in
2016; Table 2) the late-termination treatment. Wheat cover crop
biomass was greater at G16 compared with G17 and S17
(Table 3). Mixture cover crop biomass was also higher at G16
than at these two sites, with intermediate mixture biomass pro-
duction at F16 (Table 3).

Cover Crop Mixture Composition
Cover crop mixture composition also differed between site-years
and the termination treatments (Table 3). The greatest percentage
of cover crop biomass composed of legumes was found at F16
(38.1%), while the lowest was found at S17 (13.7%). The F16 site-
year had more legume biomass (proportionally) compared with
G16 and S17, while S17 had proportionally less legume biomass
than F16 and G17 (Table 3). Termination treatment also influ-
enced the percentage of legume biomass, with early-terminated
mixtures having, on average, 37% less legume biomass than the
late-terminated mixture and mixture with residue removed
(Table 3). Although we did not measure forage quality in this
trial, differences in legume biomass would likely influence this.
Canola was included in the mixture planted at G16; termination
treatment did not affect canola biomass (P= 0.599) or the pro-
portion of canola in the total cover crop biomass at this site-year
(P= 0.184). Canola was approximately 50% of the dry cover crop
biomass at G16 (unpublished data).

Early-Season Weed Density

The same species dominated each site-year at this sampling time
—smooth pigweed (Amaranthus hybridus L.), prickly sida (Sida
spinosa L.), carpetweed (Mollugo verticillata L.), and annual grass
seedlings that were not identified to species. (During the mid-
season weed density evaluation, dominant annual grasses were
identified as large crabgrass [Digitaria sanguinalis (L.) Scop.] and
goosegrass [Eleusine indica (L.) Gaertn.].) With few exceptions
(i.e., between two and four subplots per site-year), these species
comprised greater than 50% of the total weed density at this time.

We only detected cover crop composition impacts on early-
season weed density at 1 site-year (Table 4). At G16, weed density
in the unsprayed subplots following the wheat monoculture cover
crop was 2.1 weeds m− 2, while weed density following the mix-
ture was only 1.2 weeds m− 2. Weed density was similar following
the two cover crop types in the sprayed subplots. Detection of
cover crop composition effects on early-season weed density at
only 1 site-year, and a small effect at that site-year, provides
support for our first hypothesis that soil nitrogen release from the
inclusion of legumes in a cover crop mixture would have limited
impacts on weed emergence in our high applied nitrogen crop-
ping system. Interestingly, this effect of cover crop species com-
position on early-season weed density in the unsprayed subplots
where only the cover crop residues were affecting weeds was
noted only at G16. This site-year had similar amounts of wheat
monoculture and cover crop mixture biomass (Table 3). It was
also the only site-year to include canola, which made up a con-
siderable portion (approximately 50%) of the dry biomass.

Termination treatment affected early-season weed density at all
site-years, either as a main effect or through an interaction with the
herbicide application (Table 4). At both G16 and S17, termination
treatment affected early-season weed density only within the

Table 3. Cover crop biomass (mean with SE in parentheses) produced at the 4
site-years, with two-way ANOVA results of site-year and termination treatment
analysis.a

Wheat
monoculture Cover crop mixture

Biomass Biomass % legume

Site-year —————kg ha − 1—————

G16 6,992 (420) a 6,315 (566) a 17.3 (3.33) bc

F16 NAb 5,521 (560) ab 38.3 (2.94) a

G17 3,484 (232) b 4,929 (549) b 28.6 (4.13) ab

S17 3,624 (367) b 4,729 (456) b 13.7 (1.11) c

Termination treatment

Removal 5,517 (547) A 6,814 (315) A 28.7 (3.88) A

Late 5,189 (564) A 5,857 (389) B 27.3 (3.09) A

Early 3,394 (477) B 3,449 (230) C 17.6 (3.21) B

ANOVA results

Site-year <0.0001 0.0330 0.0010

Termination treatment <0.0001 <0.0001 0.0027

Site-year*termination
treatment

0.240 0.686 0.584

aMeans within the same column with the same lowercase letter (site-year effects) or
uppercase letter (termination treatment effects) are not significantly different at α= 0.1
(main effects separated using single degree of freedom contrasts).
bThe wheat monoculture was not planted at F16.
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unsprayed subplots, though in different ways. In unsprayed sub-
plots at S17, the late termination resulted in lower weed density
compared with the early-termination and removal treatments
(Figure 1). At G16, however, the late-termination treatment
resulted in higher weed density compared with the other two ter-
mination treatments (Figure 1). Similarly, at F16, early weed
density was higher in the late-termination treatment than in the
early-termination and cover crop residue removal treatments
across both sprayed and unsprayed subplots (Figure 1; main effect
of termination treatment). (Wheat monoculture was not planted at
F16, so a two-way ANOVA was conducted with the main plot
factor of termination treatment and subplot factor of residual
herbicide; this ANOVA indicated a significant termination treat-
ment effect, but no interaction with the herbicide [Table 4].)

Within the sprayed subplots at both G16 and S17, no termination
treatment effects on early-season weed density were detected.

Results observed at the S17 site-year provided some support
for our second hypothesis that weeds would be suppressed by the
thicker mulch layer provided by the late-termination treatment in
the absence of the soil-residual herbicide. However, we did not
observe this at the G16 and F16 site-years. Many studies have
noted that, in the absence of soil-residual herbicides, increased
amounts of cover crop residue generally correlate with lower weed
density (Price et al. 2016; Teasdale et al. 1991; Webster et al.
2013). Our findings are not this consistent, as the G16 and F16
site-years generally had more cover crop biomass than S17
(Table 3).

Previous research has demonstrated that thinner cover crop
mulches (produced from approximately 2,700 kg ha− 1 oat (Avena
sativa L.) cover crop biomass, less than in the current study;
Table 3) had variable impacts on weed emergence depending on
moisture conditions (Haramoto and Brainard 2017). Powell
amaranth (Amaranthus powellii S. Watson) emergence was typi-
cally suppressed by surface cover crop residues in wetter condi-
tions, but sometimes increased in drier conditions. In the current
trial, S17 received more precipitation in May and early June
compared with the two 2016 site-years (unpublished data), sug-
gesting that greater weed density following the late-termination
treatment in 2016 may have resulted from increased soil moisture
under the cover crop residue. This effect was observed regardless of
the herbicide treatment (Table 4), so it does not appear to be due to
reduced efficacy of the soil-residual herbicides. The mixture at S17
did have the lowest percentage of legumes and was composed
primarily of cereal rye, which perhaps explains why there was no
impact of the cover crop species at this site-year.

It is also possible that the different responses to cover crop
termination time, particularly between F16 and S17, which had
similar weed density (Figure 1), were due to differences in the
weed community. Annual grasses (later identified as D. sangui-
nalis and E. indica) were predominant at both site-years, com-
prising 41% and 59% of the total weed density at F16 and S17,
respectively, at the early-season evaluation. Authors have noted
variable results for annual grass suppression with cover crop

Table 4. Results (P-values) of a three-way ANOVA for early-season weed density (4–6 d after planting at G16 and F16, and 18 d after
planting at S17) and for significant interactions.a

Site-year G16 F16 G17 S17

Composition (C) 0.490 NAb NAc 0.407

Termination treatment (T) 0.151 0.0445 NA 0.156

C*T 0.513 NA NA 0.160

Herbicide (H) 0.0006 0.230 NA <0.0001

C*H 0.0034 NA NA 0.726

Composition effect in sprayed subplots 0.357 NA NA NA

Composition effect in unsprayed subplots 0.047 NA NA NA

T*H 0.0338 0.581 NA 0.0583

Termination treatment effect in sprayed subplots 0.349 NA NA 0.449

Termination treatment effect in unsprayed subplots 0.079 NA NA 0.020

C*T*H 0.300 NA NA 0.231

aMain plot factors were cover crop composition (C; mixture or wheat monoculture) and termination treatment (T; early or late termination, or cover crop
residue removal), with + or – soil-residual herbicides (H) as the subplot factor. Mean response for the significant C*H interaction at G16 is discussed in the text;
mean response for the T main effect and T*H interactions are shown in Figure 1.
bAt F16, only cover crop mixture was examined, so no comparison between cover crop species composition was made.
cEarly-season weed density was not assessed at the G17 site-year.

Figure 1. Early-season weed density (mean ± SE), measured in early to mid-June
from 4 to 18 d after tobacco planting, across termination treatments. Weed density
was not measured at this time at G17. Within each site-year, bars with the same letter
are not significantly different at α= 0.1. At G16 and S17, termination treatment only
affected early-season weed density in subplots without the soil-residual herbicide
(“unsprayed”). At F16, the main effect of termination treatment was significant,
regardless of the herbicide applied.
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residues in no-till systems. Digitaria sanguinalis emergence was
either similar to or reduced following cereal rye residue compared
with no residue (Brainard et al. 2016). Eleusine indica density was
reduced following cereal rye and hairy vetch, relative to no resi-
due, though impacts of these residues on density of this species
and of D. sanguinalis were not consistent (Teasdale et al. 1991).
These studies highlight that multiple factors may regulate the
influence of cover crop residues on weed emergence and density,
perhaps including the regulation of soil moisture, as noted earlier.

We did not observe termination treatment effects in the sub-
plots sprayed with residual herbicides at any site-year. This sug-
gests that delaying termination from the early timing to the late
timing did not result in significant interception of the soil-
residual herbicides. Given the lack of impact between the late-
termination time (i.e., thick cover crop residue layer) and the
removal treatment (no cover crop residue), it also suggests that
leaving the cover crop residue in the field did not contribute to
herbicide interception. However, ample rainfall (unpublished
data) soon after application in all years likely mitigated this
potential and limited our ability to test our third hypothesis. Each
site-year received at least 10mm of precipitation within 1 to 5 d of
the herbicide application. G16 received 84.8mm of precipitation
between the application and this first density evaluation, F16
received 66.3mm, and S17 received 80.8mm. (G17 also received
84.6mm of precipitation between the herbicide application and
planting, including almost 24mm within 2 d of application.)
Repeating this study in drier conditions would be necessary to
gain a better understanding of the effect of cover crop residue on
residual herbicide efficacy. The current results, however,
demonstrate the application of previous work on herbicide
degradation and release kinetics (Banks and Robinson 1986;
Carbonari et al. 2016; Ghadiri et al. 1984; Reddy et al. 1995)—if
there is ample rainfall after application, soil-residual herbicides
applied to cover crop residues can still be effective in reducing
weed density (Figure 1).

Midseason Weed Density

At this evaluation, more differences in the weed community
composition were apparent. F16 was still dominated by annual

grasses and broadleaves, with D. sanguinalis being the dominant
grass and A. hybridus, M. verticillata, and hairy galinsoga
(Galinsoga quadriradiata Cav.) being the dominant broadleaf
weeds (comprising >60% of the total weed density in all but three
subplots). G16 and G17 were dominated by D. sanguinalis, S.
spinosa, and M. verticillata; these species represented >60% of the
total weed density in all but one subplot at both site-years. The
community at S17 was more diverse; annual grasses (E. indica
and D. sanguinalis) continued to comprise approximately 40% of
the total weed density, but annual fleabane [Erigeron annuus (L.)
Pers.] and dandelion (Taraxacum officinale F. H. Wigg.) were
more dominant broadleaves. Amaranthus hybridus and M. ver-
ticillata were also present to a lesser extent.

Density measurements conducted in mid-July were approxi-
mately 30 d after planting (DAP) for all sites except S17 (Table 2).
This site was planted earlier, so counts were performed at 60
DAP. Species composition (i.e., cover crop mixture or wheat
monoculture) influenced midseason weed density at only 1 site-
year (Table 5). Termination treatment affected midseason weed
density at all site-years, interacting with the soil-residual herbicide
at 1 site-year (Table 5).

As with early-season weed density, cover crop species com-
position only affected midseason weed density in 1 site-year—
G16. In contrast to earlier in the season, however, differences
were detected in the sprayed subplots. Midseason weed density
was greater following the mixture than following the wheat
(Figure 2A), but was similar following both the mixture and the
wheat in unsprayed subplots. Although this site-year was asso-
ciated with higher cover crop mixture biomass than most of the
other site-years (Table 3), we expected that the large amounts of
inorganic nitrogen fertilizer (i.e., 280 kg N ha− 1) would have
overwhelmed any nitrogen contributions from increased legume
biomass. Why we observed differences in weed density between
the cover crop types, and only in the sprayed subplots, remains
unclear.

Prevalence of both M. verticillata and annual grasses changed
between the early- and midseason density evaluations at G16.
Mollugo verticillata was present in 20% of the subplots early in the
season, increasing to 67% of subplots by midseason. While it
represented only 10% of the total weed density early in the season,

Table 5. Results (P-values) of a three-way ANOVA for midseason weed density and for slicing interactions.a

Site-year G16 F16 G17 S17

Composition (C) 0.146 NAb 0.858 0.284

Termination treatment (T) 0.0072 0.0204 0.0223 0.0623

C*T 0.616 NA 0.312 0.325

Herbicide (H) <0.0001 0.0002 <0.0001 0.0034

C*H 0.0095 NA 0.201 0.172

Composition effect in sprayed subplots 0.0136 NA NA NA

Composition effect in unsprayed subplots 0.770 NA NA NA

T*H 0.699 0.421 0.187 0.090

Termination treatment effect in sprayed subplots NA NA NA 0.289

Termination treatment effect in unsprayed subplots NA NA NA 0.0176

C*T*H 0.936 NA 0.445 0.710

aMain plot factors were cover crop composition (C; mixture or wheat monoculture) and termination treatment (T; early or late termination, or cover crop
residue removal), with + or – soil-residual herbicides (H) as the subplot factor. Mean response for the C*H interaction is shown in Figure 2A, while the
mean response for the T*H interaction and the T main effects are shown in Figure 2B.
bAt F16, only cover crop mixture was examined, so no comparison between cover crop species composition is available.
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it was 20% of the total weed density by midseason. Annual grasses
were noted in 48% of subplots at the early-season evaluation, and
this increased to 88% of subplots by the midseason evaluation.
Annual grasses represented 28% of total weed density early in the
season, increasing to 48% by midseason. In a system without soil-
residual herbicides, M. verticillata density was reduced by cover
crop residues in no-till sweet corn (Zea mays L.) in 3 of 4 yr
(Teasdale et al. 1991). However, density was typically lower fol-
lowing leguminous hairy vetch than following cereal rye; this
reduction was significant in one of four years, and M. verticillata
density was never lower following cereal rye compared with hairy
vetch (Teasdale et al. 1991). We are not aware of any other
research suggesting why its emergence may be suppressed by
different types of residue. As noted previously, impacts of cover
crop residues on annual grass density can also be variable (e.g.,
Brainard et al. 2016; Teasdale et al. 1991). Digitaria sanguinalis
and E. indica densities were often numerically (though not sta-
tistically) lower following cereal rye residue compared with hairy

vetch residue where soil-residual herbicides were not used
(Teasdale et al. 1991), a finding in contrast to ours. Given the
differential response of weed density to these cover crop com-
positions at this site-year, and that this site-year was the only one
to include canola (which was up to 50% of the cover crop bio-
mass), this mixture warrants further study for weed management.

Termination treatment also impacted midseason weed density
at the other site-years, either as a main effect (G16, F16, and G17),
or interacting with the herbicide (S17; Table 5). At S17, mid-
season weed density was similar following the early- and late-
termination treatments, but only in the unsprayed subplots, as
termination treatment did not affect weed density in sprayed
subplots (Table 5). At G16 and F16, the late-terminated treatment
resulted in lower midseason weed density than both the early-
terminated and removal treatments (Figure 2B)—the opposite of
what was observed earlier in the season. At G17, however, mid-
season weed density was highest following the late-termination
treatment. This was likely due to poor tobacco establishment in
the late-termination treatment at this site-year (Table 6). Com-
pared with the early-terminated and removal treatments, the
number of harvestable tobacco plants in the late-terminated
treatment was reduced by approximately 40% (Table 6). Lack of
crop plants led to a reduced competition environment, likely
allowing for more weeds to emerge. This stand reduction, which
occurred only at this site-year, was likely due to the transplanter
not being adjusted properly and highlights the difficulty that
growers can face when transplanting into intact cover crop resi-
dues in no-till situations.

The soil-residual herbicide applied in May continued to be
effective in reducing midseason weed density at all site-years
(Table 5). The herbicide reduced weed density by 80% at F16
(from 285 weeds m− 2 in unsprayed subplots to 54 weeds m− 2 in
sprayed subplots) and by 78% at G17 (from 144 weeds m− 2 in
unsprayed subplots to 32 weeds m− 2 in sprayed subplots). At
some site-years, the herbicide efficacy was influenced by other
factors (e.g., G16, interaction with species; S17, interaction with
termination treatment). At G16, the residual herbicide reduced
weed density by 65% following the mixture and by 82% following
the wheat (Figure 2A); while it was effective in reducing density
following both types of cover crops, its efficacy at this time was
reduced somewhat following the mixture. This effect was not
observed earlier in the season (Table 4) or in any of the other site-
years (Table 5). It is possible that more nitrogen was present in
the soil at G16 due to the larger amount of cover crop mixture
biomass (Table 3). It is also possible that the canola, which was
only present at G16, also played a role in mediating herbicide
efficacy. However, lack of impact on the early-season weed den-
sity seems to refute this possibility.

S17 was the only site-year to show differences in the herbicide
efficacy between termination treatments (Table 5). Weed density
was 47% to 58% lower in the removal and early-termination
treatments, respectively, with the soil-residual herbicide com-
pared with the unsprayed subplots (Figure 2B, lowercase letters).
Density was not affected, however, by the herbicide application in
the late-termination treatment (Figure 2B, lowercase letters).
There is not evidence that the herbicide was less effective in the
late-termination treatment, as density was similar across all ter-
mination treatments in the sprayed subplots (Figure 2B, upper-
case letters). This, then, suggests that, without soil-residual
herbicides, the residue in this treatment was still providing weed
suppression to a similar degree as the cover crop residue plus
herbicides.

Figure 2. Midseason weed density (mean ± SE) measured in mid-July, from 30 to
60 d after tobacco planting at G16 (A, effect of the herbicide*cover crop composition)
and at multiple site-years (B, effect of termination treatment). In A, bars within the
same subplot (i.e., sprayed or unsprayed) with the same uppercase letter are not
significantly different at α= 0.1 according to single degree of freedom contrasts. Also
in A, bars with the same cover crop composition (i.e., mixture or wheat monoculture)
with the same lowercase letter are not significantly different at α= 0.1 according to
single degree of freedom contrasts. In B, bars with the same uppercase letter within
each site-year or site-year*herbicide combination are not significantly different at
α= 0.1. Additionally, for S17, bars within the same termination treatment across
residual herbicide treatments with the same lowercase letter are not significantly
different at α= 0.1.
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Weed Biomass at Harvest

Weed biomass measured at harvest followed trends in weed
density from earlier in the season at some site-years, but not
others. Cover crop species composition influenced weed biomass
at harvest only at G16, and the termination treatment influenced
weed biomass at the other 2 site-years at which it was measured
(Table 7).

As with midseason weed density at G16, cover crop species
composition influenced final weed biomass in unsprayed subplots
(Figure 3A) but not in sprayed subplots. Final weed biomass in
the unsprayed subplots following wheat, however, was much
different than midseason weed density. Although there were more
weeds midseason following the wheat monoculture in the
unsprayed subplots compared with the sprayed subplots
(Figure 2A, lowercase letters), final weed biomass was similar
(Figure 3A, lowercase letters). Above- and belowground residue
from the wheat cover crop may have been immobilizing nitrogen,
leading to decreased growth of emerged weeds and decreasing
biomass (i.e., Wells et al. 2013). That this composition effect was
observed at G16 but not the other site-years may have been due to

the larger amounts of wheat cover crop biomass produced at this
site-year compared with the others (Table 3). Lack of impact on
the tobacco yield (Table 6) somewhat refutes nitrogen immobi-
lization as a potential explanation, though the more competitive
tobacco plants may have been better able to use available soil
nitrogen. Allelopathy from wheat residues (Wu et al. 2001) could
also be responsible for reducing weed biomass at this site-year
with more cover crop biomass. Cereal rye, a component of the
cover crop mixture, is also noted to be allelopathic (Weston and
Duke 2003). However, cereal rye comprised only about 40% of the
mixture biomass at G16 (unpublished data).

Termination treatment influences on final weed biomass at
G17 and S17 were similar to their impacts on midseason weed
density. At G17, the late-termination treatment resulted in greater
weed biomass at harvest (Figure 3B). This showed a similar trend
to the midseason weed density and is likely explained by the poor
tobacco stand in this treatment. At S17, final weed biomass was
affected by termination treatment in both sprayed and unsprayed
subplots. Trends, however, were similar to the midseason weed
density. In the unsprayed subplots, biomass was lowest in the late
termination and similar in the other two; these two termination

Table 7. Results (P-values) of a three-way ANOVA on weed biomass at harvest and for slicing interactions.a

Site-year G16 F16 G17 S17

Composition (C) 0.135 NAb 0.187 0.544

Termination treatment (T) 0.462 NA 0.0545 0.0064

C*T 0.919 NA 0.213 0.323

Herbicide (H) 0.0848 NA <0.0001 <0.0001

C*H 0.0260 NA 0.385 0.207

Composition effect in sprayed subplots 0.857 NA NA NA

Composition effect in unsprayed subplots 0.0102 NA NA NA

T*H 0.463 NA 0.437 0.0033

Termination treatment effect in sprayed subplots NA NA NA 0.0337

Termination treatment effect in unsprayed subplots NA NA NA 0.0025

C*T*H 0.794 NA 0.846 0.248

aMain plot factors were cover crop composition (mixture or wheat) and termination treatment (early or late termination, or cover crop residue removal), with + or – soil-residual herbicides as
the subplot factor.
bWeed biomass was not measured at F16.

Table 6. Mean (SE) number of tobacco plants and yield at the 4 site-years, with two-way ANOVA results (P-values) of cover crop composition and termination
treatment.a

G16 F16 G17 S17

No. stalks Yield No. stalks Yield No. stalks Yield No. stalks Yield

—kg ha − 1— —kg ha − 1— —kg ha − 1— —kg ha − 1—

Early termination 27.5 (0.65) b 1,640 (118) 12 (0) 1,461 (105) 28.9 (0.61) a 1,433 (97) a 17.3 (1.9) 1,952 (80) a

Late termination 28.8 (0.62) ab 1,677 (220) 11.8 (0.48) 1,493 (196) 17.5 (3.8) b 1,066 (178) b 18.9 (1.6) 1,530 (109) b

Removal 29.5 (0.42) a 1,546 (167) 11.5 (0.29) 1,367 (43) 28.9 (0.40) a 1,516 (195) a 16.1 (2.4) 1,516 (195) b

ANOVA results

Composition (C) 0.221 0.901 NA NA 0.491 0.562 0.461 0.146

Termination treatment (T) 0.075 0.301 0.579 0.740 0.004 0.010 0.621 0.060

C*T 0.476 0.291 NA NA 0.344 0.402 0.887 0.514

aTobacco was only harvested from the + soil-residual herbicide subplots. Within the same column, means followed by the same letter are not significantly different at α= 0.1.
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treatments had similar impacts on midseason weed density
without the residual herbicide (Figure 2B). Weed biomass at
harvest was low in the subplots with residual herbicides—less
than 40 g m− 2 in all treatments. The early-terminated treatment
had lower biomass than the other two treatments. This may be
explained by higher yields in the early-terminated treatment (see
below).

The residual herbicide applied in May continued to influence
weed biomass at harvest. At G16, the herbicide reduced biomass
by 75% following the mixture (Figure 3A, lowercase letters on
black bars) but did not influence biomass following wheat
(Figure 3A, lowercase letters on gray bars). At G17, herbicide also
resulted in 75% less weed biomass across both cover crop species
and all termination treatments (from 154.4 g m − 2 in unsprayed
subplots to 37.6 g m−2 in sprayed subplots). At S17, the herbicide
reduced weed density in the sprayed subplots relative to
unsprayed subplots by 97% in early terminated, by 81% in late

terminated, and by 92% in removal (Figure 3B). Thus, by the end
of the season, only the wheat at G16 showed evidence that it was
still suppressing weeds in the absence of the soil-residual herbi-
cides (Figure 3A). Midseason density was high in this treatment
(Figure 2A), but these weeds did not accumulate much biomass
by the end of the season. Because we did not collect yield sepa-
rately in the sprayed and unsprayed subplots, we cannot conclude
decisively whether these weeds impacted yield. However, it is not
uncommon for small grain cover crop residues to reduce nutrient
availability, resulting in smaller weeds (Wells et al. 2013).

Tobacco Stand and Yield

Cover crop composition did not influence the number of tobacco
plants or yield at any site-year, but as noted earlier, tobacco stand
was influenced by cover crop termination time (Table 6). At G16,
fewer plants were found in the early-termination treatment
compared with the removal treatment, with an intermediate stand
in the late-terminated treatment (Table 6). These differences,
however, were small, and yield at this site-year was not influenced
by the termination treatment. At G17, the reduced stand in the
late-termination treatment likely led to reduced yield (Table 6).
Finally, at S17, stand was not affected by treatment, but yield in
the early-termination treatment was higher than in the other two
treatments (Table 6). Waterlogged soils at this site caused some
plant damage, which may have reduced yields in these treatments
(RP, personal observation). It is possible that the increased root
biomass from late-terminated cover crops was holding more soil
moisture, which exacerbated the impact of flooding; tobacco roots
are sensitive to anaerobic conditions. This site-year demonstrates
the importance of crop–weed competition—final weed biomass
was lower (Figure 3B) and tobacco yield higher (Table 6) fol-
lowing the early-termination treatment in the sprayed subplots
(yield was only collected from the sprayed subplots).

Overall, the results give the most support for our hypothesis
that the late-termination treatment would lead to the most weed
suppression. This effect was consistently observed at one of the
site-years (S17). This site-year had the shortest time between the
residual herbicide application and planting, and tobacco plants
were the oldest at all density evaluations and thus likely exerting
the most competitive influence. At 2 site-years, the late-
termination treatment resulted in higher early-season weed den-
sity, perhaps due to increased soil moisture during a dry period,
but lower midseason weed density. Impacts on weeds were also
mediated by poor crop establishment at 1 site-year (G17)—the
late-termination treatment resulted in reduced tobacco estab-
lishment; the resulting competition-free environment led to more
weeds emerging and higher densities in the late-terminated
treatment. By harvest, impacts on weed density mostly continued
to manifest in impacts on weed biomass. There was no interaction
with the soil-residual herbicide application at these site-years by
the midseason density evaluation, which suggests that there was
no immobilization and subsequent release of the herbicide by the
cover crop residues. It is likely that the higher amount of residue
in the late-terminated treatment continued to suppress weed
emergence through this midseason evaluation time.

Cover crop species composition only influenced weeds at 1 of
3 site-years (G16) for which we could compare a cover crop
mixture to a monoculture wheat cover crop. In the absence of
soil-residual herbicides, the mixture seemed to suppress early
weed emergence better than the wheat monoculture cover crop.
By midseason, weed density was similar following both cover crop

Figure 3. Weed biomass (mean +/- SE) measured at harvest at G16 (A, effect of
herbicide*cover crop species composition) and at multiple site-years (B, effect of
termination treatment, with and without soil residual herbicide if significant). In A,
bars with the same letter (upper or lower case) are not significantly different at
α= 0.1 according to single degree of freedom contrasts. In B, bars with the same
capital letter within each site-year are not significantly different at α= 0.1. Note
that the ANOVA for S17 required grouping to account for unequal variances. Within
S17 in B, bars from the same termination treatment with the same lowercase letter
are also not significantly different at α= 0.1 according to single degree of freedom
contrasts.
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types without herbicides, but was again lower following the
mixture where herbicides were applied (Figure 2A). By harvest,
however, weed biomass was much lower following wheat than
following the mixture in the absence of soil-residual herbicides
(Figure 3A). This site-year consistently had higher cover crop
biomass than the other site-years (Table 3) and also had canola in
the cover crop mixture. Canola could have led to differences in
the residue composition that we could not study at other site-
years. Given, however, that these differences were only observed
at 1 site-year, our results show minimal additional weed man-
agement benefit of more complex, and more expensive, cover
crop mixtures. It is important to note as well that our cover crop
mixture included cereal rye as a small grain, which was compared
with a monoculture wheat cover crop. While we are not aware of
any studies comparing performance of mixtures containing wheat
with mixtures containing cereal rye, it is possible that there are
key differences between them that should limit the applicability of
direct comparisons of our cereal rye–containing mixture with the
monoculture wheat. In addition, while some legume-produced
nitrogen will be available soon after termination (Jackson 2000),
higher amounts of nitrogen release from legume biomass may
take years to accrue, particularly in no-till (Villamil et al. 2006).
Thus, the short-term nature of our study (conducted over the
course of 1 yr at each site) limits our ability to capture these
longer-term benefits. On the other hand, our results demonstrate
that growers wishing to adopt mixtures for forage production to
receive additional revenue or to capture these longer-term bene-
fits can receive similar weed management benefits in a tobacco
production system that uses soil-residual herbicides. For growers
seeking to better utilize cover crops in reduced-tillage tobacco
production, our results suggest that, over the short term, weed
management benefits will be similar between a monoculture
wheat cover crop and a cereal rye/forb mixture. Our results
highlight the importance of transplanter adjustment when
planting into cover crop residues, as poor crop stands can lead to
increased weed pressure. With adequate tobacco stands, however,
later cover crop termination and soil-residual herbicides provided
the most consistent weed control over all site-years.
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