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Abstract

Studies were conducted in 2011 and 2012 at twe aitéhe Southern Research and
Outreach Center in Waseca, MN to evaluate diffecentbinations of row spacing,
soybean varieties, and early season weed congaihtients on giant ragweed, common
lambsquarters, and tall waterhemp density, biomeas$ seed production. The early
season weed control treatments consisted of arpeggence herbicide, winter rye cover,
and radish/pennycress cover mixture. Overall, mifbxazin, acetochlor, or winter rye
treatment were the most effective in reducing waemsity, biomass, and seed
production. These two treatments generally resufted least a 50% reduction in total
weed density compared to the control. A flumioxaminwinter rye treatment resulted in
no weed seed production of common lambsquartedgetl in 2011, compared to 2018
seeds i in the control. Results demonstrate the importari@arly season weed control
as part of a comprehensive weed management plghe&o row spacing and variety
were not as effective in reducing weed densityniass, and seed production. However,
they were important as part of an integrated weadagement strategy when used in
combination with the winter rye cover crop and flarazin or acetochlor in controlling
weeds in soybeans. A fully integrated approacleedied to control weeds, either to

prevent herbicide resistant weeds or to managedmelresistant weeds.
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| ntegrated Weed M anagement in soybean for control of
Common lambsquarters (Chenopodium album L), Giant
ragweed (AmbriosiatrifidaL.), and Tall waterhemp

(Amaranthus retroflexus (M oq) Sauer)



| ntroduction

Weed management is one of the most important faatgoacting agricultural
productivity. Worldwide, weeds are the number oestf crops, causing approximately
32% of the potentially attainable yield to be IBerke and Dehne, 2004). In the
Midwest, however, the average yield loss is 5% withrent weed management systems
(Fickett et al., 2013). Weeds directly compete withps for limited resources which
reduce crop yield and increase the cost of prodactVeeds also impede the efficiency
of crop harvest and harbor insects and diseastesahde harmful to crops. There are
three goals of any weed management system: redeee density, reduce the amount of
damage that a given density of weeds inflicts oassociated crop, and alter the
composition of weed communities towards less aggresand easier-to-manage species
(Liebman et al., 2007). Although the current weeahagement system in the upper
Midwest has, for the most part, been meeting tigesds, recent trends suggest that these
management strategies are shifting weed speciesti®el to highly competitive and
herbicide resistant species. This is thought tthbeesult of less diversified weed
management strategies (Powles, 2008). For examplee southern U.S. Palmer
amaranth Amaranthus palmeri S. Wats) has developed resistance to glyphosate and is
greatly reducing soybean yields due to the higbiygetitive nature of Palmer amaranth
(Chandi et al., 2013).

Historically, weed management systems included/ersiified combination of
chemical, cultural, and mechanical practices tdrobmeeds. Mechanical practices such
as cultivation in conjunction with pre-emergenced/an post-emergence herbicides were

the primary method of weed control in corn and sayis from the late 1950’s until the



early 1990’s. Over time herbicides increasinglylaeed labor-intensive mechanical
weed control practices primarily because of lowt clogh effectiveness, and ease of use
associated with herbicides (Adcok and Banks, 1€9anessi and Reigner, 2007; Holt
and LeBaron, 1990). Current weed management systawesshifted to more simplistic
tactics with an almost exclusive use of a singéslof post-emergence herbicide, i.e.
glyphosate, to control weeds. The combinatioredficed tillage and simultaneous use
of a single site-of-action has resulted in the tlgwment of weeds that are resistant,
tolerant, or can escape the current glyphosatedbased management system (Holt and
Powels, 1993; Powels and Quin Yu, 2010).

The combination of limited tillage in a glyphosdtased weed management
system has selected for weeds that can escap®ldoynulelayed emergence, in-row
protection by the crop canopy, and differencesawh stage of weeds at the time of
spraying (Scursoni et al., 2007). While weed esgapsult in crop yield losses, herbicide
resistance is becoming an even greater concersefithg there are 14 weed species
resistant to glyphosate in the United States (H2ap3). Four glyphosate resistance
mechanisms have been identified in weeds. Thesbanens include amplification of
5-enolpyruvylshikimate-3-phosphate (EPSP) syntlgase, restricted translocation,
mutation of the Pro 101 gene, and rapid cell deatlyphosate treated tissue (Devine,
2000; Healy-Fried et al., 2007; Robertson, 20103eWé that have developed these
mechanisms of glyphosate resistance produce sd&dk van remain in the soil for
extended periods of time. Prior to the releaseamindup Ready technology, the Group 2
herbicides (ALS) were used extensively in both cmd soybean cropping systems. This

led to the rapid selection of ALS-resistant we&dken glyphosate crops came on the



market they allowed farmers to successfully comdb-resistant weeds by switching to
glyphosate and Roundup Ready crops. However, aver producers have selected for
some weed populations which are resistant to bat® @nd glyphosate herbicides in
Minnesota.

In areas where weed resistance has developedritharp strategy that has been
used to control and delay development of herbiotdéstant weeds has been to rotate the
use of herbicide sites-of-action, or to tank mixbdng@des with another herbicide site-of-
action (Shaner et al., 2012). The basis for usinipte herbicide sites-of-action in a
weed management system is to reduce the selectssye placed on weed populations
by either of the herbicide sites-of-action indivédly. This strategy should increase the
odds that weeds surviving one herbicide are cdettdly the other. Population models
have shown tank-mixing multiple sites-of-action nmagiuce or delay the evolution of
herbicide resistant weeds (Shaner et al., 2012).

Currently there are an estimated 20-25 million &exst of crop land impacted by
glyphosate resistant weeds in the United Stateshii@ek, 2012). Herbicide resistant
weeds cause an increase in the cost of weed maeagamd a greater potential for yield
loss when the resistant weeds are not controlledtS®bf chemical control of fields with
glyphosate resistant weeds are projected to inerg@s.00% (Benbrook, 2012).
Moreover, there are glyphosate-resistant weed epéicat are resistant to multiple
herbicide sites-of-action. The development of weeitls multiple resistance limits the
use of herbicide-based weed management strategies.

In the upper Midwest, the number of weed specisistant to glyphosate is

increasing; however a proactive approach to maregjstance is still practical, unlike



the southern region of the United States where ltlae to use a reactive approach to
control weeds due to the development of glyphosssistant Palmer amaranth
populations. In the southern United States glypteosssistant Palmer amaranth is
suspected of infesting an estimated 250,000 hgrah@mic land (Culpepper et al.,
2009). With less widespread glyphosate resistaptifations in the upper Midwest a
proactive management approach can be implemen&ddad the usefulness of
glyphosate. Proactive management extends the nssBibf a herbicide by decreasing
the selection pressure it places on its targes iBhaccomplished by combining several
weed management tools such as: including anothibrdie site-of-action; increasing
crop competition via narrow row crops; or introchgicompetitive crops into a weed
management system. While this method of integratseld management might increase
the cost of pest management initially, it is mubkaper in the long term if the
effectiveness of glyphosate can be maintained (Muet al., 2005).

Integrated weed management (IWM) is a method ofiveeatrol that uses
multiple approaches. IWM uses knowledge of weetbyy (emergence, growth rate,
fecundity) integrated with multiple weed controbl®to manage weeds throughout the
growing season (Thill et al., 1991). IWM is desidrie strategically target components
of the life cycle of weeds to diminish their grovahd development. The multiple control
tactics reduce weed populations without selectimgveed resistance or escapes
(Mortenson et al., 2012). Having multiple disturbas reduces the selection pressure
from any of the control tactics alone, and weeds #ine not controlled by one tactic are
controlled by another. These multiple controlitacaire introduced throughout the whole

growing season, which also reduces the likelihoedds will escape control.



Disturbances that are used in IWM systems includp motation, crop
competitiveness, row spacing, cover crops, tilldgilizer placement, and weed
thresholds (Buhler, 2002). For example, a farmeayhinuse a cover crop, followed by
narrow row planted soybeans, and then a post-emiehgebicide in the soybean crop
one year, and then would rotate to another crométxé year which would utilize
different tools than the previous year. A weed trest to adapt to overcome multiple
control tactics puts more energy towards survi\ang reduces the energy it has at the
end of the season to produce seed.

IWM is becoming more prevalent as a method of waedrol around the world
as the incidence of herbicide resistant weeds ase® IWM is currently practiced in
Australia to controLolium ridgidum Gaudin(rigid ryegrass) populations with multiple
herbicide resistance (Pannell et al., 2004). Glgak®resistartConyza canadensis (L.)
Crong. (horseweed) has been controlled in nodibgan by integrating cover crops and
soil-applied residual herbicides (Davis et al.,200n Georgia, tillage and cover crop
strategies are being developed for their effecegsnn controlling glyphosate-resistant
Palmer amaranth. A rye cover and deep tillage wasd to reduce Palmer amaranth
emergence by 75% (Culpepper et al., 2010).

In the United States as a whole, adoption of IWM been slow due to
uncertainty of the efficacy of practices used inMib control weeds, along with the
additional cost, time, and management required sgy12008). Farmers continue to rely
on herbicides because of predictable control ofdseand more flexible timing of
control than many of the IWM control tactics. Corsady, long-term cropping-system

experiments in the United States have shown thag s IWM approach can be just as



profitable as a system that relies primarily oroih@des (Pimentel et al. 2005, Liebman
et al. 2008, Anderson 2009). While these long-tstualies have shown IWM approaches
to be profitable, more research needs to be coadwdmbining several of these
disturbances together to find the combinations llaae the greatest impact on weed
emergence, growth, and weed seed production (Bagx1; Liebman and Dyck, 1993).
Pre-emergent herbicides provide early season wggatession by reducing weed
density, biomass, and seed production (Hager,e2@02; Schmenk and Kells, 1998).
Pre-emergent herbicides add an additional herbgitdeof-action, and reduce the
selection pressure from glyphosate. They also asa¢he uniformity of the weed cohort,
which helps the glyphosate become more effecting raduces weed escapes due to
differences in growth stage when the post-emergeriticide is applied (Gonzini et al.,
1999). Pre-emergent herbicides can also delayrieedf post-emergent herbicide
application, which allows the post-emergent hed@db better impact populations of
weeds that have delayed emergence and multipleetuguring the growing season.
Studies show incorporation of a residual herbieiitlé glyphosate can manage
glyphosate-resistant weed populations by redudiegéeed bank (Benbrook, 2012).
Cover crops are also used to suppress early weedlgthrough three primary
mechanisms: competition for resources, bufferingtemperature fluctuations, and
allelopathic effects. Cover crops are planted betwsash crop rotations and generally
are not harvested. Most cover crops are either adisnterminated, plowed under or
winter killed before the cash crop is planted, @dg the chance of any negative effect

on the cash crop. Because most cover crops aregded before the cash crop is



planted, competition for resources should not affiee crop, unless soil moisture is
limited.

Cover crops can affect weed emergence by compeithgveeds for water,
nutrients, and light (Kruidhof et al., 2008; Kruaftet al., 2009; Clark, 2007). Cover
crops intercept red light and can reduce emergensgecies that require red light to
stimulate growth. Also, if weeds germinate, théfiioterception by the cover crop
causes a change in the morphology of the weedsd¥\teat emerge into a cover crop
have increased stem elongation and apical dominzoropared to a weed that emerges
without having to compete with a cover crop (Graamgl Stolenberg, 2009). This results
in plants that have less energy to put towards peadliction and in stalks that cannot
support many seeds.

Cover crops can buffer the temperature fluctuattbas some weeds use as a
signal for germination in the spring (Teasdale Btadhler, 1993). This is because the
mulch created by the cover crop blocks light traitimmce to the soil surface and keeps
soil moisture from evaporating. This extra soil store and reduced light keeps soils
cooler. In weeds species that germinate over & l@mperature range, reduction in
temperature fluctuations may not be enough to stegeed from germinating (Teasdale
and Mohler, 1993).

Cover crops likesecale cereal L. (winter rye), produce allelopathic compounds
which affect the germination and growth of weedar{itig and Ammon, 2002).
However these allelopathic compounds mainly affecall-seeded weeds, because large
seeded weeds are able to overcome these effectsl(iéf et al, 2011). Winter rye has

previously been used as a living residue, greeruneauor a crop. In a study looking



evaluating the use of cover crops with herbicidesjnter rye cover crop provided 90%
control of the weed species, and adding any heldi this system did not produce an
increase in crop yield (Liebl et al., 199%Yinter rye residues have been shown to release
two benzoxazinoid chemicals: 2,4-dihydroxy-1,4, Y2Henzoxazin-3-one (DIBOA),
and benzoxazolin-2(3H)-one (BOA) (Barnes and Puiri##87). These chemicals are
thought to affect photophosphorylation and electransport, similar to photosynthetic-
inhibitor herbicides (Barnes and Putnam, 1987).

The effectiveness of allelopathic chemicals is emmentally dependent and
differences between growing seasons can resultfereht levels of their effectiveness.
Soil fertility, plant age at termination, environmal conditions, and cultivar all influence
the production and subsequent effectiveness dbpl¢hic chemicals (Schulz et al.,
2013). Liebl et al. (1992) were very successfukducing weeds with a winter rye
cover, but not all cover crops perform as wellyasin this study. Other cover crops such
as tillage radish are able to suppress winter drwse@d, but the suppression of spring
annual weeds is not effective; thus some coverscnged to be combined with other
tools to provide season long control of weeds.

Row spacing has been shown to reduce weed pre$stine upper Midwest,
crops are typically planted on a 76 cm row spadimyever, many growers plant
soybeans in 38 cm row spacing. Narrow row soybeansanopy as much as seven
days earlier than wide row planted crops, and shiaelsoil between the rows. Narrow
crop rows provide greater early season space @pititin and between rows as well as
increased leaf area index by equalizing plant destawithin and among rows (Harder et

al., 2007). Because of the greater early seasacesgapture, narrow rows also intercept

10



more light over the entire growing season, shadiagds and preventing them from
emerging later in the season (Steckel and Spal@§da2 Norsworthy and Oliveria,
2004). This interception of light and quicker cap@over results in greater weed
suppression than wide rows.

Along with greater light interception, narrow roaiso reduce the red: far red
light that reaches the soil through the canopyasfaow rows. Chenopodium album L.
(common lambsquarters) was found to respond tdact®n in light quality by
elongation of the main stem, less leaf area, amdlaction of its seed production
potential (Gramig and Stoltenberg, 2009). Yelvwernd Coble (1991) found that as row
spacing increased, there was a linear correlatittham increase in weed resurgence.
Narrow rows can increase the control of late enmgrgpecies such @gnaranthus rudis
Sauerrcommon waterhemp), which currently can escape lyyphgsate weed
management system. Narrow rows increase seedlinalty of emerged weeds and
reduce seed production (Norsworthy and Oliveri®42®teckel and Sprague, 2004;
Steckel et al., 2003). However, some weed spsciels asSetaria faberi Herrm. (giant
foxtail) are able to successfully complete thde Gycle in narrow row cropping systems
(Johnson et al., 1998).

The selection of competitive crops has been exgltre limited extent as a late
season opportunity for weed control. Competitivgbeans were studied in the late
1990’s and there were a few soybean varietiesnbed found to be more competitive
with weeds. Traits that generally convey crop caotinpaess are increased leaf area,
height, leaf area expansion rate, and plant ca(i@ester et al., 1999; Bussan et al.,

1997). These traits mainly affected light intere@ptduring the growing season. Besides
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the above traits, soybean maturity has also beghest as a method of giving soybeans a
more competitive edge over weeds. It is still uaclehether early or late maturing
soybeans are more competitive with weeds (Yelveriod Coble, 1991; Volloman et al.,
2010;Nordby et al., 2007). However, these competitiveetes have never been
combined with other weed control tactics into aegnated weed management system

In the upper MidwesChenopodium album L. (common lambsquarters),
Amaranthus tuberculatus (Moq.) Saue(tall waterhemp)andAmbriosia trifida L. (giant
ragweed) have become problematic weeds in crogisigms currently using
glyphosate as the primary mode of weed controlr{Soh et al., 2012). These weeds
species were also problematic in the 1990’s whesu®2 herbicides (ALS inhibitors)
were used extensively in the corn and soybeanioatat the Upper Midwest.

These weed species have several characteristion#ke them hard to control in
the current Roundup Ready™ system. Common lambsgsamerges very early during
the growing season, and has an extended periat@fgence from three to seven weeks.
These plants can get very large before the firs$ gh glyphosate, making control
difficult. Also, large weeds can canopy over otbenorts, reducing contact with
glyphosate. Common lambsquarters is self-fertibel, @an produce 70,000 seeds per plant
(Harrison, 1990). Common lambsquarters seeds a&iveun the seed bank and still
germinate 12 years later (Burnside et al., 1996¢aBse of their prolific seed production
and longevity in the weed seed bank, herbicidestasce traits could remain for an
extended period of time.

Giant ragweed is one of the earliest emerging vepedies in upper Midwest

cropping systems and its phenomenal growth rateemtide optimal timing of post

12



emergent herbicides difficult. While giant ragwegdot the most prolific seed producer,
a single plant can still produce up to 5,000 semglant (Baysinger and Sims, 1991).
Giant ragweed is open pollinated, and the pollentcavel for many miles in the air.
These mechanisms spread resistance genes to @heragweed populations quickly.
There is also great genetic variability in the gi@yweed populations, because the origin
of giant ragweed is the United States. Howeventgiagweed has a very short half-life

in the soil and this characteristic could be exphbito reduce the population of giant
ragweed seeds in the weed seed bank.

Tall waterhemp is a late emerging weed speciesctraemerge over a period of
eight weeks, sometimes past the last applicatianpdst emergent herbicide (Hartzler et
al., 1999). Tall waterhemp is an obligate outcrgssed a prolific seed producer which
can produce as many as one million seeds per (8atiers et al., 2003). The seeds can
last 20 years in the soil and still be viable (Buwtdnd Hartzler, 2001).With such a
potentially large seed bank to draw on for emergeherbicide resistance would likely
persist for a very long time.

Biotypes of giant ragweed have been found thatesistant to two sites-of-
action, biotypes of common lambsquarters are eei$o four sites-of-action, and
biotypes of tall waterhemp are resistant to sigssif-action (Heap, 2013). Also, these
species do have populations that have acquiredpteulesistance to at least two
different sites-of-action.

Giant ragweed, common lambsquarters, and tall Wwatep pose a special risk to
the upper Midwest corn-soybean system. These weaasbeen shown to develop

herbicide resistance. Current strategies for ctimgothese weed species include heavy
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reliance on herbicide mixtures and/or herbicidestast crops. However, these solutions
remain herbicide-based and therefore may leadveldement of resistance over time,
suggesting that a new system of weed managemeuldsbe considered. With the
understanding of how various IWM tactics fit into iategrated weed management
system, treatments were designed to evaluate tleeatiit combinations of early and late
season disturbances that could lead to the developai IWM strategies for giant
ragweed, common lambsquarters, and tall waterhargfyphosate-based soybean

production systems.
M aterials and M ethods

Field Experiments. Field studies were conducted in 2011 and 201®@tifferent sites
at the Southern Research and Outreach Center nesed, MN. Site selection was
based on historical information related to the ommnce of target weed species. Site 1
had a history of common lambsquarters infestatibiieaSite 2 had a history of tall
waterhemp infestations. The soil type at Site 1 av@anisteo clay loam (fine-loamy,
mixed, mesic Typic Endoaquoll) with pH 6.1, orgamatter 5.6%, 22.3 ppm P, and
158.8 ppm K. The soil type at Site 2 was a Caoi&tencoe clay loam (fine-loamy,
mixed mesic Typic Endoaquoll) with pH 7.5, orgamatter 8.4%, 43 ppm P, and 168
ppm K. The experimental sites were planted to emch harvested as silage on August 9,
2010. In 2011, both sites were chopped with a sitdgppper on August 3 and tilled to
incorporate residue. Then both sites were chiss¥gd twice immediately following
harvest to prepare the seed bed.

The experimental design was a randomized completi In a split-split plot

arrangement with four replications. Whole ploesizas 80 m by 120 m, sub-plots were

14



40 m by 30 m, and sub-sub plots were 10 m by 30rhe whole plots were comprised of
soybeans planted in 76 cm or 17.5 cm row spacingp$ots were comprised of a
radish/pennycress cover crop mix, a winter rye covep, a pre-emergence herbicide
treatment, and a control. The sub-sub plots wenmepcised of four soybean varieties.
Winter rye Gecale cerale L. ‘Wheeler’) was planted on September 7 and Au@ésn
2011 and 2012, respectively, at a rate of 20.6&gusing a 4.5 m no-till drill with rows
spaced 17.5 cm apart. The tillage radR&phanus sativus L. ‘Groundhog’) and field
pennycressThlaspi arvense L.) were both planted on September 7, 2010 and Uiy,
2011 at a rate of 2.2 kg halso using a 4.5m no-till drill with rows spaced@ cm. The
radish seed was planted 5 cm deep, and the pessywes planted at 0.6 cm. Instead of
allowing the pennycress seed to drop into the eocsihs normal, the seed tubes were
detached from the coulters and allowed to hang frkes allowed the pennycress seed to
fall on the soil surface and then be lightly inamgted by the coulters as they passed
over the seed. A Brillion seeder (Brillion, WI) svased over the study area to increase
seed to soil contact. Flumioxazin (2-[7-fluoro-3idydro-3-oxo-4-(2-propynyl)-2H.,4-
benzoxazin-6-yl]-4,5,6,7-tetrahydro-1isboindole-1,3(2h+dione) was applied to the soil
at soybean planting at a rate of 72 g at'fim2011. In 2012, acetochlor (2-chlore-N
(ethoxymethyl)-N(2-ethyl-6-methylphenyl) acetamidejgs applied at a rate of 275 g ai
ha' one week after planting due to a weather induegalydthat resulted in some soybean
emergence by the time the pre-emergent herbicidlel dx@ applied.

On May 12, 2011 and May 8, 2012 glyphosatgjfRosphonomethyl) glycine)
was applied to the entire site at a rate of 1.28.kgh# (De Bruin 2005). Soybean

varieties MO4, MN1410, Parker, and Archer were f@drMay 16, 2011 and May 19,
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2012 using a 4.5m no-till drill spaced at 76 cmdgviow treatments) or 17.5 cm (narrow
row treatments) at a rate of 296,500 seed's lur weeks after planting, clethodim
((E,E)-(x)-2-[1-[[(3-chloro-2-propenyl)oxy]imino]propyip-[2-(ethylthio) propyl]-3-
hydroxy-2-cyclohexen-1-one) was applied to thererdtudy area at a rate of 0.25¢g ai

ha'to control annual grass weeds.

Cover Crop Biomass and Stand Counts. Above-ground plant biomass was determined
in four randomly placed 0.25nquadrats on October 15, 2010, May 5, 2011, Oct@ber
2011, and May 7, 2012. Within each quadrat, plamise cut at the soil surface, placed
into brown paper bags and dried in a forced-ainaate60° C for three days. Dried
biomass was then weighed to the nearest hundrédtiyram to determine biomass on a
dry-weight basis (Kruidhof et al 2008). Cover cgipnds were measured in the fall and

spring at the time of biomass sampling by countiregnumber of plants in each quadrat.

Weed Density, Biomass, and Seed Production. Weed density was evaluated over time
by counting the number of emerged weeds in thremaeent 0.33mquadrants in each
sub-sub plot of the experiment. Within each quadvateds were counted by species,
recorded, and removed from the quadrat by cuttirigeasoil surface (Anderson 2008,
Forcella et al 1992). Weed counts were taken dtesmy planting, soybean emergence,
V3-V4, and R1 (Anderson 2008). Weed biomass, edxgi@pt ragweed, was measured
on August 20 in both years in a £ area by randomly selecting from within each sub-
plot in an area not used to measure weed denditthin the 1 nf area, individual plants
were cut at the soil surface, identified by specesl placed into paper bags. The

biomass was separated by species: common lambsgyaiant ragweed, tall
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waterhemp, and all other weed species (non-targetlg). All biomass samples were
dried at 60° C in a forced-air oven for three dagd weighed to determine plant biomass
on a dry-weight basis. (Davis et al 2005). Giagiweed biomass was harvested on
September Z3both years, which was after the giant ragweedsskad matured. Seed
was threshed from the dried biomass of the commmbs$quarters, giant ragweed, and
tall waterhemp by processing the material througlelathresher and then sieving out the
seed through a seed sieve. The threshed seed wgieed/ieand the seed in a 0.5 g sub-
sample of common lambsquarters and tall waterhexag was counted and used to
calculate the total number of seeds present isdh&ple area. Due to the larger seed size
of giant ragweed, sub-samples of 8g were usedtito&te the seeds present in the giant

ragweed samples. Seed counts were expressed asseed

Light Quality and Quantity. Light quantity measurements were taken at soyBdaby
positioning a digital camera mounted 1.5 meterwaltbe ground level downwards to

the ground. Trash bags were placed over weedsbafbte each picture was taken, so
that an accurate measurement of the soybean caoojybe determined without weed
canopy interference. The images were analyzed ¢gop&scan Pro (v. 5.0 SPSS, Inc.,
Chicago, IL) and an output of the amount of lighs@rbed by the canopy was calculated.
At the R1 stage of soybean development, light tpralas measured at 10 cm above the
soil surface at an upward, downward, anfi d#gle to the ground. A flag was placed in
each sub-sub plot in two replications of eacha&itéhe time of the first measurement and

subsequent measurements were taken at each flegelly until the soybeans canopied.
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Yield of Soybeans. Soybean seed yield was determined by harvestingitiéle two
rows in the 76.5 cm spacing treatments and fronmtiokelle six rows in the 17.5cm
spacing treatments with a plot combine. Grain @elére adjusted to 13% moisture on a

dry weight basis.

Statistical Analysis. All data were subjected to ANOVA. Main effects anteractions
were tested for statistical significance. The A& ram PROC GLM (SAS Institute
Inc. Cary, NC) was used to determine treatmenteffen weed density, seed rain, plant
biomass, light quality, light quantity, and soybeg@eld. Weed density data was log
transformed prior to analysis to improve the noity@nd homogeneity of variances
when necessary. After transformation of the weetsitie data (if necessary) treatment
means were separated by Fishers Protected Leasti&igt Difference (LSD) test at P <
0.10 using the appropriate error term for all digant effects. The LSD means obtained
from analyses were applied to the raw means (d ttansformation was necessary) for
presentation in all tables. However error termshoaibe back-transformed, thus

differences among transformed LS means were irgticattables with different letters.

Results and Discussion

Precipitation and average air temperatures duhagyitowing season (April-September)
of 2011 and 2012 for Waseca, MN are presented lkeTh Precipitation in 2011 was
above the 30-year average from May-July. Howevegust-September precipitation
was 16.9 cm below the 30-year average for that giereod. Precipitation in May of 2012
was above the 30-year average, but was 21.2 crwlibbaverage from July-September.

Average air temperatures were near normal in 20812812 with the exception of below
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normal air temperatures in April and May of 201d above normal temperatures in July
of both years. Because of differences in biotid abiotic variables between sites and
years, data will be presented by individual envinents (location by year) for weed

density, weed biomass, and weed seed production.

Site1 2011

Weed Density. Site 1 has a history of common lambsquarters tafies. In the fall of
2010 the average biomass of the radish and themniy¢ was very similar (Table 2).
However, there was very little pennycress biomagke radish/pennycress plots. Spring
cover crop biomass yields tended to be lower thaed reported in other studies in the
Midwest (Table 2) (DeBruin et al., 2005; Leavittakt 2011). This was likely due to low
soil temperatures in April and May resulting froeldw normal air temperatures and
above normal precipitation. Weed species presdhisasite (Table 3) throughout the
growing season were common lambsquarters (aver@ge $eedlings if), giant
ragweed (average 0-0.13 seedlingd neall waterhemp (average 0-0.33 seedlings m-2),
and some\maranthus spp (pigweed) (average 0-2.33 seedlingé) mndSetaria spp
(foxtail) (average 0-2.58 seedlings’n

Winter rye cover crop and pre-emergence herbicekrments reduced total weed
density and common lambsquarters density acrossipling periods as compared to
the control (Table 3). The radish/pennycress cox@p mixture did not reduce weed
density as compared to the control for total wests common lambsquarters across all
sampling periods. There was no difference invtalerhemp density among the winter
rye, pre-emergent treatment, and the radish/peeag@over mixture as compared to the

control at the soybean emergence sampling. Howéweryinter rye and pre-emergence
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treatment reduced tall waterhemp density as cordgarthe radish/pennycress cover
mixture at soybean emergence. Similarly, giantveserl density was reduced in the
winter rye and the pre-emergent herbicide treateiansoybean emergence as compared
to the radish/pennycress cover crop mixture treatspdut was not different from the
control. There were no differences in tall waterpetensity among the control,
radish/pennycress cover mixture, winter rye covepcor the pre-emergence herbicide
treatments at soybean V3-V4. At soybean R1, tatevhemp density was not reduced by
the pre-emergence herbicide, winter rye coverheradish/pennycress cover mixture as
compared to the control. However, as with the saglEmergence density counts, the
winter rye cover and the pre-emergence herbicide wmre effective in reducing tall
waterhemp density as compared to the radish/peesycover mixture. At R1 there

were no differences among these treatments in eapijon of giant ragweed emergence.
This is due to giant ragweed being an early emgrgi@ed, and by sampling period V3-
V4, 83% of giant ragweed had emerged (mid- Jur®ii).

Row spacing and soybean varieties had little eff@civeed density in 2011 (data
not shown). However, soybean variety M1410 reduakdvaterhemp density as
compared to MO4 at the V3-V4 sampling period (TaBleSurprisingly, MN1410 is
considered a non-competitive variety due to snealVés and shorter height. Giant
ragweed density was greater in harrow row soyb@ahen averaged over soybean
variety) where radish/pennycress was the cover itegpment compared to all other

combinations (Table 5).

Weed Biomass. The winter rye, pre-emergence herbicide, radesimgcress cover

mixture and soybean varieties had no effect on vié@uiass at this site in 2011 (data not
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shown). Narrow soybean rows had greater gianteagvbiomass (194.9 gt

compared to the wide rows (60.3 ¢)mvhen averaged over all factors. Conversely, the
only time when giant ragweed density was diffetativeen the narrow and wide
soybean row treatments was at the V3-V4 samplingnwdiant ragweed density was
higher in the narrow rows compared to the wide rqwken averaged over soybean
variety). This result of higher biomass is conitctaty to many other experiments that
show a reduction in weed biomass as rows narroweKlebal., 2006; Harder et al.,
2007). However, the soybean in narrow rows at Bite2011 were initially slower to

emerge, and this would have enabled giant ragwestigence.

Weed Seed Production. In 2011, common lambsquarters seed productiorfovas] to
be affected by the cover crop and pre-emergendedide treatments (Table 6). Winter
rye, the pre-emergent herbicide, and the radisiaaess cover mixture all reduced seed
production of common lambsquarters as comparedetaantrol. The reduction of seed
production by the winter rye and pre-emergent logtbiwas expected due to the
reduction in density of common lambsquarters & $ite in 2011 (Table 3). However,
even though the radish/pennycress mixture didigoifgcantly affect the biomass of
common lambsquarters there was some negative irp#ot radish/pennycress cover
crop mixture on seed production of common lambdguathat was only quantified via
seed production. Soybean variety and row spacidgibaeffect on weed seed production
at site 1 in 2011(data not shown).

At Site 1 in 2011, the winter rye cover crop ané pine-emergent herbicide
treatment were effective at reducing weed densitivaeed seed production. In general,

cover crops can be effective tools in reducing waemakity due to the physical barrier of
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mulch. The cover crops used in this study weresehdyecause of their high biomass
potential as well as the potential to release @dkathic chemicals that interfere with
germination and growth. In this study winter ryeguced a larger amount of biomass
compared to the pennycress by the spring of 20b%:eder, cover crop biomass

production was considered low compared to othefissu

Site 1 2012.

Weed density. Fall cover crop biomass production was lower in2206@mpared to fall
2010 for the radish and winter rye (Table 2). s likely due to below normal rainfall
beginning in August and continuing into Octobef6i1 (Table 1). An increase in
pennycress biomass in fall 2011 compared to fdl02®ay have been due to reduced
competition from the radish cover crop.

In spring 2012, biomass of the winter rye and penggs was greater than in 2011
(Table 2). The higher biomass production of thenyeress in 2012 is likely due to a
corresponding reduction in radish biomass prodadtiadhe fall. Moreover, soil growing
degree days (SGDD) (base’1D) accumulated at a much faster pace in 2012 as
compared to 2011 (88 and 310 SGDD in 2011 and 2@%pectively) by the time the
plants were chemically terminated. The warm spresylted in the emergence of later
emerging weeds species at Site 1 in 2012. Weedespg@sent throughout the growing
season at this site (Table 3) were common lamb&psgaverage 0-0.8 seedling®)m
tall waterhemp (average 0-0.5 seedling9,nand some pigweed species (average 0-1.3
seedlings i), Solanum nigrum L. (black nightshade) (average 0-2 seedling3,rand

foxtail species (average 0-3.0 seedlingd.m
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There were no differences in common lambsquartaisyaterhemp, and giant
ragweed density among the pre-emergence herbi@dertent, the winter rye cover or
the radish/pennycress cover mixture at soybeanganee as compared to the control
(Table 3). At the V3-V4 soybean growth stage, tletev rye cover was the only
treatment that reduced common lambsquarters deassitpmpared to the control. For tall
waterhemp there was no difference in density anbedgreatments as compared to the
control at soybean emergence and V3-V4 samplingginThe winter rye cover, pre-
emergence herbicide, and the radish/pennycress ouxtire reduced the density of
giant ragweed as compared to the control at th&¥3ampling.

In a response similar to 2011, common lambsquadtemsity was reduced in the
winter rye cover and pre-emergence herbicide treatsnas compared to the control at
soybean R1. However, the radish/pennycress codaratireduce common
lambsquarters density as compared to the contsmydiean R1. Winter rye and the pre-
emergent herbicide treatments reduced tall wateprgensity as compared to the control
at the R1 sampling. However, the winter rye andptieeemergent herbicide were not
better at reducing tall waterhemp density tharrélokesh/pennycress cover crop mixture.
There was no giant ragweed present in the pldtseaR1 sampling. For total weed
densities, the winter rye, pre-emergence herbisidadish/pennycress cover mixture
reduced weed densities as compared to the control.

Common lambsquarters was not present at the soyreargence sample timing
due to optimal timing of the burn down applicatmfirglyphosate followed by high
temperatures, which likely induced secondary doayam common lambsquarters

(Forcella et al 1997). Greater accumulation of gmwing degrees in 2012 (310 SGDD)
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compared to 2011 (80 SGDD) likely resulted in dtlom early to late emerging weed
species in our study. Below normal rainfall durfaty 2011 and June-July 2012 may
have also contributed to the overall low weed emecg.

Compared to 2011, an increase in cover crop bioriasite 1 in 2012 resulted in
a greater suppression of total weed density whenpkesl at soybean emergence. This is
not unexpected, as Teasdale and Mohler (2000) fanrekponential relationship
between mulch biomass and weed emergence, whererhayels of mulch result in a
lower density of weeds. Grass species (C4 plappsgdlly have a higher C:N ratio than
broadleaf plants (C3 plants) (Long, 1999), thusnthidch of broadleaf plants breaks
down more quickly. This earlier addition of the menits from the decomposed mulch
could increase the emergence of later emerging weedes. In the case of rye, a
biomass of 5000 kg Haof dry matter creates a mat on the soil surfaaewfil tie up
nitrogen due to the high carbon to nitrogen ratithe surface material (approximately
60-80:1) (Malpassi et al., 2000; Rosecrance e2@bp; Wells et. al, 2013). Studies have
shown that nitrogen suppression can last 8 weekslaes not impact soybean yields
(Wells et al., 2013). However, this period of ogen suppression can greatly affect
weed species that are sensitive to high nitroges isuch agmaranthus retroflexus L.
(redroot pigweed) and common lambsquarters (BlaaksB004). For nitrogen sensitive
species, comparable N deprivation can reduce s$hootass, seed humber, and total seed
mass and as a result, the offspring can be lespetitiae in low-N environments
(Tungate et al., 2006).

Row spacing and soybean variety treatments héel dittect on weed emergence

at Site 1 in 2012 (data not shown). There wasiffierdnce among the winter rye, pre-
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emergence herbicide treatment, the radish/penrg/cmser mixture, and the control in
the reduction of total weed density in narrow raytsean spacing at the V3-V4 sample
timing (Table 7). In the wide row soybean spacthg, pre-emergence herbicide and the
winter rye reduced total weed density comparethéocontrol and the radish/pennycress
cover (Table 7).

In 2011, weed density tended to be lower in thecoxer and pre-emergence
herbicide treatments compared to the radish/peesgaover (Table 3). In 2012, there
was not a clear difference between the winter nigg@ish/pennycress cover mixture, pre-
emergence herbicide treatment, and the controlesdwlensity. Lower overall weed
density in 2012 may have been due to greater coeprbiomass accumulation, greater
spring accumulation of SGDD, and a timely pre-plaatbicide application. These

factors likely affected the success of early seaseed disturbance on weed emergence.

Weed Biomass. In contrast to 2011, there was a significant défee among winter rye,
pre-emergence, and the radish/pennycress covémerts and their effect on the
biomass of tall waterhemp and non-target weed912 ZTable 8). Tall waterhemp and
non-target weed biomass was higher in the winterand radish/pennycress cover
mixture as compared to the control. The pre-emergerbicide treatment was similar to
the control for both tall waterhemp and non-tasgeéd biomass. Non-target weed
biomass includes all the weed biomass in the pihatswas not common lambsquarters,
giant ragweed, or tall waterhemp. Both the tallesa¢mp and the weed species grouped
in the non-target weed category are late emergegiss. Therefore, greater weed
biomass in the cover crop treatments comparedetpitt-remergence herbicide treatment

may have been due to above average temperatuttes spring that resulted in a higher

25



rate of residue degradation as well a reduced atradwailelopathic chemicals that may
have been present from the cover crops (Kobayaéhy). Also, the above average
rainfall in May might have diluted allelopathic c¢hieals in the soil, and also increase
biomass degradation. Thus, these late season wedsinlikely to be affected by either
the chemical or physical barriers of the cover srafhen they emerged. Also, any
nitrogen inhibition due to the cover crop mulch viksly reduced by the time these late
emerging species germinated.

For the non-target weeds, row spacing was alsodfdaie significant, with wide
row soybeans resulting in greater weed biomassugtimh (50.3g rif wide row and 29.7
g m? narrow row respectively). Narrow row soybeans aspmore light over the season
and result in quicker space capture in the soybaanpy, thus reducing weed biomass
(Steckel and Spauge, 2004a; Norsworthy and Oliygfi@4). Furthermore, late emerging
weeds would likely experience a reduced light esvinent in narrow soybean rows
thereby slowing growth. There was no effect of saybvariety on weed biomass in
2012.

In 2012 at Site 1, a warmer spring resulted inn@ngase in cover crop biomass of
both the winter rye and pennycress. There was arlowerall weed pressure throughout
the growing season, but the winter rye and pre-gergrherbicide treatments still
reduced weed density compared to the control. éaterging weed species had higher
biomass production in the winter rye and radishiyeress cover treatments compared to
the control (Table 8). Due to low weed populati@msity there were no differences in
weed seed production. Soybean row spacing and aowaieties did not affect weed

density, biomass, or seed production.
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Site2 2011

Weed Density. Site 2 had a history of tall waterhemp infestatiéall cover crop biomass
production was slightly higher at Site 2 than aé 3iin 2010 (Table 2). Ponding water in
the spring of 2011 resulted in the elimination néaeplicate due to lack of cover crop
presence at the site. The spring cover crop biswas also slightly higher in the spring
of 2011 compared to Site 1. Weed species presenighout the growing season at this
site (Table 9) were common lambsquarters (average2@ seedlings 1), giant ragweed
(average 0.3-6.1 seedlingsnand tall waterhemp (average 0.2-15.9 seedlirigs amd
some pigweed species (average 0-12 seedliffysAhutilon theophrasti Medik.
(velvetleaf) (average 0-12 seedlingg)mand foxtail species (average 0-10 seedlings m
%). However, this site was dominated by giant ragphie 2011.

At soybean emergence, the pre-emergence herbiotitha winter rye reduced
common lambsquarters density as compared to thteot¢hable 9). However, the
radish/pennycress cover crop mixture was not @giffefrom the control. Tall waterhemp
density at soybean emergence was reduced by trenpeegent herbicide treatment as
compared to the control, but there were no diffeesrbetween the winter rye or
radish/pennycress cover as compared to the cohtoslever, the winter rye treatment
reduced tall waterhemp density better than theshdgennycress mixture. There was no
difference in giant ragweed densities at soybeagrgemce among the winter rye, pre-
emergence herbicide, radish/pennycress coverhencbintrol. For total weed densities,
the winter rye cover crop and pre-emergence h@wbiceatments reduced total weed

density as compared to the control treatment (T@ple
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For the common lambsquarters and total weed deositgts at soybean V3-V4
the winter rye and pre-emergent herbicide treatmesduced weed density as compared
to the control. The pre-emergent herbicide reduakdvaterhemp density as compared
to the control at V3-V4. The winter rye and radpgvnycress cover mix were no
different from the control at reducing tall watemy@ densities at V3-V4. There was no
difference in giant ragweed densities at soybeagrgemce among the winter rye, pre-
emergence herbicide, radish/pennycress cover,hencointrol at V3-V4.

At the R1 sampling, common lambsquarters and we@ld density were reduced
by the winter rye and the pre-emergent herbicidattnents as compared to the control.
Tall waterhemp densities were reduced by the wiyterand pre-emergent herbicide
treatment as compared to the control, but therenvatifference between winter rye and
the radish/pennycress cover mixture. As in prevearapling timings, there were no
differences among early season disturbances fat tagweed densities.

Soybean variety and soybean row spacing had noteffeweed density at site 2
in 2011(data not shown). Site 2 results were vamylar to the results reported for Site 1,
where the winter rye and pre-emergence treatmentket to reduce weed density more
than soybean variety and soybean row spacing. Herxvewnlike Site 1, weed emergence
at site 2 was higher, with giant ragweed densitje$o 6 seedlings in a 1°rarea. Higher
weed emergence at Site 2 may have been due focatBon (toe slope, depressional
area) resulting in plentiful moisture in the spraogd higher organic matter.

At Site 2 in 2011 the winter rye cover and pre-ayeace herbicide treatments

effectively suppressed common lambsquarters ahdiaéerhemp. Neither the winter rye,
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the pre-emergence herbicide, nor the radish/peesgaover mixture were effective at
reducing giant ragweed densities.

The average rye biomass production at site 2 wagy58y matter Ha(Table 2),
which was inadequate to suppress giant ragweedndghat the recommended biomass
for rye mulch that will control weeds is 9000 kg'h@easdale and Mohler, 2000). The
ability to increase rye biomass production throteghilization, cultivar selection, plant
age, and planting density is the key to providireed suppression through allelopathy.
Reberg-Horton (2005) found differences in the anafiallelopathic toxins produced
among ten different cultivars of rye as well asalge of the plant suggesting that a
combination of choosing the right cultivar and terating it at the correct age could have
increased the effect of allelopathic suppressionybyon giant ragweed. However, due to
the short growing season in the upper Midwest, rajribe aforementioned strategies to

increase biomass may be applicable.

Weed Biomass. Tall waterhemp biomass was affected by row spaeiitty wide rows
having about twice as much tall waterhemp biomasspared to the narrow rows (115.8
g m? wide and 64.3 g finarrow). A reduction in weed biomass was alsmébly
Steckel and Sprauge (2009) comparing wide versuswaows. Waterhemp is a later
emerging weed and the increase in the soybean gameptly reduces the survival of the
late emerged waterhemp and reduces weed seed pood{fteckel et al., 2003; Steckel
and Sprague, 2004; Uscanga-Mortera, 2007).

Giant ragweed biomass resulted in a variety by cmteraction (Table 10) which
indicated that Archer provided additional contrb@nt ragweed biomass in the control

plot compared to all other varieties. There werdlififerences among varieties across the
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winter rye and radish/pennycress treatments. MQghivah as effective as the other
varieties at reducing giant ragweed biomass irpteeemergence herbicide treatment.
With Archer, here were no differences in giant raga/biomass among the winter rye,
pre-emergence herbicide, or radish/pennycress comure treatments. The soybean
variety MO4 by pre-emergent herbicide treatmenticed giant ragweed biomass as
compared to the control. Variety MN1410 combinethwhe pre-emergence herbicide
produces the least amount of giant ragweed bioamssmpared to the control and
radish/pennycress cover mixture. Parker with th&eavirye or radish/pennycress cover
mixture treatment reduced giant ragweed biomassmapared to the control.

Overall, the older soybean varieties, Archer antdkétawere more effective in
reducing the biomass of giant ragweed. Older sayh@rieties are taller with broader
leaves than the more current soybean varietieshadrie shorter with smaller leaves. The
newer varieties of soybeans used in this studydideduce giant ragweed biomass, and
this may be because they have been bred over difmat tmore energy into seed, and are
less likely to divert energy towards more vegetativowth. Thus, newer soybean
varieties may be more dependent on early seasoth eggrrol to reduce giant ragweed
growth. Even though data in Table 10 shows a resluat giant ragweed biomass, there
was still enough biomass in the best three treasrterreduce soybean yield. Less than
two giant ragweed plants per nine meters of rownasxled to reduce yield in soybean by
46-50% after full season interference (Baysinger @ms, 1991).

The non-target weeds exhibited a variety by rowraxttion (Table 11). In the
narrow rows there were no differences among vasebut in the wide rows Archer and

MN1410 did not suppress weed growth as well as Bl Parker. Archer was better in
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narrow rows at suppressing weed growth, with abda@% reduction as compared to
Archer grown in wide rows. There were no differenoénon-target weed biomass
among row spacing with MO4 and MN1410 soybean tiase However, Parker reduced
biomass in wide rows compared to the narrow rows.

Archer only effectively suppressed non-target weellen grown in narrow rows.
This was an unexpected result, as Archer is coreide competitive variety with large
leaves and greater height than the non-competiaveties in the study. M04 and Parker
may not exclusively need to be grown in narrow roéevgive them a competitive
advantage. The inconsistency on the effect of thres¢ments as compared to Site 1
shows how important multiple disturbances can ba site with heavy weed pressure.
This site and year was very mixed in the effectesmnof the treatments on weed biomass.
Row spacing was good at reducing tall waterhemmhbsgs, probably by closing the
canopy quicker by 7 days (data not shown). Howegagety, while not significant by
itself, interacted with row or cover to affect wegdwth.

Site 2 in 2011 had a very high weed density, wikiels dominated by giant
ragweed. Winter rye and the pre-emergent herbiegle the only consistent treatments
that reduced weed density compared to the coiimkever, none of the early season
disturbances reduced giant ragweed density. Taénvamp biomass was reduced in
narrow rows, and this was probably because itaseaemerging weed which is affected
by the reduced light quantity under the soybeampgnArcher provided additional
reduction of giant ragweed biomass in the contublglots. However, the newer
soybeans may need early season weed control betteyseould not compete against

giant ragweed. For the later emerging non-targethapecies, Archer needs to be
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planted in narrow rows to be competitive. Thereen® differences in weed seed

production at Site 2 in 2011.

Site 2 2012.
Weed density. Winter rye and the radish cover crop producedbgmsass in the fall of
2012 than in 2011 at this site (Table 2). Howetlegre was a large increase in the
biomass of the pennycress, similar to Site 1 ir22@&lso, the biomass production of the
cover crops at this site in the fall of 2011 wasager than at Site 1. The greater
production of biomass compared to Site 1 is lildelg to the soil higher organic matter,
which allowed this site to hold onto moisture se tlover crops could become better
established in the fall. In spring 2012, biomasthefwinter rye and pennycress was
greater than in 2011 (Table 2). The higher bionpasduction of the pennycress in 2012
was likely due to a corresponding reduction inshdiomass production in the fall, and
the increase in accumulated growing degree days.

The warm spring resulted in the emergence of Eteerging weed species at Site
2 in 2012. Weed species present throughout theiggoseason at this site (Table 9) were
common lambsquarters (average 0-3.1 seedlinds giant ragweed (average 0.2-6.3
seedlings i), tall waterhemp (average 0-11.8 seedlingd,rand also some pigweed
species (average 0-12 seedlingd nvelvet leaf (average 0-7.25 seedlingé)nand
foxtail species (average 0-14.3 seedlingd.rilowever, this site was again dominated by
the emergence of giant ragweed in 2012.

At the soybean emergence sampling time there wemmmon lambsquarters or
tall waterhemp weeds present in the plots (Tahle@ant ragweed weed densities were

reduced with the winter rye treatment as compavetd control. Also, at soybean
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emergence the radish/pennycress mixture reduceti rgigweed density as compared to
the pre-emergent herbicide. The radish/pennycressvanter rye treatments reduced
total weed density at soybean emergence as comjuatied control.

At V3-V4 the pre-emergent herbicide and the wimyertreatment reduced
common lambsquarters density as compared to theotofhe radish/pennycress
mixture was not better at reducing common lambgqtsadensity than the control.
Winter rye and pre-emergent herbicide treatmemgaed tall waterhemp density as
compared to the control. However, the radish/peresgcover mixture increased the
germination of tall waterhemp compared to the ainEor giant ragweed the pre-
emergent herbicide and winter rye treatment redticedlensity as compared to the
control. The radish/pennycress cover mixture wadifferent than the control at
reducing giant ragweed density. Total weed deradity3-V4 was effectively reduced by
the pre-emergence herbicide and the winter ryénverat compared to the control. The
radish/pennycress mixture had a higher densitgtaf tveeds compared to the control.

At R1 the winter rye cover crop and pre-emergenbicele treatment reduced
common lambsquarters density as compared to thteotofhe pre-emergent herbicide
reduced the density of tall waterhemp as compardidet control at R1. The winter rye
and radish/pennycress cover mixture were undifteatad from the control at reducing
tall waterhemp density. There were no differeras@eng treatments compared to the
control for giant ragweed density at the R1 sangpliNinter rye and the pre-emergent
herbicide treatments reduced total weed densitpagared to the control. The

radish/pennycress treatment had a higher densitgeetls compared to the control.

33



Soybean variety and soybean row spacing had noteffeweed density at Site 2
in 2012 (data not shown). These results are sinal2011 at this site. Similar to Site 1,
the timing of the pre-plant glyphosate applicatiesulted in no common lambsquarters
seedlings emerging by the first sampling count eéds at soybean emergence. Also, as
the pre-emergent herbicide was applied seven derspdanting in 2012 it was not as
effective at reducing weed density at soybean eemegyas compared to 2011. Giant
ragweed density was higher in 2012 due to warm ésatpres and moist soil early in the
spring. Giant ragweed density both years at ikesvgas exceptionally high and was
extremely hard to control. In 2012 the winter rya/g better suppression of giant
ragweed initially, but the pre-emergent herbicidedme more effective than the winter
rye later in the season at soybean V3-V4. Becthespre-emergence herbicide had a
different mode of action compared to 2011 there htthes activity on giant ragweed in
2012.

There was an increase in the density of weedsthatged at soybean V3-V4 in
the radish/pennycress treatments as compared tottl. Other studies also show fall
seeded radish can sometimes increase weed emetgerfolowing summer (Charles et
al., 2006; Lawley et al., 2011, 2012; Gieske, 20R&dish can accumulate up to 180
kg/ha of nitrogen in their leaf tissue in Minnesbtamid-October, and deposits the
accumulated nitrogen on the soil surface in thengpas the radish plants decompose
(Gieske, 2013). The radish reduced pennycress a@awelnt in the fall and with the
placement of a large amount of nitrogen on thesagailace in the spring, pennycress was

unable to control spring emerging weeds.
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Weed Biomass. At Site 2 in 2012 there was a significant diffexeramong the winter

rye, the radish/pennycress cover mixture, the prergence herbicide treatment, and the
control on the biomass of tall waterhemp and giagtveed (Table 12). There was no
difference in tall waterhemp biomass among the evinge, pre-emergence herbicide, and
radish/pennycress treatments as compared to thetdtowever, the winter rye and the
pre-emergent herbicide treatments were more effeeti reducing tall waterhemp
biomass than the radish/pennycress treatment.pHitiisrn is similar to the tall

waterhemp density counts where the radish/pennytrad the highest counts at soybean
V3-V4 (Table 9), while the pre-emergent herbicide avinter rye had the lowest. These
differences in control could be due to the alletbpachemicals not being effective on

tall waterhemp, but also there is the possibiligttthe allelopathic chemicals were
already broken down by the time the tall waterhestapted emerging in 2012. Giant
ragweed biomass was reduced in the winter rye landadish/pennycress treatments
compared to the control. The pre-emergent herbii@e grouped with the control
because the pre-emergent herbicide in 2012 digmovide any activity on giant ragweed
and was applied seven days after planting. Theeenwaeffect of soybean variety or

soybean row spacing at site 2 in 2012.

Weed Seed Production. In 2012 differences in tall waterhemp seed pradacivere
found to be affected by the winter rye, the ragishhycress mixture, and the pre-
emergent herbicide treatments (Table 13). There werdifferences of the treatments as
compared to the control. However, the winter rye pre-emergent herbicide did reduce

seed production as compared to the radish/penrsycoa®r mixture. It is of interest to
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note that the mean separations for tall waterhezed production were similar to the
biomass production of tall waterhemp in this enmiment (Table 12).

In this study none of the sites achieved the 9@p@rk matter hd of rye biomass
( Table 2) recommended to prevent yield loss fromeds (Teasdale and Mohler, 2000;
Smith et al., 2011). This low production of biomas$igcted the thickness of the mulch
mat, which in turn affected the emergence of weé&ts.thickness of the mat could be
improved by fertilizing, cultivar selection, or lnycreasing the planting density.
However, due to the short growing season, theagegies may not be enough to increase
the biomass to 9000 kg hin the upper Midwest. However, even with the serall
amount of biomass produced in this study, the winge was able to reduce density of
common lambsquarters and tall waterhemp.

This study found common lambsquarters and tall latap were controlled
fairly consistently with either a winter rye covara pre-emergence herbicide treatment,
while giant ragweed control was more inconsistéhts result agrees with many studies
which have reported that allelopathic chemicaleafsmall seeded species, but are less
effective with large seeded species (Kruidhof, 2Qidbman et al., 2007). This
phenomenon is thought to be due to two processass, $mall seeds have a higher
surface to soil ratio, therefore the exposure éoaltelopathic chemicals would be at a
much higher rate. Second, when cover crops araseftulch, the allelopathic toxins may
not diffuse very deeply into the soil profile, whimeans that large seeded species, like
giant ragweed which can emerge from greater degthaot affected by the allelopathic

toxins. Thus, another method of weed control comdtbiwith allelopathic producing
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cover crops will need to be used to control largeded weeds that emerge over the
growing season.

Over all the sites and years, weed density was eftesttively reduced with a
pre-emergent herbicide or a winter rye cover ciidps was not an unexpected result, as
the treatments that impact later in the growingseasuch as row spacing and soybean
varieties, would not have had a chance to exphesagelves. Soybean row spacing and
varieties were important in affecting the light titysand quantity later on in the season
(data not shown), but because there was no emergéneeeds after R1in both years and
sites of this study, they did not impact weed bissnand seed production. In this study
the radish/pennycress cover mixture did not comsist control weeds because the
pennycress was not able to suppress weeds in timg $ipat germinated in response to
the nitrogen placed on the soil by the decompoadidih. The radish/pennycress system
would have to be further adjusted to make it mdiecave controlling weeds. Planting
pure stands of pennycress can reduce winter ameeal biomass in the spring compared
to a radish/pennycress cover mixture. At Site &dgevere dominated by common
lambsquarters in 2011 and by tall waterhemp in 26i2vever, at Site 2, both years
were dominated by giant ragweed biomass and notreedfeatments were able to
effectively control giant ragweed.

Overall, winter rye and the pre-emergence herbigidee the most effective in
reducing weed density, biomass, and seed produdtarter rye cover crop and pre-
emergent herbicide were generally the most comgigteeducing weed density. Results
demonstrate the importance of incorporating aryessason weed disturbance in a

comprehensive weed management plan. While soylmsaspacing and soybean variety
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are not as effective, they were important in corabon or with a cover crop or a pre-
emergence herbicide treatment in controlling weedke soybeans. While this study did
not sample weeds past the R1 sampling periodjntpertant to recognize the
importance of late season disturbance after thisg®ef time. More research is needed
to explore the integration of early and late seageed disturbance for the control of
important weed species in soybean cropping systarhdly integrated approach is
needed to address weed suppression, especiaiglds tvere herbicide-resistant weeds
are present as well as a tool to prevent herbimdestant weed species from becoming

established.
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Tables

Table 1. Precipitation and average air temperatar@811 and 2012 at Waseca, MN.

Precipitation (cm) Avg. Air Temperature®C)
Month 2011 2012 Averade 2011 2012 Averagé

April 3.1 7.8 8.2 6.6 8.7 7.8
May 11.9 146 10.0 13.9 17.1 14.8
June 13.2 10.8 11.9 20.3 21.0 20.3
July 183 53 11.2 24.6 24.9 22.2
August 2.3 3.7 12.1 21.1 21.0 21.0
September 2.2 24 9.3 15.3 16.3 16.3

Departure from normal -11.7 -18.1 -0.6 6.5

& 30-year average from 1981-2010 at Waseca, MN
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Table 2. Cover crop biomass at both Site 1 andZSine2011 and 2012 at Waseca,

MN."
Cover crop October 15, 2010 May 5, 2011 October 21, 2011 May 7, 2012
g m?

Sitel

Radish 73.9 a 0.¢F 22.0a 0.0
Pennycress 1.1b 92.0a 3.6b 272.0 a
Winter rye 71.6 a 438.0b 198 a 586.0 b

Site 2

Radish 136.0 a 0.0 100.0 a 0.0
Pennycress 1.3b 113.0a 48Db 358.0 a
Winter rye 109.0 a 591.0b 75.0 a 577.0b

®The radish winter killed, and there was no biomagke spring.

® Means within the same column and year followedhsysame letter are not

significantly different ¢>0.10).
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Table 3. Weed density at soybean emergence, VaiWitR1 stages by species at site 1 in Waseca, NRJifh and 2012.

Total weedS Common Lambsquarters Tall Waterhemp Giant Ragweed
Soybean Stage
Treatment EM V3-v4 R1 EM V3-V4 R1 EM V3-V4 R1 EM V3-V4 R1
2011 average number of weed$’m
Winter rye 0.38b 0.29b 0.25b| 0.17b 0.00b 0.00b| 0.00b 0.0420.04b| 0.04b < 0.04a
Prﬁ;ggg’gme 0.79b 046b 0.25b| 0.00b 0.08b 0.17b| 0.00b 0.08a0.00b| 0.04b ~ 0.04a
Radish/Pennycress 7.38a3.58a 4.04a] 225a 233a 263al 0.21a 033a&.25a| 0.13a ~0.04 a
Control 8.13a 3.21a 3.63al 233a 233a 275al 0.08ab 0.298.17ab| 0.08 ab ~0.00 a
2012
Winter rye 0.00b ~4 0.00b| 0.00a 0.00c 0.00b 0.00a 0.21a0.00b | 0.00a 0.00 b0.00 a
Prﬁ;ggfgnce 0.04 b 0.00b| 0.00a 0.17bc 0.00b| 000a 0.04.04b| 0.00a  0.00b0.00a
Radish/Pennycress 0.04 b 0.00b| 0.00a 0.79a 0.04ab 0.00a 0.58.13ab| 0.04 a 0.00 b0.00 a
Control 0.33 a 0.17a] 0.00a 0.54ab 0.13a 0.00 a 0.5&€.38a 0.00 a 0.04 a0.00 a

@ Means within the same column and year followedheysame letter are not significantly differemt(.10).

® EM = emergence.

‘Total weeds consist dfmaranthus speciesSetaria species, common lambsquarters, tall waterhempgiamd ragweed
d Significant row by cover interaction therefore meaot shown.
®Pre-emergence herbicide was flumioxazin in 2011aedochlor in 2012.
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Table 4. Effect of soybean variety on tall
waterhemp density at soybean V3-V4 in Waseca,
MN in 2011 at Site f.

Soybean Variety Tall waterhemp
plants n?

MO04 0.38 a
Parker 0.21 ab
Archer 0.17 ab

MN1410 0.00 b

#Means followed by the same letter are not
significantly different ¢>0.10).
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Table 5. Giant ragweed density at soybean V3-\&itat1 in Waseca, MN
in 2011 as affected by the interaction of row spg@nd winter rye,
radish/pennycress or pre-emergence herbicide tezrasgh

Row  Pre-emergence

spacing  herbicidg Winter Rye  Radish/ Pennycress Control

plants n?
Wide 0.05 ar 0.00 ar 0.00 ar 0.00 ar
Narrow 0.00 ar 0.02 ar 0.11 bs 0.00 ar

#Means within the same table followed by the sartterlare not
significantly different ¢>0.10). The letters a-b are used to compare the
winter rye, radish/pennycress cover mixture, aredgmergence treatments
across row spacing. The letters r-t are used tqpeoenrow spacing across
the winter rye, radish/pennycress, and pre-emegygaatments.

® Pre-emergence herbicide was flumioxazin.
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Table 6. Common lambsquarters seed production
as affected by winter rye, radish/pennycress, and
a pre-emergence herbicide treatment at Site 1 in

2011 at Waseca, MRl

Common
Treatment

lambsquarters
average seed M

Winter rye Oa

Pre-emergence herbicftle Oa
Radish/pennycress 365 a
Control 2018 b

@ Means followed by the same letter are not
significantly different ¢=0.10).
b pre-emergence herbicide is flumioxazin.
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Table 7. Site 1 total weed density at soybean Va¥4ffected by
the interaction of row spacing and winter rye, sadpennycress or
pre-emergence herbicide treatments in 2012 at Vladéi

Rov_v Pre-eme_rgence Winter Radish/ Control
spacing  herbicid® Rye Pennycress
——— average number of weeds?m——F7m—
Wide 0.25 br 0.17 br 6.42 ar 6.42 ar
Narrow 2.17 ar 0.58 ar 1.83 ar 0.33 as

@ Means within the same table followed by the sagtted are not
significantly different ¢>0.10). The letters a-b are used to compare
the winter rye, radish/pennycress cover mixture, @me-emergence
treatments across row spacing. The letters r-tised to compare
row spacing across the winter rye, radish/penngciasd pre-
emergence treatments.

® Pre-emergence herbicide was flumioxazin.
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Table 8. Winter rye, radish/pennycress, and prergemee treatment
effects on end of season weed biomass at Sit&\laeca, MN in
20122

Treatment Tall waterhemp Non-target weeds
g biomass per
Winter rye 28.6a 77.6 a
Pre-emergence herbicitle 1.7b 159b
Radish/Pennycress 30.7 a 61.4 a
Control 58D 3.7b

#Means within the same column followed by the sagtted are not
significantly different ¢>0.10).
® Pre- emergence herbicide was acetochlor.

“Non-target weeds compriséanaranthus species angolanum
nigrum (black nightshade).
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Table 9. Weed density at soybean emergence, Vaiwi#R1 stages by species at site 2 in 2011 and 20¥2aseca, MN.
Total weedS Common Lambsquarters Tall Waterhemp Giant Ragweed
Soybean Stage
Treatment EMP V3-V4 R1 EM V3-V4 R1 EM V3-V4 R1 EM V3-V4 R1

2011 average number of weeds’m
Winter rye 190b 145b 11.8b| 129bc 49b 27b|10bc 3.4ab 44bc) 25a 19a 03a
Pre-err_le_rgence 61b 66b 99b 04c 21b 41b 0.2c 1.1b 29c l1.7a 0.6a 04a
herbicidd
Radish/Pennycress 55.9a54.7a 36.3al 11.5ab 188a 155a/74a 148a 7.0ah 54a 23a 30a
Control 46.6a 61.9a 51.2a] 209a 23.7a 24.0a 47ab 159a 159a| 6.1a 38a 08a
2012
Winter rye 0.3c 14.4c 43b| 0.00a 00c 02b|00a 48c 27a| 03c 19c 06a
Pre-err_le_rgence 85a 40d 13cl 000a 09b 02b 0.0a 0.2d 01b| 6.3a 0.2d 0.2a
herbicidd
Radish/Pennycress  4.0b57.3a 12.8al 0.00a 23a 06a/00a 223a 39a| 27b 49a 1lla
Control 89a 293b 59b| 000a 31la 09a/00a 11.8b 23a 6.3 al3.8 a 04a

@ Means within the same column and year followedheysame letter are not significantly different(.10).
® EM = emergence.

“Total weeds compris&butilon theophrasti, Setraia speciesAmaranthus species, common lambsquarters, tall waterhemp, and
9iant ragweed.

Pre-emergence herbicide was flumioxazin in 20dLagetochlor in 2012.
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Table 10. Giant ragweed biomass at Site 2 in 200¥aseca, MN as
influenced by the interaction of soybean varietgt amter rye,
radish/pennycress, and pre-emergence herbicideneat

Treatment Archer MO04 MN1410 Parker
2
gm
Control 247.8br 688.8ar 767.5ar 703.5ar
Radish/Pennycress 308.0ar 464.3ars 612.4ars 245.3as
Winter rye 315.5ar 51.3as 273.7ast 197.0as

Pre-emergence  g73opbr g34gar  38.2bt  289.3brs
herbicidé

@ Means within the same table followed by the sastted are not
significantly different ¢>0.10). The letters a-b are used to compare
winter rye, radish/pennycress, and pre-emergendedide treatments
across varieties. The letters r-t are used to coengarieties across
winter rye, radish/pennycress, and pre-emergendedide treatments.
P Pre-emergence herbicide is flumioxazin.
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Table 11. Non-target weetlsiomass at Site 2 in 2011 at
Waseca, MN as affected by the interaction of soylyes
space and variefy.

ROW — Aicher MO4  MN1410 Parker
Spacing
g m?
Wide 59.9ar 11.5br 42 4ars 5.8bs
Narrow 23.2as 11.1ar 24 .9ar 37.4ar

@ Means within the same table followed by the sastter are
not significantly different¢>0.10). The letters a-b are used
to compare row space across varieties. The latiease used
to compare varieties across row space.

P Non-target weeds biomass compriséofranthus species
andAbutilon theophrasti.
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Table 12. Winter rye, radish/pennycress, and pre-
emergence herbicide treatment effects on tall watap
and giant ragweed biomass at Site 2 in 2012 aedéas
MN.?

Treatment Tall Waterhemp  Giant ragweed
g fh
Winter rye 88.7b 258.7b
Pre-emergence
i d%* 44.5b 560.5a
Radish/Pennycress 289.6a 354.8b
Control 176.3ab 561.4a

#Means within the same column followed by the same
letter are not significantly differen&$0.10).
P Pre-emergence herbicide was acetochlor.

50



Table 13. Winter rye, radish/pennycress, and pre-
emergence herbicide treatment effects on seed
production of tall waterhemp at Site 2 in 2012 at
Waseca, MN.

Treatment Tall waterhemp
average seed M
Control 7942 ab
Radish/Pennycress 9165 a
Winter rye 2051 b
Pre-emergence herbicftle 2630 b

@ Means within the same column followed by the
same letter are not significantly different0.10).
P Pre-emergence herbicide is acetochlor.

51



Bibliography

. Adcock, T. E. and P. A. Banks. 1991. Effects of-@meergence Herbicides on the
Competitiveness of Selected Weeds. Weed Scien&d-396.

. Anderson, R. L. 2008. Weed Seedling Emergence and\al as Affected by Crop
Canopy. Weed Technology 22:736—740.

. Anderson RL. 2009. Rotation design: A critical tador sustainable crop production
in a semiarid climate: A review. Pages 107-121lightfouse E, ed. Organic
Farming, Pest Control and Remediation of Soil Raiits, vol. 1. Springer.

. Barberi, P. and M. Mazzoncini. 2001. Changes indyaammunity composition as
influenced by cover crop and management systerantiraious corn. Weed Science
49:491-499.

. Barnes, J. P. and A. R. Putnam. 1987. Role of beazzoones in allelopathy by rye
(Secale cereale L.). J Chem Ecol 13:889-906.

. Baysinger, J. A. and B. D. Sims. 1991. Giant Ragiv@enbrosia trifida)

Interference in Soybean6&lfcine max). Weed Science 39:358-362.

. Benbrook, C. M. 2012. Impacts of genetically engneel crops on pesticide use in
the U.S. -- the first sixteen years. Environ Sai E4:1-13.

. Blackshaw, R. E., R. N. Brandt, H. H. Janzen, TizE@. A. Grant, and D. A.
Derksen. 2003. Differential response of weed spac&@dded nitrogen. Weed
Science 51:532-539.

. Buhler, D. D. 2002. Challenges and Opportunitigdritegrated Weed Management.

Weed Science 50:273-280.

10.Buhler, D.D. and R.G. Hartzler. 2001. Emergencef@rdistence of seed of

52



velvetleaf, common waterhemp, woolly cupgrass, giadt foxtail. Weed Sci.
49:230-235.

11.Burnside, O. C., R. G. Wilson, S. Weisberg, andsKHubbard. 1996. Seed
Longevity of 41 Weed Species Buried 17 Years in&asand Western Nebraska.
Weed Science 44:74-86.

12.Bussan, A. J., O. C. Burnside, J. H. Orf, and KRuettmann. 1997. Field Evaluation
of SoybeanGlycine max) Genotypes for Weed Competitiveness. Weed Science
45:31-37.

13.Chandi, A., D. L. Jordan, A. C. York, S. R. Millaeewis, J. D. Burton, A. S.
Culpepper, and J. R. Whitaker. 2013. Interferemzk@ontrol of Glyphosate-
Resistant and -Susceptible Palmer Amaramtindranthus palmeri ) Populations
under Greenhouse Conditions. Weed Science 61:2%9-26

14.Charles, K.,S., M. Ngouajio, D. Warncke D., K. Pbffand M. Hausbeck K. 2006.
Integration of cover crops and fertilizer ratesvie@ed management in celery. Weed Sci.
54:326-334.

15.Clark, A. J., J. J. Meisinger, A. M. Decker, and=-Mulford. 2007. Effects of a
Grass-Selective Herbicide in a Vetch—Rye Cover Gggtem on Nitrogen
Management. Agronomy Journal 99:36.

16. Culpepper, A. S. and J. M. Kichler. 2009. Universit Georgia herbicide programs
for controlling glyphosate-resistant Palmer amdramt2009 cotton.University of
Georgia Collge of Agricultural and Environmentaieées, Circ. No. 924.
http://mulch.cropsoil.uga.edu/weedsci/HomepageRidser2009.pdf. Accessed:
September 8, 2013.

17.Culpepper, S. A., J. Kichler, L. Sosnoskie, A. Ydk Sammons, and R. Nichols.

53



2010. Integrating cover crop residue and moldbpérdiing into glyphosate-resistant
Palmer amaranth management programs. Cotton Batiiie New Orleans, LA.
18.Dauvis, A. S., K. A. Renner, and K. L. Gross. 200ked seedbank and community
shifts in a long-term cropping systems experimérged Science 53:296-306.

19.Dauvis, V. M. and W. G. Johnson. 2008. Glyphosaststant Horseweedpnyza
canadensis) Emergence, Survival, and Fecundity in No-till Begn. Weed Science
56:231-236.

20.De Bruin, J. L., P. M. Porter, and N. R. Jordar0®20Jse of a Rye Cover Crop
following Corn in Rotation with Soybean in the Uppidwest. Agronomy Journal
97:587.

21.Devine, M. D. and A. Shukla. 2000. Altered targegsas a mechanism of herbicide
resistance. Crop Protection 19:881-889.

22.Forcella, F., R. G. Wilson, J. Dekker, R. J. KrepderCardina, R. L. Anderson, D.
Alm, K. A. Renner, R. G. Harvey, S. Clay, and D.Bdhler. 1997. Weed Seed Bank
Emergence across the Corn Belt. Weed Science 46667—

23.Forcella, F., R. G. Wilson, K. A. Renner, J. Deklker G. Harvey, D. A. Aim, D. D.
Buhler, and J. Cardina. 1992b. Weed Seedbanksdf . Corn Belt: Magnitude,
Variation, Emergence, and Application. Weed Sciet@€36—644.

24.Gianessi, L. P. and N. P. Reigner. 2007. The Vafugerbicides in U.S. Crop
Production. Weed Technology 21:559-566.

25.Gieske, M. 2013Spring and Fall-Seeded Radish Cover Crop Effecté/ead
Management in Corn. M.S. Thesis. St. Paul, MN: ©rsity of Minnesota

26.Gramig, G. G. and D. E. Stoltenberg. 2009. Adapiesponses of Field-Grown

Common Lambsquarter€iienopodium album) to Variable Light Quality and

54



Quantity Environments. Weed Science 57:271-280.

27.Hager, A. G., L. M. Wax, G. A. Bollero, and F. WinBnons. 2002a. Common
waterhemp Amaranthus rudis Sauer) management with soil-applied herbicides in
soybean Glycine max (L.) Merr.). Crop Protection 21:277-283.

28.Harder, D. B., C. L. Sprague, and K. A. Renner.2@&iffect of Soybean Row Width
and Population on Weeds, Crop Yield, and EcononeitiiR. Weed Technology
21:744-752.

29.Hartwig, N. L. and H. U. Ammon. 2002. Cover cropsl diving mulches. Weed
Science 50:688—-699.

30.Hartzler, R. G., B. A. Battles, and D. Nordby. 2084#fect of common waterhemp
(Amaranthus rudis) emergence date on growth and fecundity in soybésed
Science 52:242-245.

31.Healy-Fried, M. L., T. Funke, M. A. Priestman, Haij and E. Schdnbrunn. 2007.
Structural Basis of Glyphosate Tolerance Resultiagn Mutations of Pro101 in
Escherichia coli 5-Enolpyruvylshikimate-3-phosph@tathase. J. Biol. Chem.
282:32949-32955.

32.Heap, I. The International Survey of Herbicide R&sit Weeds. Online. Internet.
Friday, October 18, 2013. Available www.weedscieoige

33.Hock, S. M., S. Z. Knezevic, A. R. Martin, and J.Lindquist. 2006. Soybean row
spacing and weed emergence time influence weedatitnapness and competitive
indices. Weed Science 54:38-46.

34.Holt, J. S. and H. M. Lebaron. 1990. Significanod ®istribution of Herbicide

Resistance. Weed Technology 4:141-149.

55



35.Holt, J. S., S. B. Powles, and J. A. M. Holtum. 398lechanisms and Agronomic
Aspects of Herbicide Resistance. Annual ReviewlahPPhysiology and Plant
Molecular Biology 44:203-229.

36.Johnson, G. A., T. R. Hoverstad, and R. E. Greethwl#l98. Integrated Weed
Management Using Narrow Corn Row Spacing, Herbgidad Cultivation.
Agronomy Journal 90:40-46.

37.Kobayashi, K. 2004. Factors affecting phytotoxithaty of allelochemicals in soil.
Weed Biology and Management 4:1-7.

38.Kruidhof, H. M., L. Bastiaans, and M. J. Kropff.@® Ecological weed management
by cover cropping: effects on weed growth in autuand weed establishment in
spring. Weed Research 48:492-502.

39.Kruidhof, H. M., L. Bastiaans, and M. J. Kropff.@® Cover crop residue
management for optimizing weed control. Plant S&aB:169-184.

40.Kruidhof, H. M., E. R. Gallandt, E. R. Haramotodan Bastiaans. 2011. Selective
weed suppression by cover crop residues: effedeed mass and timing of species’
sensitivity. Weed Research 51:177-186.

41.Lawley, Y.E., J.R. Teasdale and R.R. Weil. 2012 Titechanism for weed suppression
by a forage radish cover crop. Agron. J. 104:205-21

42.Lawley, Y.E., R.R. Weil and J.R. Teasdale 2011aBerradish cover crop suppresses
winter annual weeds in fall and before corn plamtifsgron. J. 103:137-144.

43.Leavitt, M. J., C. C. Sheaffer, D. L. Wyse, andLDAllan. 2011. Rolled Winter Rye
and Hairy Vetch Cover Crops Lower Weed DensityRetiuce Vegetable Yields in
No-tillage Organic Production. HortScience 46:3895-3

44.Liebl, R., F. W. Simmons, L. M. Wax, and E. W. $0l 1992. Effect of RyeSecale

56



cereale) Mulch on Weed Control and Soil Moisture in Soyé¢@lycine max). Weed
Technology 6:838-846.

45.Liebman, M. and E. Dyck. 1993. Crop Rotation anercropping Strategies for
Weed Management. Ecological Applications 3:92-122.

46.Liebman, M., L. R. Gibson, D. N. Sundberg, A. Hdgdenstaller, P. R. Westerman,
C. A. Chase, R. G. Hartzler, F. D. Menalled, ADavis, and P. M. Dixon. 2008.
Agronomic and Economic Performance Characteristicsonventional and Low-
External-Input Cropping Systems in the Central GBeit. Agronomy Journal
100:600.

47.Liebman, M., C. L. Mohler, and Staver. 2007. Ecatagmanagement of agricultural
weeds. Cambridge; New York: Cambridge Universitg$3r

48.Long SP (1999) Environmental responses. In: Sagdvi®Ason RK (eds) £plant
biology. Academic Press, New York, pp 215-249.

49.Malpassi, R. N., T. C. Kaspar, T. B. Parkin, CGambardella, and N. A. Nubel.
2000. Oat and Rye Root Decomposition Effects onolgén Mineralization. Soil
Science Society of America Journal 64:208.

50.Mortensen, D. A., J. F. Egan, B. D. Maxwell, M.Ran, and R. G. Smith. 2012.
Navigating a Critical Juncture for Sustainable Wktthagement. BioScience 62:75—
84.

51.Moss, S. R. 2008. Weed research: is it deliverihgtvit should? Weed Research
48:389-393.

52.Mueller, T., P. Mitchell, B. Young, and S. Culpepp2005. Proactive Versus

Reactive Management of Glyphosate-Resistant oeréat Weeds. Weed

57



Technology 19:924-933.

53.Nordby, D. E., D. L. Alderks, and E. D. NafzigeQ@. Competitiveness with Weeds
of Soybean Cultivars with Different Maturity and ridgpy Width Characteristics.
Weed Technology 21:1082-1088.

54.Norsworthy, J. K. and M. J. Oliveira. 2004. Compan of the critical period for
weed control in wide- and narrow-row corn. Weece8ce 52:802-807.

55.Oerke, E.-C. and H.-W. Dehne. 2004. Safeguardingystion—Ilosses in major
crops and the role of crop protection. Crop Pratec23:275-285.

56.Pannell, D. J., V. Stewart, A. Bennett, M. Monjawali C. Schmidt, and S. B. Powles.
2004. RIM: a bioeconomic model for integrated wasthagement dfolium rigidum
in Western Australia. Agricultural Systems 79:3085-3

57.Pester, T. A., O. C. Burnside, and J. H. Orf. 1988reasing Crop Competitiveness
to Weeds Through Crop Breeding. Journal of Crogl&ction 2:31-58.

58.Pimentel, D., P. Hepperly, J. Hanson, D. Douds,Rn8eidel. 2005. Environmental,
Energetic, and Economic Comparisons of OrganicGoulventional Farming
Systems. BioScience 55:573-582.

59.Powles, S. B. and Q. Yu. 2010. Evolution in Actiétants Resistant to Herbicides.
Annual Review of Plant Biology 61:317-347.

60.Powles, S. B. 2008. Evolved glyphosate-resistamtsaround the world: lessons to
be learnt. Pest Management Science 64:360—365.

61.Reberg-Horton, S. C., J. D. Burton, D. A. DanehgW&rMa, D. W. Monks, J. P.

Murphy, N. N. Ranells, J. D. Williamson, and N.@eamer. 2005. Changes over

58



time in the allelochemical content of ten cultivafsye (Secale cereale L.). J. Chem.
Ecol. 31:179-193.

62.Robertson, R. R. 2010. Physiological and biochehaicaracterization of glyphosate
resistantAmbrosia trifida L.

63.Rosecrance, R. C., G. W. McCarty, D. R. Sheltod, &rR. Teasdale. 2000.
Denitrification and N mineralization from hairy eét (Vicia villosa Roth) and rye
(Secale cereale L.) cover crop monocultures and bicultures. Péard Soil 227:283—
290.

64.Schmenk, R. and J. J. Kells. 1998. Effect of Sqpked Atrazine and Pendimethalin
on Velvetleaf Abutilon theophrasti) Competitiveness in Corn. Weed Technology
12:47-52.

65.Schulz, M., A. Marocco, V. Tabaglio, F. A. Maciasnd J. M. G. Molinillo. 2013.
Benzoxazinoids in Rye Allelopathy - From DiscovésyApplication in Sustainable
Weed Control and Organic Farming. J Chem Ecol 38:134.

66.Scursoni, J. A., F. Forcella, and J. Gunsolus. 200Fed escapes and delayed weed
emergence in glyphosate-resistant soybean. Crapd@ian 26:212—-218.

67.Sellers, B. A., R. J. Smeda, W. G. Johnson, J.edig, and M. R. Ellersieck. 2003.
Comparative growth of six Amaranthus species ins@glisi. Weed Science 51:329—
333.

68.Shaner, D. L., R. B. Lindenmeyer, and M. H. Osti@12. What have the

mechanisms of resistance to glyphosate taught est’Mlanagement Science 68:3-9.

59



69.Smith, A. N., S. C. Reberg-Horton, G. T. PlacePAMeijer, C. Arellano, and J. P.
Mueller. 2011. Rolled Rye Mulch for Weed SuppressioOrganic No-Tillage
Soybeans. Weed Science 59:224-231.

70.Snapp, S.S., Swinton, S.M., Labarta, R., D. MuiciR. Black, R. Leep,

J. Nyiraneza and K. O'Ne#005. Evaluating cover crops for benefits, costs an
performance within cropping system niches. Agro.7] 322-332.

71.Steckel, L. E. and C. L. Sprague. 2004. Late-Se@smmmon Waterhemp
(Amaranthus rudis) Interference in Narrow- and Wide-Row Soybean. Vee
Technology 18:947-952.

72.Steckel, L. E., C. L. Sprague, A. G. Hager, F. \WhiSons, and G. A. Bollero. 2003.
Effects of shading on common waterhemméranthus rudis) growth and
development. Weed Science 51:898-903.

73.Teasdale, J. R. and C. L. Mohler. 1993. Light Traitteince, Soil Temperature, and
Soil Moisture under Residue of Hairy Vetch and Rygronomy Journal 85:673—
680.

74.Teasdale, J. R. and C. L. Mohler. 2000a. The gtaive relationship between weed
emergence and the physical properties of mulchesd/$cience 48:385-392.

75.Thill, D. C., J. M. Lish, R. H. Callihan, and E.Bechinski. 1991. Integrated Weed
Management: A Component of Integrated Pest ManagerAeCritical Review.
Weed Technology 5:648-656.

76.Tungate, K. D., M. G. Burton, D. J. Susko, S. Mtrsens, and T. W. Rufty. 2006.
Altered weed reproduction and maternal effects uhale-nitrogen fertility. Weed

Science 54:847-853.

60



77.Uscanga-Mortera, E., S. A. Clay, F. Forcella, an@uhsolus. 2007. Common
Waterhemp Growth and Fecundity as Influenced byrgerece Date and Competing
Crop. Agronomy Journal 99:1265.

78.Vollmann, J., H. Wagentristl, and W. Hartl. 201®eTeffects of simulated weed
pressure on early maturity soybeans. Eur. J. AGbR43-248.

79.Wells, M. S., S. C. Reberg-Horton, A. N. Smith, @nd/1. Grossman. 2013. The
Reduction of Plant-Available Nitrogen by Cover Cidplches and Subsequent
Effects on Soybean Performance and Weed Interferéxgronomy Journal 105:539.

80.Young, B. G., J. M. Young, L. C. Gonzini, S. E. Har. M. Wax, and G. Kapusta. 2001.
Weed Management in Narrow- and Wide-Row Glyphogasistant Soybeas(ycine max

). Weed Technology 15:112-121.

61



Appendix A.Effect of row spacing, cover, and soybean varietyveed density at Site 1 in 2011 at Waseca®MN

Appendix

totalweeds ¥ AMARE 1 CHEAL1 totalweeds2 AMARE2 CHEAL2 AMBTR totalweeds3 CHEAL 3

Rep ns ns * * ns ns ns ns ns
Row space ns ns ns ns ns ns * ns ns
COVGF *k% ns *k% *k% ns *k% * *kk **k%

Row * Cover ns ns ns ns ns ns Frx ns ns
Variety ns ns ns ns * ns ns ns ns
Variety * row i ns ns ns ns ns ns ns ns
Variety *cover ns ns ns ns ns ns ns ns ns

¢ Significanceat 0=.10 *= <0.10, **=<.05, ***=<.01, ns= not significant

® All data log transformed.

¢ Cover treatments include: winter rye, radish/peness cover mixture, and pre-emergence herbicide

¢ AMBTR = Ambriosa trifida; CHEAL= Chenopodium album; AMARE = Amaranthus tuberculatus

®Time of sample: 1 = soybean emergence, 2 = soystege V3-V4, 3= soybean stage R1
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Appendix B. Effect of row spacing, cover, and seg variety on
light quality (R:FR light) at Site 1 in 2011 at \éas, MN?

Light quality (up) 2 (45°)1 (down)l (45°)2 (down) 2

Rep ns ns ns ns ns
Row space ns ns ns ns ns
COVGF * K%k *% * *kk

Row * Cover ns ns * ns **

Variety *x ns ns ns ns
Variety * row ns ns ns ns *
Variety *cover ns ns ns ns ns

& Significance ata=.10: *= <0.10, **=<.05, ***=<.01, ns=not
significant

® Direction of the probe relative to the groundridicated in
parentheses, while the sample timing follows. Measents began
at soybean stage R1.

¢ Cover treatments include: winter rye, radish/p@&negs cover mixture,
and pre-emergence herbicide
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Appendix C. Effect of row spacing,
cover, and soybean variety on light
guantity (soybean canopy cover) at Site
1in 2011 at Waseca, M.

Week P Week 2

Rep ns ns
Row space ns ns
Covef * ns
Row * Cover ns ns
Variety ns ns
Variety * row * ns
Variety *cover ns ns

@ Significance ata=.10: *= <0.10,

**=<.05, **=<.01, ns= not significant

P Measurements began at soybean stage
R1

¢ Cover treatments include: winter rye,
radish/pennycress cover mixture, and pre-
emergence herbicide
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Appendix D. Effect of row spacing, cover, and s@aeariety on biomass and seed
harvest at Site 1 in 2011 at Waseca, /N.

Soybean CHEAL

CHEAL AMARE AMBTR AMBTR

yield biomass seed seed biomass seed

Rep ns * ** ns *x ns
Row space ns ns ns ns ok *x

Covef * ns o ns ns ns
Row * Cover ns ns ns ns ns ns
Variety ok ns ns ns ns ns
Variety * row ns ns ns ns ns ns
Variety *cover ns ns ns ns ns ns

@Significance ati=.10: *= <0.10, **=<.05, ***=<.01, ns=not significa.
® AMBTR = Ambriosa trifida; CHEAL= Chenopodium album; AMARE =

Amaranthus tuber cul atus

¢ Cover treatments include: winter rye, radish/p@&negs cover mixture, and pre-emergence

herbicide

65



Appendix E. Effect of row spacing, cover, and s@&beariety on weed
density at Site 1 in 2012 at Waseca, RN.

totalweeds ¢ AMARE 2 CHEAL 2 totalweeds 3

Rep *%* *% *k%k ns
Row space ns ns ns ns
COVGIc *% ns *% *kk

Row * Cover ns ns ns ns
Variety ns ns ns ns
Variety * row ns ns ns ns
Variety *cover ns ns ns ns

& Significance ata=.10: *= <0.10, **=<.05, ***=<.01, ns=not significg.

® All data log transformed.

¢ Cover treatments include: winter rye, radish/p@&negs cover mixture, and pre-
emergence herbicide

4 CHEAL= Chenopodium album; AMARE = Amaranthus tuberculatus
®Time of sample: 1 = soybean emergence, 2 = soystage V3-V4, 3= soybean
stage R1



Appendix F. Effect of row spacing, cover, and s@beariety on light quality (R:FR light) at Sitér12012 at Waseca, MN.

(up)® (45°)1 (down)l (up)2 (45°)2 (down)2 (up)3 (45°)3 (down)3 (up)4d (45°)4 (down)d
Rep ns ns ns o * ns o ns ns ns ns ns
Row space ns *x ns *x *x *x *x *x * ns ns ns
Covef ns ns ns ns * ns ns ns * * *x *
Row * Cover ns ns ns ns ns ns ns ns ns ns * ns
Variety ns ns ns * ns ns ** ns ok ok
Variety * row ns ns ns ns ns *x *x * ns *x *x *
Variety *cover ns ns ns ns ns ns ns ns ns ns ns ns

@Significance ata=.10: *= <0.10, **=<.05, ***=<.01, ns=not signifant.
P Direction of the probe relative to the ground ididated in parentheses, while the sample timinigifial. Measurements commenced

at soybean stage R1

¢ Cover treatments include: winter rye, radish/penegs cover mixture, and pre-emergence herbicide
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Appendix G. Effect of row spacing, cover, and
soybean variety on light quantity (soybean canopy
cover) at Site 1 in 2012 at Waseca, FIN.

Week P Week2 Week3

Rep ns ns ns
Row space b ns ns
Covef ns ns ns
Row * Cover ns ns ns
Variety ns ns ns
Variety * row ns ns ns
Variety *cover ns ns ns

@ Significance ata=.10: *= <0.10, **=<.05,
***=<.01, ns= not significant

® Measurements began at soybean stage R1

¢ Cover treatments include: winter rye,
radish/pennycress cover mixture, and pre-emergence
herbicide
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Appendix H. Effect of row spacing, cover, and s@&ariety on
biomass and seed production at Site 1 in 2012 ae\déa MN

soybean soybean AMARE Non-target
biomass yield biomas§ weed biomass

Rep ns *% *% *%*
Row space ** ns ns *
Covef * ns ek i
Row * Cover ns ns ns ns
Variety ns *hk ns ns
Variety * row ns ns ns ns
Variety *cover ns ns ns ns
& Significance ati=.10: *= <0.10, **=<.05, ***=<.01, ns=not
significant.

P Non-target weed biomass is comprised of pigweedSalanum
nigrum L. (black nightshade)

¢ AMARE = Amaranthus tuber culatus

4 Cover treatments include: winter rye, radish/peness cover
mixture, and pre-emergence herbicide
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Appendix |. Effect of row spacing, cover, and sabearieties on weed density at Site 2 in 2011 asétfa, MN"

Total Total Total
weeds AMARE CHEAL® AMBTR  weeds2 AMARE2 CHEAL2 AMBTR2 weeds3 AMARE3 CHEAL3 AMBTR3
Rep ns * o ns ns o ns ns ns * * ns
Row %
ns ns ns ns ns ns ns ns ns ns ns
space
COVGF *% *% * ns *k%k *k% *%k%k ns *k% *% *k% ns
Row *
ns ns ns ns ns ns ns ns ns ns ns ns
Cover
Variety ns ns ns ns ns ns ns ns ns ns ns ns
:/arlety ns ns ns ns * ns *x ns ns ns ns ns
row
Variety
* ns ns ns ns ns ns ns ns ns ns ns ns
cover

¢ Significance at=.10: *= <0.10, **=<.05, **=<.01, ns=not significa.

® All data log transformed.

*AMBTR = Ambriosa trifida; CHEAL= Chenopodium album; AMARE = Amaranthus tuberculatus

9 Cover treatments include: winter rye, radish/peness cover mixture, and pre-emergence herbicide
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Appendix J. Effect of row spacing, cover, and s@ybeariety on light quality

(R:FR light) at Site 2 in 2011 at Waseca, KIN.

(up) 1 (45°)1 (down)l (up)2 (45°)2  (down)2
Rep ns ns ns * ns ns
Row space ns ns * * ns ns
Covef wx * o ns ns *
Row * Cover ns ns ns ns ns ns
Variety ns ns ns ns ns ns
Variety * row ns *x ns ns * *x
Variety *cover ns ns ns ns ns ns

&Significance ati=.10: *= <0.10, **=<.05, ***=<.01, ns=not significa.
®Direction of the probe relative to the ground idigated in parentheses, while
the sample timing follows. Measurements were conueérmt soybean stage R1.
¢ Cover treatments include: winter rye, radish/peness cover mixture, and pre-

emergence herbicide.
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Appendix K. Effect of row spacing, cover,
and soybean variety on light quantity
(soybean canopy cover) at Site 2 in 2011 at

Waseca, MN.
Week P Week 2
Rep ns ns
Row space o ns
Covef * ns
Row * Cover ns *x
Variety * ns
Variety * row ns ns
Variety *cover ns **

#Significance ata=.10: *= <0.10, **=<.05,
***=<.01, ns= not significant

P Measurements began at soybean stage R1
¢ Cover treatments include: winter rye,
radish/pennycress cover mixture, and pre-
emergence herbicide
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Appendix L. Effect of row spacing, cover, and sayb@ariety on biomass and seed
harvest at Site 2 in 2011 at Waseca, /N,

Non-
Soybean Soybean CHEAL CHEAL AMARE target AMBTR
biomass vyield biomass seed biomass weed biomass

biomass
Rep ns ns ns ns * ns ns
Row space ns ns ns ns * ns ns
Covef * b ns ns ns ns ns
Row *
ns ns ns ns ns ns ns
Cover
Variety ns ns ns ns ns o ns
Variety *
y ns * ns ns ns ** *

row
Variet
* y ns ns ns ns ns ns b

cover

&Significance ata=.10: *= <0.10, **=<.05, ***=<.01, ns= not signifant
® AMBTR = Ambriosa trifida; CHEAL= Chenopodium album; AMARE = Amaranthus

tuberculatus
¢ Cover treatments include: winter rye, radish/peness cover mixture, and pre-

emergence herbicide
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Appendix M. Effect of row spacing, cover, and sayeariety on weed density at Site 2 in 2012 atatasMN>*

Total Total Total

weeds AMBTR weeds2 AMARE2 CHEAL2 AMBTR2 weeds3 AMARE3 AMBTR 3
Rep ns ns ns ns ns ns hk ** ns
Row space ns ns ns ns * ns ns ns ns
Covefj *k*%k *%* *k%k *k*k *k*k ns *k%k *k%k ns
Row * Cover ns ns ns ns ns ns ns ns ns
Variety ns ns ns ns ns ns ns * *
Variety * row ns ns ns ns ns ns ns ns *x
Variety
N ns ns ns ns ns ns ns ns ns

cover

Significance ata=.10: *= <0.10, **=<.05, ***=<.01, ns= not signifant

® All data log transformed.

© AMBTR = Ambriosa trifida; CHEAL= Chenopodium album; AMARE = Amaranthus tuberculatus

d Cover treatments include: winter rye, radish/peness cover mixture, and pre-emergence herbicide
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Appendix N. Effect of row spacing, cover, and s@eariety on light quality (R:FR light) at Sitér22012 at Waseca, MN.

(up)l® (45°)1 (down)l

(up)2 (45°)2 (down) 2

(up)3 (45°)3 (down)3

(up)4 (45°)4 (down) 4

Rep

Row space
Covef
Row *
Cover
Variety
Variety *
row
Variety
*cover

ns
ns

*k%k

ns

ns

ns

ns

ns
ns

*k%k

ns

ns

ns

ns

ns
ns

*k%

ns

ns

ns

ns

ns
ns

*k%k

ns

ns

ns

ns

ns
ns

*k%k

ns

ns

ns

ns

ns
ns

*k%

ns

ns

ns

ns

ns
ns

*k%k

ns

ns

ns

ns

ns
ns

*k%

ns

ns

ns

ns

ns
ns

*k%k

ns

ns

ns

ns

ns
ns

**

ns

**

ns

*k%k

ns
ns

*k%k

ns

ns

ns

ns

ns
ns

**

ns

ns

ns

ns

&Significance ata=.10: *= <0.10, **=<.05, ***=<.01, ns= not signifant
®Direction of the probe relative to the ground idigated in parentheses, while the sample timinig\al. Measurements were
commenced at soybean stage R1.

¢ Cover treatments include: winter rye, radish/peness cover mixture, and pre-emergence herbicide
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Appendix O. Effect of row spacing, cover,
and soybean variety on light quantity
(soybean canopy cover) at Site 2 in 2012 at
Waseca, MN.

Week £ Week2 Week 3

Rep ns o ns
Row space ns ** ns
COVGF ** ** *%
Row *

ns ns ns
Cover
Variety ns ns ns
Variety *

ns ns ns
row
Variety
. ns ns ns

cover

#Significance ata=.10: *= <0.10,

**=<.05, **=<.01, ns= not significant

® Measurements were commenced at
soybean stage R1.

¢ Cover treatments include: winter rye,
radish/pennycress cover mixture, and pre-
emergence herbicide
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Appendix P. Effect of row spacing, cover, and s@ybeariety on biomass and
seed production at Site 2 in 2012 at Waseca,’MN.

soybean AMARE? AMARE Non-target AMBTR
biomass biomass seed weed biomass biomass

Rep ns ns ns ns ns
Row space ns ns ns ns ns
Covef ns o * ns **

Row * Cover ns ns ns ns ns
Variety ns ns ns ns ns
Variety * row ns ns * ns ns
Variety *cover ns ns ns ns ns

Significance ata=.10: *= <0.10, **=<.05, ***=<,01, ns= not signifant

" AMBTR = Ambriosa trifida; AMARE = Amaranthus tuberculatus

¢ Cover treatments include: winter rye, radish/peness cover mixture, and
pre-emergence herbicide
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