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ABSTRACT
Interseeding cover crops in no-till corn can be challenging. Broadcasting the seed late in the season is
one option, but results are inconsistent. Cultivating early in the season and broadcasting seed is another
option, but this is difficult in no-till, high residue fields. Both of these approaches involve a separate trip
across the field, increasing the cost of cover crop establishment. To address this issue we have
developed a machine to no-till interseed a cover crop at the V5–V8 growth stage of corn and apply N
fertilizer and a post-emergent directed herbicide at the same time, if desired. This approach has several
advantages: multiple trips across the field can be combined, reducing the cost of cover crop seeding;
good seed-to-soil contact is achieved with the potential for reducing cover crop seeding rates; and the N
and herbicide applications can be directed to maximize efficiency. The system is particularly well
adapted where the growing season is too short to establish cover crops following harvest, where grazing
a cover crop in the cornfield may be desired, or where the corn stover may be removed and a fall cover
crop with good growth is desirable. The system was tested in 2010-2011 and resulted in successful cover
crop establishment approximately 80% of the time. Cooperating producers have used the interseeded
cover crops for forage, and the system has potential to provide significant economic returns and soil
conservation and soil quality improvement in corn-based cropping systems. We anticipate that improved
corn yields in succeeding years with less nitrogen inputs can contribute to large economic benefits in the
years following the initial interseeding.

iv
TABLE OF CONTENTS
List of Figures ........................................................................................................................................ vi
List of Tables .......................................................................................................................................... vii
Acknowledgments ................................................................................................................................. viii

Chapter 1: Interseeder Design and Development
Abstract .................................................................................................................................... 1
Introduction .............................................................................................................................. 2
Establishment Limitations .......................................................................................... 2
Alternative Approaches .............................................................................................. 3
Interseeding Cover Crops ........................................................................................... 4
Equipment Innovation ................................................................................................. 4
Materials and Methods ............................................................................................................. 5
The Main Frame Tool Bar .......................................................................................... 5
The Three-Point Hitch ................................................................................................ 6
The Tanks Sub Frame ................................................................................................. 6
The Tillage Units ........................................................................................................ 6
The Seed Delivery System and Framework ................................................................ 7
The Soil Packing Apparatus ....................................................................................... 9
The Herbicide Applicator ........................................................................................... 10
The Fertilizer Applicator ............................................................................................ 10
Interseeder Front/Side/Rear View .............................................................................. 10
Side and Overhead Field Operation View .................................................................. 11
Results and Discussion ............................................................................................................ 11
Potential Interseeder Options ...................................................................................... 13
Other Potential Uses ................................................................................................... 14
Future Development ................................................................................................... 14
References ................................................................................................................................ 16
Appendix A: Figures ................................................................................................................ 18
Chapter 2: Cover Crop Establishment and Economics
Abstract .................................................................................................................................... 31
Introduction .............................................................................................................................. 32
Establishment Limitations .......................................................................................... 32
Alternative Approaches .............................................................................................. 33
Cover Crop Benefits ................................................................................................... 35
Interseeded Cover Crop Species ................................................................................. 36
Materials and Methods ............................................................................................................. 38
2010 PSU Research Farm Experiments ...................................................................... 38
2011 PSU Research Farm Experiments ...................................................................... 40

v
2011 On-Farm Research ............................................................................................. 40
Partial Budget Analysis .............................................................................................. 41
Results and Discussion ............................................................................................................ 42
Experiment Station Rainfall ........................................................................................ 42
2010 PSU Research Farm Experiments ...................................................................... 42
2011 Cover Crop Yield Benefits Experiment--Second Year ...................................... 42
2011 On-Farm Research Experiments ........................................................................ 43
Partial Budget Analysis .............................................................................................. 43
References ................................................................................................................................ 47
Appendix B: Tables and Figures ............................................................................................... 51
Chapter 3: Effect of Selected Corn Herbicides on Cover Crop Establishment
Abstract .................................................................................................................................... 63
Introduction .............................................................................................................................. 64
Materials and Methods ............................................................................................................. 68
Field Study .................................................................................................................. 68
Greenhouse Experiment .............................................................................................. 70
Results and Discussion ............................................................................................................ 71
Field Study .................................................................................................................. 71
Summary ..................................................................................................................... 73
Greenhouse Experiment Summary ............................................................................. 74
Epilogue ................................................................................................................................... 76
References ................................................................................................................................ 78
Appendix C: Tables ................................................................................................................. 81

vi

List of Figures
Appendix A:
Figure 1.1. The main tool bar frame ........................................................................................ 18
Figure 1.2. The three-point hitch ............................................................................................. 19
Figure 1.3. The herbicide and fertilizer tanks sub frame ......................................................... 20
Figure 1.4. The Rawson vertical tillage coulter assembly ....................................................... 21
Figure 1.5. The seed delivery system tool bar ......................................................................... 22
Figure 1.6. The soil packing apparatus mounts ....................................................................... 23
Figure 1.7. The soil cultipacker and drag chain ....................................................................... 24
Figure 1.8. The herbicide applicator tool bar ........................................................................... 25
Figure 1.9. Front view .............................................................................................................. 26
Figure 1.10. Side view ............................................................................................................. 27
Figure 1.11. Rear view ............................................................................................................. 28
Figure 1.12. In-row view ......................................................................................................... 29
Figure 1.13. In-row overhead view .......................................................................................... 30

vii
List of Tables
Appendix B:
Table 2.1. Assumptions used in interseeder ownership and operation cost analysis ............... 51
Table 2.2. Precipitation at the Penn State Agronomy Research Farm ..................................... 52
Table 2.3. Impact of cover crop species on corn yield and fall and spring cover crop
yields in Centre County in 2010 at the Agronomy Research Farm ......................................... 53
Table 2.4. Second-year mean corn grain yields with two N rates and previous growing
season mean cover crop weight for both fall and spring .......................................................... 54
Figure 2.1. Cover crop corn yield benefits--Second year ........................................................ 55
Table 2.5. Impact of cover crop species on corn yield and fall and spring cover crop
yields in Centre County in 2011 .............................................................................................. 56
Table 2.6. Fall cover dry matter accumulations from two on-farm sites in Centre County
in 2011 and corn grain yields from one site ............................................................................. 57
Table 2.7. Estimated equipment repair and maintenance costs used in the interseeder
economic simulation ................................................................................................................ 58
Table 2.8. Estimated ownership and operation costs of the interseeder .................................. 59
Table 2.9. Partial budget analysis to compare conventional no-till corn on corn for silage
pre- and post-herbicide, sidedress N rye cover crop to corn on corn interseeded with
clover ....................................................................................................................................... 60
Table 2.10. Partial budget analysis to compare conventional no-till corn on corn for grain
pre-and post-herbicide, sidedress N rye cover crop to corn on corn interseeded with
clover ....................................................................................................................................... 61
Table 2.11. Partial budget analysis to compare conventional no-till corn on corn for grain
pre- and post-herbicide, sidedress N, no cover crop, corn on corn interseeded with
ryegrass/clover used as fall forages ......................................................................................... 62

viii
Appendix C:
Table 3.1. Precipitation at the Penn State Agronomy Research Farm ..................................... 81
Table 3.2. 2010/11 herbicide treatments and rates .................................................................. 82
Table 3.3. Cover crop species interseeded and fall drill-seeded 2010 and 2011 ..................... 83
Table 3.4. Analysis of variance for herbicide safety studies conducted at Penn State
Agronomy Research Farm in 2010 and 2011 .......................................................................... 84
Table 3.5. Summary of 2010 herbicide safety study treatment effects on individual cover
crop species .............................................................................................................................. 85
Table 3.6. Summary of 2011 herbicide safety study treatment effects on individual cover
crop species .............................................................................................................................. 86
Table 3.7. Mean injury and 90% confidence intervals for herbicide injury in fall 2010 for
the 2010 herbicide safety study at Penn State Agronomy Research Farm .............................. 87
Table 3.8. Mean injury and 90% confidence intervals for herbicide injury in spring 2011
for the 2010 herbicide safety study .......................................................................................... 88
Table 3.9. Mean injury and 90% confidence intervals for herbicide injury in fall 2011 for
the 2011 herbicide safety study ................................................................................................ 89
Table 3.10. Mean injury and 90% confidence intervals for herbicide injury in spring 2012
for the 2011 herbicide safety study .......................................................................................... 90
Table 3.11. Mean herbicide injury > 20% from fall 2010 to spring 2012 ............................... 91
Table 3.12. Analysis of variance for biomass dry matter accumulation for the greenhouse
glyphosate seed exposure study conducted in 2010 ................................................................. 93
Table 3.13. Effect of glyphosate timing and seed placement on red clover biomass (grams
per pot) ..................................................................................................................................... 94
Table 3.14. Effects of glyphosate herbicide timing and seed placement on annual ryegrass
biomass (grams per pot) ........................................................................................................... 95

ix

ACKNOWLEDGMENTS

I would like to take this time to express my sincere gratitude to my academic advisor, Dr.
William Curran, with whom I have had the pleasure to work for many years. Dr. Curran provided his
years of expertise in weed science, mentoring, and support for my endeavors in graduate school. I
would also like to thank Dr. Gregory Roth, who has provided his years of expertise in agronomy,
mentoring, and support for my endeavors in graduate school. I would like to thank both Dr. Curran and
Dr. Roth for their confidence in my abilities and for including me in the interseeder project. Thank you
both for an exciting and challenging project that will continue to evolve well into the future.
I would like to thank Dr. Jayson Harper, who has provided his expertise and mentoring in
agricultural economics to establish an economic budget for this project.
I need to thank the manager of the Agronomy Research Farm, Scott Harkcom, who also serves
as my direct supervisor. Scott was gracious and encouraged me to take classes while a full-time
employee and utilize the land and equipment at the Agronomy Research Farm to construct and test my
project.
I need to thank Stephen Woytowich and Justin Dillon, who spent countless hours in the machine
shop assisting with building the interseeders, and Charlie White, for spending countless hours reviewing
and counseling me on my data analysis.
I would like to thank my colleague Chris Houser, who assisted with the interseeder construction
and supported me while we endured graduate school. I need to thank Mrs. Darlene Berry, who provided
her expertise in the administrative tasks of graduate school and for her willingness to schedule my
classes.

x
I need to recognize my wife, Emily, and my sons, Adison and Reagan, for their unconditional
support of my academic endeavors, as well as my parents, Gary and Margene Dillon, for giving me the
discipline and strong work ethic to complete this task.
I need to thank Dave Wilson at King’s AgriSeeds for taking an interest in our project and
providing his expertise in cover crop seed selection and seeding rates. King’s AgriSeeds was a key
member in our on-farm research, providing cover crop seed and Dave’s expertise. I would also like to
recognize Corby Shunk and Danny King, who offered their farmland and support to conduct our onfarm testing.
And finally, I need to thank my coworkers who helped out by covering my duties while I
worked on this project. I wish to express my gratitude to Jeff Metz, Mark Antle, George Dills, Dave
Sandy, and Mark Dempsey.

1
Chapter 1: Interseeder Design and Development
Abstract
The desire of many to increase the use of cover crops on America’s farmland is increasing each
year. There are limitations to the practice, and there is a need for more innovative methods to
accomplish this task. There is also a lack of innovative equipment to further expand the use of cover
crops. Current cover crop equipment allows only for either planting cover crops after harvest or
spreading the seeds on the soil surface late in the growing season. The issue with waiting until after the
harvest is that it is usually too late to establish a cover crop. The issue with the option of broadcasting is
that placement of the seeds on the soil surface is usually inconsistent. Cultivating early in the season and
broadcasting seed has been another option, but this is difficult in no-till, high residue fields. Both of
these approaches involve a separate trip across the field, increasing the cost of cover crop establishment.
The objective of this research was to develop a machine to no-till an interseeded cover crop at
the V5-V8 growth stage of corn and apply N fertilizer and a post-emergent directed herbicide at the
same time, if desired. This thesis details the design of the machine, initial field tests and results,
modifications made to the machine to address issues raised in the field tests, preliminary partial budget
analysis for the machine, and effects of various corn herbicides on cover crop establishment. The Penn
State Cover Crop Interseeder and Applicator is designed to operate in a heavy corn stover residue with
the ability to establish an acceptable seedbed for cover crop establishment. The machine includes an
herbicide applicator and fertilizer applicator. This approach has several advantages: multiple trips across
the field can be combined, reducing the cost of cover crop seeding; good seed-to-soil contact is achieved
with the potential for reducing cover crop seeding rates; and the N and herbicide applications can be
directed to maximize efficiency.
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Introduction
The adoption of cover crops is growing across the nation despite some challenges, such as lateseason planting after the grain harvest, increased fall workload, and poor weather conditions. The
multiple soil and water benefits of integrating winter cover crops into corn- and soybean-based cropping
systems in the Northeast and Mid-Atlantic regions are well known (Sarrantonio, 1996; Reicosky and
Forcella,1998; Clark, 2007; Scholberg et al., 2010). Winter cover crops protect surface and ground water
quality by decreasing soil erosion, nitrogen (N) leaching, and phosphorus (P) runoff (Qi and Helmers,
2009; Adeli et al., 2011). Increased N retention from grass catch crops and biological N fixation from
legume cover crops can reduce N fertilizer and manure application requirements (Dabney et al., 2010).
Cover crops can also provide habitat for pollinators (Decourtye et al., 2010), weed seed predators (Ward
et al., 2011), and resources for game animals. Certain cover crop species can supply an additional source
of forage for livestock in the fall and winter months. Livestock grazing cover crops in grain cropping
systems can increase economic return and diversify agricultural production systems (Franzluebbers and
Stuedeman, 2008). Despite these many benefits, the adoption of cover crops in many regions of the
United States has been very limited.
Establishment Limitations. Cover crop establishment is often limited in regions with short growing
seasons by several factors that impede their successful adoption. In a recent survey of corn and soybean
farmers who used cover crops at most once reported the top three reasons for not using cover crops were
not enough time to get a cover crop established with harvesting challenges and the high cost of cover
crop seed (Conservation Technology Information Center (CTIC), 2012). Another issue is the potential
for poor growth and establishment of cover crops seeded after corn and soybean harvest is also an issue.
Establishment of cover crops after corn and soybean harvest generally dictates that the cover crop
species selection is restricted to winter cereals, as many legume cover crop species cannot tolerate such
late establishment timing (Singer, 2008). The cost of sowing a cover crop can also be a limiting factor in
whether or not a farmer will adopt such a practice. Cover crop establishment costs depend on species
selection, seeding rates, and the supplementary planting operations. The use of residual herbicides in no-
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tillage corn production can prove to be a significant hurdle to cover crop adoption. Understanding the
effects of previous herbicide applications on cover crops is important if cover crops are to be
successfully established during the same growing season (Tharp and Kells, 2000). As no-tillage soil
management in corn gains popularity, reliance on residual herbicides for weed control increases.
Therefore, management practices need to be identified to encourage successful late-season cover crop
establishment that would include reducing cover crop establishment costs and careful selection of cover
crop–friendly herbicides.
Alternative Approaches. In recent years a few highly motivated farmers have looked at alternative
cover crop establishment practices to help mitigate the short growing season. The cover crop living
mulch concept has been studied at length as a cover cropping strategy (Hartwig and Ammon, 2002). A
primary concern of living mulch systems is the potential for competition between cash and cover crops
that can reduce both yield and quality (Wiles and Crabtree, 1989). Farmers and researchers have
investigated aerial application in late summer to advance cover crop germination before harvest (Wilson
et al., 2013; Collins and Fowler, 1992). With this tactic, aircraft or high-clearance vehicles broadcast
cover crop seeds into the crop canopy with the expectation that the seed will reach the soil and
eventually germinate and emerge. However, many times, cover crop stands are inconsistent. Also,
timely rainfall events are crucial for broadcast applications to be successful. A number of projects,
including research in Nebraska, studied aerially seeding cereal rye in dryland corn and concluded it was
unreliable (Wilson et al., 1993). However, in the same arid region of Nebraska, producers have seeded
cereal rye in corn during lay-by cultivation. Wilson et al. (1993) also found that wider row spacing and
shorter season hybrids will allow for greater light penetration through the corn canopy, which enhances
survival. A need still exists to improve establishment methods in short growing season regions,
especially given the role cover crops play in retaining agricultural runoff. Interseeded cover cropping
could be one possible remedy to improve cover crop establishment in short growing season regions so as
to reduce agricultural runoff.
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Interseeding Cover Crops. Interseeding cover crops in corn generally takes place early in the growing
season. In New York, Kleinman et al. (2005) researched the benefits of interseeding cover crops,
including red clover and perennial ryegrass, into silage corn just after corn planting. Their research
showed that cover crops reduced the amount of dissolved phosphorus in the surface runoff from 39
mg/kg where no cover crops were present to 10 mg/kg where cover crops were present. The reduction in
phosphorus loss was attributed to the cover crop plots providing 81% more soil cover than non-cover
crop plots. Soil fertility recommendations often credit leguminous cover crops species in the manure
management plan, reducing the amount of recommended manure and thus lowering the amount of
soluble phosphorus that can be transported off the fields (Beegle, 1999; Kleinman et al., 2005). In
British Columbia interseeding or relay cropping has proven to be a way to capture and store excess soil
nitrogen throughout the winter. Bittman. (2005) estimated that Italian ryegrass over its growth cycle will
remove about 100 kg/ha surplus N. Interseeding can also provide acceptable stands of cover crops
established by the end of growing season, mitigate various environmental concerns, and provide a high
quality feed source to winter-grazing livestock. The need to establish interseeded cover crops was
limited due to the lack of planting equipment designed for this task.
Equipment Innovation. The current lack of planting machinery to interseed cover crops created an
opportunity to design a multipurpose implement that can overcome field conditions and economic
challenges. The number of corn hectares planted without any tillage is on the rise in the United States,
increasing by 1–1.5% per year, from about 25% of the total crop in 2007 (USDA, Economic Research
Service, 2007). A no-till environment presents several challenges for the successful planting of the
intended crop. The lack of tillage and droughty weather conditions can result in a very hard and dense
soil that limits soil penetration and seed-to-soil contact by the planting equipment. Heavy crop residue
resulting from the previous growing season can prevent planting seed at the appropriate depth, cause
hair pinning of residue, and obstruct the operation of the planter.
In addition to the challenges in the field, the cost of another field operation just after planting
can be a setback. Interseeding cover crops typically takes place during the V4–V8 growth stages in corn,
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usually in early summer. At this same time, potentially two additional field operations can be conducted
within cornfields. At the V4–V8 growth stage, many farmers apply their second split application of
nitrogen fertilizer to their corn crop and sometimes apply a post-emergence application of glyphosate in
glyphosate-resistant corn for weed control. Traditionally, these two field operations are conducted
separately by two different field implements.
The objective of this research project was to develop a cover crop planter that would enable the
interseeding of cover crops in no-tillage corn at the V5–V8 development stages, while combining other
time-sensitive field operations. A properly designed interseeder has the potential to establish acceptable
cover crop stands in no-tillage corn with heavy crop residue and reduce the cost of the operation by
performing three separate field operations in one pass. The implement would be designed to prepare a
seedbed between the corn rows, broadcast cover crop seeds, and incorporate and firm the seedbed to
enhance seed-to-soil contact. Finally, the machine could provide precision application of urea
ammonium nitrate (UAN) fertilizer next to the corn row and broadcast a post-emergence herbicide under
the corn canopy. The successful coupling of interseeding, fertilizing, and applying herbicide in one
operation provides an economic savings by accomplishing three critical field operations in one pass.

Materials and Methods

The Main Frame Tool Bar. The description that follows describes the initial design of the prototype
interseeder. The design is continually being updated based on the results of field tests and user feedback.
The construction of the interseeder starts with a main tool bar built in the shape of a rectangle (Figure
1.1). The tool bar consists of two main beams that measure 7.6 cm wide by 15.2 cm high by 0.1 cm
thick (sidewall) by 3.05 m in length. The two main beams are spaced 55.9 cm apart and are connected
by two perpendicular main beams. The beams are fused together by metal inert gas welding. The overall
size of the main tool bar is 3.05 m long and 63.5 cm wide. The main tool bar will be the foundation for
the other components of the interseeder.

6
The Three-Point Hitch. On the front of the main beam is the hitch frame that attaches the interseeder to
the three-point hitch on the rear of a standard agricultural tractor (Figure 1.2). The hitch frame consists
of four 7.6 cm by 15.2 cm by 1.9 cm by 30.5 cm and two 7.6 cm by 15.2 cm by 1.9 cm by 75.6 cm steel
plates with 2.5 cm holes for hitch pins. The four 30.5 cm plates are welded to the front main beam in
accordance to the width (left side to right side) of the tractor’s three-point hitch lift arms. The two 75.6
cm steel plates are welded to the center of the front main beam in accordance with the center link of the
tractor’s three-point hitch. The center steel plates on the front main tool bar are then connected to the
rear main tool bar with 1.9 cm by 7.6 cm by 144.8 cm flat steel bars. These bars connect at the top rear
of the center plates on the front main tool bar to the top front of the rear main tool bar to provide support
and assist with lift of the hitch and main frame.
The Tanks Sub Frame. On top of the main tool bar frame is a secondary tank sub frame for the two
Norwesco (Norwesco, Inc., St. Bonifacius, MN) 416 L liquid bulk tanks that carry herbicide and
fertilizer solution (Figure 1.3). This framework consists of eight 5.1 cm by 10.2 cm by 0.1 cm by 5.1 cm
steel legs welded in an upright position on the top of the main tool bar frame. There are four legs on the
front main beam and four legs on the rear main beam. The steel legs support four 5.1 cm by 10.2 cm by
0.1 cm by 63.5 cm steel sub frames welded to the steel legs to provide a foundation for the bulk tank
saddles that support the bulk tanks. The spacing of the support legs and sub frame coincide with the
evenly spaced bulk tanks on the top of the main tool bar frame. The bulk tanks and saddles are bolted to
the sub frame with grade 5 carriage bolts. A secondary role that the bulk tanks perform on the
interseeder is to provide weight to the unit to assist the tillage units with penetrating the soil. There are
also two weight brackets installed on the top outside edge of the front main beam to carry cast-iron
tractor weights to provide additional down pressure. The bracket is used only as an alternative to the
bulk tanks if extra weight is needed on the machine.
The Tillage Units. The tillage units bolt on to the rear main tool bar of the main frame (Figure 1.4). The
tillage units are Unverferth zone tillage units (Unverferth Manufacturing Co, Inc., Kalida, OH) that are
spring-loaded to flex over field obstructions such as stones. These units are designed to operate as a set
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of three units mounted in close proximity to one another, facilitating soil tillage and carrying the weight
of the entire interseeder when it is operating in the field. The units can be set to any desired width,
although it was determined that a unit spacing of around 18 cm provided the best tillage in a no-till soil
environment within the inter-row area. The units are mounted on the interseeder and the middle row unit
is placed directly in the center of the inter-row space with one additional unit on each side. The middle
unit is mounted and positioned about 41 cm to the front side of the rear main tool bar. The remaining
two row units are mounted and positioned about 10 cm ahead or behind the rear main tool bar. The
staggered spacing of the row units helps to minimize crop residue buildup between the units. The tillage
units have a mounting height of about 76 cm to achieve corn canopy clearance. The interseeder consists
of three complete sets of tillage units on the middle inter-row and on the inter-row space on each
adjacent row. There are two tillage units on the outside rows of the interseeder, so that when traveling in
one direction the interseeder tills and plants half of the outer inter-row space, then when the operator
turns and travels in the opposite direction, the units run back into the same inter-row space. In this pass
the units till the remaining half of the inter-row space that was not tilled in the first direction of
operation. The Unverferth tillage units can utilize several differently designed coulters to operate in a
wide range of soil types and crop residue conditions. The Penn State Cover Crop Interseeder and
Applicator utilizes a 5.1 cm Yetter (Yetter Manufacturing, Colchester, IL) wavy coulter that produces
acceptable soil tillage in dry, hard soils common to central Pennsylvania. The Turbo Till coulter (Great
Plains Manufacturing, Salina, KS) and a 2.5 cm Yetter wavy coulter were also tested for their
performance in a no-tillage environment, and they were not aggressive enough for central Pennsylvania
soil conditions.
The Seed Delivery System and Framework. The seed delivery mechanism is located on top and to the
rear of the main frame (Figure 1.5). This unit is a Gandy (The Gandy Company, Owatonna, MN) 410
seed delivery box that uses a gate opening device that meters out the seed based on the opening size of
the gate. The Gandy 410 can meter out a wide variety of seed sizes and a wide selection of seeding rates.
It is mounted behind the rear tool bar frame so that the seeds can be dispersed onto the ground directly
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behind the tillage units. This seed box is welded on the back side of the rear main tool beam with two
1.3 cm by 12.7 cm by 32.4 cm steel plates. Another two steel plates that measure 1.3 cm by 12.7 cm by
30.5 cm are then welded perpendicularly to these seed box mounting plates. A small v-shaped cut is
milled into the top of these plates to accept a 5.1 cm by 5.1 cm by 0.1 cm by 305 cm mounting bracket
on the front of the Gandy 410 seed box. The seed box bracket is then welded to the plates with the vshaped cut. The seed box has 16 gate openings on the bottom side where seed tubes connect and deliver
the seed to the ground surface. There are four seed application hoses per inter-row with the outside row
of the prototype serving as only half-rows.
The reason for the half-row is that when the corn is planted with a four-row planter, each row of
the corn planter is intended to be exactly 76 cm away from the next row as you plant across the field. In
many cases the planter passes are more or less than the 76 cm desired width, which could crowd corn
rows and injure corn or cause gaps when operating the interseeder. To overcome this issue, the outside
tillage and the outside seeding units were designed as a half-row unit (Figure 1.9). The half-row units till
only a 20 cm wide strip on the outside of corn rows 1 and 4, while the inter-row space between rows 1
and 2, 2 and 3, and 3 and 4 are full 41 cm tilled areas with four seed application hoses in each row. It is
our desire to follow the corn planter passes across the field, with the prototype interseeder centering on
the middle of the corn planter rows 2 and 3. In our configuration we directed four tubes to each interrow space with the outer rows only getting two seed tubes. The outer two seed tubes pass through the
same row twice so that they deliver the same rate of seed to the outer, inter-row space. The seed box
uses a seed roller/agitator within the seed storage area to keep the seed flowing through the gate
openings. A hydraulic motor mounted on the end of the seed box operates the seed agitator located
inside the box. Two hydraulic lines run from the tractor to the seed box motor and then back to the
tractor. One hydraulic line carries oil pressure from the tractor to the seed box motor and the remaining
line returns the oil from the seed box motor to the tractor, completing a loop. The motor speed is set
between 30 and 45 revolutions per minute by a hydraulic flow control valve located within the hydraulic
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loop. The flow control valve limits the amount of oil flow to the seed box drive motor and regulates seed
metering.
The Soil Packing Apparatus. The soil cultipacker rollers are located to the rear and below the main
tool bar frame (Figures 1.6 and 1.7). There is a 45.7 cm distance between the tillage units and the soil
cultipackers. This void allows for the seed to be dispersed onto the ground and then further incorporated
by the roller and a 1 cm steel drag chain. The chain is the width of the soil packer and drags behind,
helping to cover the cover crop seed. The soil packing units attach to the rear of the rear main tool bar.
There are five attachment points that consist of a piece of steel tubing measuring 5.1 cm by 7.6 cm by
0.1 cm by 10.2 cm that is welded to the rear of the rear main tool bar. On the rear of each of the steel
tubes, two additional pieces of 1.3 cm by 7.6 cm by 12.7 cm steel plates are welded 5.1 cm apart to
create a mounting bracket for the soil cultipacker frame. A 1.9 cm hole is drilled through the plates to
accept a 5.1 cm by 5.1 cm by 0.1 cm by 106.7 cm steel tube for the cultipacker frame extension. This
tube is bolted to the mounts on the rear of the rear main tool bar to provide a hinge point to allow the
cultipackers to float with the soil terrain. On the rear of the steel cultipacker frame extension is the
framework for the cultipacker wheel. This framework consists of two 1.3 cm by 12.7 cm by 33.0 cm
steel plates welded to the ends of a 5.1 cm by 7.6 cm by 0.1 cm by 48.3 cm steel tube. This framework
then supports the 15.2 cm by 0.1 cm by 40.6 cm steel roller with eight evenly spaced 2.5 cm by 1.0 cm
by 40.6 cm angle iron bars welded on it for increased soil pulverization. The roller is mounted to the
framework with a 2.5 cm by 50.8 cm steel bar mounted to two 2.5 cm self-aligning bearings on the
cultipacker frame. The steel bar is located in the exact center of the roller and welded in place. The
bearings allow the cultipacker to roll through the field. The bolt holes for the bearings on the back of the
cultipacker frame are where the steel drag chains attach to small steel tabs with 1.0 cm holes. The
cultipacker roller is supported by a chain attached to the top of the frame extension by a 5.1 cm by 5.1
cm by 0.1 cm by 304.8 cm steel tube attached 69.8 cm behind the rear main tool bar. This bar attaches to
the rear main beam with two welded 5.1 cm by 5.1 cm by 0.1 cm by 76.2 cm steel tubes. This support
beam limits the amount of drop the cultipacker units can have when the unit is picked up off the ground.
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The Herbicide Applicator. The herbicide applicator is mounted to the rear of the interseeder (Figure
1.8). The framework of the herbicide applicator uses two 5.1 cm by 0.1 cm angle iron support arms
mounted to the cultipacker support beam 70 cm behind the rear main support bar. The two angle irons
hinge on this beam to allow for raising and lowering the spray bar. The spray bar is a 2.5 cm by 0.1 cm
by 305 cm tool bar that is welded to the angle iron support arms, which are about 76 cm in length. The
spray bar utilizes drop nozzle tubes that allow for herbicide applications underneath the corn canopy.
The herbicide drop nozzles measure 38 cm in length. The spray nozzles face away from the direction of
travel with a 45° mount to provide an optimum spray pattern between the corn rows. The TeeJet TTI
12005-vps (TeeJet Technologies, Wheaton, IL) nozzles are located in the center of each inter-row space
with the center three nozzles making a full broadcast application from corn row to corn row. The outer
TeeJet TTI 12002-vp nozzle makes only half-row broadcast applications because the interseeder’s
outside units pass through the same outer row space twice. Herbicide is applied using a 12-volt, 28.4liter pump mounted on the interseeder. The herbicide applicator utilizes a 12-volt electric valve to turn
the herbicide spray on and off and a manual throttle valve to increase or decrease pressure.
The Fertilizer Applicator. On the underside and next to the rear of the front main beam is the fertilizer
tool bar (Figure 1.10), which measures 2.5 cm by 2.5 cm by 0.1 cm by 305 cm. This tool bar serves only
as the mounting framework for the nitrogen fertilizer applicator on the interseeder. The fertilizer
applicator consists of four drop nozzles that are mounted to the tool bar and are located 10.2 cm off the
corn row to avoid injury to the corn crop. The location of the nozzles is adjacent to the cover crop
seeded zone so as not to injure the emerging cover crop as well. The TeeJet drop nozzles cp4916-89 is
located 15.2 cm off the ground to avoid field obstructions. The delivery of the nitrogen solution is
provided by a power take-off roller pump mounted to the power take-off of the tractor. The location of
the fertilizer applicator can be seen in Figures 1.9–1.11.
Interseeder Front/Side/Rear View. A completely assembled cover crop interseeder and applicator is
shown in front, side, and rear views in Figures 1.9–1.11 to illustrate the overall design of the unit. The
front view shows the 3-point hitch, tanks, and tillage units with the seed box in the background. The side
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view illustrates the tillage units, soil cultipacker, and drag chain as well as the fertilizer and herbicide
applicator tool bars. The narrow band of nitrogen application is illustrated in this view. The rear view
illustrates the seed box, cultipackers and drag chains, and the herbicide applicator. This view illustrates
the row to row application of herbicide beneath the corn canopy.
Side and Overhead Field Operation View. Side and overhead views of the field operations of the
interseeder and applicator are shown to illustrate how the unit operates within established corn rows
(Figures 1.12 and 1.13). The fertilizer applicator is shown in this view to illustrate the placement of the
liquid fertilizer next to the corn row and the cover crop seeding zone. The side view illustrates the
operation of the three tillage units tilling the soil while the seed delivery system disperses the cover crop
seeds onto the freshly tilled soil through the seed tubes. The cultipacker and drag chain incorporate the
shallow-seeded cover crop seeds into the soil. This view also shows the row to row application of
herbicide below the corn canopy. The overhead view illustrates how the three functions of the
interseeder and applicator operate as one unit within the corn rows.

Results and Discussion

Several observations were made regarding the operation of the interseeder during an initial
testing phase prior to use in the 2010 growing season. The first observation was the inability to establish
an acceptable seedbed for the cover crop seed in a no-tillage environment. This was the result of
insufficient vertical coulter tillage in hard, dry soil leaving much of the seedbed insufficiently tilled. The
lack of tillage was remedied by testing several different vertical coulter designs and adjusting the width
between the row units themselves. Three vertical tillage coulters were tested: a Yetter (Yetter
Manufacturing, Colchester, IL) 2.5 cm wavy, a Turbo Till (Great Plains Manufacturing, Salina, KS), and
a Yetter 5.1 cm. In addition, several tillage units widths were tested (12.7, 15.2, 17.8, 20.3, 22.9, and
25.4 cm apart). The seedbed that appeared to be most desirable came from a 5.0 cm wavy coulter set at a
row spacing of 17.8 cm in a staggered manner with one leading, one mid mount, and one trailing.
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The second observation was the inability to drive the seed deliver box with a sprocket drive off
of one of the 5.1 cm Yetter wavy coulters. A drive sprocket mounted to the hub of the coulter was
clogged with soil that was being thrown from the tillage operation. The sprocket would tend to collect
soil on the sprocket teeth under the drive chain. In many instances the diameter of the drive sprocket
would increase due to the soil adhering to the sprocket teeth, resulting in the drive chain becoming
separated from the drive sprocket and eliminating the seed delivery box drive. A remedy to this issue
was to eliminate the sprocket drive and use a hydraulic motor and pressure regulator to drive and
regulate the speed of the seed delivery box.
A third observation was that the precision application of herbicide was above the corn canopy
and did not reach the intended weed target. This issue was resolved by using a drop tube to lower the
spray tip below the corn canopy so that the herbicide could reach the intended weed target. Some
success was achieved with the drop nozzle at a 61.0 cm length; however, the long length of the drop
tube was not rigid enough and allowed the spray tip to flex in all directions during operation. The
remedy to this problem was to reduce the length of the drop tube to make it more rigid and redesign the
spray boom to make it adjustable in height. The shortened drop tube and adjustable spray boom
provided a spray tip that did not move during field operation, and the spray boom was adjustable enough
to operate the spray tips below the corn canopy.
A fourth observation was made as the soil dried out at the Penn State Agronomy Research Farm
(Russell E. Larson Agricultural Research and Education Center, Rock Springs, Centre County, PA
(40°44’N, 77°57’W)), before interseeding was conducted. It had become apparent that when the
fertilizer and herbicide tanks were empty on the cover crop interseeder, insufficient tillage was
occurring. It was noted that the vertical tillage disks were not penetrating the soil aggressively enough to
produce a suitable seedbed for the cover crop seeds. When water was added to the fertilizer and
herbicide tanks soil tillage improved dramatically, but at least half-full tanks were required for field
operation. So weight brackets were added to the interseeder to carry cast-iron suitcase weight, if needed.
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A fifth observation was made after the cover crop emerged in very dry conditions in 2011. The
wavy coulters left trenches in the field where they ran and these trenches collected the very little rainfall
that fell that summer. Rows of wavy cover crops sprouted in the fields, with the seeds germinating well
within the soil trenches, but the seeds close to the soil surface did not germinate evenly. The need to
control seed depth became evident. A potential improvement to seed depth control may be to incorporate
a double disk opener and depth control wheel. This option will be applied to future designs of the
interseeder.
Once these improvements were made to the interseeder and applicator, it was reevaluated for
field operations prior to use in the 2010 growing season. The changes described above improved
seedbed preparation, the seed delivery box drive, and the ability to apply herbicide below the corn
canopy and keep it on target. Once we had a fully functioning interseeder, other potential innovations
could then be evaluated to improve on its design.
Potential Interseeder Options. The interseeder continues to evolve as a seed planting implement. Some
additional innovative technologies exist on the market today that could improve the operation of the
interseeder. One such technology that we used with the interseeder was a three-point hitch, auto row
guidance system by the Sukup Company (Sukup Company, Sheffield, IA). The auto guidance system is
a hydraulically controlled hitch that operates a row wand that follows the established corn rows. If the
tractor pulling the interseeder begins to stray off course, the row wand indicates the error to the
hydraulic hitch, and a correction is made to direct the implement away from the corn row.
A second state-of-the-art technology would be to equip the pulling tractor with an RTK (Real
Time Kinematic) satellite guidance system for precision steering. The advantage of using such a system
would start with the tractor that plants the cornfield. A tractor using precision steering would have the
capability to plant each corn row with incredible accuracy and space the corn rows of each planter pass
evenly. Once the corn was planted, then the same tractor would be used to pull the interseeder through
the corn rows. This system would improve the efficiency of the interseeding operation by reducing the
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impacts of operator error and fatigue. This technology was investigated but not used in this research
project.
Another state-of-the-art technology that exists on the market is a chlorophyll meter that could be
incorporated into the nitrogen sidedress fertilizer applicator on the interseeder. The meter uses optical
sensors to measure and quantify crop health or vigor. The instrument can be coupled with most variablerate controllers and delivery systems to apply appropriate volumes of nitrogen fertilizer in the field as
conditions change. The technologies described above would further improve the success of the
interseeder in its current purpose.
Other Potential Uses. The robust design of the interseeder allows for planting operations other than
interseeding corn rows. One such use is as a wildlife food plot seeder in sod fields or overgrown farm
fields that have been mowed. The no-tillage design and three field tasks performed during one operation
using the interseeder reduced the amount of time needed to seed wildlife plots. In each field, the
herbicide applicator was repurposed into a band sprayer to apply glyphosate herbicide over the tillage
zones provided by the tillage units. The idea was to only eliminate vegetation where the cover crop seed
was intended to grow and leaving bands of native vegetation to survive where the herbicide was not
applied. In a sod field setting this would permit the reuse of the sod field in the following year because
not all the vegetation in the field is killed. A perennial grass species could also be added to the cover
crop mix to help fill in the cover crop zones once the annual species of cover crop dies. This would also
require that less herbicide be applied as a band application rather than a broadcast application. The
interseeder could also be used to rejuvenate old pastures where a new species of grass or legume could
be interseeded into the existing stand. The herbicide applicator could be used again as a band sprayer to
eliminate the vegetation within the tillage zone and leave most of the existing stand to survive.
Future Development. The future development of the interseeder will address issues that became
apparent in the initial prototype. Future development will remove the tillage units and replace them with
a no-till double disk opener grain drill unit. This improvement will control seed depth and place all the
seed below the soil surface. Another innovation will be to replace the three-point hitch design with a
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semi-mount design that will allow a smaller tractor to operate the unit. A semi-mount design will require
the tractor to carry less weight with the addition of a wheel lift assist on the interseeder. In addition, the
interseeder could be made in larger sizes, such as 6- or 12-row units, that would allow for a greater
chance of adoption by a wide range of farmers. Another important step in the further development of the
interseeder will be to test this concept in larger geographical areas to the north, west, and south of
Pennsylvania.
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Appendix A: Figures

Figure 1.1. The main tool bar frame on the Penn State Cover Crop Interseeder and Applicator presented
in blue highlight. The remaining structural framework is shown for reference.
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Figure 1.2. The three-point hitch on the Penn State Cover Crop Interseeder and Applicator presented in
red highlight. The remaining structural framework is shown for reference.
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Figure 1.3. The herbicide and fertilizer tanks sub frame on the Penn State Cover Crop Interseeder and
Applicator presented in green highlight. The remaining structural framework is shown for reference.
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Figure 1.4. The Rawson vertical tillage coulter assembly on the Penn State Cover Crop Interseeder and
Applicator.
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Figure 1.5. The seed delivery system tool bar on the Penn State Cover Crop Interseeder and Applicator
presented in light blue highlight. The remaining structural framework is shown for reference.
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Figure 1.6. The Soil packing apparatus mounts on the Penn State Cover Crop Interseeder and
Applicator presented in yellow highlight. The remaining structural framework is shown for reference.
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Figure 1.7. The soil cultipacker and drag chain assembly on the Penn State Cover Crop Interseeder and
Applicator presented in red highlight.
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Figure 1.8. The herbicide applicator tool bar and supports on the Penn State Cover Crop Interseeder and
Applicator presented in orange highlight. The remaining structural framework is shown for reference.
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Figure 1.9. The front view of the Penn State Cover Crop Interseeder and Applicator. a. bulk seed box, b.
herbicide tank, c. fertilizer applicator, d. herbicide application, e. fertilizer tank, and f. fertilizer
application.
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. the Penn State Cover Crop Interseeder and Applicator. a. three-point
Figure 1.10. The side view of
. c. fertilizer applicator, d. tillage units, e. fertilizer tank, f. seed box tubes,
hitch, b. fertilizer application,
.
g. bulk seed box, h. soil cultipacker
roller and drag chain, i. herbicide applicator, and j. herbicide
application.
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Figure 1.11. The rear view of the Penn State Cover Crop Interseeder and Applicator. a. bulk seed box,
b. fertilizer tank, c. fertilizer applicator, d. herbicide tank, e. herbicide application, f. fertilizer applicator,
and g. herbicide applicator.
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Figure 1.12. In-row view of the Penn State Cover Crop Interseeder and Applicator from the right side
with closest corn row removed. The direction of operation is from right to the left. a. corn plants, b.
fertilizer applicator, c. tillage coulters, d. seed tubes, e. soil cultipacker and drag chain, f. herbicide
applicator, and g. cover crop seeded zone.
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Figure 1.13. In-row overhead view of the Penn State Cover Crop Interseeder and Applicator with both
corn rows present. The direction of operation is from left to the right. a. cover crop seeded zone, b. corn
plants, c. herbicide application, d. soil cultipacker and drag chain assembly, e. seed tubes, f. fertilizer
application, and g. tillage unit.
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Chapter 2: Cover Crop Establishment and Economics
Abstract
To expand the use of cover crops on the nation’s farmland, farmers need more innovation in
both management and machinery. The limitations associated with getting a cover crop established after a
corn grain harvest in the fall have caused us to look at an alternative method of cover crop
establishment. The objective of this research was to test the newly designed interseeder in late June, in
no-till soils, in central Pennsylvania. The focus of the research was to determine if a cover crop could be
established early in the corn growing season at the V5–V8 growth stages. It would need to survive the
summer months and have its growth not become so aggressive that it could negatively affect the corn
yield.
Several cover crop species were chosen for selection due to their ability to survive in an
environment where light, moisture, and nutrients could all be limited by the primary corn crop. The
experiment would be conducted following previous crops of corn and soybeans. Shorter-season corn
varieties were selected to allow the crop to reach physiological maturity sooner in the growing season.
Cover crops were interseeded in late June around the V6 growth stage. In both years of the study the
interseeder’s fertilizer applicator was used to sidedress the primary crop, but the herbicide applicator
was not used. This study was conducted for 2 years at the Penn State Agronomy Research Farm near
State College, PA. In the second year of this study a research project was conducted on private farms in
central Pennsylvania to simulate field-scale operations. Results of the initial research showed that
interseeded cover crops in corn could be accomplished without negatively impacting corn yield. A
combination of cover crop species, timing, corn variety, and seed to soil contact proved to be successful
at the Penn State Agronomy Farm location in the first year and at the private farm locations in the
second year.
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Introduction
The enthusiasm associated with cover crops is growing across the nation despite some barriers
that limit adoption, particularly in regions with shorter growing seasons. The soil and water conservation
benefits of integrating overwintering cover crops into corn- and soybean-based cropping systems in the
Northeast and Mid-Atlantic regions are well documented (Sarrantonio, 1996; Reicosky and
Forcella,1998 Reicosky et al., 1998; Clark, 2007; Scholberg et al., 2010). Winter cover crops protect
surface and ground water quality, decreasing soil erosion and reducing nitrogen (N) leaching and
phosphorus (P) runoff (Qi and Helmers, 2009; Adeli et al., 2011). Increased N retention from grass
catch crops and biological N fixation from legume cover crops can reduce N fertilizer and manure
application requirements (Dabney et al., 2010). Cover crops can also provide habitat for pollinators
(Decourtye et al., 2010), weed seed predators (Ward et al., 2011), and resources for game animals.
Legume and grass cover crop species can supply a nontraditional forage crop for livestock in the fall and
winter months. The grazing of cover crops in grain cropping systems can increase economic return and
diversify agricultural production systems (Franzluebbers and Stuedeman, 2008). The benefits of cover
crops are numerous, yet the most recent USDA census estimated only 4.2 million ha of cover crops were
planted in the United States in 2012 (USDA, 2012). There is over 162 million ha of U.S. cropland, of
that there is 67 million ha of corn and soybean (USDA NASS, 2012). There remains ample room for
improving cover crops on the United States farmland.
Establishment Limitations. Cover crop establishment is often limited in regions with shorter growing
seasons. A recent survey of corn and soybean farmers who used cover crops at most once reported that
the two most important reasons for not using cover crops were insufficient time to get a cover crop
established with grain harvesting challenges, and cost of cover crop seed and establishment (CTIC,
2012). Strock et al. (2004) suggested that based on average weather patterns in southwestern Minnesota,
winter rye (Secale cereal L.) would be a successful cover crop in only one out of four years. Farsad et al.
(2011) created a spatial model of critical seeding dates for optimizing nutrient retention with cereal rye
after corn silage in Massachusetts. The state was divided into five different zones based on temperature
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regimes, and the critical planting date was found to be earlier than typical corn silage harvest dates
across the majority of the state, prompting the recommendation of using shorter-season cultivars that
mature earlier. In addition to poor growth and establishment of cover crops seeded after corn and
soybean harvest, cover crop species selection is typically restricted to winter cereals, as many legume
cover crop species cannot tolerate such late establishment timing (Singer, 2008). Finally, cover crop
establishment can be costly based on the species of cover crop selected, seeding rates, and
supplementary planting operations.
The use of residual herbicides in no-tillage corn production can also prove to be a significant
hurdle to cover crop adoption. Understanding the effects of previous herbicide applications on cover
crop growth and development is important if cover crops are to be successfully established during the
same growing season (Tharp and Kells, 2000). The reliance on residual herbicides to manage weeds
continues to grow as no-tillage soil management increases in prevalence as does the increasing problem
of herbicide-resistant weeds. Effective shorter-residual herbicide programs that provide rotation
flexibility should be identified and linked with cover crop establishment opportunities.
Alternative Approaches. Progressive farmers and researchers have looked at alternative cover crop
establishment practices to help mitigate the short growing season. The living mulch concept, in which
corn is planted into a living but suppressed cover crop, has been studied at length as a cover cropping
strategy (Hartwig and Ammon, 2002). A primary concern of living mulch systems is the extent of
competition between the primary crop and the cover crop that can potentially reduce both cash crop
yield and quality (Wiles and Crabtree, 1989). Living cover crops can compete with cash crops for water
and nutrients, which can reduce cash crop growth and yield or result in mortality of the cover crop
(Kaspar et al., 2008). Kaspar et al. (2008) also noted that nearly all living mulch cover crops have
difficulty surviving in the reduced light conditions present under the full canopy of an annual grain crop.
A number of researchers have investigated aerial application in late summer to advance cover
crop establishment before grain harvest (Wilson et al., 2013). In this approach, aircraft or high-clearance
equipment broadcast or direct cover crop seeds down into the crop canopy with the expectation that the
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seed will reach the soil surface and eventually germinate and establish. In general, cover crop
establishment has not been very consistent with these techniques and timely rainfall events are crucial
for aerial applications to be a success (Wilson et al., 2013; Collins and Fowler, 1992). In Nebraska,
aerial seeding of rye in dryland corn was found to be unreliable, but it was more successful under
irrigated conditions (Wilson et al., 1993). Research conducted in Iowa concluded that aerial seeding
carries a greater risk than drilling or incorporating seed and that seeding rates should be increased 25 to
50% to achieve the same cover crop stand (USDA NRCS, 2010).
Interseeding is another approach to establishing cover crops in shorter-season regions. This was
a more common practice in some areas during the 1940s; annual ryegrass was broadcast at the last
cultivation in corn to reduce soil erosion in Pennsylvania. Scott and Burt. (1987) evaluated this practice
in New York and concluded that medium red clover or annual ryegrass established as intercrops in corn
consistently provided adequate ground cover during fall, winter, and spring. Abdin et al. (2000)
concluded that interseeded cover crops in British Columbia can produce all the benefits of a cover crop,
while simultaneously allowing for the production of a cash corn crop. In this research, interseeded
annual ryegrass was successfully used as a relay crop in corn to reduce the potential for nitrate leaching
and to provide forage between two years of corn (Abdin et al., 2000). Other research has shown that
interseeded legume cover crops can increase nutrient cycling, suppress weeds, or enhance croppingsystem diversity (Sarrantonio, 1996; Oswald et al., 2002; Smeltekop et al., 2002; Mutch and Martin.
1998). In a Michigan study, interseeding medium red clover and chickling vetch (Lathyrus sativus L.)
did not reduce corn yield at corn densities up to 75,000 plants/ ha. (Baributsa et al., 2008). In South
America, Brogrhi. (2013) reported that intercropping palisade grass [Brachiaria brizantha (Hochst. ex
A. Rich) Stapf] was successful with no impact on the yield of the corn crop.
In addition to questions about establishment, the potential for interseeded cover crops to affect
corn yield remains a concern. Several studies reported that interseeding cover crops did not affect corn
yield (Scott et al., 1987; Hoffman et al., 1993; Kleinman et al., 2005). Scott et al. (1987) reported no
reduction in corn grain yields when interseeding occurred at corn heights between 15 and 30 cm.
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Hoffman et al. (1993) reported no effect on corn yields from hairy vetch interseeded in late May or June.
Kleinman et al. (2005) found no reduction in corn silage yields with medium red clover interseeded into
the corn crop nine days after corn planting. Hartwig and Hoffman (1975) reported that no yield
reduction occurred when cover crops were seeded at the three-leaf stage of corn or later.
In contrast, several papers report that corn yield can be reduced when cover crops are
interseeded at corn planting; however, these same studies show no reduction when interseeding occurs
28 days after corn planting or between corn growth stages V4 and V6 (Exner and Cruse, 1993; Mutch
and Martin, 1998). There is almost certainly the need to delay cover crop interseeding after corn planting
to avoid potential negative impacts on corn yield. However, much of the literature related to potential
competition from cover crops comes from weed competition research (Hall et al., 1992). In
Pennsylvania, controlling low and medium weed densities between the V4 and V8 growth stages of corn
provided yields equivalent to the weed-free treatment, but at high weed densities, timing was more
critical for maintaining corn yield (Myers et al., 2005). Interseeding cover crops at the appropriate time
appears to have the potential not to affect corn yield. Successful interseeding in corn could result in
environmental benefits from reduced soil and nutrient losses, enhanced forage production, and many
other advantages when using cover crops.
Cover Crop Benefits. In New York, Kleinman et al. (2005) evaluated the environmental benefits of
interseeding cover crops, including medium red clover and perennial ryegrass, into silage corn just after
corn planting. They reported that cover crops reduced the amount of dissolved phosphorus in runoff
from 39 to 10 mg/kg. The reduction in phosphorus load was attributed to the cover crop treatments
having 81% more surface cover than non-cover crop treatments. The Penn State Agronomy Guide
recommends taking N credits when a legume cover crop is used, allowing the manure recommendation
to be reduced and thus reducing the amount of phosphorus applied and potentially transported off the
fields (PSU Agronomy Guide 2013/14). In British Columbia, interseeding or relay cropping has proven
to be an effective way to capture and store excess soil nitrogen throughout the winter. Bittman et al.
(2004) estimated that Italian ryegrass can remove about 100 kg N ha over its growth cycle. Kaspar et al.
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(2008) also suggested that cover crops would result in some reduction in nitrate losses on 70–80% of all
corn and soybean acres. Vyn (1999) found that annual ryegrass could substantially reduce nitrate
leaching risk in corn systems. In areas where excess N is already a problem, the use of ground covers
can provide a sink to help retain excess N until the next growing season (Hooda et al., 1998). Based on
these studies, there appears to be potential for successfully interseeded crops to reduce nutrient runoff
and leaching associated with corn production.
Interseeded cover crops could also improve corn yields and reduce the N requirements of
subsequent corn crops. The increased yield response of corn in rotation with hay crops has been well
documented. Grover et al. (2009) showed that corn yields following hay crops in two rotations were 10–
12% higher than following corn. An Iowa State University news release on cover crops revealed a 5–
10% increase in corn yield following cover crops (Iowa State University News Service, 2012). In
Kentucky, winter cover crops in no-till increased corn yields over a 3-year average in continuous corn
by 502 kg/ha for cereal rye and 1,569 kg/ha for hairy vetch compared to plots without winter cover
(Mannering et al., 2007). Corn yields following interseeded legume cover crops were significantly
higher than corn yields following no cover crops (Jeranyama et al., 1998; Vyn, 1999). Hively and Cox
(1995) reported that corn utilizing N contributed from interseeded Dutch white clover (Trifolium repens
L.) and medium red clover in soybeans produced greater yields than corn planted into soybean residue.
Another potential opportunity with interseeding would be to graze or harvest the interseeded
cover crop for livestock forage throughout the winter and in the early spring. This is especially
important when feed and forage prices are high. Bittman (2005) concluded that annual ryegrass is one of
the top forages to produce for livestock and stated that it is the foremost forage grown in New Zealand
and Europe. The USDA reported that cover crops are a very useful feed source, increase farm diversity,
increase economic returns, and is recommended for cattle/calf operations in the Midwest (Franzluebbers
and Stuedemann.2008).
Interseeded Cover Crop Species. A key management decision with interseeding is the choice of cover
crop species to use. Cover crop species and cultivars within species differ in their ease of establishment
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in an interseeded system (Alford et al., 2003). Cover crop species that can survive an interseeded
environment must be selected. A successful interseeded cover crop must be able to persist in shade,
endure the humidity under the closed corn canopy, withstand the possibility of disease, and persist in
droughty soils (Bittman. 2005). Several cover crop species that failed to withstand prolonged periods
under corn in British Columbia included cereal rye, winter wheat (Triticum aestivum L.), winter canola
(Brassica napus L), hairy vetch, and crimson clover (Bittman, 2005). The two most successful
interseeded cover crops were annual ryegrass and medium red clover (Bittman et al., 2004). Scott et al.
(1987) also reported that interseeded annual ryegrass, medium red clover, and a combination of the two
were the most effective in terms of ground cover and dry matter production. Exner and Cruse (1993)
reported that alfalfa and yellow sweet clover usually established better than either red or alsike clover
(Trifolium hybridum L.) and produced more cover when interseeded under corn in Iowa. In
Pennsylvania, red clover, white clover, crimson clover, and hairy vetch were successfully interseeded in
field corn at the last cultivation (Janke et al., 1987). In contrast, Austrian winter pea germinated well
when interseeded in June, with only a few surviving into October, apparently because of their inability
to tolerate shading from the corn canopy in Pennsylvania. In Iowa, Exner and Cruse (1993) reported that
interseeded alfalfa and yellow sweet clover produced more cover than either red or alsike clover. Under
supplemental irrigation in New York, alfalfa, red clover, and white clover were successfully interseeded
into sweet corn (Vrabel et al., 1980). Based on previous work, annual or Italian ryegrass, alfalfa, red
clover, hairy vetch, and ladino white clover all appear to have some potential for success with
interseeding corn in our region.
Cover crop interseeding in corn has much potential, but had not been investigated with the new
prototype interseeder developed at Penn State. Therefore, the objectives of this research were to 1)
evaluate the potential of a prototype interseeder to establish cover crops; 2) measure the potential dry
matter production of interseeded cover crops under Pennsylvania conditions; 3) determine any potential
impact on corn yields from interseeded cover crops, and 4) determine the cost of interseeding and
potential returns to production for corn grain.
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Materials and Methods
2010 PSU Research Farm Experiments. Two field experiments were established at the Penn State
Agronomy Research Farm in the summer of 2010 to evaluate cover crop establishment with the
prototype interseeder. In one experiment, the previous crop was no-tillage soybeans, and in the second,
the previous crop was no-tillage corn harvested for grain. The soil was Hagerstown silt loam (fine,
mixed, semi active, mesic Typic Hapludalfs) at both locations. The soybean field had minimal residue,
while the no-till corn grain stubble field had a moderate level of residue from two years of no-till corn
production. The corn was planted in an east to west direction on May 5, 2010 with a 4-row, 76-cm row
spacing, Monosem NG+ corn planter (Monosem Inc., Edwardsville, KS) set to operate in no-tillage soil
conditions and apply liquid 7-21-6 starter fertilizer at 84 l/ha. In both studies, Pioneer brand 37Y14
HXX/LL/RR2, a 99-day relative maturity hybrid, was planted at 81,510 seeds/ha at a seeding depth of
3.75 cm.
Both fields were treated on May 16, 2010, with a pre-emergence burn down application of
paraquat at 0.82 kg ai/ha, 2-4-D LVE at 0.56 kg ai/ha and a nonionic surfactant at 0.25%v/v at a daytime
temperature of 15.5 degrees Celsius and no measurable wind. On May 28, 2010, a post-emergence
application of glyphosate at 0.84 kg ai/ha with 2.2 kg/ha ammonium sulfate was applied with a tractormounted boom sprayer.
In both of these experiments, cover crops were interseeded on June 23, 2010. Five interseeding
treatments were evaluated: a control consisting of no cover crop, three treatments with single cover crop
species medium red clover, white clover, or annual ryegrass, and one treatment with a mixture of
medium red clover and annual ryegrass. The clovers were inoculated with appropriate rhizobia. The
cover crop species were selected because of their previous success in interseeding, their potential high
forage quality, and the potential of clover to provide N for the succeeding corn crop. Each treatment was
replicated six times in a randomized complete block design. Individual plot size was 3m wide by 30 m
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long. Cover crop seeding rates were 4.5 kg/ha for red and white clovers, and 9.1 kg/ha for the ryegrass
and the ryegrass-clover mixture, which included two units of ryegrass for each unit of clover.
Field conditions at the time of interseeding were dry in the soybean residue with little indication
of soil moisture in the upper two inches of the soil profile, while in the field following corn there was
some indication of soil moisture under the previous corn crop residue. Red clover, annual ryegrass,
white clover, and red clover/annual ryegrass mix plots were replicated six times at each location. The
liquid fertilizer applicator was used in 2010 to sidedress urea ammonium nitrate (UAN @ 30% N
concentration) on the growing corn crop with applicator nozzles situated about 10 cm off the emerged
corn row using TeeJet nozzle N dis #cp4916-89. The rationale for fertilizer placement was to keep the
UAN out of the interseeded cover crop zone and off the corn, but close enough to the corn crop to
maximize N availability. The rate of UAN was adjusted in each field, giving an N credit to the previous
soybean crop of 45 kg/ha and applying an additional 123 kg/ha N with the interseeder. In the field
following corn, the interseeder applied 181 kg/ha N as sidedressed UAN. The UAN sidedress fertilizer
application was done with streaming fertilizer tips at pressures ranging from 145 kPA at the low rate to
483 kPA for the high rate, while driving the tractor at 6.4 km/h across the field. The two nitrogen
pressure rates account for a full N rate of 181 kg/ha of N and a lower rate crediting a previous soybean
crop of 45 kg/ha of N. The streaming liquid fertilizer application at these pressures resulted in a narrow
band with some incorporation of the fertilizer in the soil, reducing the potential for N volatilization.
After interseeding, plots were monitored for cover crop emergence and growth. Corn heights
were determined in mid-August by measuring 6 plants per harvest row in each plot, and corn
populations were determined by counting all plants in a 5.3-meter distance in the same harvest rows.
The summer growing season in 2010 was somewhat dry midsummer, so on July 8 the field following
corn was irrigated with 2.8 cm water to aid the growing cover crops and drought-stressed corn. The field
following soybean did not have access to irrigation to alleviate droughty conditions. Corn height was
also measured for six plants taken from the harvest rows in late summer from each plot within the study.
The center two rows of each plot were harvested with an Almaco (Nevada, IA) plot combine equipped

40
with a Harvest Master (Logan, UT) grain gage that collects grain weight and moisture for harvested
grain. Yields were adjusted to 15.5% moisture. Cover crop biomass was collected from each plot on
November 11 just prior to corn grain harvest on November 12 and just before corn planting in the
following spring by clipping all aboveground biomass in three randomly placed 1.0 m2 quadrats per plot.
Cover crop biomass was clipped from the centers of rows 1 & 2, 2 & 3, and 3 & 4. The biomass samples
were dried for at least 48 hours at 70°C and dry weights recorded.
2011 PSU Research Farm Experiments. In the spring of 2011, the second years of field experiments
was initiated to further test and refine the planting of the cover crops with the interseeder. The cover
crop trial was repeated using the same protocol as in 2010 except the experiments were conducted in
different fields on the Penn State Agronomy Research Farm. Unfortunately, a multi week drought that
produced highly variable cover crop stands made it impractical to collect cover crop biomass and 2011
studies were abandoned in late summer. These trials will not be discussed further.
In addition to interseeding cover crops, corn was planted back into the 2010 corn plots in 2011
to measure N contributions from the previous cover crops. The cover crops and weeds were controlled
by applying a post application of 7 l/ha of Lexar (Syngenta, Greensboro, NC), 3 l/ha glyphosate, and 1
l/ha of 2, 4-D. Corn was replanted into the no cover crop zones about 15.2 cm away from where the
previous corn rows were located. The interseeder research plots from 2010 were split in two subplots to
allow for two separate N application rate comparisons. The redesigned plot was now a split-plot
randomized design that would have two rates of N applied as a sidedress application in mid-June. The
application rates were set at 45 kg/ha for half the plot and 90 kg/ha for the other.
2011 On-Farm Research. Field experiments were also established at eight sites in southern and central
Pennsylvania in 2011. Two sites were located in Lancaster County, one in Perry County, and five in
Centre County, including a Penn State Agronomy Research Farm location (Penn State University
Russell E. Larson Agricultural Research and Education Center, Rock Springs, Centre County, PA
(40°44’N, 77°57’W)). The same basic protocol was followed at each of these farms as was used in the
2010/11 PSU research farm experiments, although fewer treatments were examined. Differences at on-
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farm locations included number of treatments, number of replications, plot size, and data collection. We
also added a cover crop seed mixture designed by King’s AgriSeeds (Ronks, PA) that included two
cultivars of annual ryegrass along with crimson clover, red clover, white clover, and yellow sweet clover
(this became known as “PSU mix”). In addition, “DH3” annual ryegrass (Seedway Company,
Mifflinburg, PA) was also included in some on-farm trials in 2011. The PSU mix and DH3 annual
ryegrass were the focus on two farms in Centre County where most of the data were collected. At six of
eight locations, cover crop establishment was monitored, but no data were collected. Each of the sites
had acceptable cover crop stands similar to those in Centre County.
The two farms in Centre County are known as the King farm and the Shunk farm. The King
farm field was on a gentle slope and had been in a grass hay field in the previous growing season. The
Shunk farm field was a low lying field next to a stream that had been in corn in the previous growing
season. The fields were divided into large strips to test the PSU mix and the DH3 annual ryegrass. Field
size measured about 2 hectares at the Shunk farm and 1.6 hectares at the King farm. All three functions
of the interseeder and applicator to seed cover crops and to apply nitrogen fertilizer and glyphosate
herbicide were used at these locations. The nitrogen rate was 123 kg/ha and the glyphosate rate was 0.84
kg ae/ha. The farmers used the same preplant herbicide burn down as in the protocol used at the research
farm. The cover crops on each of these two farms were interseeded on July 6, 2011. The seeding rates at
each farm were 22.4 kg/ha for the DH3 and 26.9 kg/ha for the PSU mix. Once the cover crops were
interseeded, plots were monitored monthly for growth. Cover crop biomass was harvested November 9
at the two on-farm locations. The corn planted at the King farm was harvested as ear corn, and the corn
harvested at the Shunk farm was harvested for both silage and grain corn.
Partial Budget Analysis. Partial budgets were constructed to determine the potential impact of an
interseeded cover crop compared to three conventional systems. These were constructed using the
approach described by Roth and Hyde (2002). Operation and ownership costs were estimated based on
the assumption of a retail interseeder price of $20,000 and a 51.48kW tractor for operation. Other
assumptions are listed in Table 2.1. From this data, the repair and maintenance were estimated on both
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an hourly and hectare basis. These costs were used to develop a partial budget analysis for three
common cover crop scenarios, including 1) no cover crop use, corn harvested for grain and continuous
corn; 2) rye cover crop, corn harvested for silage, and 3) no cover crop, corn harvested for grain, cattle
grazed on corn stover. Each of these evaluations was conducted for a two-year period.

Results and Discussion
Experiment Station Rainfall. For the two years of the study natural precipitation for the months of
April through October ranged from 60 cm in 2010 to 92 cm in 2011 compared to an average of 69 cm
(Table 2.2) at the Penn State Agronomy Research Farm. Precipitation and irrigation for April through
October is listed in Table 2.2. Conditions were especially dry in 2011, when there was a 5-week period
with no precipitation and higher than normal temperatures during July, which resulted in poor corn
pollination and greatly reduced cover crop establishment and corn yields.
2010 PSU Research Farm Experiments. In 2010, cover crops emerged and persisted under the corn
canopy. The interseeded cover crop stands were fairly consistent across all plots. Corn heights were
similar for all treatments (Table 2.3), suggesting no impact on corn from the interseeded cover crops.
Corn grain yields averaged 10,407 kg/ha, and there were no differences due to the cover crop treatment
following soybean. Although corn following corn had more variation in yield due to stand issues and the
presence of perennial weeds, grain yields averaged 8,995 kg/ha, and there was also no difference due to
cover crop establishment (Table 2.3). Cover crop biomass was greatest in the red clover + ryegrass and
ryegrass alone treatments in both fall and spring in corn following corn and in the red clover + ryegrass
in spring in the corn following soybean rotation (Table 2.3).
2011 Cover Crop Yield Benefits Experiment--Second Year. In the spring of 2011, corn was planted
back into the 2010 Penn State Agronomy Research Farm study plots to examine the yield impacts from
the previous year’s cover crops. The 2010 cover crop plots were split into two separate plots and
nitrogen (UAN solution) was applied at two rates, 112 kg/ha and 224 kg/ha, at sidedressing time using a
liquid applicator. Corn yield was the same across the two N rates and there was no difference between
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cover crop treatments (Table 2.4). However, there was a trend for increasing grain yield related to cover
crop biomass; there was a linear relationship between corn grain yield and cover crop biomass
increasing up to 1,757 kg/ha from no cover crop to the highest biomass cover crop (Figure 2.1). Weather
conditions in 2011 consisted of a wet spring that delayed planting, a serious midsummer drought that
reduced corn yield in the region, and a wet September that delayed harvest. Corn grain yields are shown
in Table 2.5. This is similar to the responses to crop rotation reported by Grover et al. (2009), who
showed larger responses in some drought years.
2011 On-Farm Research Experiments. Cover crop biomass was collected from both the King and
Shunk farms, and corn grain yield only from the King farm. At these farms, the PSU mix and DH3
annual ryegrass were the focus. Annual ryegrass growth was good throughout the fields at each farm,
reaching about 10 cm in height seven weeks after planting. The PSU mix was not as noticeable
midsummer, with plants still appearing to be in the process of emerging and establishing. However, on
October 27, both the annual ryegrass and the PSU mix were vigorous and both treatments at both
locations produced over kg/ha of dry matter (Table 2.6). There were no differences among treatments
for cover crop biomass at each farm and biomass yields were high, probably as a result of good residual
N levels and favorable fall weather (Table 2.6). The PSU mix was about 25 cm tall in late fall with
crimson and red clovers appearing throughout the stand. There were no differences in corn yield
between the cover and no cover treatments at the King farm (Table 2.6). After corn harvest was
completed, the cover crops were used as forage for livestock on both farms.
Partial Budget Analysis. The estimated equipment repair and maintenance costs associated with the
operation of the cover crop interseeder are shown in Table 2.7. The rates used for operating equipment
are calculated from the Pennsylvania Machinery Custom Rates (USDA NASS, 2012). The breakdown of
repair cost over the life of the machine showed that these cost would range from $0.00 to $5.77 per
hour. The machinery cost analysis showed that ownership and operation costs of the interseeder would
average $45.69/ha, ($18.50/ac) (Table 2.8). This is higher than the cost of sidedressing ($25.19/ha,
$10.20/ac), post-emergent herbicide application ($29.39/ha, $11.90/ac), or no-till grain planting
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($44.21/ha, $17.90/ac) estimated by USDA NASS (2014), but lower than the cost of the three operations
combined $98.79/ha ($40.00/ac). This cost was used in the partial budget analyses, but could vary
depending on the size of the interseeder and other factors. Eventually with GPS-controlled tractors, the
interseeding application equipment could be operated at higher speeds and lower costs that could
approach the cost of no-till grain drilling $98.79/ha ($40.00/ac). Nevertheless, it provides a good
estimate of the potential cost for initial estimates of the economic returns for interseeding.
The partial budget for the first scenario represents a typical Pennsylvania dairy farm that is
currently growing a winter rye cover crop. This analysis (Table 2.9) showed a net return of $69.16/ha
($28.00/ac) in the first year, mainly due to reduced costs associated with applications and cover crop
seeding. In the second year, returns increased to $271.70/ha ($110.00/ac) because of similar factors as in
the first year, plus additional savings due to reduced N inputs and a potentially higher yield from the
cover crop in the second year. This analysis suggests that for a farm that produces 40.5/ha, (100/ac) of
corn, 20/ha (50/ac) of first-year corn and 20/ha (50/ac) of second-year corn, positive change in farm
income of $6,900 could be realized by using the interseeder.
The partial budget analysis for the second scenario (Tables 2.10 and 2.11) comparing an
interseeded system to a conventional corn grain production system showed a net return of $69.16/ha
($28.00/ac) in the first year, mainly due to the savings in combining field operations into one operation,
reducing residual herbicide use, and saving on cereal rye seed. In the second year, returns increased to
$251.91/ha ($102.00/ac), because of similar factors as in the first year, plus additional savings due to
reduced N inputs and also due to a potentially higher yield and the cover crop in the second year. This
analysis suggests that for a farm that produces $40.5/ha ($100/ac) of corn, with $20/ha ($50/ac) of firstyear corn and $20/ha ($50/ac) of second-year corn, a total net return of $6,500 could be realized using
the interseeder.
The partial budget for scenario three (Table 2.11) represents a typical Pennsylvania farm with
dairy or beef cattle that could utilize the corn stover for animal feed. A net return of $196.61/ha
($79.60/ac) in the first year was mainly due to reduced application costs and the additional forage crop,

45
which would be worth approximately $247.00ha ($100.00/ac). In the second year, returns increased to
$380.62/ha ($154.10/ac) because of similar factors as in the first year, plus additional savings due to
reduced N inputs and also due to a potentially higher yield from the cover crop in the second year. Other
intangible benefits of this scenario could include reduced costs of manure spreading, enhanced recovery
of existing pasture, and improved animal performance. This analysis suggests that for a farm with
40.5/ha (100/ac) of corn, with 20/ha (50/ac) of first-year corn and 20/ha (50/ac) of second-year corn, a
total net return to interseeding of $11,685 could be realized when using the interseeder.
These economic benefits do not include any potential governmental payments for planting cover
crops or the intangible benefits of cover crops as a soil improvement tactic, improved wildlife feed and
habitat, or the reduced environmental impact of corn production.
Another partial budget was conducted for scenario two, in which the cover crop interseeding
failed in one of four years. In this scenario, the failure of the cover crop was simulated in year two. This
reduced the potential yield and N contributions in year three, but all other costs remained the same. We
also assumed no potential yield or N benefit of the cover crops in the final year of the rotation. In this
analysis, the economic impact of interseeding averaged $69.00/ha ($28.00/ac) in year one, $253.00/ha
($102.00/ac) in year two, $69.00/ha ($28.00/ac) in year three, and $253.00/ha ($102.00/ac) in year four,
for a total net benefit over the four years of $664.00/ha ($260.00/ac). The average yearly benefit of
interseeding in this situation, with a 25% failure rate, was $163.00/ha ($66.00/ac). In comparison, if
interseeding were successful each year, then the total benefit would have been $207.00/ha ($83.87/ac).
Thus, even with a failure rate of 25%, interseeding would still provide economic benefits to corn
producers.
These partial budget analyses suggest that interseeding should prove profitable for many farms,
even if the cover crop fails every fourth year. Interseeding provides other intangible benefits as well.
These analyses did not include any accounting for improved N use efficiency or herbicide effectiveness
from the application technologies on the interseeder which could be significant in some situations.
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In summary, interseeding cover crops early in the growing season can be done successfully in
Pennsylvania. Success of the interseeded cover crops is the product of 1) careful selection of the cover
crop species to be planted, 2) timing the planting of the cover crop at the V5 or later growth stage, and
3) selecting an appropriate herbicide program that will not negatively affect the growing cover crop but
will keep the field weed-free during the critical period of corn growth. In addition, the combination of
field operations that the Penn State Cover Crop Interseeder and Applicator performs can provide a more
efficient way to manage cover crop planting, spraying, and fertilizing in one operation of the interseeder.
The combined operation saves time and money, further enhancing the benefits. The interseeded cover
crops provide additional benefits of forage for livestock, N production for reduced fertilizer input, and
potentially increased corn yields in the second year of corn production from the rotational effect of the
cover crops. These benefits can be documented modestly in the first year of interseeding, followed by a
more generous contribution in the following years.
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Appendix B: Tables and Figures

Table 2.1. Assumptions used in interseeder ownership and operation cost analysis.
Assumptions Units
List Price:

$20,000

Operating Parameters
Tractor cost
Tractor kW
Tractor speed
Number of rows
Row width
Labor
Diesel fuel
Interest rate
Expected life
Field efficiency
Salvage value

$11.5
51.5
8.05
4
76.2
10.00
.9
6
1500
60
10

/hour
kW
kph
row
cm
$/hour
$/liter
percent
hours
percent
percent

1.45
110
12.00
7.41

ha/hour
ha
$/hour
$/ha

Calculations
Field capacity
Acres used annually
Depreciation
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Table 2.2. Precipitation at the Penn State Agronomy Research Farm.
2010
April
May
June
July
August
September
October
Irrigation
Total

3.20
9.60
6.27
8.51
12.17
8.00
12.19
2.8
62.74

Precipitation
2011
cm
15.85
14.15
6.86
4.98
15.04
23.50
12.12
2.8
95.3

* Normal = precipitation based on 25 year period.

Normal
8.98
9.46
10.10
9.92
10.63
11.37
8.61
-69.07
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Table 2.3. Impacts of cover crop species on corn yield and fall and spring cover crop yields in
Centre County in 2010 at the Agronomy Research Farm.
Plant height

Corn yield

cm
Corn-Corn
Red Clover
White Clover
Ryegrass
Ryegrass/Red Clover
No cover

200
205
198
197
202

LSD* (.05%)

ns

Corn-Soybean
Red Clover
White Clover
Ryegrass
Ryegrass/Red Clover
No cover

186
188
184
189
187

LSD (0.05%)

ns

*LSD = least significant difference.

kg/ha

Fall cover crop
DM
kg/ha

Spring cover crop
DM
kg/ha

9039
9353
8851
8537
9227
8995
ns

101
305
473
591
na
367
208

251
327
890
761
na
557
308

10294
10483
10483
10483
10294
10407
ns

243
477
413
542
na
419
121

890
805
646
1621
na
990
348
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Table 2.4. Second-year mean corn grain yields with two N rates and previous growing season
mean cover crop weight for both fall and spring.
112 unit rate

224 unit rate

Mean cover crop
biomass 2011

Treatment
kg/ha

kg/ha

kg/ha

Red Clover
White Clover
Ryegrass
Ryegrass Red Clover

5831
5518
6019
6395

5580
5957
5957
6584

743
957
1211
1757

Control

5455

6082

na

LSD (0.05)
*NS = not significant.

NS*

NS
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Figure 2.1. Cover crop corn yield benefits--second year.
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Table 2.5. Impact of cover crop species on corn yield and fall and spring cover crop yields in
Centre County in 2011.
Corn yield
kg/ha

Fall cover crop DM
kg/ha

Corn-Corn
Red Clover
White Clover
Ryegrass
Ryegrass/Red Clover
No cover
LSD (0.05%)

3057
3377
3270
3358
3076
Ns

0
0
0
0
0
0

Corn-Soybean
Red Clover
White Clover
Ryegrass
Ryegrass/Red Clover
No cover
LSD (0.05%)

5178.5
5197.4
5166.0
5153.4
4971.4
Ns

0
0
0
0
0
0
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Table 2.6. Fall cover dry matter accumulations from two on-farm sites in Centre County in
2011 and corn grain yields from one site.
Shunk Farm
King Farm
Fall dry matter yield Fall dry matter yield Corn grain yield
kg/ha
kg/ha
kg/ha
Ryegrass
2297
2258
8725
PSU Mix
2788
2247
10169
Control
0
0
9855
Mean
2542
2258
9604
LSD (0.05)
NS
NS
NS
Treatment
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Table 2.7. Estimated equipment repair and maintenance costs used in the interseeder economic
simulations.

Time from new

Hours

At 10% of life
At 20% of life
At 30% of life
At 40% of life
At 50% of life
At 60% of life
At 60% of life
At 70% of life
At 80% of life
At 90% of life
At 100% of life

0
150
300
450
600
750
900
1050
1200
1350
1500

Repair and
maintenance
cost/hour
$0.00
$1.66
$3.57
$5.58
$7.66
$9.79
$11.96
$14.17
$16.42
$18.69
$20.99

Repair and
maintenance
cost/ha
$0.00
$1.11
$2.42
$3.78
$5.21
$6.65
$8.13
$9.64
$11.14
$12.70
$14.26

Total
accumulated
repairs
$
$0
$119
$511
$1,197
$2,189
$3,489
$5,130
$7,091
$9,386
$12,019
$14,996
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Table 2.8. Estimated ownership and operation costs of the interseeder.
Category

Cost

Ownership Costs
Depreciation
Interest on Investment
Insurance
Housing
Tractor

$3.30
$2.42
$0.61
$0.20
$3.16

Operating Costs
Repairs and maintenance
Fuel and oil
Labor
Total Cost/ha

$2.69
$3.37
$2.75
$45.71
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Table 2.9. Partial budget analysis to compare conventional no-till corn on corn for silage pre- and postherbicide, sidedress N rye cover crop to corn on corn interseeded with clover.
Year One
Positive Impacts

$/hectare

Added Returns

Total Added Returns
Reduced Costs
Sidedress
Post Spray
Reduced Residual Herb
No-Till CC Seeding
Rye seed (50.8 kg /ha @
$.97/kg)

0.00

Negative Impacts
Added Costs
Interseeding
Clover Seed
Total Added Costs
Reduced Returns

163.20

Total Reduced Returns

Total Positive Impacts

163.02

Total Negative Impacts
Change in income per ha due to practice

Added Returns
Increase corn yield (2.24
ton/ha @ $55.13 / ton)

Total Added Returns
Reduced Costs
Nitrogen (56kg @
$1.43/kg)
Sidedress
Post Spray
Reduced Residual Herb
No-Till CC Seeding
Rye Seed (50.8 kg /ha @
$.97/kg)
Total Reduced Costs
Total Positive Impacts

45.69
49.40
95.09

30.13
26.92
17.29
44.21
49.40

Total Reduced Costs

Year Two
Positive Impacts

$/hectare

$/hectare

123.50

123.50

Negative Impacts

95.09
69.16

$/hectare

Added Costs
Interseeding

45.69

Clover Seed

49.40

Total Added Costs

95.09

Reduced Returns
80.27
25.19
26.92
17.29
44.21
49.40

243.29
366.79

Total Reduced Returns
Total Negative Impacts
Change in income per ha due to practice

95.09
271.70
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Table 2.10. Partial budget analysis to compare conventional no-till corn on corn for grain pre- and postherbicide, sidedress N rye cover crop to corn on corn interseeded with clover.
Year One
Positive Impacts

$/hectare

Added Returns

Total Added Returns
Reduced Costs
Sidedress
Post Spray
Reduced Residual Herb
No-Till CC Seeding
Rye seed (50.8 kg /ha @
$.97/kg)

0.00

Negative Impacts
Added Costs
Interseeding
Clover Seed
Total Added Costs

25.19
26.92
17.29
44.21
49.40

163.02

Total Reduced Returns

Total Positive Impacts

163.02

Total Negative Impacts
Change in income per ha due to practice

Added Returns
Increase corn yields
(439kg @ $.24 kg.)

Total Added Returns
Reduced Costs
Nitrogen (56kg @
$1.43/kg)
Sidedress
Post Spray
Reduced Residual Herb
No-Till CC Seeding
Rye Seed (50.8 kg /ha @
$.97/kg)
Total Reduced Costs
Total Positive Impacts

45.69
49.40
95.09

Reduced Returns

Total Reduced Costs

Year Two
Positive Impacts

$/hectare

$/hectare

103.74

103.74

Negative Impacts

95.09
69.16

$/hectare

Added Costs
Interseeding

45.69

Clover Seed

49.40

Total Added Costs

95.09

Reduced Returns
80.27
25.19
26.92
17.29
44.21
49.40
243.29
347.03

Total Reduced Returns
Total Negative Impacts
Change in income per ha due to practice

95.09
251.91
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Table 2.11. Partial budget analysis to compare conventional no-till corn on corn for grain pre- and postherbicide, sidedress N, no cover crop, corn on corn interseeded with ryegrass/clover used as fall forages.
Year One
Positive Impacts
Added Returns
Fall forage
(1 ton/ha @ $247/ha/ton)
Total Added Returns

$/hectare

Negative Impacts

247.00

Added Costs
Interseeding

247.00

Clover Seed
Total Added Costs

Reduced Costs
Sidedress
Post Spray
Reduced Residual Herb

25.19
26.92
17.29

Total Reduced Costs

69.40

Total Reduced Returns

316.40

Total Negative Impacts

Total Positive Impacts

Added Returns
Increase corn yields
(439kg @ $.24 kg.)
Fall forage
(1 ton/ha @ $247/ha/ton)

Total Added Returns
Reduced Costs
Nitrogen (56kg @
$1.43/kg)
Sidedress
Post Spray
Reduced Residual Herb
Total Reduced Costs
Total Positive Impacts

45.69
49.40
119.79

Reduced Returns

Change in income per ha due to practice
Year Two
Positive Impacts

$/hectare

$/hectare

Negative Impacts

119.79
196.61

$/hectare

103.74

Added Costs
Interseeding

45.69

247.00

Clover Seed

74.10

350.74

Total Added Costs

119.79

Reduced Returns
80.27
25.19
26.92
17.29
152.15
500.42

Total Reduced Returns
Total Negative Impacts
Change in income per ha due to practice

119.79
380.62
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Chapter 3: Effect of Selected Corn Herbicides on Cover Crop Establishment
Abstract
Typically no-till corn production can be successful only with the use of herbicides for weed control.
Many times these systems rely on residual herbicides that can last in the soil for extended periods of
time, but these herbicides can also prevent the successful integration of cover crops. This issue can be
even more significant when interseeding cover crops early in the year. The interseeder can apply postapplications of glyphosate while seeding cover crops, which would expose some cover crop seeds to a
direct application of the herbicide. Currently there is very little information available on the potential
injury from herbicides on cover crops. The objective of this research was to examine the potential
herbicide injury to cover crops interseeded at the V5–V8 growth stage and post-harvest planted cover
crops in the fall. Several pre- and post-emergence herbicides and combinations of herbicides common to
no-till corn production in Pennsylvania were tested for two years at the Penn State Agronomy Research
Farm. A series of cover crops that are common to Pennsylvania were then interseeded and fall planted
into research plots where the herbicides were applied. Herbicide injury was then observed at the
conclusion of the growing season and in the following spring.
A second research study was conducted to examine the use of the herbicide applicator on the
interseeder relative to the use of glyphosate applications to exposed red clover and annual ryegrass
seeds. Two rates of glyphosate were used on 100 seeds planted into sterile soil in greenhouse flats. Six
different planting methods were tested comparing tilled and broadcast applications, pre-plant and postplant applications, and a standard and higher rates of glyphosate. The study was repeated two times over
the course of 2 months. Biomass was collected and dried at the end of each study to determine the
amount of biomass accumulation for each of the treatments. Results of this study concluded that tilled vs
no tilled cover crops germinated more. The herbicide glyphosate had a negative effect on red clover
when it was applied no matter when tillage took place. Annual ryegrass showed no injury to the
herbicide glyphosate no matter when tillage took place.
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Introduction
The use of cover crops is steadily gaining more attention in the United States due to their
multiple benefits. The positive impacts of cover crops integrated into corn and soybean-based cropping
systems in the Northeast have been well documented (Sarrantonio, 1996; Reicosky and Forcella, 1998;
Clark, 2007; Scholberg et al., 2010). Winter cover crops protect surface and ground water quality by
decreasing soil erosion, and reducing nitrogen leaching and phosphorus transport (Qi and Helmers,
2009; Adeli et al., 2011). Increased nitrogen retention from grass cover crops and biological nitrogen
fixation from legume cover crops can reduce fertilizer and manure application requirements (Dabney et
al., 2010). Leaving the soil undisturbed and maintaining living, growing plants helps restore the natural
cycles of the soils. Adding crop residues and roots creates more organic matter in the soils. Increased
organic matter serves as a food source to various soil organisms and increases biological activity. Higher
biological activity increases nutrient cycling and availability and reduces nutrient loss because runoff
decrease and soil structure and tilth are improved, increasing infiltration rates and reducing compaction
(CTIC, 2012). Cover crops can also provide habitat for insect pollinators (Decourtye et al., 2010) and
weed seed predators (Ward et al., 2011), and resources for game animals. Some cover crops can be
grazed by livestock in the early spring before cash crops are planted (Mannering et al., 1998). Additional
livestock forage can increase economic return to the farm and diversify the agricultural production
system (Franzluebbers et al., 2008).
The popularity and sustenance of cover cropping is growing across the United States as farmers
and policy makers understand the benefits. To gauge adoption of cover crop use, the Conservation
Technology Information Center and the North Central Region Sustainable Agriculture Research and
Education (NCSARE) organizations conducted a survey on cover crop usage in 2012/13 of 795 farmers
in the Mississippi River basin. Their use of cover crops increased 350% since the previous 2008 survey,
with individual farms planting an average of 123 ha, or about 42% of their crop land to cover crops, for
a total of about 88,200 hectares (CTIC, 2012). A similar survey by USDA SARE in 2013 also indicated
that farmers are planting more cover crop acres than ever before. The total hectares has increased in each
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of the past five years, from an average of 47 hectares per farm in 2008 to 170 hectares in 2012 (USDA
SARE, 2013). A separate survey conducted in 2012 in Iowa showed that farmers planted a record
40,468 ha of mostly cereal rye cover crops, and they were predicted to at least double that in 2013 (Iowa
Farm Bureau, 2013). Finally, the USDA Ag Census estimated that 4.2 million hectares of cover crops
were planted in the United States in 2012 (USDA NASS Census of Agriculture, 2012).
Closer to home, Maryland farmers planted about 167,500 ha of cover crops in 2012, actually
exceeding the amount planted in 2013 by 17% (USDA NASS , 2012b). Although, cover crop adoption
in Pennsylvania is likely less than Maryland on a percent cropland basis, interest within the farming
community is high. Cover crop use information is currently unavailable for many states, including
Pennsylvania, but the USDA Farm Service Agency recently announced that Pennsylvania farmers would
soon be required to report hectares planted to winter cover crops to help document impacts of cover crop
use (USDA Farm Service Agency, 2012).
No-till corn production continues to gain in popularity due to energy use and cost impositions
associated with tilling the soil (Olson and Sander, 1988). From 1990 to 2000 American farmers
increased no-till corn production from about 6.5 to 20.2 million ha (Duiker and Myers, 2005) and by
2009, 21% of U.S. corn hectares were managed with no-till (CTIC, 2012). In Pennsylvania, no-till is
practiced on about 60% of the major cropland, with about 56% of the corn being no-till (Horowitz et al.,
2010). In Maryland, about 64% of the major crop land is no till, including 59% of corn and 74% of
soybean (USDA NASS, 2012b). Today, farmers in the Mid-Atlantic region and elsewhere have the
option to plant their cash crops without tilling the soil to reduce field operations, save on time and fuel,
and help protect the environment.
In no-till systems, weeds can no longer be managed with plows and cultivators. In no-till
systems, herbicides replace tillage equipment. Herbicides are widely used in corn--about 97% of U.S.
corn was treated with herbicide in 2011 (NASS, 2012a). Glycine (e.g., glyphosate), photosystem II (PS
II) inhibitors (e.g., atrazine and simazine), and chloroacetamide (e.g., metolachlor and acetochlor)
herbicides are among the most widely used in corn, with a combined total of more than 60 million kg of
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active ingredient (ai) applied in 2006 (NASS, 2011c). Of these herbicides, all but glyphosate have the
ability to remain active in the soil for some period of time after application. Many no till management
programs rely on an initial pre-plant burn down herbicide to control emerged vegetation and residual
herbicides are often included in the burn down program to provide control of annual weeds and prevent
weed competition through the critical weed-free period (Myers et al., 2005). Herbicides differ in the
length of time they remain active in soil and can be non-persistent (lasting only a few days to about 12
weeks), moderately persistent (remaining from 3 to 18 months) or highly persistent (lasting as long as 2
or more years) (Burnside, 1974). Producers today must have an understanding of the residual
characteristics of the herbicides they select so as not to injure following cash or cover crops.
Some corn and soybean herbicides can persist in the soil and cause injury to sensitive agronomic
and vegetable crops in rotation (Greenland, 2003). These same persistence issues can be a problem with
certain cover crops seeded during or after the primary crop is harvested. Most herbicide labels provide
re-crop restrictions for important cash crops, but many cover crop species are not included in these
guidelines (Penn State Agronomy Guide, 2013/14) and limited information is available regarding safe
cover crop establishment. A variety of physical, chemical, and biological processes determine the
environmental fate of pesticides and herbicides, with longer half-lives generally require longer intervals
of time between application and cover crop seeding (Tharp and Kells, 2000). Herbicide half-life and the
potential for subsequent crop injury depend on a number of environmental factors. Beyer et al. (1988)
reported the factors that increase microbial activity—higher temperatures and adequate soil moisture
increased the rate of dissipation in the soil. Colquhoun (2006) reported that low moisture and
temperature can slow herbicide degradation and increase the risk for carryover. Tharp and Kells (2000)
found that temperature, soil type, herbicide application rate, and precipitation affected the ability of
herbicides to persist in the soil.
In the Northeast, winter cover crops are typically seeded after the cash crop is harvested in the
fall. Less often, cover crops are seeded while cash crops are still present in the field, such as via fixedwing aircraft or with highboy seeders prior to fall harvest. Herbicides that are moderately or highly
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persistent could injure sensitive cover crops seeded at this time. Farmers and researchers looking for
new opportunities to increase cover crop adoption are also interested in interseeding cover crops in corn
in early summer. Typically, cover crop interseeding in corn would take place prior to canopy closure at
the V-5 to V-7 growth stages, or about 5–7 weeks after the corn has been planted. At this stage of corn
growth, many herbicides still have residual activity in the soil controlling weeds that may still be
germinating. Even some nonpersistent herbicides could affect certain sensitive cover crop species if they
are applied at the same time as interseeding or in the days or weeks before.
Penn State University has designed and developed the Penn State Cover Crop Interseeder and
Applicator, which is capable of applying herbicide while interseeding a cover crop in corn. The
introduction of glyphosate-resistant corn provides the grower with the opportunity to use glyphosate
post-emergence for weed control in corn. The combination of simultaneously applying glyphosate and
seeding cover crops raises the concern that direct application of glyphosate on cover crop seeds could
have a negative impact on establishment. A study exposing seeds of several grasses, including perennial
ryegrass (Lolium perenne), red clover (Trifolium pretense), and alfalfa (Medicago sativa), to direct
application of glyphosate reported that germination and growth of all species were affected, with the
legumes impacted to the greatest extent (Salazar and Appleby, 1982). Other research showed that direct
application of glyphosate to red clover and annual ryegrass (Lolium multiflorum) seeds reduced seedling
density (Segura et al., 1978). In contrast, other work has reported no effect from glyphosate exposure to
seeds of red fescue (Festuca rubra), tall fescue (Festuca arundinacea), Kentucky bluegrass (Poa
pratensis L.), and creeping bent grass (Bothriochloa insculpta) (Moshier et al., 1976; Klingman and
Murray, 1976).
Identifying corn herbicides that allow for effective cover crop establishment will ensure growers
the opportunity for success when integrating cover crops into their rotation. Corn herbicide choices can
include both soil-applied and post-emergence options, and cover crops might be interseeded into
growing corn or after crop harvest. Therefore, the objective of our research was to test the potential for
cover crop injury from a number of soil-applied and post-emergence corn herbicides when cover crops
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were either interseeded in corn or after corn silage harvest. In addition, we tested the effect of
glyphosate application timing relative to cover crop seeding on cover crop seedling establishment and
growth in the greenhouse. The goal of this project was to develop herbicide use recommendations that
provide farmers success with cover crop establishment in or following corn.

Materials and Methods
Field Study. A cover crop establishment trial was conducted evaluating the safety of a number of
commonly applied corn herbicides used in Pennsylvania. Rainfall totals at the research site for 2010 and
2011 are presented in Table 3.1. Herbicides are listed for each year in Table 3.2. The study occurred at
the Penn State Agronomy Research Farm (Penn State University Russell E. Larson Agricultural
Research and Education Center, Rock Springs, Centre County, PA (40°44’N, 77°57’W)). The trial was
conducted in 2010 on a Hagerstown silt loam, fine, mixed, semi active, mesic Typic Hapludalfs and
repeated in 2011 in a separate field (Murrill fine-loamy, mixed, semi active, mesic Typic Hapludults
with 2.5% organic matter). Both fields were in soybean the previous year and had historically been
managed with mixed tillage. The first year of the trial was managed no-till, but due to the problems with
the gray garden slug (Deroceras reticulatum), the field was disked and cultimulched prior to planting
corn in the second year. In 2010, glyphosate was applied on May 8, 2010, at 0.87 kg ai/ha as the burn
down application just prior to corn planting. No burn down herbicide was necessary in 2011 due to the
pre-plant tillage for slugs. Corn was planted on May 10 in 2010 and May 13 in 2011 using a four-row,
76-cm row spacing, Monosem NG+ (The Monosem Corn Planter Company, Edwardsville, KS) corn
planter. Starter fertilizer (7N-21P-6K) was applied a rate of 84 liters/ha, 5 cm off the corn row at a depth
of 5 cm at corn planting. DeKalb DKC46-61 Smartstax corn (96-day relative maturity) and Pioneer
37Y14 HXX, LL, RR2 corn (99-day relative maturity date) were seeded at 81,510 seeds/ha at 3.8 cm
deep in 2010 and 2011, respectively. Herbicides were applied pre-emergence to the corn on May 11,
2010, and May 15, 2011, perpendicular to the direction of corn planting using an RTV-mounted CO2
boom sprayer equipped with TeeJet AIXR11002 nozzles calibrated to deliver a volume of 187 L/ha in at
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275 kPa. Post-emergence herbicides were applied in a similar manner using a 6-nozzle CO2 backpack
handheld boom sprayer on June 5, 2010, and June 23, 2011, when corn was between V3 and V5 growth
stages.
Approximately six weeks after the emergence of the corn crop, cover crops were interseeded in
selected plots between the 76-cm corn row spacing using a 4-row interseeder on June 18, 2010, and June
22, 2011. In 2010 the seed box on the Penn State Cover Crop Interseeder and Applicator was modified
with a divider that allowed seeding two different cover crop species at the same time between the four
corn rows, providing two rows of each cover. Cover crops were paired based on similar seeding rates. In
2011, the seed box was not split, so each cover crop treatment was four corn rows wide. Interseeded
species are provided in Table 3.3 and were selected based on their ability to establish and grow in
stressful environments. In 2011, a multispecies “Kings mix” containing Bardextra Italian ryegrass,
Bardelta Italian ryegrass, Dixie reseeding crimson clover, VNS medium red clover, VNS yellow
blossom sweet clover, and VNS ladino clover was substituted for the annual ryegrass and red clover
mix. Because of mid- and late-summer drought, the entire study was irrigated with 2.5 cm of water in
late June and in early August 2011 to help ensure the successful establishment of the interseeded covers.
The entire field was harvested for corn silage on September 8, 2010, and September 21, 2011, using
commercial harvesting equipment.
Fall-seeded cover crops were no-till planted using a Great Plains 1008NT grain drill with 19 cm
row spacing on September 15, 2010, and on September 26, 2011. In each year, the seed box on this drill
was also modified into two separate seed storage units, allowing the seeding of two separate species in
the same operation, resulting in strips about 1.5 m in width. Cover crop treatments were again paired
based on similar seeding rates. In 2011, the seed box was not split on the interseeder. In late fall about
six weeks after post-harvest cover crop emergence, treatments were visually evaluated for injury or
percent stand reduction on a 0 to 100% scale (0 = no injury and complete stand; 100 = complete death
and no stand). The ratings were based on untreated control plots that showed 0% injury and no stand
reduction. This same procedure was repeated in the spring of each season.
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The experiment was designed as a split plot randomized complete block with four replications.
The main plots were herbicide and the subplots (split) were cover crop treatments. A total of 27
herbicide treatments were tested in 2010 and 25 in 2011. Each main plot was 3 m wide by 23 m long,
and cover crop subplots were 3 by 1.5 m, for a total of 1,512 individual plots in 2010 and 1,152 plots in
2011.
To meet assumptions for homogeneity and normality of variances, the percentage data were
arcsine-square root transformed prior to statistical analysis. Data measurements were taken in
percentages, which are known to have a nonnormal distribution, and the variance tends to increase as
percentages increase. The transformed data allow nonnormal, nonhomogeneous variances to be
transformed into normal homogenous variances that can be analyzed with ANOVA (Table 3.4).
Transformed data were analyzed by ANOVA in the MIXED procedure of SAS 9.3. Herbicides and
cover crop species were fixed effects, while the block effect was entered as a random effect. There were
four ANOVAs conducted for each observation date: fall 2010, spring 2011, fall 2011, and spring 2012.
Statistical analyses were conducted on transformed data, but back-transformed means and confidence
interval limits are presented in the figures. The 95% confidence intervals are functionally equivalent to a
Fisher’s LSD, so it is a less conservative test and may show more problematic herbicide interactions
than really exist. The statistical model was used in each of the four observations over 2010 and 2011
(Tables 3.7–3.10).
Greenhouse Experiment. The greenhouse experiment evaluated seedling emergence of red clover and
annual ryegrass seed exposed to glyphosate. Containers 10 by 15 by 2.5 cm deep were filled with
Hagerstown silt loam soil (fine, mixed, semiactive, mesic Typic Hapludalfs) collected from the Penn
State Agronomy Research Farm. Half of each container was seeded with 100 seeds of VNS medium red
clover, while the other half was seeded with 100 seeds of Ocala annual ryegrass. Six different treatments
were evaluated based on the timing of herbicide application and cover crop seeding. The six treatments
included: 1) surface apply seeds/no herbicide, 2) incorporate seeds/no herbicide, 3) apply
herbicide/surface apply seeds, 4) apply herbicide/incorporate seeds, 5) surface apply seeds/apply

71
herbicide, and 6) incorporate seeds/apply herbicide. Incorporated seeds were lightly mixed into the soil
by hand either immediately before or after herbicide application. Glyphosate was applied at 0.84kg ai/ha
and 1.68 kg ai/ha using a pneumatic spray chamber equipped with a single 8002 even flat fan nozzle
calibrated to deliver 187 L/ha at 275 kPa. Immediately following cover crop seeding/herbicide
application, containers were placed randomly on a greenhouse bench, where they were watered daily
beginning 6 h after seeding/application and provided with supplemental light. Plants were allowed to
grow for about 21 days, at which time all aboveground vegetation was removed by species, oven-dried
at 60°C for at least three days, and weighed.
The experiment was arranged as a completely randomized design with four replications and was
repeated over time. Only the single 0.84 kg/ha glyphosate application rate was tested in the first
experimental run. Biomass data were analyzed as a mixed model, which looks at both random and fixed
effects. In this analysis, the fixed effects were herbicide and tillage. The random effect was start date of
the experiment, either January or March, analyzed with SAS 9.2. Both start dates of the experiment were
combined into a single ANOVA with start date as a random effect. Fixed factors were seed placement or
tillage (surface vs. incorporated) and herbicide treatment (before vs. after seed placement) and herbicide
rates were 1X (0.84 kg/ha) or 2X (1.68 kg/ha). The significance of herbicide effects within each level of
tillage were tested using slice effects in Proc Mixed. Within each tillage level, differences between
herbicide treatments were determined using Fisher’s LSD with an α = 0.05. Separate ANOVAs were
conducted for red clover and annual ryegrass.

Results and Discussion
Field Study. In the two years of the study, rainfall from April through October ranged from 60 to 92
cm, compared to an average of 69 cm (Table 3.1). Conditions were particularly dry during portions of
2011, when there was a 5-week period with no precipitation and higher than normal temperatures during
July. The study plots were irrigated 2.8 cm during this dry period to help ensure that the interseeded
cover crop did not fail due to drought. Because of differences in both herbicide treatments and the cover
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crop species in 2010 and 2011, each year was analyzed separately. In 2010 harvesting was completed in
early September with minimal damage to the field due to relatively dry soil conditions, although slug
herbivory was problematic with fall-seeded clovers and canola, eliminating the ability to visually rate
herbicide injury.
In 2011, corn harvest was delayed until the third week of September due to wet conditions, and
the commercial harvest equipment damaged some cover crops and plots. Wheel tracks were present
throughout the field from both the harvester and the truck traffic. This damage eliminated our ability in
the fall to evaluate the interseeded red clover, the fall-seeded clover species and canola, and the fallseeded annual ryegrass, wheat, and cereal rye. Interseeded white clover was denser than red clover and
showed minor signs of wheel traffic, but the interseeded annual ryegrass did not suffer long-term
negative effects from the wheel traffic of the harvesting equipment.
Despite these setbacks, herbicide injury was observed with some cover crops after corn harvest
and in the spring of the following year. In 2010, herbicide injury to cover crops varied by both herbicide
and cover crop species with significant herbicide and species main effects as well as the herbicide x
species interactions. By spring, herbicide injury was still problematic for certain herbicides, and this
varied by cover crop species. In the fall of 2010, fall-drilled oats, field pea, cereal rye, and wheat
showed no sign of herbicide injury and appeared to be thriving in the field (Table 3.7).
In the fall of 2010, several herbicides reduced the interseeded annual ryegrass stand by greater
than 20% (Table 3.7). These included PRE-planting treatments of atrazine at all three rates, mesotrione,
clopyralid, saflufenacil, pendamethalin, s-metolachlor, and isoxaflutole plus atrazine. S-metolachlor
caused the greatest stand reduction, at almost 60%. Relative to POST applications, herbicides containing
atrazine, tembotrione, topramezone, halosulfuron, rimsulfuron, pendamethalin, and nicorsulfuron also
reduced the stand by more than 20%. The 1.12 kg/ha rate of atrazine reduced interseeded annual
ryegrass by 64% (Table 3.7). Drilled annual ryegrass showed less injury than interseeded annual
ryegrass, but atrazine PRE and POST and s-metolachlor still reduced ryegrass stand by more than 20%
(Table 3.7). The fall-seeded hairy vetch stand was reduced greater than 20% with flumetsulam, s-
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metolachlor, mesotrione plus atrazine, halosulfuron, and topramezone plus atrazine. Flumetsulam was
the most injurious, reducing the stand by almost 60% (Table 3.7).
In spring, cover crops were evaluated the first week of May before cover crop termination.
Interseeded annual ryegrass showed less injury than in the fall, but mesotrione, s-metolachlor, and
isoxaflutole plus atrazine PRE and 1.12 kg/ha atrazine and nicosulfuron POST were still showing more
than 20% stand reduction (Table 3.8). Injury with s-metolachlor was still more than 60%. Oats winterkilled as expected, while field pea, cereal rye, and winter wheat still showed no signs of herbicide injury
(Table 3.8). S-metolachlor and atrazine POST reduced Ocala annual ryegrass stand more than 20%. By
spring of 2011, only flumetsulam continued to produce injury, reducing the stand by about 30% (Table
3.8).
In the second year of the herbicide study (2011) cover crop establishment was less successful
because extremely wet and cold soil hampered fall growth. However, interseeded ladino white clover
showed no signs of herbicide injury at the fall rating, or nor did fall-seeded forage radish (Table 3.9).
Winter wheat and cereal rye had insufficient growth to evaluate in the fall. In the spring of 2012, winter
wheat and cereal rye established well and showed no signs of herbicide injury. Interseeded ladino white
clover continued to show no signs of herbicide injury. Interestingly, forage radish survived the mild
winter of 2012 and flourished in the spring without showing any signs of herbicide injury (Table 3.10).
Forage radish typically winter kills in central Pennsylvania, and we would not expect it to survive the
winter under normal conditions (Weil et al., 2009). A summary of all cover crops with herbicide injury
greater than 20% is presented in Table 3.11 for all four observations.
Summary. In 2011, interseeded annual ryegrass showed less injury than in 2010, with the exception of
with s-metolachlor, which reduced the stand about 50%, similar to the previous year. By spring, smetolachlor continued to impact interseeded annual ryegrass, reducing the stand by 57%. Fall-seeded
annual ryegrass did not grow sufficiently to evaluate in the fall. By spring of 2012, the new spring
growth showed very little injury to any of the herbicides. Even s-metolachlor showed only about 15%
injury which was less than what was observed in spring 2011 evaluations. Fall-drilled annual ryegrass in
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each year had less injury than interseeded annual ryegrass, which would be expected given its planting
date was on average three months after herbicide application. In the fall of 2011, fall-seeded hairy vetch
was reduced by about 30% with flumetsulam, and this increased slightly in the spring to 43%.
Herbicide injury varied somewhat between years and when comparing fall and spring
evaluations. In general, the amount of injury that occurred in this study was less than expected. All of
the herbicides were safe on all the cereal crops planted after corn silage harvest in both years. Clovers
proved to be very difficult to rate in this study for a number of reasons, including slug grazing, wet soils,
and wheel traffic. Annual ryegrass consistently was injured by s-metolachlor by reducing stands in each
year. S-metolachlor caused about a 60% reduction of interseeded annual ryegrass and was somewhat
safer with fall-seeded annual ryegrass. This particular herbicide is well known for its ability to control
emerging grass species in corn production (O'Connell et al., 1998). S-metolachlor is a very effective
grass herbicide and could cause germination issues with grass cover crops interseeded in early summer
and with grass cover crops planted in the fall after the primary crop is harvested. Flumetsulam
consistently injured hairy vetch and reduced stands by about 50%. Hairy vetch showed very little injury
to herbicides in both years of this study, except for flumetsulam, which repeatedly injured the stands and
turned the plants purple.
Greenhouse Experiment Summary. The objective of the greenhouse experiment was to test the
potential for injury from glyphosate to red clover and annual ryegrass as affected by seed placement and
herbicide application timing. This experiment was intended to simulate what could happen when
interseeding cover crops and applying glyphosate simultaneously. The design of the cover crop
interseeder uses zone tillage units to create a seedbed within the rows of growing corn. Then cover crop
seeds are distributed on top of the tilled soil from the application tubes. Immediately thereafter, a
cultipacker wheel and drag chain follow to incorporate the seeds into the soil. This method of seed
placement does not incorporate all of the cover crop seeds into the soil. The remaining seeds that are not
covered by soil are then exposed to the direct application of glyphosate from the herbicide sprayer on
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the interseeder. There was concern about how these uncovered and exposed seeds would react to a direct
application of glyphosate and whether the herbicide application would prevent or delay germination and
vigor.
For red clover, seed placement, herbicide timing, and the interaction were all significant (Table
3.12). Incorporated seed were more successful and produced more red clover biomass than surfaceplaced seed. Herbicide timing did not affect surface-placed seed; biomass levels were equal regardless
of application timing or rate and the same as the no-herbicide treatment. In contrast, when the red clover
seeds were incorporated, glyphosate reduced biomass compared to the no-glyphosate treatment
regardless of whether it was applied before or after incorporation (Table 3.13). There were no significant
differences between herbicide timing, although the 2X rate applied after incorporated seed placement
had the numerically lowest aboveground dry weight (Table 3.13).
Seed placement also affected annual ryegrass, with greater biomass with incorporated treatments
compared to surface application (Table 3.14). Herbicide timing did not influence ryegrass success or
produce any interactions. The only treatment that was different from others was the 2X rate of
glyphosate applied after seed incorporation. In general, ryegrass biomass was more similar across
treatments compared to red clover, which showed more injury with herbicide application.
The results of this study are similar to what other research has shown in the past; glyphosate had
an interaction with legume seeds and less of an interaction with grass seed. Salazar and Appleby (1982)
found when glyphosate was applied to the soil and red clover and alfalfa seeds were incorporated into
the soil, both species had reduced germination and stunted growth initially. Other research showed that
direct application of glyphosate to red clover and annual ryegrass seeds reduced seedling density
(Segura et al., 1978). In contrast, other work has reported no effect from glyphosate exposure to seeds of
red fescue (Festuca rubra L.), tall fescue (Festuca arundinacea L.), Kentucky bluegrass (Poa pratensis
L.), and creeping bent grass (Bothriochloa insculpta L.) (Moshier et al., 1976; Klingman and Murray,
1976). When seed placement is on the surface of the soil, there is an increased risk of herbicide injury to
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the plant. To alleviate this problem, using a planting device such as a double disk opener and burying
the seed below the soil surface may protect the seeds from a direct application.
In conclusion, red clover and annual ryegrass biomass were most successful when seeds were
incorporated with a 1X rate of glyphosate applied post-planting (Tables 3.13 and 3.14). Red clover was
more sensitive to the application of glyphosate than was annual ryegrass. Red clover appeared to
germinate very well with seed incorporation and then stunted initially from the application of
glyphosate. When biomass was harvested there very few signs of herbicide injury other than a few
goose-necking plants. It appears that red clover eventually recovers from the initial stunting caused by
glyphosate. Annual ryegrass proved to establish very well with seed incorporation and showed basically
no negative effects of glyphosate application. The results of this study provided useful insight into the
design of the cover crop interseeder to determine where the herbicide applicator was mounted for the
post-emergence application of glyphosate. The location of the herbicide applicator on the cover crop
interseeder mirrors treatment #4 in this study.

Epilogue
In the two years following the completion of this research, there has been a considerable amount
of interest in early-season interseeding and in the Penn State Cover Crop Interseeder and Applicator.
The interest came from farmers, conservation agencies, and researchers. This interest led to a newer
design for the interseeder, which has changed from a 3-point hitch machine to a semi-mount unit. In
addition, the zone till units were removed and replaced with no-till grain drill units. The new design
even added the capability of yet another function--the user can convert the interseeder to a fully
functioning no-till grain drill. This new benefit gives the user the ability to have a farm implement that
can be used for several months out of the season and the ability to plant multiple crops both interseeded
and drilled. The redesign of the interseeder led to even more interest and a need to examine
commercialization of this technology.
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In the spring of 2011, a patent application was filed with the U.S. Patent Office to protect the
intellectual property of the interseeder, U.S. Patent # 13/443,339. The following spring, a second patent
application was again filed to protect the updates to the machine, U.S. Patent Application # 14/212,473.
Patent # 13/443,339 was issued in December, 2014.
The Penn State Department of Plant Sciences received a Conservation Innovation Grant from
the U.S. Department of Agriculture (USDA) in the spring of 2013 to further test the interseeded cover
crops concept on a larger geographic area with Cornell University and the USDA in Beltsville,
Maryland.
In the summer of 2013, the interseeder project was entered into an entrepreneurial boot camp at
the Ben Franklin Technology Partners in central Pennsylvania. The boot camp was developed for
emerging technologies to compete for the creation of the best business plan and business model with
other technologies. After the completion of an 8-week course developing a business plan and business
model, the founders of each technology presented their plans to a group of business leaders in central
Pennsylvania. Eight teams competed for the grand prize, and the Penn State Cover Crop Interseeder and
Applicator took one of two first places.
In the months following the business competition the College of Agricultural Sciences at Penn
State also awarded a commercialization grant to the Penn State Cover Crop Interseeder and Applicator
project to move it into a start-up business venture. InterSeeder Technologies officially launched in May,
2014, providing interseeders to the private marketplace. At the inception of this start-up launch, there
were no other similar technologies in the marketplace that specialized in interseeding cover crops in notill corn. The technology has been tested and proven in several states in the Mid-Atlantic and Northeast,
with additional testing now on-going in Iowa and Minnesota.
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Appendix C: Tables
Table 3.1. Precipitation at the Penn State Agronomy Research Farm.

Month

2010

April
May
June
July
August
September
October
Irrigation
Total

3.20
9.60
6.27
8.51
12.17
8.00
12.19
2.8
62.74

Precipitation
2011
cm
15.85
14.15
6.86
4.98
15.04
23.50
12.12
2.8
95.3

*Normal = precipitation based on 25 year weather period.

Normal
8.98
9.46
10.10
9.92
10.63
11.37
8.61
69.07
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Table 3.2. 2010/11 herbicide treatments and rates.
2010 Pre*
Product

Rate
Kg ai/ha

2011 Pre
Product

Atrazine
Atrazine
Atrazine
Clopyralid
Flumetsulam
Isoxaflutole
Isoxaflutole + Atrazine
Mesotrione

1.12
1.68
2.24
0.21056
0.0644
0.10528
0.10528 + 1.12
0.21056

Atrazine
Atrazine
Clopyralid
Flumetsulam
Isoxaflutole
Mesotrione
Mesotrione
Mesotrione + Atrazine

Pendimethalin
Rimsulfuron
Saflufenacil
Simazine
Simazine
S-metolachlor
Untreated

1.6016
0.035056
0.07504
1.12
2.24
1.792

Pendimethalin
Rimsulfuron
Saflufenacil
Simazine
Simazine
S-metolachlor
Untreated

2010 Post
Product

Rate
kg/ha

2011 Post
Product

Rate
kg/ha

Atrazine
Halosulfuron
Mesotrone
Nicosulfuron
Rimsulfuron
Tembotrione
Topramezone

1.12
0.03472
0.10528
0.03472
0.01792
0.09184
0.01792

Atrazine
1.12
Atrazine
0.56
Clopyralid
0.21056
Halosulfuron
0.03472
Mesotrione + Atrazine 0.21056 + 1.12
Mesotrione + Atrazine 0.10528 + 1.12
Mesotrone
0.10528
Nicosulfuron
0.03472
Rimsulfuron
0.01792
Tembotrione
0.09184
Topramezone
0.01792
Topramezone
0.01792 + 1.12
+Atrazine
* Pre = preplanting; Post = postplanting.

Kg ai/ha
1.68
2.24
0.21056
0.0644
0.10528
0.10528
0.21056
0.21056 +
1.12
1.6016
0.035056
0.07504
1.12
2.24
1.792
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Table 3.3. Cover crop species interseeded and fall drill-seeded 2010 and 2011.

2010 Interseeded

Rate (kg/ha)

2011 Interseeded

Rate (kg/ha)

Species
Red Clover
White Clover
Annual Ryegrass

11
11
22

Species
Red Clover
White Clover
Annual Ryegrass
King’s mix

11
11
22
22

2010 Fall Drilled

Rate

2011 Fall Drilled

Rate

Species
Red Clover
White Clover
Annual Ryegrass
Wheat
Cereal Rye
Canola
Radish
Hairy Vetch

11
11
22
134
134
8
8
22

Species
Red Clover
White Clover
Annual Ryegrass
Wheat
Cereal Rye
Oats
Austrian Winter Pea
Canola
Radish
Hairy Vetch

11
11
22
134
134
112
112
8
8
22
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Table 3.4. Analysis of variance for herbicide safety studies conducted at Penn State Agronomy Research
Farm in 2010 and 2011.
Source

Fall 2010

Spring 2011

Fall 2011

Spring 2012

0.0533
0.5001
0.0037

<0.0001
0.1045
<0.0001

p-value
Treatment
Species
Treatment X Species

0.0252
0.0003
<0.0001

0.0029
0.1273
<0.0001
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Table 3.5. Summary of 2010 herbicide safety study treatment effects on individual cover crop species.
Species
AVESA
LOLMG
LOLMG‡
PIBSA
SECCE
TRZAX
VICVI

Fall 2010
p-value
0.9989
<0.0001
<0.0001
0.7466
1.000
0.9949
<0.0101

Spring 2011
†
<0.0001
<0.0001
0.4155
0.9972
0.9583
0.0101

†spring 2011 AVESA winter killed.
‡denotes interseeding.
* AVESA/oat, LOLMG/annual ryegrass, PIBSA/pea, SECCA/rye, TRZAX/wheat, VICVI/hairy vetch.
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Table 3.6. Summary of 2011 herbicide safety study treatment effects on individual cover crop species.
Species
LOLMG
LOLMG‡
RAPSX
SECCE
TRFRG‡
TRZAX
VICVI

Fall 2011
p-value
†
<0.0001
0.4820
†
0.5266
†
†

Spring 2012
0.1865
<0.0001
0.0148
0.4262
0.0040
0.9512
<0.0001

†limited vegetative growth to rate injury due to wet soil conditions at fall planting and post fall planting.
‡denotes interseeding.
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Table 3.7. Mean injury and 90% confidence intervals for herbicide injury in fall 2010 for the 2010
herbicide safety study at Penn State Agronomy Research Farm.

† (-I) denotes interseeding.
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Table 3.8. Mean injury and 90% confidence intervals for herbicide injury in spring 2011 for the 2010
herbicide safety study.

† (-I) denotes interseeding.
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Table 3.9. Mean injury and 90% confidence intervals for herbicide injury in fall 2011 for the 2011
herbicide safety study.

† (-I) denotes interseeding.
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Table 3.10. Mean injury and 90% confidence intervals for herbicide injury in spring 2012 for the 2011
herbicide safety study.

† (-I) denotes interseeding.
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Table 3.11. Mean herbicide injury > 20% from fall 2010 to spring 2012.

Fall 2010
Pre

Post

Fall 2010
Pre

Post

Fall 2010
Pre
Post

Annual Ryegrass Interseeded LOLMG-I
%
Herbicide
injury
Spring 2011
Herbicide
Atrazine (1.12)
23.0
Pre
Mesotrione (0.21056)
Atrazine (1.68)
27.0
S-metolachlor (1.792)
Isoxaflutole + Atrazine
Atrazine (2.24)
24.0
(0.10528 + 1.12)
Mesotrione (0.21056)
27.0
Post
Atrazine (1.12)
Clopyralid (0.21056)
31.0
Nicosulfuron (0.03472)
Saflufenacil (0.07504)
34.0
Pendimethalin (1.6016)
23.0
S-metolachlor (1.792)
58.5
Isoxaflutole + Atrazine
(0.10528 + 1.12)
21.1
Mesotrione + Atrazine
(0.21056 + 1.12)
29.1
Atrazine (0.56)
43.5
Atrazine (1.12)
63.8
Tembotrione (0.09184)
22.0
Topramezone (0.01792)
30.9
Halosulfuron (0.03472)
54.5
Rimsulfuron (0.01792)
20.4
Topramezone + Atrazine
(0.01792 + 1.12)
20.9
Pendimethalin (1.6016)
29.6
Nicosulfuron (0.03472)
32.2

Herbicide
Flumetsulam (0.0644)
S-metolachlor (1.792)
Mesotrione + Atrazine
(0.21056 + 1.12)
Halosulfuron (0.03472)
Topramezone + Atrazine
(0.01792 + 1.12)

Herbicide
Atrazine (1.68)
S-metolachlor (1.792)
Atrazine (0.56)

Hairy Vetch Drilled VIVCI
%
injury
Spring 2011
Herbicide
58.8
Pre
Flumetsulam (0.0644)
28.7

%
injury
21.8
62.9
20.8
25.1
38.5

%
injury
29.1

26.3
28.9
29.6

Annual Ryegrass Drilled LOLMG
%
injury
Spring 2011
Herbicide
23.5
Pre
S-metolachlor (1.792)
23.7
Post
Atrazine (0.56)
24.9

%
injury
23.7
24.9
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Fall 2011
Pre

Annual Ryegrass Interseeded LOLMG=I
%
Herbicide
injury
Spring 2012
Herbicide
S-metolachlor (1.792)
47.5
Pre
S-metolachlor (1.792)

%
injury
57.6

Fall 2011
Pre

Annual Ryegrass Drilled LOLMG
%
injury
Spring 2012
Herbicide
n/a
Pre
S-metolachlor (1.792)

%
injury
14.6

Hairy Vetch Drilled VIVCI
%
Herbicide
injury
Spring 2011
Herbicide
Flumetsulam (0.0644)
29.1
Pre
Flumetsulam (0.0644)

%
injury
43.2

Fall 2010
Pre

Fall 2010
Pre
Post

Herbicide
S-metolachlor (1.792)

Herbicide
Atrazine (1.68)
S-metolachlor (1.792)
Atrazine (0.56)

Annual Ryegrass Drilled LOLMG
%
injury
Spring 2011
Herbicide
23.5
Pre
S-metolachlor (1.792)
23.7
Post
Atrazine (0.56)
24.9

%
injury
23.7
24.9
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Table 3.12. Analysis of variance for biomass dry matter accumulation for the greenhouse glyphosate
seed exposure study conducted in 2010.
Treatment

df*

Placement
Herbicide
Placement x Herbicide
Soil Surface Placement x Herbicide
Soil Incorporated Placement x Herbicide
*df = degrees of freedom.

85
85
85
85
85

Red Clover

Annual Ryegrass
p-values
0.0023
<0.0001
0.0013
0.3196
0.0124
0.1107
0.9548
0.3976
<0.0001
0.0768
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Table 3.13. Effect of glyphosate timing and seed placement on red clover biomass (grams per pot).
Glyphosate

Surface Placement

Incorporate Placement

NONE
0.29 a†
0.97 a
1X PRE PLANT
0.28 a
0.49 b
2X PRE PLANT
0.29 a
0.36 b
1X POST PLANT
0.27 a
0.52 b
2X POST PLANT
0.17 a
0.16 b
†means followed by the same letter within a column are not different at p≤0.05.
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Table 3.14. Effect of glyphosate herbicide timing and seed placement on annual ryegrass biomass
(gram per pot).
Glyphosate

Surface Placement

Incorporate Placement

NONE
1.65 a†
2.15a
1X PRE PLANT
1.93 a
2.00 a
2X PRE PLANT
1.59 a
2.20 a
1X POST PLANT
1.84 a
2.26 ab
2X POST PLANT
1.72 a
1.78 b
†means followed by the same letter within a column are not different at p≤0.05.

