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Abstract

Conservation tillage programs have been successfully implemented for many
agronomic cropping systems, but adoption of reduced tillage for vegetable crops has been
slow. As many conventionally managed conservation tillage programs rely on synthetic
herbicides for clean cultivation, alternative methods must be devised to suppress weed
pressure and reduce reliance on mechanical cultivation to aid in the development of
reduced tillage programs for organic cropping system. Strip tillage is a reduced tillage
method that is well suited to vegetable crop production, and the utilization of cover crops
and living mulches between rows provides a viable weed management option for organic
systems.

The adoption of reduced tillage and the inclusion of cover crops and living
mulches have the potential to alter the agroecosystem in ways that impact plant
development and crop yield, and augment weed, insect and disease pressure. The current
study focuses on the use of strip tillage and the interplanting of spring-seeded living
mulches and overwintered cover crops for early-season organic broccoli production.
Data were collected on ground cover provided by cover crops and living mulches, crop
physiological status (petiole sap nitrate, photosynthetic rate, plant growth and crop
biomass) and pest pressure (weed relative abundance, insect density and disease
incidence and severity).

Living mulches provided the greatest ground coverage when cover crop
establishment was poor; however, when cover crops produced a large amount of biomass,
living mulch establishment was suppressed. Decreases in herbivorous pests and
suppression of grassy and cool-season weed species were also observed, indicating that
strip tillage and the use of spring-seeded living mulches and overwintered cover crops
may provide beneficial pest management strategies. Decreases in crop growth and
biomass, and decreases in petiole sap nitrate were observed, however, indicating
reductions in crop vigor and yield may be expected with the implementation of strip
tillage and living mulch crops. It is suggested that the utilization of strip tillage and
living mulch crops may provide benefits to pest management which may outweigh
declines in yield.



Table of Contents

ACKNOWIEdZEMENLS ..o s s iii
2 0 1] 0 1 Lot iv
BT 0] L0 ) 00 11 L v
LISt Of FiGUIES .. sssss s ss s sss s s s s ssss s sssnsans vii
3 T 03 G 1] T ix
Chapter One: Introduction and literature review .........—————— 1
Reduced Tillage.......cocuimrmsmsnmmsmsmsssisssssssssssssssssssss s st ss s s ss s s sas s 3
SOIl OT@ANIC FraCtioN vceseineseessissesssssssssessssssssssssssssss s s sssssssss s sssssssssssssssssssssassassssssssssssssssssssasssnes 5
Soil Physical Properties and NUtrient CYClNg ......comneneenmesmesssnssssesssssssssssssssssssssssssssssess 6
Cover Crops and Living MUlChes........usssssssssssssssssssssssssss s 7
Soil Erosion and Water ManageIMmENt ........ucereereeseesmeesseessesssesssssesssssssesssssssssssssssesssssssssssssssssassanss 7
Cover Crop and Living Mulch Effects on Soil QUality ......cccormmenrenmensnsenrnsesenssssensessesssesseenees 8
Cover Crops Utilized in the Investigated Cropping SySteM.......cconrneneenseneesssnsesesnsssssssenees 9
Weed MaNAZEIMENT .....coccireiiesissssssssssssssssssssssssssssss s st sssssas s ssssas s sssssss s sesssss s s st sasssesssnssssenes 12
Insect ManagemenNt. ... 14
Disease Incidence and SEVEeTrity ... 16
Competition, Physiological Status and Crop Yield ..., 20
L0701 U L1 1] o) T 23
LIiterature Cited ... s s 25
F 8 0 1) 1 o . 29
Chapter Two: Ground coverage and living mulch establishment in an organic,
SErip tillage SYStemM ... s s 30
20 ] 0 o= U 31
00T a0 0 L1 00 31
Materials and Methods ... —————————————— 33
L] 1 36
LD 0T L 1) o 38
L0701 00 L1 1 0 42
LIiterature Cited ... s 44
APPENAIX B s 46
Chapter Three: Growth and physiological response of broccoli to tillage
regime and interplanted living mulch Crops......ccmms————s 55
20 ] 0 o= U 56
00U 00 L 00 56
Materials and Methods ... ———————————— 59
2] 1 62
PR SI010ZICAL STATUS ..uvevueeeeeeeeseireeeeeseeesse s esesesse s see s ss s s es st s s bbbt 62
PlANT GIOWEN ..ottt ettt ettt s st s s bbb e s s 63
BIOIMASS ittt s 63



D 3 T o L 0 ) o 64

000 4 L 10 1 0 68
5 L) 0 10 0 < 8 < o 70
APPENAIX C oorernnssssmssssssmsssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssassssssssssssssssessssssessssssnsns 73

Chapter Four: Weed relative abundance, insect density and disease incidence
and severity in organic spring broccoli grown using strip tillage and living

40 101 0] 4 TSRS 82
72 X 0 1] o = ot 83
0900 00 10 L0 00 o 83
Materials and Methods ........ccccvrrrmnrmnsnnsnssnerssssersssssssssssssssssnssssssessssssmsssssssssssssassssssnssssssanssess 86
0] ) 90

Relative ADUNAANCE Of WEEAS ...t bess s st ees 90
Herbivore, Predator and Parasitoid Guild DeNSity ......coeneneeneesneceneeseesseeseseessessesssnesnees 93
Disease INCIdeNCe and SEVETILY ..o ssssssssesssssssssssssssssssssssssssssssssssssssssssssassssses 94
0 0 Y3 ) 95
Relative ADUNAANCE Of WEEAS ...ttt sss bbb s st ees 95
Herbivore, Predator and Parasitoid GuUild DeNSity .....coeneneeneesneeeneeseesseeseeseessessessseseees 97
Disease INCIdeNCe and SEVETILY ... ssssssssssssssssssssssssssssssssssssssssssassssess 98
L0007 1 100 L0 1 00 0 99
Literature Cited ... s s sss s ssmssss s s s smssas sanssnnssmsssn samssnnsn 102

W2 07 0 753 1 1o 10 D 104

Chapter Five: CONCIUSIONS.....cccoimmsmimsmsemsssmssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasanss 123
Literature Cited ... s s sss s s sss s s s smssas sanssnnssmsssn sanssnnsn 130

L 131

Vi



List of Figures

Figure A.1 Adaptation zones and mean annual air temperature (°F) for cover crop species

utilized in the Southern US (Ball et al., 2002). ......ccccoeeviriiniiniiiinieeceeneeieeee 29
Figure B.1 Ground coverage from living mulches between tillage treatments in 2009....48
Figure B.2 Ground coverage among living mulch treatments in 2009 ..............cccoeeenneenne 49
Figure B.3 Tillage by living mulch interaction at the vegetative growth stage of broccoli

112009 et ettt 50
Figure B.4 Tillage by living mulch interaction at the buttoning growth stage of broccoli

T 2000 ...ttt et et 51
Figure B.5 Total ground coverage for non-marketable crops among living mulch

treatments 10 2000 ......co.iiiuiiiiiiieeee ettt 52
Figure B.6 Ground coverage among living mulch treatments sampled at the buttoning

growth stage of broccoli in 2010........c.ooviiiiiiiiiiiiieieeeee e 53
Figure B.7 Total ground coverage for non-marketable crops sampled at the buttoning

growth stage of broccoli in 2010........c.ooviiiiiiiiiiiiieieeeee e 54
Figure C.1 Petiole sap nitrate concentration between tillage treatments at three broccoli

rowth Stages N 2010.....cccuiiiiiieeiieceeeee e e e e 74
Figure C.2 Photosynthetic rate between tillage treatments at the pre-harvest growth stage

OF DrOCCOIT 1N 2070 ..ottt 75
Figure C.3 Plant height between tillage treatments at two broccoli growth stages in 2009

................................................................................................................................... 76
Figure C.4 Plant height among living mulch treatments at two broccoli growth stages in

20009 ...ttt b ettt ettt e b 77
Figure C.5 Plant height between tillage treatments at three broccoli growth stages in 2010

................................................................................................................................... 78
Figure C.6 Stalk diameter between tillage treatments at the pre-harvest growth stage of

BrocCOll 10 20T 0. ...iiiiieiieee et 79
Figure C.7 Fresh and dry weights among living mulch treatments at the pre-harvest

growth stage of broccoli in 2009...........ooouiiiiiiieeie e 80
Figure C.8 Fresh and dry weights between tillage treatments at the pre-harvest growth

stage of brocColl 1N 2010 .....cc.uiieiiiieiie e e e s 81
Figure D.1 Mean herbivore density for weekly samplings throughout the broccoli

production period within tillage and living mulch treatments in 2000 ................... 117
Figure D.2 Mean herbivore density for weekly samplings throughout the broccoli

production period within tillage and living mulch treatments in 2010 ................... 118
Figure D.3 Mean predator density for weekly samplings throughout the broccoli

production period within tillage and living mulch treatments in 2000 ................... 119
Figure D.4 Mean predator density for weekly samplings throughout the broccoli

production period within tillage and living mulch treatments in 2010 ................... 120

vii



Figure D.5 Mean parasitoid density for weekly samplings throughout the broccoli
production period within tillage and living mulch treatments in 2009 ...................

Figure D.6 Mean parasitoid density for weekly samplings throughout the broccoli
production period within tillage and living mulch treatments in 2010 ...................

viii



List of Tables

Table B.1 Mean monthly rainfall and temperature for 2009 and 2010...........ccoeeeenneee 46
Table B.2 Ground coverage by cover crops, living mulches and total non-marketable crop
coverage sampled at the buttoning growth stage of broccoli in 2009 and 2010....... 47

Table C.1 Mean monthly rainfall and temperature for 2009 and 2010...........cccoeevenneene. 73

Table D.1 Mean monthly rainfall and temperature for 2009 and 2010.............ccceeuenee. 104
Table D.2 Total relative abundance of all weed species observed in 2009 and 2010..... 105
Table D.3 Frequency, uniformity, density and relative abundance of the top five weed
species in 2009 and 2010 between tillage treatments ..........ccceeeeveeerveeeeieeeceeeennen. 106
Table D.4 Frequency, uniformity, density and relative abundance of the top five weed
species in 2009 among living mulch treatments ............ccceeeeveeeeieeenciieeeiee e, 108
Table D.5 Frequency, uniformity, density and relative abundance of the top five weed
species in 2010 among living mulch treatments ............cccoeeeveeerciieeniieeeciee e, 110
Table D.6 Distribution of organisms into herbivore, predator and parasitoid guilds and
total counts in 2009 and 2010 ......ccceeviiriiniiniiieeeeee e 112
Table D.7 Density of individuals classified by herbivore, predator and parasitoid guilds
between tillage treatments in 2009 and 2010...........cccceevieiiiienieeiiienieeieeee e, 113
Table D.8 Density of individuals classified by herbivore, predator and parasitoid guilds
among living mulch treatments in 2009............ccceevieriiieniinieeiee e 114
Table D.9 Density of individuals classified by herbivore, predator and parasitoid guilds
among living mulch treatments in 2010.........c.coocvieiiieriieiienieeeee e 115



Chapter One: Introduction and literature review



The Natural Resource Conservation Service defines conservation tillage as any
tillage system that leaves greater than 30% residue remaining on the soil surface after
planting (Horowitz et al., 2010). Integrating reduced tillage practices into organic
systems can enhance soil environmental conditions, creating an environment that is better
able to support plant growth. Cover crops and living mulches make reduced tillage more
feasible by aiding in insect, weed and disease management. The use of reduced tillage
and living mulches can promote productivity and increase efficiency, further enhancing
sustainability, making them valuable assets to organic crop production.

Conservation tillage programs maintain soils by minimizing soil erosion and
improving physical, chemical and biological conditions. Introduced in the 1950’s,
conservation tillage has become an acceptable cultural practice due to improved herbicide
development, equipment modifications and increased concerns for erosion (Hoyt, 1999).
While reduced tillage systems have been implemented successfully for row crops,
conservation tillage practices evaluated in vegetable cropping systems have produced
variable results due to factors, such as poor plant establishment and impeded root growth.
Previous research conducted at the East Tennessee Research and Education Center
Organic Crops Unit has demonstrated constraints of no-tillage due to compaction of
clayey soils, limiting root growth and impeding plant development. Strip tillage provides
an alternative reduced tillage practice that is well suited to the production of transplanted
vegetables; planting into a tilled strip maximizes root growth, allowing for improved
plant setting (Wilhoit et al., 1990). While the planting area is tilled, cover crop residues
remain between rows, providing protection from soil erosion and weed control.

The implementation of an organic, reduced tillage system has been hampered by
the lack of effective herbicides certified for organic use. Many conventional, no-till
fields are maintained using herbicides. New methods of weed control must be devised
for use in organic systems. Traditionally, tillage and mechanical cultivation have offered
successful results in controlling weeds, further limiting the application of reduced tillage.

Utilizing living mulches in conservation tillage systems has strong potential to
increase sustainability, allowing for maximum plant growth and pest control with

minimal soil disturbance. Living mulches can provide an alternative means of weed
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management in reduced tillage systems for early season vegetable production when cool-
season cover crops have not yet matured or accumulated adequate biomass to provide
killed residue mulches. Intercropping an economically important crop with an
undersown plant species that has no direct market value is a cultural control method that
helps to diversify the agroecosystem and may provide further benefits, including erosion
reduction, enhanced fertility, improved soil quality and beneficial pest management.
Research has demonstrated that living mulches, when undersown with a vegetable crop,
have the ability to decrease injury imposed by insect pests and reduce weed pressure, two
of the primary challenges faced in organic vegetable production systems.

Results have been variable, and research has also demonstrated that living
mulches may compete with the main crop or may inadequately suppress weeds, limiting
the successful implementation of living mulches into production systems. Research on
living mulch crops must be directed at determining key factors that limit crop yield,
affecting success in these systems, and devising effective methods for enhancing crop
production and aiding with pest management. With consistently positive results, methods
utilizing reduced tillage and living mulch crops can be implemented within cropping

systems, increasing the sustainability of organic vegetable production.

Reduced Tillage

Bare soil left exposed by tillage increases the potential for erosion by wind and
water, nutrient leaching, reduced biological diversity and loss of organic matter.
However, with perpetual cover from living or decaying vegetation, most of the
environmental damage caused by tillage can be decreased or even reversed.
Conservation tillage is being used to boost the image of modern farming. However,
along with this technology has come requisite pesticide usage to manage cover crops,
control weeds and prevent insect damage (Kuepper, 2001).

A high percentage of land in East Tennessee is subject to erosion due to slope and
slow water penetration into the soil. When cropped continuously using conventional
tillage methods, high value crops cannot remain productive over an extended period of
time (Rutledge, 1999). In Tennessee, the successful implementation of conservation

tillage programs in row crop production has caused some interest among vegetable
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growers, but adoption of these practices has been slow (Rutledge, 1999). However,
production of both direct seeded and transplanted vegetable crops has increased. This
increase has been attributed to the development and commercialization of reduced tillage
planters and seeders, advancements in producing and managing high-residue cover crop
mulches and improvements and acceptance of integrated weed management technologies
(Morse, 1999a).

As a hybrid system between no-till and conventional tillage, strip tillage can offer
improvements to soil quality while also encouraging plant growth. The benefits of strip
tillage include reduction of soil compaction from heavy farm equipment, preservation of
soil micro and macro biota and reduced soil erosion and runoff from fields (Luna and
Staben, 2003). For successful establishment of transplanted crops, several key
production objectives must be achieved. First, a dense, uniformly distributed cover crop
must be produced. Second, cover crops must be properly managed to leave a heavy,
uniformly distributed, killed mulch over the soil surface. Third, transplants must be
established into cover crops with minimal disturbance of surface residues and surface
soil. Lastly, year-round weed control strategies must be adopted (Morse, 1999a). Strip
tillage also facilitates successful plant establishment because planting into a tilled strip
maximizes root growth, allowing for improved plant setting (Wilhoit et al., 1990).

Organic farming is assumed to be dependent upon clean tillage and cultivation;
this assumption has been used disparagingly to characterize organic crop production as
both erosive and environmentally destructive (Kuepper, 2001). The development of
reduced tillage systems that are effective in managing weed and insect pests while
enhancing efficiency and maintaining or boosting yields in organic systems is a timely,
and cutting edge topic. As organic growers seek improvements in soil fertility, biological
activity, and soil physical properties, typically through management systems that
emphasize the integration of individual farm processes into a whole farm system, the
integration of reduced tillage should prove beneficial in boosting the overall

sustainability of organic crop production (Baldwin, 2006).



Soil Organic Fraction

Soil quality refers to the sustained capability of a soil to accept, store and recycle
water, nutrients and energys; it is the soil’s capacity to support crop growth without
resulting in soil degradation or otherwise harming the environment. Soil quality is
comprised of intrinsic and dynamic portions. The intrinsic soil component is a function
of the geologic materials of which a soil is comprised, such as mineralogy and particle
size distribution. Factors such as climate, topography and hydrology are important
intrinsic determinants of soil quality. Dynamic soil quality encompasses soil properties
that change over relatively short time periods in response to human use, and are strongly
influenced by agronomic practices. Decreases in soil structural stability, porosity and soil
organic matter are characteristics of declining soil quality (Carter, 2002).

Soil texture is the relative percentage of sand, silt and clay found in soil (Sullivan,
2004). Soil structure refers to the way sand silt and clay are aggregated together into
larger secondary clusters (Sullivan, 2004). Soil texture and structure determine the
amount of available pore space (Sullivan, 2004). While soil texture is related to soil
mineralogy and cannot be changed, soil structure can be improved or destroyed by soil
management practices (Sullivan, 2004). Improvements to soil structure facilitate easier
tillage, increased water storage capacity, reduced erosion, and deeper, more prolific plant
root systems. Soil that tills easily, has good seedbed quality, seedling emergence and
deep root penetration is said to have good tilth. Good tilth is dependent upon soil
aggregation.

Soil organic matter is linked to desirable soil physical, chemical and biological
properties, and is closely associated with soil productivity. Biologically active soil
organic matter is believed to be the key to soil productivity when fertility is biologically
mediated, such as with the use of composts and green manures. Active soil organic
matter refers to a heterogeneous mix of living and dead organic materials that are readily
circulated through biological pools (Wander et al., 1994). It is a major soil nutrient
reservoir. The balance between decay and renewal processes in this pool controls
nutrient availability and soil organic matter status, determining whether organic matter is
aggrading or degrading overall. Two types of organic matter change can be associated

with organic farm systems: accumulation of biologically active soil organic matter and
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accumulation of more stable, yet still labile, soil organic matter (Wander et al., 1994). In
agricultural soils, the microbial biomass acts as a source-sink for labile nutrients, and
practices that alter the size of the biomass or its rate of turnover can affect crop growth

(Granatstein et al., 1987).

Soil Physical Properties and Nutrient Cycling

Tillage regimes differing in crop residue placement and soil disturbance have the
potential to modify soil physical properties, such as bulk density and soil moisture, which
can in turn alter soil pH and fertility. Such changes may affect the availability and
cycling of nutrients.

Reduced tillage systems, through the placement of crop residues on the soil
surface, tend to accumulate increased amounts of organic matter relative to plowed soil.
Edwards et al. (1992) observed organic matter increases of 56% in the top 10 cm of the
soil after 10 years of reduced tillage, while organic matter levels in conventionally tilled
plots remained constant. Doran (1980) observed a similar trend with increased organic
matter at the soil surface in reduced tillage soils. Increased organic matter in surface
soils, caused by the accumulation of crop residues and killed mulches, may affect bulk
density. Edwards et al. (1992) found that reduced tillage soils had significantly lower
bulk density than those under conventional tillage.

The concentration of plant residues on the soil surface also impacts soil moisture
in reduced tillage systems by decreasing rates of evaporation. Fields maintained using
reduced tillage typically have higher surface soil water content than plowed soil, enabling
plants to tolerate drought and continue growing during periods of dryness (Johnson and
Hoyt, 1999).

Increased soil moisture affects soil temperature. Cover residues create an
insulation effect causing fields to remain cooler earlier in the season. As more energy is
required to heat wet soil, fields warm more slowly. Cooler temperatures can delay early
crop growth, potentially affecting yield. Once warmed, this same insulation effect keeps
fields warmer through the downward convection of heat (Johnson and Hoyt, 1999).

Soil nutrients tend to be stratified under reduced tillage systems, with the highest

nutrient concentrations found in the 0-5 cm soil depth. Nutrients derived from crop
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residues, applied fertilizers and manures, especially those nutrients that are relatively
immobile, tend to accumulate at or near the soil surface in long-term reduced tillage
systems due to limited soil mixing (Johnson and Hoyt, 1999). The wetter, cooler soil
environment found under reduced tillage, along with impacts on microbial populations,

may also impact the cycling of nutrients and availability to plants.

Cover Crops and Living Mulches

Cover crops provide a vegetative cover during periods when a cash crop is not
present. These crops can then be tilled into the soil, or mechanically killed and left as
residue on the soil surface acting as a mulch. Green manures are grown as cover crops
and incorporated into the soil to increase soil fertility, organic matter and tilth.
Alterations to the soil resulting from the utilization of cover crops and incorporation of
green manures include reduced rates of erosion, decreased soil temperatures, increased
soil organic matter, improved water infiltration rates, increased microbial activity,
improved soil structure, enhanced weed control and increased crop yield.

Living mulches are cover crops that are grown during cash crop production;
transplants may be sown directly into a living mulch crop, or the mulch may be seeded at
the time of planting. Living mulches are intended to provide living ground cover
throughout the growing season, and are established between rows of the main crop to
suppress weeds. In addition to weed suppression, living mulches can provide diversity
within a cropping system, reduce erosion, enhance fertility, improve soil quality, and

assist with pest management and encourage beneficial organisms.

Soil Erosion and Water Management

Historically, cover crops were used to fix nitrogen (N) and as a source of forage in
integrated agricultural systems (Ritter et al., 1998). With the advent of synthetic
fertilizer, focus shifted away from cover crops as a means of enhancing soil fertility.
Today, renewed interest in the reduction of water runoff and soil erosion has facilitated
research on the incorporation of cover crops into crop rotation schedules. In addition to
protecting the soil from erosion, cover crops also improve soil structure, tilth and water-

holding capacity, and can decrease reliance on synthetic fertilizer inputs by fixing N and
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reducing nitrate leaching, reducing the chance of environmental pollution (Hartwig and
Ammon, 2002).

Cover crops provide vegetative cover during periods when a crop is not present
to cushion the force of falling raindrops, slowing the rate of runoff and improving
moisture infiltration in the soil (Hartwig and Ammon, 2002). Bare ground is highly
susceptible to rain drop splashes that can detach soil particles, increasing soil erosion
rates (Hartwig and Ammon, 2002). Crop residues and living mulches also increase soil
porosity as a result of increases in organic matter (Browning, 1937). Increased porosity
results in increased soil permeability, enhancing water infiltration rates (Browning,
1937). The presence of a mulch, living or dead, can decrease the water runoff velocity,
allowing heavier particles to settle as opposed to being lost (Browning, 1937). Hall et al.
(1984) reported reductions in soil loss of 86-99% in no-till corn with a living mulch of
birdsfoot trefoil or crownvetch as compared to conventionally tilled corn.

Cover crops and green manures provide a two-fold service in relation to water
management. In addition to slowing the rate of water runoff, cover crops also aid in
managing soil water during the growing season. In early spring, when wet soils may
cause delays in crop production, cover crop growth and transpiration rates are at their
highest (Ebelhar et al., 1984). In the summer months, when crop transpiration rates are
greatest and rainfall is low, mulches slow evaporation and provide more available
moisture for cash crops, preventing damage due to drought stress. Whereas killed
mulches aid in retaining water, living mulches require an adequate supply of moisture for
growth and development. Similar to cover crop growth in spring, living mulch crops may
remove water from the soil. When utilized during summer crop production, living
mulches may compete with a cash crop for available soil moisture, especially during

years with little rainfall.

Cover Crop and Living Mulch Effects on Soil Quality

Organic matter refers to the fraction of the soil that is composed of both living
organisms and once-living residues in various stages of decomposition (Sullivan, 2004).
Humus is the end product of decomposition; it is relatively stable and requires long

periods of time to further degrade. Benefits of topsoil rich in organic matter and humus
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are rapid decomposition of crop residues, granulation of soil into water-stable aggregates,
decreased crusting and clodding, improved internal drainage, better water infiltration,
increased water and nutrient holding capacity (Sullivan, 2004).

Soil organic matter is considered to be a key attribute of soil and environmental
quality. Increases in organic matter have profound effects on soil physical and chemical
properties. Soils maintained under reduced tillage, utilizing a cover crop in their rotation,
show increasing levels of the soil organic fraction over time (Danso et al., 1991).

Organic additions increase the number of larger size aggregates in the soil. Cover crop
residue benefits aggregation chiefly by furnishing a carbon (C) source to the
microorganisms directly playing a role in aggregation (Hoyt and Hargrove, 1986).
Stimulation of these organisms produces a glue that binds soil particles together into
aggregates (Hartwig and Ammon, 2002). As organic matter additions accumulate on the
soil surface, soil tilth and productivity greatly increase.

Organic inputs, which regulate soil organic matter, influence soil particles and the
relation between soil organic matter and soil aggregates. The leading management
strategy for increasing soil organic matter quantity is increasing the proportion of crop
residues returned to the soil. Wani et al. (1994) found that adopting green manures and
organic amendments in crop rotations provided a measurable increase in soil organic
matter quality and other soil quality attributes as compared to systems of continuous

cereal production.

Cover Crops Utilized in the Investigated Cropping System

Austrian winter pea, a field pea, is a viney winter annual with stems up to 1.2 m
(4 ft.) long (Ball et al., 2002). It is primarily adapted to temperature zones A through C
(Fig. A.1) and is mainly used as silage and green manure. Optimum seeding time is Sept.
through Oct. at 22.5-33.5 kg/ha (20-30 lbs./A.), when sown with a small grain (Ball et al.,
2002). Field peas can withstand temperatures as low as 12 °C (10 °F) but are sensitive to
heat (Clark, 2007). Under long, cool, moist seasons, a crop can produce more than 2.26
metric tons (5,000 1bs.) of dry matter/A., yielding 101-168 kg N/ha (90-150 Ibs. N/A.)
(Clark, 2007). The inclusion of grain legume crops, such as field peas, improves

sustainability by providing disease suppression and enhancing soil tilth. Austrian winter
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peas are moisture efficient and provide rapid spring growth, outcompeting weeds while
contributing N. They are easily killed by discing or mowing after full bloom, the
maturity stage at which optimum N is provided (Clark, 2007).

Triticale, a cereal grain, is an annual bunch grass that grows up to 1.2 m (4 ft.) tall
(Ball et al., 2002). It is primarily adapted to zones A through D (Fig. A.1), and in the
South East is seeded Sept. through Oct. at 67-101 kg/ha (60-90 1bs./A.) in mixtures (Ball
et al., 2002). Cereal grains are good at scavenging excess nutrients and holding them
until decomposition (Ball et al., 2002).

Winter oats provide quick, weed-suppressing biomass, take up excess soil
nutrients and can improve the quality of legumes when planted in mixtures. They are an
upright annual grass able to produce 1-1.8 metric tons (2,000-4,000 lbs.) of dry matter/A
(Clark, 2007). Winter oats can also be used as a N catch crop. Quick Fall germination
makes winter oats suitable as a smother crop, and allelopathic effects can further hinder
weed growth. When temperatures are cold enough that the crop is winterkilled, in zone B
(Fig. A.1) and colder, further management is not necessary; otherwise, oats can be killed
by rolling-crimping or mowing at the soft dough stage (Clark, 2007).

Crimson clover is a winter annual legume that grows up to 1 m (3 ft.) tall (Ball et
al., 2002). It is primarily adapted to zones A and B with limited use in zone C (Fig. A.1)
(Ball et al., 2002). Crimson clover suppresses weeds by forming a thick mulch. It
supports high densities of beneficial insects by providing food and habitat, but may also
support and increase soil-borne plant pathogens. A stand of crimson clover can produce
1.4-2.3 metric tons (3,000-5,000 1bs.) of dry matter/A., contributing 78-168 kg/ha (70-
150 Ibs.) N/A. (Clark, 2007). It grows well in mixtures with small grains; oats are
frequently used as a nurse crop or as a high-biomass, nutrient scavenging partner. In
addition to N fixation, crimson clover adds to the soil organic N pool by scavenging for
mineralized N (Clark, 2007).

Annual ryegrass is an annual bunch grass that grows up to 1 m (3 ft.) tall (Ball et
al., 2002). It is primarily adapted to zones A and B, and can grow in some areas of zone
C (Fig. A.1). Fall seeding in Sept. through Oct. generally produces the best stands (Ball
et al., 2002). Ryegrass is quick growing and non-spreading. It has an extensive soil-

holding root system, making it good for preventing erosion. Dense shallow roots also
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improve water infiltration and soil tilth. Rapid growth above ground helps supply
organic matter, producing 1.8-3.6 metric tons (4,000-8,000 lbs.) dry matter/A. (Clark,
2007). It attracts few insect pests and can generally help lower pest levels in legume
stands and vegetable crops. Ryegrass has a high moisture requirement and is also a high
N user, capturing leftover N and reducing leaching; it is capable of taking up to 18 kg (40
Ibs.) N/A. Annual ryegrass has a biennial tendency and may reseed in areas with mild
winters, which may create a weed problem. It can be killed mechanically by discing or
plowing, but mowing may not kill it completely (Clark, 2007).

Red clover is a short-lived perennial, growing for approximately 2 years in the
South. It is leafy and erect-growing, reaching up to Im (3 ft.) tall (Ball et al., 2002). Itis
primarily adapted to zones C and D, acting as a winter annual in zone A (Fig. A.1) (Ball
et al., 2002). Red clover helps to suppress weeds and breaks up soil. When allowed to
grow a full season, it can produce 1.8-3.6 metric tons (4,000-8,000 Ibs.) of dry matter/A.,
fixing 84-168 kg/ha (75-150 Ibs.) N/A. (Clark, 2007). It is widely adapted to different
soil types and climate niches but may establish slower, produce less biomass and fix less
N than other legumes. Red clover is a great soil conditioner; its extensive root system
permeates topsoil while the taproot may penetrate several feet. In addition, it attracts
beneficial insects. Medium red clover can be cut multiple times and grows back quickly;
however, actively growing red clover can be difficult to kill mechanically (Clark, 2007).

To avoid competition, seed size, aggressiveness, and time of planting should be
assessed. Desirable grass and legume species for use as living mulches are those that
rapidly establish a closed canopy or impede weed establishment through allelopathy
(Chase and Mbuya, 2008). Small seeded species, such as clovers, typically have minimal
impact on weeds, whereas more aggressive species, such as ryegrass, have been shown to
cause reductions in crop yield (Brainard and Bellinder, 2004). To avoid competition
from aggressive species, planting of living mulches can be delayed until after the cash
crop has been established; however, delayed seeding may inhibit establishment of a
sufficient cover beyond the critical weed-free period. A second alternative is mechanical
suppression. Taller growing and highly competitive species will require management,

such as mowing, to reduce damage to the main crop. Lower growing mulches may
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preclude the need for weed management, but may not be as effective as taller-growing

species (Chase and Mbuya, 2008).

Weed Management

Inadequate weed control has been a severe problem in reduced tillage vegetable
systems; cultivation and plastic mulches typically used in vegetable production are not
frequently utilized under reduced tillage. Cultural weed control methods, when used in
conjunction with reduced tillage, can decrease weed germination. Cultural weed control
exploits plant competition. The first plants to occupy an area have a competitive
advantage over those that follow; promoting the growth of the planted crop may therefore
help decrease germination and growth of an interfering weed species. Suppressing weed
seed germination can be accomplished by enhancing rapid growth and canopy closure by
close planting spaces, or by inhibiting or delaying germination, emergence and growth of
weeds (Morse, 1999b). Research on reduced tillage systems for fall broccoli using tight
plant spacing and high residues has demonstrated that a closed crop canopy can exclude
weed growth between plants resulting in no yield reductions when compared to
herbicide-treated controls (Morse, 1999b).

Though many factors impact weed seedling emergence, soil disturbance can
profoundly affect weed germination. Tillage can promote the germination of seeds in the
soil seedbank because of exposure to light, improved soil aeration, increased loss of
volatile inhibitors from the soil and movement of seeds to more favorable germination
sites (Myers et al., 2005). Tillage also alters surface residues, changing the effects of
shading, temperature and pH, which may also affect weed seed germination (Myers et al.,
2005). In addition, species composition and density tend to vary between disturbed and
undisturbed soils (Myers et al., 2005).

The presence of cover crop mulches, dead or living, can help to control escaped
weeds or slow down the invasion of new weeds. DeGreggorio and Ashley (1985, 1986)
found that a white clover living mulch provided weed control comparable to commercial
herbicide programs in sweet corn and snap beans. With minimal competition for below
ground resources, mulch crops can reduce sunlight availability to weeds without directly

impacting the main crop. The main crop comprises the uppermost canopy, which, if full,
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can decrease weed pressure; the living mulch provides a middle canopy between the main
crop and weeds directly impacting the light reaching the weedy understory.

Research on the use of reduced tillage with sweet potatoes has demonstrated that
the incorporation of organic matter via cover crops may have a direct positive effect on
weed management due to a delay in N availability to weeds (Treadwell et al., 2007). As
a result, weeds were effectively managed by surface residues in the first six weeks after
planting. However, hand removal in reduced tillage treatments disturbed surface
residues, providing opportunities for weed germination. Organically managed, reduced
tillage treatments were significantly weedier at harvest.

Interseeded crops, or living mulches, provide an alternative for early-season
reduced tillage systems when cover crops have not reached a sufficient stage of maturity
to be killed. Interseeded living mulch crops can be chosen to compliment a cash crop in
resource use while interfering with weed growth and suppressing weed emergence
through competition between the mulch and weeds for resources (Brainard and Bellinder,
2004). However, in practice, interseeded crops may suppress neither crop nor weeds, or
may suppress both. Research results have demonstrated that the use of living mulches for
weed suppression is variable; while some systems have produced comparable yields to a
conventional control, others have shown significant differences in yield between the two
due to competition (Brainard and Bellinder, 2004).

In a study to determine the ability of living mulches to suppress weeds when sown
at various days after planting broccoli, Brainard and Bellinder (2004) found the greatest
weed suppression when mulches were sown when the crop was transplanted. Weed
emergence was significantly reduced; unfortunately, so was crop yield. Mulches sown 10
days after transplanting (DAT) did not reduce yield but provided only modest weed
suppression. There was a significant effect on in-row weeds in two of three years,
however, suggesting that later sowings may provide some weed suppression. At 20 DAT
there were no significant effec