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ABSTRACT

Cover crops play an important role in decreasing erosion and nutrient runoff
associated with corn silage production in northern New England. Winter rye (Secale
cereal L.), also referred to as rye, is the primary cover crop species used in this region.
While winter rye (rye) monocultures are easily established, they can be challenging to
manage in the spring, expensive to establish at recommended seeding rates, and can
interfere with the planting of subsequent corn crops. We hypothesized that adding forage
radish (Raphunus sativus L.) to a rye cover crop could augment fall performance and
enhance the ecosystem services provided by the cover crop and allow for a lower rye
seeding rate.

A field study was conducted at five locations over a two-year period (five site-
years, SY) on commercial dairy farms in Addison County, VT. Treatments included
three rye seeding rates, two of which were repeated with and without radish. These were
planted with a grain drill and broadcast seeder, for a total of ten cover crop treatments
and a fallow (no cover crop) control.

Overall, planting method had the greatest impact on cover crop performance.
Drilled treatments had significantly greater soil cover in the fall compared to broadcast
treatments, ranging from 53.3% to 98.8% cover. The broadcast treatments did not provide
better fall soil cover than even the fallow control, except in one SY, and ranged from
25.8% to 68.8% cover. Spring soil cover varied by site year, with little difference
between treatments. Similar results were observed in aboveground biomass. Drilled
treatments outperformed broadcast in the fall, with drilled treatments measuring 57-776
kg ha! and broadcast 22-404 kg ha. There was very little difference between treatments
in spring biomass, with overall results between 614 and 2496 kg ha™*. The addition of
forage radish (3.5 kg ha* seeding rate) to the lowest drilled rye seeding rate (67 kg ha™)
showed some evidence of increased fall aboveground biomass and decreased spring
biomass compared to rye monoculture, a combination desirable for farmers. Nitrogen and
phosphorus concentration in cover crop leaf tissue saw some differences in individual site
years, but was not strongly associated with treatment. Total N and P uptake by the cover
crop was strongly correlated with biomass production. Soil temperature and soil NO3
were impacted by the presence of cover crop, but there were not significant differences
between cover crop treatments. Available soil test phosphorus (modified Morgan), soil
moisture and soil NH4" were not impacted by any cover crop treatment compared to the
control.

While adding forage radish did not significantly impact the performance of rye
cover crops, it did show some promise for optimizing biomass distribution (higher in fall,
lower in spring) and warrants further study to identify the seeding rates and planting dates
that result in this outcome. This study provides compelling evidence to recommend the
use of a grain drill for planting winter cover crops in order to maximize performance and
minimize seeding rates.



DEDICATION

This thesis is dedicated to the farmers of Vermont. You are a hardy and
perspicacious group of humans that I am honored to serve in my research and my work. |
also dedicate this work to the memory of Robert Parsons, who passed away before I could

finish it. I only hope to serve the farmers of Vermont as well as you did in your lifetime.



ACKNOWLEDGEMENTS

| would like to thank Jeff Cater for his steady support of me as a professional in
Extension and as a graduate student. This thesis, and my degree, would not have happened
without him. He is the consummate Extension Agent and | continue to learn from his
example and strive to achieve his attention to detail, insistence to accept nothing better than
excellence, and his dedication to farmers and our profession. | hope one day to be in his
shoes as the Extension Agronomist who gets to encourage and bring along the next
generation. Without him, | would not be a Certified Crop Adviser, would probably not
have become a graduate student, and would not have gotten the grant funds or the logistic
support for my field research. | can only hope to pay him back by carrying on his legacy
of innovation, education and persistence.

| would like to thank Dr. Sidney Bosworth for his role as my advisor. His patience,
gentle nudging and encouragement helped me see this project through an ‘extended
timeline’ to completion. His flexibility was imperative for me to weave my graduate
coursework and field research into my ‘day job’ and my ‘mom job’. Iappreciate his steady
and calm guidance and ability to keep me moving in the right direction when | felt like |
could go in about a million different directions instead.

This project would not have been possible without the farmers who allowed me to
do my research in their fields, with their equipment, and allowed me to slow their farming
pace down to ‘research speed’ for no other reason except that I asked. Eric Clifford of
Clifford Farms is not only a farmer, but a mentor. His dedication to the stewardship of his
land and to the well-being of the farming community as a whole is to be lauded. 1 so
enjoyed our many conversations in the middle of a corn field leaning on a tractor or truck,



contemplating how to continually learn and grow. Between the wildlife, the views and the
company, I couldn’t have picked a better research location. Gerard Vorsteveld of
Vorsteveld Farms is one of the most innovative and pragmatic people | know. | can only
hope to figure out someday how he manages to coax such amazing crops out of some of
the most challenging farming soils in the country. While his pace is frantic, his work is
agile, steady and unyielding. We could all learn a lot from his work ethic, and from his
sense of humor. If you have to work as hard as he does, you should enjoy it!

The fieldwork portion of this research could never have been completed without
my Middlebury UVM Extension crew. Kristin Williams and Dan Infurna were essential.
No one could have asked for a better team. From laying out plots, to planting, to measuring
manure applications, to collecting samples and data on more than 220 research plots, they
are AWESOME! In addition, | had support from Nate Severy, Lindsey Ruhl, Rico
Balzano, and Olivia Andreozzi. THANK YOU!

Johnny and Ruby Feenan, my amazing and bright son and daughter, have earned
this accomplishment as much as me. It’s not easy to have a mom who has a full-time job
and is a graduate student in the agriculture field and a dad who is a farmer. We owe you a
decent summer vacation one of these days! | would like to thank them for their patience,
understanding, and flexibility. Not to mention the multiple times where they had to tag
along in the field with me and for the dinners and bedtimes missed during grad school.

And Paul, who sets the best example for work ethic and perseverance of anyone |
know. | hope this makes him proud. His encouragement and support was vital to my

success, as was his ability to hold down the fort at home. Thank you.



TABLE OF CONTENTS

] 1 [N I L ]\ SR I
ACKNOWLEDGEMENTS ...ttt sttt eenennes iii
LIST OF FIGURES ...ttt vii
LIST OF TABLES ......coo ottt sttt nnas viii
CHAPTER 1: LITERATURE REVIEW .....coooiiiiiiice e 1
1.1 INEFOTUCTION ..ttt bbbttt bbb nneenes 1
1.2 Corn Silage Systems in the Northeast: Environmental Impact & Water Quality..... 2
G 000 Y= O o] o S SRS UPRPUPRPPIN 3
1.4 COVEI CrOP SPECIES. ...ccuveiueeitiesieiteeiteeie st e ste et e s e e teetessaeste e e e staesteeseesneesaeennesneesseeneeas 6
1.4.1 Winter Rye (Secale cereal L.) ....ccccooveiiiiiiece e 6
1.4.2 Forage Radish (Raphanus sativus L. var. longipinnatus) .............cccceeeeevveieennens 8
1.4.3 Complex Cover Crop MIXEUIES.........ccoveiieiieieeieseese e sie e sre e sra e 9
1.4.4 Rye and Radish BICUITUIE ..........cccooiiiiiiiiiece s 10

1.5 Cover Crop Planting MEthodS ............coviiiiiiniiieiese e 11
1.6 COVEr Crops & MANUIE......cueiiiiiiiiieiiiee sttt 12
1.7 ECONOMICS OF COVEI CrOPS ....cvviueenieieiesie sttt sttt 13
CHAPTER 2: CONCEPTUAL MODEL & STUDY OBJECTIVES..........ccocevvveiiienns 14
ConCePLUAl IMOTEL ..o 14
Benefits OF COVEI CrOPS.....couiiiiiiiiiie ittt 14
Performance INICALONS ........ccveiveiiiieeee et 15
Management Factors That Affect Performance............ccocoovviiineiiiinesc e 18
STUAY ODJECLIVES ...ttt bbb 23
CHAPTER 3: MATERIALS AND METHODS .......coo ot 24
Site and EXperimental DESIGN.........c.coviiiiieie et 24
(D1 W 0] | [T ox 1 o] o [ S U U PR PR 25
SEAtISLICAl ANAIYSIS....iiiiiiiii e e 30
CHAPTER 4: RESULTS & DISCUSSION .....ccviiiiiiiiiieiee e 32
RESULTS .ottt ettt ettt b et ettt ne et ne e 32
PEICENT COVET ...ttt ettt ettt e e ne e e neenneas 32



COVET CrOP BIOMASS ... .cuiiiieiiiiiie sttt sttt sttt sr et enee e 34

Cover Crop Nitrogen Concentration and Uptake...........ccocovviiieiiienenciencee 37

Soil Nitrogen and TEMPEIALUIE...........cieiiiiiieiee e 39
Cover Crop Phosphorus Concentration and Uptake ..........cccoccevvevinienenninienneennn 42

SOl TeSt PROSPNOIUS. ... 44

SO IMOISTUIE ...ttt sttt b et st esre e teenee e 44
ECOMOMICS ...ttt bbb bbb ere s 45
DISCUSSION ...ttt sttt b et be bt neebesr e anenne s 46
CHAPTER 5: CONCLUSION .....cooiiiiiiieieisesie ettt 51
Limitations & FUIther RESEAICN..........c.coviiiiiiiiiiieee e 51
Implications for Farmers and Service ProVIAErS.........ccccvvevveieiieie e 53
Professional PErSPECLIVE ..........coviiuiiiiiieie ettt e 55
Funding AckNOWIEAGEMENTS ........c.ccveiuieiicie e 57
COMPREHENSIVE BIBLIOGRAPHY ..ottt 77
APPENDIX: Additional TaDIES......ccciiieiiiiieiesiieeee e 85

Vi



LIST OF FIGURES

Figure 1. Photographs of two plots in site-year 3 showing the difference by seeding
method (drilled versus broadcast) in uniformity of soil coverage and biomass
production of the same treatment (95 kg ha-1 winter rye + 3.5 kg ha-1 radish) in
the fall and spring. Photographs with the same letter are the same individual plot.
Photographs marked a) were planted with a grain drill. Photographs marked b) had
seed broadcast on surface. Fall 2015 pictures were taken on 6 November 2015.
Spring 2016 photos were taken on 29 April 2016. ..........ccooviiieiiieie e, 58

Figure 2. Relationship between biomass and percent cover by site year. Fall data is
denoted by blue dots, while spring data is denoted by orange triangles. .................... 58

Figure 4 Relationship between cover crop biomass and nitrogen uptake in the spring.
SY =site-year. Table shows alpha (intercept), beta (slope), R2 values and P values.

Figure 3. Relationship between cover crop biomass and nitrogen uptake in the fall. SY
= site-year. Table shows alpha (intercept), beta (slope), R2 values and P values......59
Figure 5. Relationship between cover crop biomass and nitrogen uptake in the spring.
SY =site-year. Table shows alpha (intercept), beta (slope), R2 values and P values.

Figure 6. Relationship between cover crop biomass and phosphorus uptake in the fall.
SY =site-year. Table shows alpha (intercept), beta (slope), R2 values and P values.

vii



LIST OF TABLES

Table 1. Attributes and conditions of individual site-year locations. Addison County,
VEIMONT, USA . ittt et e s be e e nbe e e anbe e e e 61

Table 2. Field operations during experiment by Site-year. .........cccccoveviierenienieencsienens 62

Table 3. Eleven cover crop treatment combinations included in field experiments
spanning five site-years on two dairy farms in Addison County, Vermont. ............... 63

Table 4. Percent cover of all crop residue measured with line transect method in the
fall and spring on cover crop treatments established in September. Data are means,
n = 4. Within a site-year (SY), treatments sharing the same letter are not
significantly different at the P <0.05 level, Tukey's HSD test. ........cccccovvverveieieennnnn, 64

Table 5. Cover Crop biomass measured in the fall and spring on cover crop
treatments established in September in Addison County, Vermont. Data are means,
n = 4. Within a site-year (SY), treatments sharing the same letter are not
significantly different at the P< 0.05 level, Tukey’s HSD test.......ccovviiverviivesnennnnn, 65

Table 6. Nitrogen concentration of cover crop aboveground tissue. Data are means, n
=4, unless noted otherwise. Within a site-year (SY), treatments sharing the same
letter are not significantly different at the P< 0.05 level, Tukey’s HSD test. ............. 66

Table 7. Relationship between nitrogen concentration of above ground cover crop
tissue (g kg-1) and biomass yield (kg DM ha-1) by site-year. .........ccccccevvevvevrcieennenn, 67

Table 8. Cover crop nitrogen uptake in aboveground biomass as measured by
multiplying percent N in tissue by dry matter yield. Data are means, n = 4. Within
a site-year (SY), treatments sharing the same letter are not significantly different at
the P<0.05 level, Tukey’s HSD test. .....ccoviiiiiiiiiiiiiiiicicns e 68

Table 9. Soil ammonium nitrogen (NH4") measured at 30 cm depth during two
different sampling events in the spring. Data are means, n=4. Within a site-year
(SY), treatments sharing the same letter not significantly different at the P<0.05
level, Tukey’s HSD teSt......cciiiiiiiiiiiiiici s 69

Table 10. Soil Nitrate (NO3") measured at 30 cm depth during two different sampling
events in the spring. Data are means, n= 4. Within a site-year (SY), treatments
sharing the same letter are not significantly different at the P< 0.05 level, Tukey’s
HSD TEST. ettt bttt e e b et nne e 70

Table 11. Soil temperature at 5 cm depth measured during two sampling events in the

spring. Data are means, n= 4. Within a site-year (SY), treatments sharing the same
letter are not significantly different at the P< 0.05 level, Tukey’s HSD test. ............. 71

viii



Table 12. Phosphorus concentration of cover crop. Data are means, n = 4 unless
otherwise noted. Within a site-year (SY), treatments sharing the same letter are not
significantly different at the P< 0.05 level, Tukey’s HSD test.........cccocovrviriiiiienninns 72

Table 13. Cover Crop phosphorus uptake in aboveground biomass as measured by
multiplying percent P in tissue by dry matter yield. Data are means, n = 4. Within a
site-year (SY), treatments sharing the same letter are not significantly different at
the P<0.05 level, Tukey’s HSD eSt. .....ccviiiiiiiiiiiieieeic e 73

Table 14. Available soil test phosphorus collected at or near cover crop termination
using modified Morgan analysis (mg kg-1). Data are means, n = 4. No site-years
(SY) saw a significant difference in treatments at the 0.05 probability level. ............ 74

Table 15. Percent volumetric water content of soil measured at 12 cm in fall and
spring. Data are means, n = 4. Within a site-year (SY), treatments sharing the
same letter are not significantly different at the P< 0.05 level, Tukey’s HSD test. .... 75

Table 16. Cost of planting cover crop treatments expressed in US dollars per hectare.
Costs include actual seed cost and estimated planting cost based on method of
0] =101 (] T OSSPSR 76

Table A-1. Dry matter biomass of roots and shoots of both rye and radish by
treatment in the fall. All data are from drilled treatments only in Site-years 1 and 2
(SY 1, SY 2). Data are means, n = 4 and are in dry matter kg ha™...........cccccoooevernnne. 85

Table A-2. Nitrogen and phosphorus concentration of leaf and root tissue in g kg in
the fall. All data are from drilled treatments only in site-years 1 and 2 (SY 1, SY
2). No statistics were performed as samples were pooled by treatment in order to
have adequate sample size for laboratory analysis............ccoceviieiiieniininccee, 86

Table A-3. Nitrogen and phosphorus uptake by root and shoot tissue in kg hat in the
fall. All data are from drilled treatments only in site-years 1 and 2 (SY 1, SY 2)......87

Table A-4. Percent cover of all crop residue measured with line transect method on
two sampling dates in the fall. Data are means, n = 4. Within a site-year (SY),
treatments sharing the same letter are not significantly different at the P <0.05
[eVel, TUKEY'S HSD LS. ...ovieiieieeie ettt 88

Table A-5. Percent cover of all crop residue measured with line transect method on
two sampling dates in the spring. Data are means, n = 4. Within a site-year (SY),
treatments sharing the same letter are not significantly different at the P <0.05
[eVel, TUKEY'S HSD TS, ...ocveiiieiecie ettt nne s 89

Table A-6. Relationship between phosphorus content of above ground cover crop
tissue (g kg-1) and biomass yield (kg ha-1) by site-year. ........cccocevirniiiiiiicien, 90



CHAPTER 1: LITERATURE REVIEW

1.1 Introduction

Corn silage is an important forage crop that makes up the majority of annual
cropland in Vermont and the northeast (NASS, 2017) and is the predominant forage fed
to lactating dairy animals (Jordan and Fourdraine, 1993). However, the production of
corn silage often involves dairy manure applications, tillage, and the removal of almost
all of the plant residue from the field. This can make it a crop that has negative
environmental impacts and degradation of soil quality from erosion, nutrient runoff,
depletion of soil organic matter and soil compaction (Barnhart et al., 1978; Grande et al.,
2005; Jokela et al., 2009). As water quality, soil health, and sustainability have become
more important to our society and to farmers, many producers have adopted conservation

practices to mitigate some of these impacts, including the practice of cover cropping.

Cover crops have many benefits to sustainable crop production. They can prevent
soil erosion, conserve soil moisture, protect water quality, improve soil health and cut
fertilizer and herbicide costs (Clark, 2007; Hoorman, 2009). In corn silage systems,
specifically, there is evidence that cover cropping and good manure practices can mediate
negative environmental impacts by increasing soil microbial biomass and labile soil
carbon pools (Faé et al., 2009; Jokela et al., 2009); improving soil structure (Liesch et al.,
2011); and reducing soil loss, runoff, and nutrient loss (Chatterjee et al., 2016; Siller et

al., 2016).

In the northeast, the use of cover crops is increasing. Corn silage growers in dairy

systems in Vermont have gone from planting almost no winter cover crops after corn as
1



of 2010 to planting cover crops on roughly one-third of annual cropland currently
(VAAFM, 2019). Much of this has been driven by an effort to improve water quality in
surface waters considered impaired from agricultural runoff, and often by new and
evolving environmental regulations. Many farmers receive conservation incentive
payments to plant their cover crops, but then are required to follow specifications

regarding planting dates and seeding rates in order to qualify for those payments.

While cover cropping has increased, it is still an emerging area of research due to
the complexity of species, timing, seeding rates and other factors that can vary widely

depending on the climate, region and cropping system in which they are used.

1.2 Corn Silage Systems in the Northeast: Environmental Impact & Water Quality

Dairy is the predominant agricultural enterprise in Vermont and the northeast U.S.
(NASS, 2017). As an industry, dairy producers grow most of their own forage crops and
the predominant forage fed to lactating dairy animals is whole corn harvested as silage
(from now on referred to as “corn silage”) (Jordan and Fourdraine, 1993). It is by far the
most common annual crop grown, making up 84% of the annual cropland for dairy

centric states like Vermont (NASS, 2017).

When corn is harvested for silage, the majority of the plant residue from the field
is removed, making the fields more vulnerable to soil erosion, nutrient runoff, depletion
of soil organic matter and soil compaction (Barnhart et al., 1978; Grande et al., 2005;
Jokela et al., 2009). In addition, many dairy farms often apply liquid dairy manure to

these fields post-harvest in order to maintain adequate capacity in manure storages going



into the winter months. In the Lake Champlain Basin, 38 percent of the phosphorus
loading is estimated to come from agricultural land, which makes up 18 percent of the
land cover in the watershed, which equates to roughly 352 metric tons of phosphorus
loading into Lake Champlain annually (LCBP, 2018). While not all of this can be

attributed to fields used for corn silage, it has a significant impact on water quality.

With the addition of cover cropping and best management manure practices, these
potential impacts can be mediated by increased soil microbial biomass and labile soil
carbon pools (Faé et al., 2009; Jokela et al., 2009); improved soil structure (Liesch et al.,
2011); and reduced soil loss, runoff, and nutrient loss (Siller et al., 2016). Both the
Environmental Protection Agency (EPA) and the Vermont Agency of Agriculture Food
and Markets identified cover cropping, along with manure injection, reduced tillage and
other conservation practices as primary ways to accomplish these mitigations on annual

cropland (US EPA, 2016; VAAFM, 2019).

1.3 Cover Crops

A cover crop is a crop grown to cover the soil and protect it from erosion, runoff
and other negative impacts associated with the fallow periods between cash crops when it
would otherwise be bare, exposed soil (Kaspar and Singer, 2011). Many plant species
are used for this purpose. In the northeastern U.S., the groups of plants that are most

suited to this purpose are cereal grains, grasses, legumes and brassicas (Clark, 2007).

Cover crops have many benefits to sustainable crop production systems, both

economic and ecological. Among them are their ability to prevent soil erosion, conserve



soil moisture, protect water quality, improve soil health and reduce fertilizer and
herbicide costs (Clark, 2007). A major concern of northeastern growers is protecting
water quality and soil health while maintaining crop production. Using cover crops can
protect water quality by reducing nutrient, pesticide and sediment losses (Hoorman,
2009). Phosphorus losses can be reduced by between 54 and 94 percent and nitrate N
leaching can be reduced by six to 94 percent (Chatterjee et al., 2016). Winter cover crops
can scavenge residual soil nitrogen and potentially make it available to the next crop, as
well as control weeds through competition and reduce soil temperature fluctuations in no-
till systems (Dabney et al., 2001). Different cover crops influence nitrogen in different
ways. Many cover crops, especially cereal grains and grasses, are known for scavenging
excess N left over after the cash crop is harvested. Other plants, like legumes, are
utilized for their ability to fix nitrogen and add nitrogen to the system for the subsequent
cash crop, often referred to as ‘green manures.” Many parameters play into this equation,
including concentration of nitrogen in cover crop tissue, total nitrogen uptake by the
cover crop, carbon to nitrogen ratios of the cover crop at termination, termination
strategies, and others (Chatterjee et al., 2016; Ketterings et al., 2015). There is also some
data to suggest that cover crops can be used as a phosphorus management tool in no-till
systems, making agronomic contributions to subsequent cash crops (Varela et al., 2017).
One study showed cover crop residue could account for between 17 and 67 percent of

crop P demand for during soybeans critical period (Varela et al., 2017).

In tile drained fields, both cereal rye and forage radish have been shown to,
reduce the soil nitrate leaching and stabilize a greater concentration of inorganic N within

the agronomic depths of soil (Lacey and Armstrong, 2015). In longer-term, watershed-
4



scale assessments, cover crops resulted in a roughly 20 percent reduction in N loads from

tile drains (Singer et al., 2011).

Despite these identified benefits, many producers are reluctant to adopt the
practice of cover cropping— often due to the lack of credible information about the
implementation and impacts of this practice (Weil and Kremen, 2006). Many farmers are
concerned about the potential for cover crops to reduce subsequent crop yields.

However, cover crops and manure can be managed so as to not negatively impact
subsequent corn crop yields (Milliron et al., 2019). In addition, dairy economics have
made it challenging for producers to adopt new and innovative practices that have
significant costs associated with them, with an unknown economic return (Long et al.,

2013).

Environmental best management practices fit into this category, as the benefits are
often hard to quantify and may not directly benefit the producer. Improved water quality,
while important to farmers, does not immediately or directly impact their farming
operation or profitability (Snapp et al., 2005). Ruhl and Workman found that cost is at the
top of the list of barriers or challenges when you ask farmers why they don’t adopt cover
crops or what the biggest challenge to adoption is, followed by time and equipment to get

cover crops established (Ruhl and Workman, 2014).

In the northeast the use of cover crops has increased significantly. In Vermont,
specifically, planting cover crops on land dedicated to annual field crops increased from
almost none since 2010 to roughly one-third of that land being cover cropped (VAAFM,

2019). Much of this increase has been motivated by an effort to improve water quality in

5



surface waters considered impaired from agricultural runoff, and often influenced by new
and evolving environmental regulations. Cover crops can reduce nitrate leaching, reduce
sediment loss and erosion, reduce and delay runoff and to some extent reduce dissolved
nutrient loss in runoff (Blanco-Canqui, 2018). Therefore, it is an ideal practice to use to

accomplish this goal.

1.4 Cover Crop Species

Many species of plants are suitable for cover crops. They include cereal grains,
small grains, grasses, legumes, brassicas and other forbs. Specific species vary by cash
crop type (field crops, vegetables, orchards, etc.), season of use (warm season, cool
season), climate and farming system (conventional, organic, no-till). In corn silage
systems in the northeast U.S., the most popular cover crops used are: winter rye (Secale
cereal L.), annual ryegrass (Lolium multiflorum L.), winter wheat (Triticum aestivum L.),
oats (Avena sativa L.), triticale (x Triticosecale), red clover (Trifolium pratense L.) and
hairy vetch (Vicia villosa L.) (Clark, 2007; CTIC, 2017; Long et al., 2013; Ruhl and

Workman, 2014).

1.4.1 Winter Rye (Secale cereal L.)

Rye (Secale cereal L.), also referred to as rye or cereal rye, is a cover crop that
establishes well after corn silage harvest, over-winters consistently, and can produce

significant biomass that can provide for either forage harvest or, good weed suppression



and the adequate long-term residue for no-till system (Varela et al., 2017). Rye is widely
adapted to many different climates and is the most common cover crop associated with
all types of cash crops and cropping systems (Ruis et al., 2019). There are disadvantages
to the use of rye, however. It can create challenging conditions to plant in the following
spring. If terminated late, a high biomass and high carbon to nitrogen ratio rye cover
crop can actually tie up available nitrogen for the subsequent crop (Ketterings et al.,
2015; Ranells and Wagger, 1996; Snapp et al., 2005). If harvested for forage, it can
deplete soil moisture and nitrogen needed for the following corn crop (Krueger et al.,

2011).

Rye is by far the most common cover crop used in the United States (CTIC, 2017)
and especially on dairy farms in the northeast (Long et al., 2013). It is a vigorous winter
annual that performs well when planted after corn silage (Bosworth, 2006). If seeded in
early to mid-September it can provide good spring soil coverage, 4000 kilograms per
hectare of dry matter biomass, and up to (and occasionally more than) 100 kg per hectare
of nitrogen in the above ground tissue (Darby et al., 2012b). Even planted into October,
producers will often achieve adequate establishment of this cover crop and depending on
termination date can still get between 1400 and 4200 kilograms per hectare (Duiker and
Curran, 2005). Rye is well known for its ability to reduce erosion and reduce nitrate

leaching by up to 70 percent (Ketterings et al., 2015).

In order to meet federal cost-share program requirements or state environmental
regulations, producers often are recommended (or required) to use high seeding rates that

are borne from rates more appropriate for forage or grain harvest and potentially higher



than needed for adequate or even good cover crop performance (Haramoto, 2019). In
Vermont the required seeding rates of rye are between 84 and 134 kilograms per hectare
when seeded alone (USDA, 2014). However, data collected on plots in Vermont show
that often there is little to no significant differences based on seeding rate, even between
56 kilograms per hectare and 168 kilograms per hectare for biomass, height, ground
cover, and nitrogen uptake (Darby et al., 2013; Darby et al., 2012a). There is some data

that increased seeding rates may impact subsequent weed growth (Boyd et al., 2009).

Planting date can be even more important than seeding rates to ensure good
establishment of rye stands. Early to mid-September is ideal timing to ensure adequate
biomass and nitrogen accumulation, including in manured systems (Darby et al., 2012a;
Darby et al., 2012b; Farsad et al., 2011). Planting this soon can often be a challenge for
corn growers, even corn harvested for silage. In order to ensure timely cover crop

planting, strategies like planting shorter season hybrid corn varieties could be imperative.

1.4.2 Forage Radish (Raphanus sativus L. var. longipinnatus)

Forage radish (Raphanus sativus L. var. longipinnatus) is a relatively new cover
crop being utilized by northeast producers. It is favored for rapid germination and fall
growth, large taproots that can penetrate compacted soils, and high nutrient uptake (Weil
et al., 2013). It has been reported to outperform rye in biomass production and nitrogen
uptake in the fall (Dean and Weil, 2009; Hodgdon et al., 2016; Jahanzad et al., 2017) and
in phosphorus uptake (White and Weil, 2011). Forage radish can produce between 2450
and 4650 kilograms per hectare dry matter biomass in the fall in the northeast (Darby et

al., 2014; Dean and Weil, 2009; Hodgdon et al., 2016; Jahanzad et al., 2017).



A limiting characteristic of the forage radish is its quick decomposition in the
early spring that requires an early spring crop be grown to avoid nitrogen leaching and
nutrient losses (Dean and Weil, 2009). Forage radish alone as a cover crop has not
proven to be a reliable source of nitrogen fertility to subsequent corn crops (Ruark et al.,
2018) despite its ability to scavenge nitrogen in the fall. However, some research
suggests that there is potential for this cover crop to positively affect subsequent annual
crop growth in the cooler climates of the northeast where early spring nitrogen leaching

may not be as exaggerated (Hodgdon, 2013).

Forage radish is also a good weed suppressor for fall and early spring (pre-plant)
weed control without impacting the subsequent (corn) crop negatively (Hodgdon et al.,
2016; Lawley et al., 2011). This is accomplished by a timely planting, often August in
New England, to facilitate good establishment and biomass production in the fall, as
forage radish provides weed suppression by competing for resources with weeds during

this time period (Lawley et al., 2012).

1.4.3 Complex Cover Crop Mixtures

Many producers have become interested in or are already planting cover crops
comprised of multiple species of plants. In the 2016-2017 National Cover Crop Survey
roughly 50 percent of cover crop users were planting mixtures of some sort (CTIC,
2017). These mixtures are attractive to producers looking to address multiple
management goals with their cover crops, or to improve certain aspects of their cover
crop. For example, a mixture of a legume and a cereal grain may be planted to reduce the

carbon to nitrogen ratio over a cereal grain monoculture (Finney et al., 2016). Often



times these mixtures include a brassica and/or a legume in addition to a more typical
grass species. However, these alternative species can be much more expensive. For
example, due to seed cost and establishment challenges, some legumes may cost ten

times more to establish than grasses (Snapp et al., 2005).

It is often speculated that increased diversity can enhance performance of cover
crops. However, when considering biomass, which drives much of the ecosystem
benefits of cover crops, we do not necessarily see a direct correlation between diverse
cover mixtures achieving more biomass than their monoculture counterparts (Finney et
al., 2016; Murrell et al., 2017). Even when increased biomass is achieved by the cover
crop mixture, we do not necessarily see enhanced ecosystem service provision provided
by these mixtures (Smith et al., 2014). However, diverse mixtures may enhance
attributes like nitrogen retention and subsequent crop yields (Finney et al., 2016;

Wortman et al., 2012).

While desirable in nature, diverse mixtures of species can be hard to accomplish
in an agricultural system. Planting different species at the same depth, at the same time
and in the same place does not always encourage equal performance from all species
represented. Maintaining diversity within the cover crop stand can also be difficult.
More aggressive species, like cereal grains and grasses, will outcompete smaller seeded

legumes which can be slower to establish (Finney, 2016; Murrell, 2017)

1.4.4 Rye and Radish Biculture

In previous work with both cereal rye and forage radish, both species have

seemed to fill a particular niche in northern, corn silage, dairy manure cropping systems.
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When planted by mid-September, forage radish has provided good cover and biomass in
the fall and handle manure applications well (Darby et al., 2014). It also seems to
compete adequately with rye, which can be competetive. Could combining forage radish
with rye mitigate the potential for nitrogen loss in the spring from decomposing radish
residue, thereby increasing rye performance in the fall and spring? There are currently no
studies looking specifically at the combination of cereal rye and forage radish bicultures
to assess their performance to rye alone. Investigating the performance of forage radish
and rye mixtures would address an area of research that is warranted (Hodgdon, 2013)
and requested by farmers (Long et al., 2013). Although some research has alluded to the
combination of radish and rye having potential for cash crop yield increases, there has not
been a focused investigation on how this mixture might enhance performance of cover

crops over these species alone (Williams and Weil, 2004).

1.5 Cover Crop Planting Methods

Planting method can have significant impact on a cover crop stand’s, uniformity,
density and performance (Brennan and Leap, 2014; Fisher et al., 2011; Haramoto, 2019;
Noland et al., 2018). Due to limited time and labor available after cash crop harvest to
get a cover crop planted and because they are not planning on harvesting it as a cash or
forage crop, farmers will often not pay adequate attention to planting methods for optimal
establishment. As a result, the cover crop is frequently broadcast on the surface, with or
without tillage, in an effort to get the seed on the field quickly after a corn silage harvest.
This is exacerbated when trying to meet deadlines associated with regulatory compliance

or cost-share incentive requirements. As a result, these broadcast plantings result in poor
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establishment, lower biomass and do less to protect from erosion and nutrient runoff

(Brennan and Leap, 2014; Fisher et al, 2011).

Using a grain or seed drill to directly plant a cover crop results in more uniform
coverage of the field, higher plant density and faster emergence of the cover crop
compared to broadcast planting with or without additional incorporation (Brennan and
Leap, 2014; Haramoto, 2019). Drilling increases biomass and ground cover of cover
crops, especially winter cereal grains (Haramoto, 2019). In addition, drilled cover crops
can have more ability to take up nitrogen (Fisher et al., 2011) likely due to increased

biomass as a result of better establishment (Noland et al., 2018).

1.6 Cover Crops & Manure

Most dairy producers in the northeast have ample amounts of liquid dairy manure,
a resource that is both a valuable source of nutrients and organic matter but can also
create management challenges to prevent nutrient runoff. Fall manure applications are
often made in preparation for winter spreading bans, ensuring producers will have
adequate capacity in their manure storage facilities during this winter period. Cover
crops grown after corn silage are well suited for fall applied manure by utilizing their
nutrients which improves cover crop growth rates and reduces potential nutrient runoff

and erosion.

Cover crops are included in the suite of manure BMPs, as they are complimentary
to manure applications and both can work together. Jokela et al.(2009) found that while

dairy manure alone did not improve soil quality indicators, manure improved the positive
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effects the cover crop produced. Manure applications enhance cover crop performance,
primarily by increasing biomass (Thilakarathna et al., 2015). Conversely, the cover crop
can reduce the risk of nutrient loss from that manure application, especially in the fall
(Thilakarathna et al., 2015). Manure applications have been shown to increase N, P and

K uptake by the cover crop (Singer et al., 2008).

Phosphorus runoff is of particular concern in manured cropping systems, and
cover crops reduce phosphorus runoff. Because they reduce erosion, they consistently
reduce particle-bound P (Liu et al., 2019). Their interaction with dissolved P is more
complex. Some studies have shown that, particularly in colder northern climates, the
freeze thaw cycles can actually cause cover crop tissues to release soluble P and brassicas
are particularly susceptible to this phenomena (Liu et al., 2013). While they do not
necessarily reduce dissolved phosphorus runoff, they can reduce total phosphorus runoff

in the fall (Kovar et al., 2011).

1.7 Economics of Cover Crops

Planting cover crops increases the farm’s cost of production, and many of the
advantages are external to the farm, benefitting the broader environmental landscape
more than the farm directly (Snapp et al., 2005). This is especially true in the near term,
as soil quality and crop yields may take years to show improvement as the system adapts

to biological changes and for the operator to implement and manage the new practice(s)
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on their farm (Roberts and Swinton, 1996). The majority of farmers using cover crops do
not identify this practice as an economic benefit to their operation. The 2016-2017
National Cover Crop Survey reported 55% of respondents reported being neutral or in
disagreement with a statement that cover crops gave their farm an economic advantage
and 53% reported being neutral or in disagreement with a statement that cover crops
reduced crop inputs (CTIC, 2017). One problem with cover cropping is that if a producer
does ‘too good’ of a job establishing a cover crop and maximizing ecosystem benefits,
that cover crop may produce so much biomass it can interfere with the establishment of
the subsequent cash crop (Snapp et al., 2005). Additionally, it is difficult to assign an
economic value to some of the environmental benefits a cover crop can provide, such as
increased environmental quality or reduced environmental risk, both of which are very
subjective (Roberts and Swinton, 1996). Agroecosystems (as opposed to partial budgets
or crop enterprise budgets) are also biological and dynamic with multiple systems at
work, often that are interacting with each other and might have impacts at the farm or
watershed scale (Roberts and Swinton, 1996). All of this makes it very difficult to

analyze economically.

CHAPTER 2: CONCEPTUAL MODEL & STUDY OBJECTIVES

Conceptual Model

Benefits of Cover Crops

Growing cover crops as part of a sustainable agricultural production system has
numerous benefits at the field, farm and watershed scale. Cover crops are utilized to

reduce erosion and limit nutrient and pesticide losses into surface and ground water, both
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sediment-bound and dissolved (Blanco-Canqui, 2018; Chaterjee et al., 2016; Hoorman,
2009; Siller et al., 2016). This is the primary way they reduce external environmental
impacts from agriculture. Another important benefit is their ability to reduce weed
pressure and interrupt disease and pest cycles (Dabney et al., 2001; Hodgdon, 2013).
They play an important role in managing nitrogen, especially on organic farms where
purchased nitrogen can be cost prohibitive. Not only can they scavenge nitrogen before it
is lost to leaching or runoff, but legumes can fix atmospheric nitrogen and make
significant agronomic contributions to the following cash crop (Chatterjee et al, 2016;
Ketterings et al., 2015). They can also provide a secondary or complementary crop
harvest (forage/grain/fiber), providing an economic or production benefit to the producer
(Myers, 2019). From an overall soil health or soil quality perspective there are additional
benefits associated with improved soil biology, aggregate stability, bulk density,
compaction, soil hydrology, and overall resilience (Clark, 2007; Magdoff and Van Es,
1992). Many of these benefits are driven by the additions of organic matter to the soil-

plant system (Fae et al., 2009; Jokela, 2009, Liesch et al., 2011).

Performance Indicators

Biomass production is a crucial indication of whether an individual cover crop is
providing the intended benefits of nutrient retention, erosion prevention, weed
suppression and maintenance of active carbon in soil (Blanco-Canqui et al., 2015; Finney
et al., 2016; Hodgdon et al., 2016; Ruis et al., 2019; Ryen et al., 2011; Snapp et al.,
2005). Biomass often overpowers other indicators of performance by masking much
smaller differences with the exponential differences we can see in biomass accumulation.

Biomass is directly associated with total nutrient uptake, nutrient contributions to
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subsequent crops, weed suppression, organic matter contributions, potential harvest yield,
and more. It is also easily measured, primarily by direct measurement of harvesting and
weighing collected samples from a known area and is expressed in dry matter mass per
hectare. While being the most significant measure of performance, it also can be
manipulated easily with farm management practices like planting date, planting method,

species selections, fertility and seeding rates.

Percent ground cover is another key performance indicator as it is closely tied
with reductions in erosion and associated nutrient loss. It also can have a strong
relationship with reducing weeds in cropping systems (Hodgdon, 2013). The better
ground cover achieved, the more the cover crop can compete with weeds for resources by
taking up space, sunlight and moisture while also physically (and sometimes chemically)
inhibiting weed germination. Percent cover is easily measured, although there are
multiple methods with which to measure — either through physical measurement (beaded

string method) or imagery analysis (photographic or remote sensed).

Nutrient uptake is an indicator of overall impact on nutrient cycles. On its own, it
primarily is a measure of reductions of potential nutrient losses as the nutrients taken up
in the cover crop tissue are far less susceptible to loss to the environment. While nutrient
uptake can be impacted by different concentrations of specific nutrients in the cover crop
itself, it also is heavily influenced by total biomass. A related performance indicator
would be the subsequent release of those nutrients back to the soil and subsequent crop.
This has been most commonly used to quantify the nitrogen contributions from cover

crops, but some work has been done to quantify phosphorus contributions from cover
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crops as well. This is a much more complicated measure, as many biological processes
are at play including carbon to nitrogen ratio, species, interactions with soil
characteristics and processes, climate considerations and mineralization rates associated
these factors. It can be difficult to quantify completely, as there are plant and soil
interactions happening constantly which are continually influencing and impacting this
process. Like biomass, nutrient uptake and subsequent release can also can be influenced
by management practices like termination date/method, tillage regime, species selection

and timing of subsequent crop establishment.

Measurements of the soil where cover crops are grown can be informative
indicators as well. Soil organic matter, soil nutrient status, water infiltration rates, soil
biology, compaction are indicators of whether the cover crop is improving soil health
parameters. Performance can be hard to quantify, however, at the research time-scale of
just a few years as changes can be slow to take place in the soil matrix. Soil moisture
status and soil temperature are indicative of short term responses that may impact
subsequent crop establishment for the positive or negative, and so are useful to measure
as they can inform some of the covariant variables that can impact other performance
indicators. Many of these direct measurements have proven techniques that are standard
practice in agronomic research and can be used as indicators of the cover crop’s influence

on the overall agricultural system.

Measuring yield, nutrient uptake and crop quality of the subsequent cash crop is
an effective way to quantify the impact of cover crops on the agronomic system in total

and can serve as an indicator of other performance measures especially related to soil
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quality and nutrient cycling. For producers, this is often the paramount indicator of
performance, as they want to know whether or not cover crops may impact their cash

crops negatively or positively.

For this study we chose to measure biomass, percent ground cover, nutrient
uptake and soil nutrient status as our primary indicators of the performance of the cover
crop itself. We also measured soil moisture and temperature to understand if there were
effects on these that might impact other factors like soil nitrogen dynamics or potential to

impact establishment of subsequent crops, a concern of many farmers.

Management Factors That Affect Performance

Cover crop planting date is the primary management factor that impacts cover
crop establishment and ultimately performance. Unfortunately, it is often one of the
hardest factors to change. Planting date (or timing) of cover crops is tied to the harvest of
the previous cash crop. In late harvested crops, this creates a constant tension between
harvesting the primary crop at the appropriate time to maximize yield and quality, while
also needing to establish the cover crop soon enough for successful performance. This is
especially true for winter cover crops, where a matter of mere days in planting date
differences can have significant impact on performance indicators in the fall and the
spring. It can also have a direct link to what species the farmer can utilize successfully, as
often legumes, brassicas and non-cereal grasses need to be established earlier than the
winter cereal grains. While interseeding a cover crop into a standing crop is one way to
avoid some of this tension, it does not negate the need for a timely crop harvest, as the
interseeded cover crop will remain muted under the canopy of the main crop until it is

harvested, allowing the cover crop to take hold fully only after that. A primary way that
18



corn silage producers can change management that positively effects cover crop
performance is to grow shorter season corn that can be harvested sooner, thereby

facilitating earlier cover crop establishment.

Termination timing is similar to planting date, in that it is linked to the associated
cash crop requirements and will have similar tradeoffs. A cover crop given more days in
the spring to accumulate biomass and take up nutrients will have more contributions to
soil carbon, nutrient credits, or mulching effect. Also a ‘late-terminated’ cover crop
terminated once it has become reproductive, will have higher carbon to nitrogen ratios
and react differently than if it was terminated during the vegetative stage of phenology -
slower carbon breakdown, slower nutrient release, nitrogen tie-up, etc. (Ketterings et al.,

2015; Krueger eta |., 2011; Ranells and Wagger, 1996; Snapp et al., 2005).

Planting method has a clear effect on performance in that it relates directly to
quick germination and successful establishment of cover crops (Brennan and Leap, 2014;
Fisher eta I., 2011; Haramoto, 2019; Noland et al., 2018). This generally equates to
increased biomass and ground cover in the fall and the subsequent spring. Planting
method can also impact ground cover based on the geometry of the planting itself.
Planting a cover crop with a row-crop planter at wider spacing (6-12 cm) creates good
germination and more efficient (precise) use of seed, but may not accomplish the targeted
soil coverage for weed competition. A grain drill at 3 cm spacing or broadcasting seed
with some form of incorporation may achieve greater ground cover due to the closer
spacing of individual seeds. This management factor can be very dependent on the

individual farmer’s equipment options, either owned or available easily.
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Seeding rate can be a major factor in cover crop performance, both for the
positive and the negative (Haramoto et al., 2019; Murell, et al., 2017). Seed cost makes
up the bulk of the total cost of establishment, so it is the easiest way to realize savings.
However, depending on the farmer’s intended goals for the cover crop, it can be
detrimental to set the seeding rate too low, reducing the performance of the cover crop in
biomass, forage yield/quality, soil coverage and nutrient uptake. Conversely, seeding at
too high a rate or in the wrong ratio for mixtures can result in the cover crop doing ‘too
well’, portions of the mixture outcompeting companion species, or as we found, simply
not performing any better than the more cost effective alternative of seeding at a lower

rate with proper timing and planting methods.

Species can drive differences in cover crop performance. Species are often a
defining factor in whether cover crops accomplish the management goals of the farmer
for their production system (Clark, 2007). For example, forage radish may be chosen for
weed control while a legume like hairy vetch may be chosen to contribute additional
plant available nitrogen to the subsequent crop. This is also where the most variability
occurs, as species, varieties and combinations of these factors are seemingly limitless.
Care must be taken to select the right species for the timing, climate and production
system it is being chosen for. Species can also have significant impacts on the cost of

establishment.

Fertility is an often overlooked management factor in cover crops. Because these
crops are planted in between cash crop cycles, they are often undervalued. A strategic

fertility regiment, however, can maximize the benefits of the cover crop. A small addition
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of nutrients at or near the time of establishment and/or again during spring ‘green up’ can
increase biomass and ground cover. When paired with nutrient applications that would
occur during the fallow period (e.g. fall manure applications), independent of cover crop
usage, then the impact on potential nutrient losses is also significant. This could be the
perfect example of synergy when pairing of cover crops and manure applications create a

combined effect that has multiple benefits.

Economics is a management factor that drives most decisions on farms, and cover
crops are no different. As we have established, farmers often cite this as the primary
barrier to adopting conservation practices (CTIC, 2017; Ruhl and Workman, 2014; Snapp
et al., 2005). This is particularly true of cover crops, as they so clearly add costs and
complexity to the cropping system. While not a direct impact like planting method or
seeding rate, economics plays a role as an underlying factor as producers make decisions
related to species, seeding rates, planting methods, etc. By maximizing efficiency of the
cover crops and quantifying the economic returns of the practice, a farmer can realize
economic benefits of the practice to their operation (Myers, 2019). One could argue, that
if the economics pencil out, then we may no longer need cost share incentives and
environmental regulations to coerce farmers to adopt cover crops. They will have long-
term adoption of the practice and will optimize it for their own operations in a more
effective way than an NRCS specification or statute requirement would accomplish. An
area with very little practical application thus far, though, bourgeoning currently is the
concept of ‘pay for performance’ or ‘payment for ecosystem service’ that compensates

farmers for the off-farm benefits of conservation agriculture. The idea that if the
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producer was paid for increased soil function (or reduced pollution), they would have a

more compelling reason to ensure successful performance of their cover crops.
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Study Objectives

The overall goal of this study was to assess fall and spring performance of rye and
rye-radish cover crops as affected by rye seeding rate and planting method. It was
important to keep the study within the bounds of typical cropping systems in the area, and
as such all cover crop treatments were applied after corn silage harvest with a planned
fall liquid dairy manure application. Seeding rates were based on local cover crop
specification guidance for Addison County, Vermont where the experiment occurred. All
treatments were planted by both broadcasting seed on the surface and planting the seed
with a no-till grain drill to replicate regional farmer practices. To assess performance, we
measured percent cover, biomass, nutrient concentration in cover crop tissues, total
nutrient uptake in cover crop tissue, and soil characteristics including soil nutrient status,
soil temperature and soil moisture. The study was designed to accomplish the following

objectives:

1. Evaluate if the addition of forage radish to a monoculture cereal rye enhanced
percent cover or biomass performance of the cover crop.
Our hypothesis was that the addition of forage radish to a basic rye cover crop
would augment percent cover and biomass performance, especially in the fall.

2. Evaluate if the addition of forage radish to a monoculture cereal rye enhanced
nutrient dynamics (concentration and uptake) of the cover crop.
Our hypothesis was that the addition of forage radish would improve nutrient
concentration and uptake, especially in the spring as radish plants decompose
and make nutrients available to rye plants.

3. Compare broadcast and drilling planting methods, and evaluate the impact of
planting method on cover crop performance.
We hypothesized that drilling the cover crop would allow for lower seeding rates
overall.
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CHAPTER 3: MATERIALS AND METHODS

Site and Experimental Design

A total of five field studies were conducted on two dairy farms in Addison
County, Vermont (USDA Hardiness Zone 4b and 5a) (USDA, 2012). Three occurred
during the fall/winter cover crop seasons in 2014-2015 and two in the 2015-2016 season.
The different attributes and conditions of each study site are described in the Table 1. All
sites were selected to represent a typical northeast dairy corn silage system. Cover crop
plots were planted after corn silage harvest and in three out of five site-years liquid dairy
manure was spread on plots after the cover crop was planted, but before it germinated.
See Table 2 for descriptions of field operations by site-year. Data was collected on plots
the fall after planting and the subsequent spring before termination.

Each of the five field studies included ten cover crop treatments encompassing
three seeding rates of rye, inclusion of radish and drilled or broadcast planting methods
plus a fallow control (Table 3). Including a control plot accounted for the effects
provided by the cover crop treatment above and beyond base field conditions. The
treatment combinations listed in Table 3 were replicated four times at each site in a
randomized complete block design. Plots were either 92.9 m? or 46.5m?. Treatment
seeding rates included current NRCS specifications for seeding rates based on planting
method (USDA, 2014).

Broadcast plots were seeded by hand with a handheld EarthWay® Products Inc.
(Bristol, IN) EV-N-SPRE D2750 hand crank bag seeder. Seed was premeasured at the

correct amount based on plot size and then broadcast onto the soil surface with multiple
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passes to ensure even coverage. Drilled plots were planted with a DuraTech Industries
International, Inc. (Jamestown, ND) Haybuster® 107C no-till grain drill (3.18 meters
wide with 17.78 cm spacing between rows). The drill was calibrated prior to planting.
Rye was planted through the large grain seed box while the radish was planted through
the small seed box. This allowed for accurate calibration and depth placement of seed.
All plots were planted to the target seeding rate based on pure live. Within a season, we
used the same seed lots. All seed was certified seed with named varieties, ‘Danko’ rye
from SeedWay (Hall, NY) and ‘Tillage Radish® CCS-779’ forage radish from Cover
Crop Solutions, distributed by T.A. Seeds (Avis, PA).

For three of the studies (SY 1-3), liquid dairy manure was applied across plots
perpendicular to the treatments two to four days after the cover crop was planted using
tanker spreaders. The target rate was 46,750 L ha. We quantified application rates for
each pass using a pan designed to capture liquid dairy manure. The pan is set in the
middle of the spreader pass, capturing manure as spread. A known quantity of water was
used to wash the manure out of the pan. Manure and water were weighed and then water
weight was subtracted to get a net weight of manure. At the time of spreading, we also
weighed manure samples to establish density. Density and net manure weight, along with
the known area of the pan were used to calcuate spreading rate. Manure samples
collected at the time of spreading were sent to the University of Maine Analytical Lab for
analysis of nutrient content. This was then used to quantify the amount of nitrogen,

phosphorus and potassium applied per hectare (Table 1).

Data Collection
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Air temperature data was collected using Spectrum® Technologies Watch Dog A-
Series loggers. Loggers were programmed to read air temperature every half hour. Two
loggers were placed at each site inside radiation shields and roughly 1.2 m above ground
level. They were deployed when plots were planted, taken down during the coldest parts
of winter, redeployed in the spring, and removed when plots were terminated. Data was
downloaded to SpecWare 9 Basic Software and analyzed to compute growing degree
days, base 4.4 degrees Celsius. Precipitation data was acquired through the Northeast
Regional Climate Center CLIMOD 2 data at the nearest weather station with daily
precipitation data (South Lincoln, Vermont and Vergennes, Vermont stations). Calculated
growing degree days and precipitation are reported in Table 1.

Percent cover was used to measure the percent of the soil surface covered with
plant residue. We utilized the NRCS Line Transect Method for Estimating Crop Residue
Cover (NRCS, 2009). NRCS utilizes estimates of percent cover measured with this
method for determining the impact of residue on sheet and rill erosion. By using this
method, we quantified total crop residue that included living cover crop, corn silage
stubble, and weeds. We used a CAM-LINE CO. (Kenner, LA) nylon-coated, stainless
steel, wind-resistant cable with measuring grommets stamped on the line at 0.3 meter
intervals. The line was laid diagonally across plots in 4.5-meter lengths. At each 0.3
meter spaced grommet, a visual determination was made whether there was any plant
residue touching that point. If there was residue observed, it was recorded. This
procedure was repeated three times for each plot to get an average percent cover by

dividing the total number of points with residue transecting them by the total number of
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points possible. This measurement was taken twice in the fall and once or twice in the
spring, depending on site-year conditions.

Cover crop biomass was quantified by using GARDENA® (Ulm, Germany) Accu
Grass ComfortCut 8893 8-cm wide shears to clip above ground leaf tissue from multiple
0.14 m? quadrats per plot (six in fall, four in spring), placing the combined sub-sample
materials in a cotton bag, and drying at 43.3 degrees Celsius for a minimum of three days
until all moisture was removed. Dried samples were weighed and those measurements
were used to determine biomass in kilograms per hectare. Similarly, we collected root
and shoot biomass in drilled samples in the fall in SY 1 and 2 as supplemental data.
These samples were collected by digging whole plants from 0.17 m? quadrats (one for
rye, five for radish per plot). Fresh samples were brought to lab where they were washed
free of all soil, and then shoots were separated from roots at approximately the same
cutting height the regular biomass samples were clipped (5 cm). Shoots and roots were
then placed in cotton bags and dried and weighed as described above. All dried samples
were then ground on a Wiley® cutting mill to 2mm and sent to Dairy One Forage Lab
(Ithaca, NY) for analysis to determine nitrogen, phosphorus and potassium content. At
the lab, samples were dried in a 60°C oven for four hours with forced air and then ground
to Imm and analyzed by combustion using a CN628 Carbon/Nitrogen Determinator.
Phosphorus and Potassium was determined by digesting 0.5g samples using CEM
Microwave Accelerated Reaction System (MARSG6) with MarsXpress Temperature
Control using 50ml calibrated Xpress Teflon PFA vessels with Kevlar/fiberglass
insulating sleeves then analyzed by ICP using a Thermo iCAP 6300 Inductively Coupled
Plasma Radial Spectrometer. Samples were first pre-digested at ambient temperature for
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10 minutes with 8ml nitric acid (HNOz) and 2ml hydrochloric acid (HCI) and then an
additional 10 minutes with 1 ml 30% hydrogen peroxide (H202). After pre-digestion was
complete, samples were heated to 200 degrees Celsius in 15 minutes and finally held at
digestion temperature of 200 degrees C for 15 minutes at 1600W. Vessels were brought
to 50ml volume; aliquot was used for analysis. This analysis together with biomass
measurements were used to calculate nutrient uptake of the cover crop in kilograms per
hectare.

At each study site, each replication block was sampled for a soil test in the fall
prior to planting or manure application to determine baseline conditions. For each test,
fifteen subsamples were collected using JMC Soil Samplers (Newton, 1A) PNO31sampler
at 15-20 cm depth, mixed together, and a composite sample was collected to be analyzed.
Basic soil nutrient analysis (P, K, Mg, CA S, micronutrients, pH, organic matter) was
determined following the procedures of the University of Maine Soil Testing Service and
the University of Vermont Analytical and Environmental Testing Laboratory. Soil
samples were dried at 45°C, ground to pass a 2-mm sieve, and extracted with Modified
Morgan’s solution (0.62 N NH40OH + 1.25 N CH3COOH; 4 g, 20 mL, shake 15
minutes). After filtering through Ahlstrom 642 paper, they were analyzed for o-phosphate
(molybdate blue procedure) and macro- and micronutrients (inductively coupled plasma
spectroscopy, ICP-OES). The pH was determined in 0.01M CaCl2; water pH was
estimated by adding 0.6 pH units to the salt value. Organic matter was determined by loss
on ignition at 375°C. (NECC, 2011)

Soil sampling was repeated in individual plots in the spring just prior to cover
crop termination, using the same procedures as in the previous fall. In addition, 15 sub-

28



samples were collected at 30 cm depth in each plot and combined in order to analyze
ammonium N and nitrate N by plot. These combined samples were collected, placed in a
cooler, and taken to the University of Vermont Agriculture and Environmental Testing
Lab within four hours. Samples were prepped and placed in the lab ovens in order to
facilitate immediate drying. Samples were analyzed for NO3- and NH4" and reported in
mg/kg. Soil samples were ground to pass a 2-mm sieve, and extracted with 1 M KCL (4
g, 20 mL, shake 15 minutes). After filtering through Ahlstrom 642 paper, they were
analyzed on a Lachat QuikChem 8000 automated ion analyzer for nitrate N
(sulfanilamide/N-1-naphthylethylenediamine dihydrochloride method following
cadmium-reduction to nitrite) and ammonium N (salicylate method). A laboratory
reference sample and a duplicate soil were run with each set of 10 samples. NO3™-N:
nitrate is quantitatively reduced to nitrite by passage of the sample through a copperized
cadmium column. The nitrite (reduced nitrate plus original nitrite) is then determined by
diazotizing with sulfanilamide followed by coupling with N-(1-naphthyl)
ethylenediamine dihydrochloride. The resulting water soluble dye has a magenta color
which is read at 520 nm. Lachat QuikChem Method 10-107-04-1-B. NH4*-N: ammonia
is heated with salicylate and hypochlorite in an alkaline phosphate buffer to produce an
emerald green color (absorbing at 660 nm); the color is intensified by the addition of
sodium nitroprusside. Lachat QuikChem Method 10-107-06-2-O. Soil nitrogen samples
were collected twice in the spring prior to termination, roughly two weeks apart.

Soil moisture was measured by collecting percent volumetric water content
readings using a Spectrum® Technologies FieldScout TDR 300 Soil Moisture Meter with
12 cm sensing rods. In the Stetson and Canadaigua soils, the standard mode was used,
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while in the Vergennes soil the high clay mode was used. The meter was calibrated
before each sampling session, according to manufacturer recommendations. Five
readings were taken in each plot to get an average percent soil moisture for the plot. Soil
moisture measurements were taken once in the fall and twice in the spring for each site-
year.

Soil temperature data was collected using a Hanna Instruments HI1145-01 digital
thermometer at a 0.06-degree Celsius resolution. The meters calibrate every time they
power on and are accurate within + 0.3 degrees Celsius. Readings were taken at five and
11 cm depths, with five readings per plot to get an average reading for the plot. Soil
temperature was measured twice in the spring correlated with soil nitrogen sampling.

Due to poor establishment in the broadcast treatments, large portions of those
plots had no cover, while other portions of appeared adequate in cover. With this non-
uniform coverage, we did not measure soil temperature, soil nitrogen status, and available
soil P, as it would not be representative of the cover crop’s performance. Many of the
tables omitted the data from the broadcast plots for that reason.

Economic data collected were based solely on the cost of establishment. We used
actual costs of materials used in the study to establish seed cost. We used standard
regional rates for drilling and broadcasting (Pike, 2016) in order for comparative analysis
and reduce variability from utilizing different tractors or seeding equipment. These rates
include the costs of fuel and operator, as to capture the full cost of establishment.

Statistical Analysis

All site-years were analyzed individually, as they were in different locations,

different years and had different manure applications. Analysis of variance (ANOVA)
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was used to test for differences in cover crop treatment effects on spring and fall percent
cover, cover crop biomass, cover crop nutrient concentration and uptake and spring soil
nitrogen and phosphorus content, soil moisture and soil temperature. A post-hoc Tukey’s
HSD procedure was then used to separate means for significance, where appropriate.

The .05 level of probability was used to decide significance in all analyses. Linear
regression was used to assess relationships between biomass and percent cover, biomass
and nutrient uptake, biomass and nutrient concentration and biomass and soil
temperature. Statistical analyses were performed using JMP ® Pro version 15.0.0 (©

2019 SAS Institute).
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CHAPTER 4: RESULTS & DISCUSSION

RESULTS

Percent Cover

The line transect method used in this study for estimating the percent of the
ground surface covered by plant residue is a measure for assessing the impact (or
reduction) on sheet and rill erosion, especially in conservation tillage systems (NRCS,
2009). It accounts for all plant residue, living and dead, including any corn stover and/or
weeds (of which there were very little) as well as the living cover crop. Percent cover of
all crop residue was measured at projected peak fall cover crop growth to capture fall
performance and again in the spring just prior to termination to capture final impacts on
ground cover from cover crop growth (Table 4). Percent cover measurements ranged
from 15.8% to 92.8% in the fall and 15.8% to 91% in the spring. Planting method had a
major impact on percent cover, more than seeding rate of rye or inclusion of radish. The
physical year seemed to also play a role, as SY 3 and SY 4, which occurred during the
unusually warm Fall 2015/Spring 2016 season, had no significant differences between
any of the cover crop treatments in the spring. They did perform significantly better than
the control.

All the drilled treatments had significantly higher percent cover than the control in
both the fall and spring in all site years. Within the drilled treatments, rye seeding rate
did not have a significant an impact on performance in percent ground cover. While we
hypothesized that radish would increase fall performance over rye monoculture,

especially in percent cover due to its broadleaf nature and rosette type growth habit, there
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were not significant differences in drilled or broadcast plots between treatments with the
same seeding rate of rye with or without radish. In the drilled treatments, many of the
site years showed some evidence of both the 95 kg ha! and 67 kg ha™ seeding rate of rye
had in increased fall percent cover with the addition of radish, but a decreased percent
cover in the spring.

At all the site years except SY 3, broadcast treatments were not significantly
different than the control for fall cover, suggesting they may not have had enough soil
cover to reduce erosion any better than not planting a cover crop. This seemed to be
independent of tillage status prior to the experiment (no-till versus spring tillage). Much
of this was a result of very poor germination in the broadcast plots that resulted in very
patchy establishment. Figure 1 illustrates this phenomenon. Site-years 3 and 4 saw the
broadcast treatments ‘catch up’ in the spring as there was no significant difference
between cover crop treatments in the spring, other than between all cover crop treatments
and control. This, again, was likely due to the mild fall and winter experienced during
that season.

These results confirm other studies findings that drill planting cover crops is a
superior method (Boyd et al., 2009; Haramoto, 2019). Our results differed from some
studies comparing seeding rates and ground cover (Boyd et al., 2009; Haramoto, 2019)
that showed improved ground cover with increased seeding rates. Most studies rely on
plant density measurements, which do not necessarily equate to enhanced ground cover
or reduced erosion.

There was a significant linear regression between cover crop biomass and percent
cover. There was a strong relationship in the fall, with R?all being above 0.5 and a more
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moderate correlation in the spring. See Figure 2 for regression analysis between biomass
and percent cover by site year. In SY 3 and 4 in the spring, there was little to no
correlation, but these site years had very high biomass and had likely maxed out their

ground covering capacity even though biomass continued to increase.

Cover Crop Biomass

Biomass is a key driver of the ecosystem benefits provided by cover crops. Much
of the work researching cover crops has looked at different ways to maximize biomass to
increase nutrient retention, reduce soil erosion, outcompete weeds and return carbon to
the soil to increase organic matter and nutrient cycling (Blanco-Canqui et al., 2015;
Finney et al., 2016; Ruis et al., 2019; Ryan et al., 2011; Snapp et al., 2005). In this study
above ground cover crop biomass was sampled in the fall at projected peak biomass
accumulation to capture fall performance and again in the spring just prior to termination
to capture final biomass accumulation. Biomass measurements ranged from 22 kg ha to
776 kg hatin the fall and 427 kg ha to 2,493 kg ha* in the spring (Table 5).

Drilled treatments performed significantly better than their broadcast
counterparts, especially in the fall. Seeding rates of rye (within drilled treatments) did
not perform differently from each other for the most part, implying that the lowest
seeding rates provided equivalent benefits to higher seeding rates. While not statistically
significant, the highest rate of rye (125 kg ha*) did not have the highest mean biomass in
either the fall or spring. In fact, it was the top performer in the spring in only one site-
year in drilled plots (SY 4). This is one of the most significant findings in this research.

Seeding rates of 125 kg ha are the general recommendation for broadcast rye cover
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crops and 95 kg ha* drilled rye cover crops (USDA, 2014). Our study showed that over
five site-years 67, 95 and 125 kg ha® performed similarly for biomass for each respective
planting method. This study also supports previous findings that drilling method,
improves cover crop establishment and results in much higher biomass accumulation,
especially in the fall (Brennan and Leap, 2014; Fisher et al., 2011; Haramoto, 2019;
Noland et al., 2018). This is important, as biomass was the primary driver for many of
the other parameters evaluated in this study including fall soil cover (Figure 2) and
nutrient uptake (Figures 6-9).

Radish did not have an impact on biomass with any significance. It varied
depending on site-year and season whether treatments with radish performed better or
worse than the rye only counterparts. It did have the most effect at the lowest rye seeding
rate (67 kg ha*) in drilled plots, in particular in SY 3 in the fall. In these drilled low rye
seeding rate plots, all site-years saw higher mean biomass with radish, but lower mean
biomass in the spring, with the exception of SY 4, which did not receive manure. While
Table 5 shows there were not statistically significant differences with and without radish
by planting method, there was a trend. In drilled treatments at the 67 kg ha™ rye seeding
rate with 3.5 kg ha! radish saw higher biomass measurements than the 67 kg ha™* rye
monoculture at every site year in the fall. The subsequent spring, biomass measurements
were all lower with the exception of SY4. This could be an interesting interaction to
explore further, especially for farmers who desire good fall cover and biomass for
environmental mitigation of erosion and nutrient runoff, but are concerned about excess
biomass in the spring that could interfere with planting. This might be fine-tuned, with
even lower rates of rye or higher rates of radish to maximize this desired outcome with
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future research. Supplemental data was collected to assess how much of the biomass was
produced by the radish in these mixes. That data is included in the Appendix (Table A-
1). Overall in treatments with radish, the radish accounted for between 25 and 30 percent
of the biomass.

As with percent cover, patchy and inconsistent establishment resulted in low
biomass overall in broadcast treatments. This resulted in decreased overall biomass for
broadcast treatments. This was true for all site-years in the fall measurements and all but
one site-year (SY 3) in the spring. Site-year 3 spring biomass measurements had no
significant difference between treatments. This site had particularly good establishment
as the winter of 2015-2016 was particularly warm, with temperatures in between 15 and
20 degrees C into December. This appeared to mask any differences between treatments
in the spring in that site-year. Within the broadcast treatments rye seeding rate did not
have an impact on biomass performance, with little to no differences in biomass between
seeding rates.

The inclusion of radish in broadcast seeded plots had similar results as the drilled
plots. Compared to the 67 kg ha* rye alone, broadcast plots with radish generally were
higher in biomass than their monoculture counterparts in the fall (except SY 4) and lower
in the spring (except SY 1). That said, the broadcast plots had a much lower biomass
overall and very inconsistent establishment. As is noted in Table 5, the biomass in
broadcast plots was half (or less) than that of the drilled plots by treatment and so this
small difference based on the addition of radish was far outweighed by the effects of
planting method. The impact of including radish on biomass was far less conclusive at
the 95 kg ha™* rye seeding rate. Drilled plots did not to show a strong trend and were
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variable by site-year and did not seem correlated to physical year (weather) or if there
was manure applied at planting. However, in the broadcast plots all site-years showed an
increase in fall biomass when radish was included. This trend continued into the spring
for site-years with manure (SY 1-3), but the site-years without manure (SY 4-5) showed a
trend in decreased spring biomass with the inclusion of radish.

In general, this data supports previous research in two main ways. It confirms
previous work demonstrating the benefits of drill planting winter cover crops to improve
establishment and biomass production (Brennan and Leap, 2014; Haramoto, 2019;
Noland et al., 2018). It also confirms that mixtures do not inherently outperform
monoculture cover crops in terms of biomass (Finney et al., 2016; Hodgdon et al., 2016;
Murrell et al., 2017; White and Weil, 2009). It substantiates other claims that many
seeding rate requirements for federal cost-share programs or state environmental
regulations may be too high (Haramoto, 2019) as we did not see increased biomass

directly improved by higher seeding rates.

Cover Crop Nitrogen Concentration and Uptake

Nitrogen dynamics are an important component of cover crop usage. A primary
reason for introducing cover crops into a cropping system is often to reduce nitrogen
losses or to bring additional nitrogen to the system. In this study, we focused on whether
our cover crop treatments showed differences in nitrogen concentrations in cover crop
leaf tissue, nitrogen uptake in kg ha™ and spring soil nitrogen status. The first two are

discussed in this section.
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Nitrogen concentration in cover crop leaf tissue ranged from 30.4 to 61.6 g kg in
the fall and 22.8 to 37.9 g kgt in the spring (Table 6). In the fall, only one site-year (SY
3) had N concentrations that were significantly different by treatment, with the drilled
125 kg ha® rye treatment being significantly lower than the broadcast 95 kg ha rye and
95 kg ha* rye + 3.5 kg ha® radish treatments. By spring, there were significant
differences in all but SY 4. The most significant differences were associated with
planting method as opposed to seeding rates or inclusion of radish. Generally, the
broadcast treatments had higher concentrations of N than their drilled counterparts,
although not statistically significant with the exception of spring measurements in SY 3.

Previous studies show mixed results when comparing the concentrations of
nitrogen in rye and radish cover crop leaf tissues, and mostly focused on monocultures
(Dean and Weil, 2009; Jahanzad et al., 2017). Our study found that a small addition of
forage radish did not impact nitrogen concentrations in cover crop leaf tissues. For
supplemental data showing nitrogen concentration by plant type and plant part, see the
Appendix (Table A-2).

Although there was little to no significant relationship in the fall, there was a
significant negative relationship between N concentration and cover crop biomass at all
site years in the spring cover (Table 7). This was likely due to a dilution effect with
higher biomass having a slightly lower N content.

Nitrogen uptake (N concentration x biomass yield) ranged from 0.9 kg ha* to
37.2 kg ha'l in the fall and 22.0 to 73.6 kg ha! in the spring (Table 8). In the fall, all five
site-years showed statistical differences. All site years except SY 3 showed statistically
significant differences in the spring. This resembled the biomass results. In SY 3, the
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mild fall/winter contributed to very high overall biomass and similarly nitrogen uptake.
The supplemental data collected by plant type and plant part showed that radish
accounted for between 26 and 35percent of the total nitrogen uptake in the fall in
treatments including radish (Table A-3).

There was a strong linear relationship between cover crop N uptake and biomass
in the spring and fall (Figures 3 and 4). While there may have been some differences by
planting method and/or treatment for nitrogen concentration in cover crop leaf tissue, the

total uptake of nitrogen was primarily driven by the amount of biomass produced.

Soil Nitrogen and Temperature

A primary ecosystem service derived from planting cover crops is the ability to
reduce N loss through leaching and runoff. Rye and forage radish are both touted for
their ability to scavenge soil N (Finney et al., 2016). Soil nitrate nitrogen (NO3") and
ammonium nitrogen (NH4") were measured twice in the spring, once in mid-April when
substantial growth had started and once just prior to termination to quantify whether the
cover crop treatments had impact on plant available nitrogen. This could have
repercussions on both potential losses to the environment as well as availability to the
subsequent corn crop. We also concurrently measured temperature, hypothesizing that
this may drive some of the N availability. In all three of these measurements during site-
years 1, 2, and 5 the broadcast treatment plots had very patchy establishment, so it
seemed inappropriate to attribute soil N or temperature to any of these treatments and

focused only on the drilled treatments that had very uniform coverage. In site-years 3
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and 4, the broadcast plots had consistent enough establishment to warrant sampling all
plots.

There were no significant differences in NH4" in the first sampling event (mid-
April) for any of the site-years (Table 9). The second sampling event (early May) had
only one site-year (SY 5) with significant differences, and only between all drilled cover
crop treatments and the fallow control, which was significantly higher than the cover crop
treatments. Results ranged from 1.58 — 17.70 mg kg* for the first sampling event and
1.09 — 15.88 mg kg'* for the second sampling event.

Soil NO3™ levels ranged from 0.87 to 9.47 mg kg™ for the first sampling event and
0.95 to 10.25 mg kg'* for the second sampling event (Table 10). There were significant
differences in soil NOs™ levels for some site-years during one or both of the sampling
events. However, there was only a difference between the control and all of the cover
crop treatments, with the control being significantly higher. SY 3, which had the highest
biomass of all the site-years showed significant differences in soil NOz™ in both sampling
events. SY 1and SY 2 had significant differences only in one of the sampling events.
SY 4, which did not receive a manure application, did not show any significant
differences in either sampling event. SY 5, which also did not receive manure showed
similar results to the other site years in the first sampling event (higher NOz™ in control,
lower in cover crop treatments), but saw the opposite during the second sampling event,
with the many of the cover crop treatments having higher NO3™ than the fallow control.
There was not a significant linear relationship between amount of cover crop biomass and
soil nitrate status in all but SY 5, which had a moderate relationship (R = 0.23, p-value =
0.0305).
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The major difference between soil nitrate status is presence or absence of cover,
but not individual cover crop treatments. This would imply that the presence of a cover
crop could reduce NOs losses due to leaching or runoff, but seeding rates, planting
method and species composition does not make a difference as long as there is an
adequate amount of cover crop. We sampled at 30 cm depth, so we cannot say with
certainty that soil NO3™did not simply leach to deeper soil profiles below the root zone.
However other research supports the effectiveness of cover crops to reduce nitrate
leaching (Chatterjee et al., 2016; Constantin et al., 2010; Drury et al., 2014). The second
sampling event was at the time of cover crop termination and corn planting, so this could
indicate a reduction in plant available nitrogen at the time of cash crop planting. This
may have implications on the rates of nitrogen starter fertilizer in fields with cover crops,
especially those without manure applications in the fall.

Soil temperatures sampled at 5 cm depth ranged from 6.25 to 16.68 degrees C for
the first sampling event and 7.58 and 20.10 degrees C for the second sampling event
(Table 11). In the fours site-years measured in the fall, we found only one SY with a
significant difference between the fallow control plots and some of the cover crop
treatments; however, the numerical difference even in this SY were relatively low. In the
spring, three of the four site-years measured had significant differences. At SY 2 and 3,
the control plots were significantly warmer than any of the cover crop treatments;
however, at SY 1, the control plot was significantly cooler than only one cover crop

treatment and no different from the others.
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There was not a significant (P<.05) linear relationship between cover crop
biomass and soil temperature, nor between soil temperature and soil nitrate status (data

not shown).

Cover Crop Phosphorus Concentration and Uptake

Phosphorus (P) mitigation is a key motivation for farmers in the northeast
adopting cover crops, both to maintain compliance with regulations and be more
environmentally sustainable. The principal way cover crops address this is through
reduction of erosion and soil-attached P as well as utilizing manure P and reduce surface
runoff of fall manure applications. There is some evidence that brassica cover crop
species, like radish, have higher concentrations of P in their leaf tissue and occasionally
do a better job of P uptake than other species like rye (White and Weil, 2011). In this
study, we measured both concentration of P in the aboveground leaf tissue and calculated
total P uptake to assess cover crop treatments.

Phosphorus concentration values ranged from 3.1 to 8.4 g kg in the fall and 4.3
to 8.1 g kgt in the spring (Table 12). There were no differences between treatments in the
fall in any of the five site-years. In the spring, three site-years had statistically significant
differences (SY 2-4), and they were primarily between the broadcast 67 kg ha
treatments and the overall drilled treatments. There was less impact based on planting
method (drilled vs. broadcast) than in the nitrogen content, and there was no clear linear
relationship between P concentrations and biomass in the spring. Neither inclusion of

radish nor rye seeding rate showed any significant differences in P concentrations. For
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supplemental data showing phosphorus concentration by plant type and plant part, see the
Appendix (Table A-2).

Phosphorus uptake (P concentration x biomass) ranged from 0.1 kg to 4.6 kg ha™*
in the fall and 2.9 to 12.3 kg ha® in the spring (Table 13).  All site-years saw differences
in the fall, and all but SY 3 saw differences in the spring. This mirrored the results we
saw in biomass data. The supplemental data collected by plant type and plant part showed
that radish accounted for between 26 and 36 percent of the total phosphorus uptake in the
fall in treatments including radish (Table A-3).

The greatest differences appeared to be between planting method, and not seeding
rate nor radish inclusion. This was most pronounced in the fall, where with three of the
five site-years had clear differences in P uptake between drilled and broadcast treatments.
Since there were no differences in P concentrations between treatments in the fall, we can
attribute the differences in P uptake primarily to the differences in biomass. In the
spring, these differences seem to even out.

One of our objectives was to test if the addition of forage radish could enhance
the benefits of the cover crop such that a lower rye seeding rate could be recommended to
farmers. For drilled treatments, we were interested in comparing the lowest rye seeding
rate (67 kg ha*) with radish to the recommended seeding rate. In the drilled plots, we
observed that the lowest rye seeding rate (67 kg ha™) with the added radish P uptake was
consistently higher in the fall cover crop compared to the monoculture rye plots, although
not significantly different. However, the reverse occurs in the spring cover crops once
the radish has died and the rye is the only living plant. Similarly, in broadcast plots, we
wanted to compare the 95 kg ha™ rye seeding rate with added radish to rye monoculture
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at both 95 and 125 kg ha*. Compared to the monoculture, rye-radish biculture was as
good or better for fall P uptake than either the 95 or 125 kg ha* monoculture rates. The
broadcast 95 kg ha rye with radish appeared to uphold this advantage in the spring.

Cover crop biomass was the driving factor that influenced P uptake. Figures 5
and 6 show the strong relationship between biomass and cover crop P uptake. Based on
both the variability within results of concentrations of P and the connection to biomass as
the driving factor for increasing total P uptake, we can say that our treatments did not
have any effect on this parameter. The 125 kg ha rye monoculture was not the top

performer in any of the site years.

Soil Test Phosphorus

Soil tests were taken near the time of cover crop termination to see if the cover
crop had any impact on available soil test P (modified Morgan). Results ranged from 9.9
to 44.2 mg kg modified Morgan available P, but this was very dependent on site-year
and specific location characteristics (Table 14). We found no significant differences
(P<0.05) between treatments in any of the site-years and there appeared to be no
differences between the pre-experiment soil P levels with the post treatment soil P levels
taken at termination time. These results were expected since there was just one season
of cover cropping in no-till conditions. This is supported by other research that showed it
can take up to three years or more to see effects from cover crop on bulk soil test P

(White and Weil, 2011).

Soil Moisture
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Farmers in colder, wetter northern climates are often worried about cover crops
keeping soils wetter and preventing ideal planting conditions for subsequent crops.
Volumetric water content of the soil was measured once in the fall and twice in the
spring. We found no significant differences amongst treatments or compared to the
fallow control in all but one site-year in the fall and one in the spring (Table 15). While
SY 4 did show differences in the spring between some treatments, the fallow control was
not significantly different than any of the cover crop treatments. This would support the
argument that planting cover crops does not increase soil moisture which could inhibit

planting conditions for following corn crops.

Economics

Like many conservation practices, cover cropping often increases cost of
production while not having tangible returns on the investment (Roberts and Swinton,
1996). Additionally, many of the benefits are external to the farm, such as reductions in
erosion and nitrate leaching into groundwater, or are hard to quantify monetarily (Snapp
et al., 2005). This study did not track reductions in erosion, nitrogen returned to corn
crops, or increases in organic matter — things that are frequently attributed to economic
analyses of cover cropping. Models like the Revised Universal Soil Loss Equation
(USDA, 2015) do exist that quantify erosion reductions as well as the USDA’s Cover
Crop Economics Decision Support Tool. Harvesting the cover crop as a forage crop or
cost-share rates were not included, which have also been shown to increase cover crop

profitability (Myers et al., 2019).
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For our study, we focused on the cost of establishment. The cost per hectare of all
the treatments evaluated in this study is included in Table 16. Although the fixed cost for
planting with a drill is more than that of a broadcast method ($46.93 per hectare
compared to $30.38 per hectare respectively), the saving in seed cost by allowing a lower
seeding rate with the drill method actually reduces the overall establishment costs.
Therefore, drilling cover crop seed may actually be a more effective strategy while also

resulting in superior cover crop performance and function.

The field data from this study confirmed the hypothesis that a drilled cover crop
outperforms a broadcast cover crop and does justify a lower seeding rate. In terms of
biomass, percent cover and nutrient uptake, a 67 kg ha™* seeding rate of rye (drilled)
performed as well as the higher seeding rates currently allowed and recommended. This
could potentially save farmers between $13.11 per hectare at the currently allowed 85 kg
ha! rye seeding rate, $21.56 per hectare over the 95 kg ha seeding rate in this study,
$44.66 per hectare at the 125 kg ha* seeding rate. For farmers not in a cost-share
program and are not held to the higher seeding rate, this would be the preferred
recommendation. In addition, this same 67 kg ha* drilled rye would save $28.11 per
hectare acre over an allowed 125 kg ha! broadcast rye cover crop, while performing
significantly better. Our recommendations would be to avoid broadcast methods based

on this study since we found inferior

DISCUSSION

During the course of this study, we aimed to keep the field operations
representative of common farming practices in the region. In addition, we conducted all
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experiments on working farms and not at a research facility. While this did result in
good, usable data that met the goals of being representative of current practices, it also
provided quite a bit of variability in conditions and field operations (Tables 1 and 2).

One example of this was inconsistency in manure application rates and nutrient content.
In addition, planting dates and harvest dates were also variable. Because of this
variability, blocking was used in the experimental design and all site-years were analyzed

separately. Despite this variability, we did see similar trends across all five site-years.

We took particular interest in assessing fall performance of cover crops, as few
studies investigate both fall and spring indicators on winter hardy species like rye and
because one of our major treatment factors was the inclusion of a winter-killed cover crop
species, radish. Winter kill cover crops are generally assessed in the fall prior to freezing,
and winter hardy species are assessed in the spring. This makes sense to analyze final
performance just prior to termination to get a picture of overall impact. However, it does
not give the more detailed picture as most cover crops are grown for their ability to
provide erosion protection and nutrient runoff, and as such fall establishment and
performance is a key component. In this study, we found the most differences between
treatments in our fall measurements. Many times differences in biomass or percent cover
were found only in the fall. Often these differences became smaller, or disappeared, once
the fast spring growth commenced. The implications of this are important. In this study,
for example, if we had assessed only spring performance, we would not have seen the
clear advantage of drilling as a planting method, especially in biomass production and
nutrient uptake in the fall. This is similarly true for percent cover. In the fall, most of the

broadcast treatments had no better soil cover percentages than the control plots.
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However, in the spring, this was often only true of the lowest seeding rate broadcast

treatments.

Two key objectives of the study were to assess whether or not the addition of
radish enhanced the overall cover crop performance in percent cover and biomass, as well
as nutrient dynamics of the cover crop in terms of N and P concentrations and total
uptake by season. We did not find this to be the case. We planted radishes at the very
end (or after) their ideal planting date for USDA Hardiness Zones 4b/5a. While this was
known prior to designing the study, it was part of the objective to determine if we could
see any benefit from a cover crop that included radish that was planted towards the end of
the recommended planting window, but a relatively early planting window for cereal rye.
In order to better understand how much influence the radish may have had, we collected
biomass and nutrient concentration/uptake in the fall in site-years 1 and 2 by plant type
and plant part (rye shoot, rye root, radish shoot, radish root). We only collected this data
on drilled treatments in these two site-years. These biomass, nutrient concentration and
nutrient uptake data are included in the Appendix in Tables A-1 — A-3. Biomass results
showed almost no statistical differences between root or shoot biomass regardless of
seeding rate or inclusion of radish (Table A-1). However, it did show in SY 1in
treatments with radish, the radish made up roughly 26 percent of shoot biomass, 21
percent of root biomass and 25 percent of overall biomass. In SY 2, radish accounted for
roughly 29 percent of root, shoot and total biomass. In both site-years, the actual amount
of radish biomass (kg DM ha!) was very similar, regardless of rye seeding rate (95 or 67
kg hal), but it constituted a larger portion of total biomass at the lower rye seeding rate.

This would suggest that the rye was not necessarily outcompeting the radish. The
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nutrient concentrations of these samples (Table A-2) were pooled for laboratory analysis
S0 no statistics were performed, but overall the shoots had higher concentrations of N and
P than roots, and the radish had higher concentrations than the rye. This phenomenon did
not carry over to the overall nutrient uptake (Table A-3) when combined, where the
overall biomass of the rye diluted any differences. In this data, and the main study data
for biomass, there did seem to be a positive benefit from adding radish at the lowest rye
seeding rate (67 kg ha*). While it was never statistically different, there were many
occasions when the mean values were higher with radish compared to without across site-
years in the fall. This was matched by a lower overall biomass in the spring. This may
be an ideal situation for farmers looking to maximize fall performance while minimizing

the amount of spring biomass needing termination before cash crop planting in the spring.

Another study objective was to assess if planting method could allow for lower
seeding rates overall, while still realizing comparable performance. This was a
significant finding of this study. Drilling cover crops, compared to broadcasting without
incorporation, resulted in well-established cover crops in the fall with even germination,
good soil coverage and maximum biomass in the fall and spring. The drilled treatments
outperformed their broadcast counterparts in the fall, often by double for biomass and
nutrient uptake. They also had significantly higher fall percent cover, while often the
broadcast treatments were no different than the fallow control. We found that the lowest
seeding rate (67 kg ha) performed as well as the higher seeding rate (125 and 95 kg ha?)
within treatments, which could justify a lower seeding rate than is currently
recommended by cost share incentive programs when drilling in mid-September. While

it was not surprising to find the drilled treatments perform better than the broadcast
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treatments, it was an important finding to see little to no differences between seeding

rates or combinations of cover crops within planting method.

While we did measure soil conditions that may be affected by cover crop
treatments, we cannot conclude too much from the data collected in this study. First of
all, in site-years with very poor establishment in broadcast treatments, some soil analysis
were foregone in SY 1, 2, and 5 — soil nitrogen, available soil phosphorus and soil
temperature. At the time, this was logical as it did not seem that collecting this data
could accurately represent an impact from a cover crop that was so non-uniform in
establishment (patchy). However, in future studies we would recommend collecting that
data regardless to create a more accurate picture of realistic impacts from the poor
establishment. In general, our soil data was superficial and cannot quantify the plant-soil
interactions completely to quantify true reductions in nutrient losses, as we were more
focused on the cover crop plants and how they performed. However, the soil data does
provide the reader with the important agronomic information that could impact planting
conditions for the subsequent cash crop. This study did not show any significant
disadvantage from planting a cover crop in terms of basic agronomic principles of soil
moisture, soil temperature or soil nutrient status that couldn’t be overcome with simple

management strategies like utilizing starter nitrogen at planting.
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CHAPTER 5: CONCLUSION

This research found that adding 3.5 kg ha® of radish to a rye cover crop does not
significantly enhance the cover crop performance when planted in mid-September after
corn silage harvest in Vermont. It did provide some evidence that further research is
necessary to look at appropriate seeding rates of rye and radish to accomplish that
objective, and enable even further decreases in rye seeding rates. This study did confirm
that drilling is the preferred establishment, and results in better establishment and better
fall performance for percent ground cover, biomass and nutrient uptake. It also provided
data to challenge current recommended seeding rates, allowing for much lower seeding
rates when drilling rye cover crops in mid-September. This study provides data that has
implications for producers using cover crops in northeast climates ahead of corn silage.
Cover crops can reduce soil nitrate in the root zone at time of planting, which may need
to be mitigated with starter nitrogen fertilizer applications. In addition, the presence of
cover crops will likely not have a major impact on soil moisture or surface soil
temperature that could inhibit or degrade planting conditions for corn.

Limitations & Further Research

Our research was limited to the specific performance measures selected for the
cover crop itself, and did not include measurements of the subsequent cash crop or the
more refined performance measures associated with reduced nutrient runoff or erosion at
the plot, field or sub-watershed basis. Another limitation was the short duration of the
project, with only two growing seasons. Often the benefits of cover cropping are realized

after multiple years of utilization, especially as it relates to soil nutrient status, soil
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physical characteristics and biological response. These, after longer duration, may
respond differently if measured in the same location(s) over a longer timeframe, perhaps

five to ten years.

The data we collected during this experiment did not reveal a significant benefit
with the addition of forage radish to the conventional monoculture rye cover crops used
regionally. Further research might identify enhancements from a radish-rye biculture if
some of these additional parameters were researched independently. Seeding rates of both
rye and radish in variable combinations might identify the appropriate ratio to maximize
the benefits of both species. Our study established cover crops at a relatively early date
for the region (mid-September). However, we may have seen more impact from the
treatments that included radish if we had been able to establish even earlier (eg. end of
August) to favor the growth of the radish, again potentially magnifying some of the
potential enhancements, especially in the fall. We chose not to do this, as our intent was

to more closely mimic existing cropping systems in the region.

While our study did incorporate fall manure applications in three out of five site
years, it was not a treatment included in the experiment. We know, however, from
previous studies and our own observations that manure applications improve biomass and
percent cover of cover crop plantings. Future research could help us identify and
quantify the effect these manure applications have on cover crops to enhance
performance related to biomass, nutrient uptake and ground cover. This could have
important impacts, as these riskier fall manure applications could be proven to enhance

cover crop performance. While some work has already been done in this area (Jokela et
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al., 2009; Milliron et al., 2019; Singer et al., 2008; Thilakarathna et al., 2015), there has
not been much work with cover crops other than cereal rye, and typically not with

mixtures.

Implications for Farmers and Service Providers

This research has direct implications for farmers and professionals who advise
them as they adopt cover crops. First is that planting method matters. Getting direct seed
to soil contact is key in maximizing the benefits of cover crops. While this is not
necessarily new information, the data we collected does show that a well-planted cover
crop is a more efficient and effective cover crop, which may help foster continued and
increased adoption by farmers. You can achieve comparable (or superior) results with

half the amount of seed per hectare, reducing the cost of establishment.

This work provides evidence to re-evaluate current standards in seeding rate
recommendations and requirements for conservation incentive programs and/or
environmental regulation. While the cover crops in this study were planted at an ideal
time for winter cover crops in the northeast (mid-September), the data do justify lowering
required and recommended seeding recommendations for rye cover crops planted
properly (date and planting method). Examples of this would be to have seeding
recommendations and incentive payment rates vary by planting method and by planting
date. For example, Maryland Department of Agriculture incentivizes earlier planting
dates with higher incentive payments for cover crops planted two weeks to one month
earlier than the deadline, as well as for later termination dates (Agriculture, 2019). This
directly aligns with the goal of achieving better ground cover and maximizing biomass
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production. This could be augmented by also allowing lower seeding rates at those
earlier planting dates as well. Vermont NRCS accomplishes this by allowing lower
seeding rates based on planting method (broadcast vs. drilled/incorporated) (USDA,
2014), although this study would justify even lower seeding rates when planted in mid-
September (as opposed to 1-Oct.). The key takeaway being that we have sufficient data
throughout the region to justify innovative cost-share and regulatory programs that

incentivize management that creates the outcomes we hope to achieve with cover
cropping.

While not a primary focus of the study, nor part of the treatments involved in the
experiment, a tangential implication of this study is that over the course of two growing
seasons, three different soil types, and five site-years, the farmers involved in this study
were able to plant corn silage, harvest corn silage, plant a cover crop, terminate a cover
crop and get the next corn crop planted in a timeframe that allowed successful
establishment of a rye-radish cover crop in Vermont. We often come up against the
barrier of timing as a reason farmers don’t implement cover crops on their farms. We
have, and are currently, investigating ways to successfully establish cover crops within a
corn crop (interseeding) in order to address this barrier. We often speak with farmers
about adjusting the season length of their corn hybrids to facilitate successful cover crop
establishment. Without major modification to their cropping systems overall, the two
farmers involved in this research were able to make it work consistently. The key being
they are harvesting corn and planting cover crop in mid-September and terminating the

cover crop and planting corn in early to mid-May.
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Professional Perspective

Working closely with dozens of producers as they make their way through the arc
of conservation best management practice adoption, | have come to understand the
complexity of conservation agriculture. These practices, including cover crops, are not
stand-alone in most cases. They are part of multifaceted cropping system with many
moving parts, most of which are biologically driven and inherently uncontrollable to
some extent. To quantify and identify the specific benefits or drawbacks of an individual
practice is almost impossible. Therefore, it is imperative that these practices work in
harmony not only with the other conservation practices on their farms, but the entire farm
system. Often, the ‘success’ of a particular practice hinges on the many other parts of the
system. As such, recommendations cannot be insular but must work within the whole

system to accomplish objectives that often rely on the many parts working together.

The farmers | work with honor and value productivity and efficiency. Their most
limited resource is often time — so they do not want to waste it on efforts that either result
in no change or benefit, let alone efforts that end in a net loss of efficiency and
effectiveness. Dairy producers, in particular, are not always swayed by the argument that
a particular practice may save the farm money if it results in lower yields or productivity
on the farm. With high demand for feed and finite land resources, it often is a wise
business decision to maximize production on the existing land base, even if it might

require additional inputs.

Therefore, agronomic professionals like myself, need to work with producers with
productivity of the whole system in mind. Cover crops cannot see returns on investment

55



solely with the use of cost-share incentives. They must at some point fit into the farm’s
financial bottom line on their own in order for long-term adoption, where the highest
benefits can be achieved. This is imperative, as cover crops and other conservation
practices often show their true benefits only after several years of successful
implementation and in concert with other synergistic farming practices. If cover crops,
for example, are the key to making the farm’s no-till system function at its highest level,
then perhaps economics play a more minor role at the practice level and we can get away
from cheapest alternatives and optimize cover crops to provide the benefits we hope to
achieve. If improved soil health makes the difference between be able to plant a crop in a
wet year, and having a crop to harvest in a dry year, then farmers quickly devise ways to
efficiently and effectively achieve those results. In Vermont, we are generally
somewhere in the middle of this arc. We have seen large-scale adoption of some
practices and have seen individual producers really embrace the idea that improved soil
health is an investment in their farms infrastructure, and therefore are able to swiftly
identify, innovate, and fine-tune these systems to meet their objectives. This is when we

see true conservation agriculture realized.

And this is why we need to tailor our future research to meet the needs, not only
of the landscape and the watershed, but also the farm and the producer. If conservation
practices (like cover cropping) are meeting the needs of their particular operation, and
create a resilient and sustainable farm business then everybody wins. In my experience
adoption at this level becomes long-lived, highly effective, efficient, and functions at a

higher level. These are the folks I like to say truly embrace the conservation agriculture
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mindset, shift their paradigm, and optimize these systems. At that point, I just try and

hang on as they innovate and adapt far more quickly than I can often keep up with.
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Fall Cover Crop Phosphorus Uptake x Biomass
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Table 1. Attributes and conditions of individual site-year locations. Addison County, Vermont, USA.

Site-Year (SY)

Attribute SY 1 SY 2 SY 3 SY 4 SY 5
GPS Location 44.2769309, 44.274003, 44.144078, 44.276732, 44.276939,
-73.069320 -73.053279 -73.341113 -73.057293 -73.069320
Mapped Soil Series ? Candaigua silt Stetson gravelly ~ Vergennes clay, Stetson gravelly fine Candaigua silt
loam fine sandy loam, 0 2 to 6 percent sandy loam, 0 to 5 loam

US Soil Taxonomy ®

USDA Hardiness Zone °
Pre-Experiment Soil Analysis ¢
pH (2:1, water)
Available Phosphorus, mg kg*
Auvailable Potassium, mg kg
Aluminum, mg kg*
Organic matter, g kg
Cation exchange capacity, cmol kg*
Prior tillage

Fine-silty, mixed,
active, nonacid,
mesic Mollic
Endoaquepts

5a (-29 to -26° C)

7.5

33.8(E)¢®
118 (O)

5.8

35

15.5

Spring tillage

to 5 percent slopes

Sandy-skeletal,
isotic, frigid Typic
Haplorthods

4b (-32 to -29°C)

6.7

47.2 (E)

289 (E)

13.0

45

11.7

Spring tillage

slopes

Very-fine, mixed,
active, mesic
Glossaquic
Hapludalfs

5a (-29 to -26° C)

75
13.0 (H)
297 (E)
14.0

57

315
No-till

percent slopes

Sandy-skeletal,
isotic, frigid Typic
Haplorthods

4b (-32 to -29°C)

6.2

16.1 (H)
146 (H)
26

38

6.4
No-till

Fine-silty, mixed,
active, nonacid,
mesic Mollic
Endoaquepts

5a (-29 to -26° C)

7.5

33.8 (E)

118 (O)

5.8

35

15.5

Spring tillage

@ Source: Web Soil Survey (Soil Survey Staff-USDA, 2017)
b Source: Official Soil Series Descriptions (Soil Survey Staff-USDA)

¢ Source: USDA Plant Hardiness Zone Map (USDA, 2012)

4 Modified Morgan extractable

€ Soil test categories: E = excessive, H = high, O = optimum, M = medium, L = low (UVM Extension, 2018)
" Describes tillage system in corn crop preceding cover crops. There was no tillage between corn harvest and when plots were planted.
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Table 2. Field operations during experiment by site-year.

Site-Year (SY)

Field Operations SY 1 SY 2 SY 3 SY 4 SY 5

Date Cover Crops Planted 19 Sep. 2014 19 Sep. 2014 9 Sep. 2015 23 Sep. 2015 19 Sep. 2014
Date Manure Applied 23 Sep. 2014 23 Sep. 2014 11 Sep. 2015 None None
Date Cover Crops Terminated ? 14 May 2015 5 May 2015 29 Apr. 2016 6 May 2016 14 May 2015
Growing Degree Days (base 4.4 °C)

Total GDD® 793 832 1209 778 793
Fall GDD ¢ 348 557 996 520 348
Spring GDD ¢ 445 275 213 258 445

Precipitation, cm ©
Total precipitation ° 55.22 48.67 53.62 71.98 55.22
Fall precipitation ° 30.23 30.23 28.49 33.33 30.23
Spring precipitation ¢ 24.99 18.44 25.02 37.85 24.99
Manure applied, L ha 68,133 56,128 35,249 None applied None applied
Manure nutrients applied

Ammonium N (NH."), kg ha! 86.2 59.9 43.5 — —

Organic N, kg ha! 123.2 101.5 84.1 — —
Phosphorus, kg ha* 37.9 31.3 14.1 — —
Potassium, kg ha! 160.5 123.1 86.2 — —

2 Date last data collected, plots physically terminated soon after.
b calculated between date cover crops were planted and date terminated.

¢ Calculated between planting date and January 31
d Calculated between February 1% and termination date

¢ Source: Northeast Regional Climate Center, CLIMOD 2 data (climod2.nrcc.cornell.edu)
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Table 3. Eleven cover crop treatment combinations included in field experiments spanning five site-years on two dairy
farms in Addison County, Vermont.

Seeding Rate ?

Treatment Code Rye? Radish® Planting Method ¢
—— kg hat
Control 0 0 na
125 rye 125 0 Broadcast
125 rye 125 0 Drill
95 rye 95 0 Broadcast
95 rye 95 0 Drill
95 rye + rad 95 3.5 Broadcast
95 rye + rad 95 3.5 Drill
67 rye 67 0 Broadcast
67 rye 67 0 Drill
67 rye + rad 67 3.5 Broadcast
67 rye + rad 67 3.5 Drill

2 Seeding rates are pure live seed

b Cereal rye (Secale cereal L.), ‘Danko’

¢ Forage radish, (Raphinus sativus L. var. longipinnatus), ‘Tillage Radish®
CCS-779°

d na, not applicable; Broadcast, hand-seeded with a bag-type broadcast seeder;
Drill, planted with a no-till grain drill
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Table 4. Percent cover of all crop residue measured with line transect method in the fall and spring on cover crop
treatments established in September. Data are means, n = 4. Within a site-year (SY), treatments sharing the same letter are
not significantly different at the P <0.05 level, Tukey's HSD test.

Fall Percent Cover

Spring Percent Cover

Treatment Sy 1 SY 2 SY 3 SY 4 SY5 Sy 1 SY 2 SY 3 SY 4 SY5
Percent (%) Percent (%)
Control 22.5¢ 40.8¢c 45.0e 49.0cd 15.8¢ 16.0d 30.5¢c  36.3b 60.5b 15.8d
Drilled
125 rye 64.0a 89.0a 92.8a 79.3a 57.5a 56.8ab 78.3a  86.8a 83.5a 56.7a
95 rye 61.8ab  87.0a 81.8ab  73.8ab 67.5a 66.0a 73.3a 88.0a 83.5a 57.5a
95 rye + rad 65.0a 91.8a 91.0a 72.8ab 53.3ab 62.5ab 77.8a  86.5a 80.5a 51.7abc
67 rye 59.5ab  78.5a 79.0abc  72.5abc  57.5a 56.5ab 745a  91.0a 84.0a 54.1ab
67 rye + rad 59.3ab  77.5a 81.0ab  76.5ab 62.5a 54.0abc  73.5a 89.0a 78.0ab  52.5abc
Broadcast
125 rye 33.3bc  46.8bc  68.8bcd 62.8abcd 34.2bc 45.8abc  46.8b  85.5a 86.3a 34.2bcd
95 rye 37.3abc  47.3bc  67.0cd  63.5abcd 25.8c 43.3abc  46.5bc  88.3a 85.8a 21.7d
95 rye + rad 42.8abc  57.5b 65.0d 54.8bcd  30.8c 45.0abc  52.0b  81.5a 82.8a 32.5cd
67 rye 37.5abc 44.3bc 57.0de  55.5bcd  24.2c 29.3cd 38.3bc  76.3a 80.0a 20.0d
67 rye + rad 35.0abc  41.5¢ 62.0d 47.3d 26.7c 39.3bcd  43.8bc  78.8a 79.0a 30.8d
Date Measured® 19 Nov. 14 Nov. 4 Nov. 10 Nov. 19 Nov. 30 Apr. 1May. 28Apr. 6May. 30Apr.
ANOVA
F Ratio 5.6 415 27.2 5.6 17.44 8.4 18.7 24.1 3.7 14.32
P>F 0.0001 <.0001 <.0001 0.0001  <.0001 <.0001 <.0001 <.0001 0.0025 <.0001
SE 6.3 3.2 2.8 4.8 4.4 51 4.1 3.1 3.7 4.2

a4SY 1, 2 and 5 Fall (2014) Spring (2015); SY 3-4, Fall (2015) Spring (2016)
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Table 5. Cover Crop biomass measured in the fall and spring on cover crop treatments established in September in
Addison County, Vermont. Data are means, n = 4. Within a site-year (SY), treatments sharing the same letter are not
significantly different at the P< 0.05 level, Tukey’s HSD test.

Fall Cover Crop Biomass (DM)

Spring Cover Crop Biomass (DM)

Treatment SY1 SY2 SY3 SY 4 SY5 Sy1 SY 2 SY 3 SY 4 SY5
kg ha™ kg ha™
Drilled
125 rye 327a 55lab  645ab  358a 211a 1769ab  774abcd 2337 2073a  1129abc
95 rye 38la 515ab  634ab  307a 233a 2160a  934a 2420 1916ab 1746a
9 rye+rad 363a 601a 61labc 366a 211a 1491ab  853abc 2493 2016a  1164abc
67 rye 238ab  435b 655ab  260a 157ab 1791ab 897ab 2385 1865ab  1402ab
67rye+rad 34la 497ab  776a 330a 206a 1408ab 717abcde 2189 1968a  1320ab
Broadcast
125 rye 117bc 76C 311d 92b 45h 1183b  563bcde 2401 1171c 865hc
95 rye 58c 67c 314d 89b 42b 1067b  444de 2269 1310bc ~ 790bc
95rye+rad 112bc  175c 404bcd  92b 58b 1399ab 587bcde 2315 1134c 967bc
67 rye 49c 52c 245d 66b 22b 952b  533cde 2081 1189c 912hbc
67rye+rad  103bc 54c 348cd 64b 40b 994b  427e 1895 1176¢ 614c
Date Measured® 29 Oct. 290ct. 6Nov. 10Nov. 29 Oct. 14 May 5 May 29 Apr. 6 May 14 May
ANOVA
F Ratio 139 4881  10.55 26.1 8.3 5.1 7.02 0.94 9.37 5.38
P>F <.0001 <.0001 <.0001 <.0001 <.0001 0.0005 <.0001 0.5064 <.0001 0.0003
SE 36 34 58 26 30 174 71 185 135 144

4SY 1, 2 and 5 Fall (2014) Spring (2015); SY 3-4, Fall (2015) Spring (2016)
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Table 6. Nitrogen concentration of cover crop aboveground tissue. Data are means, n = 4, unless noted otherwise. Within a
site-year (SY), treatments sharing the same letter are not significantly different at the P< 0.05 level, Tukey’s HSD test.

Fall Cover Crop Nitrogen Content Spring Cover Crop Nitrogen Content
Treatment Sy1® Sy2& SY3 SY4 Sy5® Sy 1 SY 2 SY 3 SY4 SY5
g kg™ gkg*
Drilled
125 rye 35.1 46.1 459b 438 32.2 22.9e 31.1bc  279c 233 24.3c
95 rye 52.1 48.0 48.8ab 44.5 44.6 24.4cde 31.6bc  27.9c 23.1 24.1c
95 rye+rad 40.8 47.2 47.9ab 44.9 30.7 23.7de  32.6bc 29.0c 239 24.1c
67 rye 40.8 49.6 48.4ab 42.6 39.5 23.6de  29.9c 28.5¢C 22.8 24.0c
67rye+rad 394 455 48.1ab 43.8 33.3 23.9cde 31.0bc  28.1c 24.2 25.1c
Broadcast
125 rye 38.6 55.0 52.3ab 433 30.4 25.6bcd 33.9abc  29.2c 23.8 26.2bc
95 rye 40.0 56.6 53.1a 46.1 44.6 25.9bcd 33.8abd 32.2b 248 28.3abc
9rye+rad 57.3 53.1 53.5a 46.1 44.6 26.6bc  34.7ab  32.2b 249 27.9abc
67 rye 53.4 61.6 51.4ab 47.2 41.1 29.9a 37.4a 355a 241 31.8a
67rye+rad 450 56.8 51.6ab 46.1 36.3 27.8ab  37.9a 33.8ab 247 30.2ab

Date Measured © 29 Oct. 29 Oct. 6 Nov. 10 Nov. 29 Oct. 14 May 5 May 29 Apr. 6 May 14 May
ANOVA

F Ratio 2.85 0.87 3.62 098 — 15.74 8.31 24.89 1.63 8.86
P>F 0.0708 0.5076 0.0045 0.4791 — <.0001 <.0001 <.0001 0.1554 <.0001
SE 3.7 1.7 14 15 — 0.6 0.9 0.6 0.6 0.9

aFor SY 1 and SY 2, nitrogen content samples were pooled by treatment for the broadcast plots. This was due to low volume of
sample material that needed to be combined to meet laboratory minimum sample sizes. Statistics are done on drilled treatments only.
b Statistics were not run on SY 5 as all samples were pooled by treatment. This was due to low volume of sample material that needed
to be combined to meet laboratory minimum sample sizes.

¢SY 1, 2 and 5 Fall (2014) Spring (2015); SY 3-4, Fall (2015) Spring (2016)
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Table 7. Relationship between nitrogen concentration of above ground cover crop tissue (g kg-1) and biomass
yield (kg DM ha-1) by site-year.

Sy1 SY?2 SY3 Sy 4 SY5

Fall

alpha 45.313 57.939 52.979 46.146 36.53

beta -0.005 -0.019 -0.006 -0.007 -0.002

R? 0.007 0.633 0.091 0.068 0.001

P Value 0.5982 <.0001 0.0585 0.0573 0.8558
Spring

alpha 29.463 38.877 36.084 25.653 31.197

beta -0.003 -0.008 -0.003 -0.001 -0.004

R? 0.342 0.352 0.089 0.202 0.256

P Value <.0001 <.0001 0.0601 0.0021 0.009
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Table 8. Cover crop nitrogen uptake in aboveground biomass as measured by multiplying percent N in tissue by dry
matter yield. Data are means, n = 4. Within a site-year (SY), treatments sharing the same letter are not significantly different

at the P< (.05 level, Tukey’s HSD test.

Fall Cover Crop Nitrogen Uptake

Spring Cover Crop Nitrogen Uptake

Treatment Sy 1 SY 2 SY 3 SY 4 SY5 Sy 1 SY 2 SY 3 SY 4 SY5
kg ha* kg ha*
Drilled
125 rye 11.5abcd 25.5a  30.l1abcd 15.7a 6.8ab 40.4ab  23.9abc 65.5 47.9a 27.3ab
95 rye 19.9a 24.7a 30.9abc  13.6a 10.4a 52.6a 29.6a 67.7 43.9ab 42.1a
95 rye +rad 15.7ab 28.2a  29.6abcd 16.4a 6.4abc 35.3ab  27.6a 72.7 48.1a 27.9ab
67 rye 10.2abcd 21.7a  31.8ab 11.1a 6.2abcd 41.6ab  26.9ab  68.3 41.8ab  33.4ab
67 rye + rad 13.6abc  22.8a  37.2a 14.5a 6.9ab 33.9ab  22.2abc 615 47.6a 33.1ab
Broadcast
125 rye 4.5cd 4.2b 16.5de 4.0b 1.4cd 30.3b 19.2abc  69.7 27.9b  22.6b
95 rye 2.3d 3.8b 16.7cde  4.1b 1.2bcd 27.6b 15.1c 72.6 32.4ab  22.0b
95 rye + rad 6.4bcd 9.3b 21.8bcde 4.2b 2.6bcd 37.1ab  20.3abc  69.7 28.3b  26.9ab
67 rye 2.7d 3.2b 12.7e 3.1b 0.9d 28.3b 20.2abc  73.6 28.6b  29.0ab
67 rye + rad 4.6¢d 3.0b 17.7bcde 2.9b 1.5cd 27.7b 16.0bc  63.8 28.8b 18.96b
Date Measured ® 29 Oct. 29 Oct. 6 Nov. 10 Nov. 29 Oct. 14 May 5 May 29 Apr. 6 May 14 May
ANOVA
F Ratio 7.8 30.19 8.05 24.22 8.91 3.4 1.29 0.59 7.39 3.17
P>F <.0001 <.0001 <.0001 <.0001 <.0001 0.0064 0.0015 0.7864 <.0001 0.0095
SEM 2.1 1.9 2.9 1.2 1.1 4.3 2.4 5.7 3.3 3.76

2 SY 1, 2 and 5 Fall (2014) Spring (2015); SY 3-4, Fall (2015) Spring (2016)



69

Table 9. Soil ammonium nitrogen (NH4*) measured at 30 cm depth during two different sampling events in the spring.
Data are means, n=4. Within a site-year (SY), treatments sharing the same letter not significantly different at the P<0.05 level,
Tukey’s HSD test.

Soil NH4*
First Sampling Event Second Sampling Event
Treatment Sy1l-® Sy 2@ SY3 SY 4 Sy 5@ Sy 12 Ssy2?@ SY 3 SY 4 SY 5a
mg kg * mg kg *
Control 6.7 16.98 5.39 3.23 12.5 7.45 15.88 4.73 3.28 5.49a
Drilled
125 rye 6.25 16.05 3.16 2.87 12.63 3.14 15.34 4.58 3.48 1.38b
95 rye 7.08 17.55 5.49 2.62 12.53 3.22 15.21 4.60 3.00 1.09b
95 rye + rad 7.25 17.70 4.53 2.98 11.63 2.99 14.86 4.93 3.15 1.22b
67 rye 7.25 17.38 5.08 2.71 12.88 5.22 14.88 5.10 3.28 1.64b
67 rye + rad 7.53 17.05 1.58 2.90 13.93 6.68 15.36 4.60 3.13 1.33b
Broadcast
125 rye — — 411 2.67 — — — 5.00 3.30 —
95 rye — — 6.75 2.73 — — — 4.73 3.23 —
95 rye + rad — — 3.25 3.04 — — — 4.58 3.20 —
67 rye — — 3.96 2.59 — — — 4.58 3.28 —
67 rye +rad — — 4.34 2.65 — — — 4.85 3.15 —
Date Measured® 16 Apr. 15 Apr. 14 Apr. 19 Apr. 16 Apr. 8 May 7 May 29 Apr. 6 May 8 May
ANOVA
F Ratio 0.27 0.92 0.47 1.31 0.49 0.79 0.25 0.63 0.25 19.86
P>F 0.9228  0.4968 0.8938  0.2674  0.7806 05759 09323 0.7731 0.9869 <.0001
SE 0.89 0.62 2.02 0.18 1.06 2.21 0.75 0.24 0.24 0.38

2 Did not sample broadcast treatments due to inconsistent coverage in plots
®SY 1, 2,5 (2015); SY 3-4 (2016)
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Table 10. Soil Nitrate (NOs’) measured at 30 cm depth during two different sampling events in the spring. Data are
means, n= 4. Within a site-year (SY), treatments sharing the same letter are not significantly different at the P< 0.05 level,
Tukey’s HSD test.

Soil NOgs
First Sampling Event Second Sampling Event
Treatment Sy1* Sy2*® SY3 SY 4 SY 52 Sy1l® Sy2* SY3 SY4 Syb5?
mg kg mg kg™
Control 8.43a 6.78 9.47a 1.44 6.83a 5.32 9.85a 10.25a 1.2 3.91b
Drilled
125 rye 493b 4.8 3.56b 1.10 4.43b 3.01 2.41b 1.95b 0.95 3.93b
95 rye 5.30ab 5.23 3.31b 0.92 3.73b 3.02 2.49b 2.56b 1.18 4.36ab
95rye+rad 4.35b 5.73 3.04b 1.46 3.90b 2.98 2.43b 2.35b  1.10 4.26ab
67 rye 493b 4.13 3.33b 0.87 4.23b 3.62 2.63b 2.50b 1.00 4.07b
67rye+rad 5.05b  4.38 3.79b 1.06 4.45b 4.81 2.54b 2.18b  0.95 4.63a
Broadcast
125 rye — — 4.16b 1.16 — — — 2.63b 1.15 —
95 rye — — 4.53b 111 — — — 2.15b 1.03 —
9rye+rad — — 5.03b 1.22 — — — 2.73b  1.08 —
67 rye — — 4.93b 1.16 — — — 3.35b 1.15 —
67rye+rad — — 3.82b 0.94 — — — 2.76b 1.2 —
Date Measured ® 16 Apr. 15 Apr. 14 Apr. 19 Apr. 16 Apr. 8 May 7May 29 Apr. 6May 8 May
ANOVA
F Ratio 4.09 2.74 7.97 1.67 5.55 155 5123 36.19 0.89 6.44
P>F 0.0151 0.0596 <.0001 0.1351 0.0043 0.2341 <.0001 <.0001 0.5500 0.0022
SE 0.73 0.64 0.63 0.15 0.48 0.82 0.42 0.39 0.1 0.11

2 Did not sample broadcast treatments due to inconsistent coverage in plots.
®SY 1, 2,5 (2015); SY 3-4 (2016)



Table 11. Soil temperature at 5 cm depth measured during two sampling events in the spring. Data are means, n= 4.
Within a site-year (SY), treatments sharing the same letter are not significantly different at the P< 0.05 level, Tukey’s HSD
test.

Soil Temperature at 5¢cm

TL

First Sampling Event Second Sampling Event
Treatment Sy 1@ SY 2 SY 3 SY 4 SY5 Sy 1@ SYy 2@ SY 3 Sy 4 SY5
degrees C degrees C
Control 10.28 10.25 7.80a 16.68 — 9.98b 16.65a 10.03a  20.10 —
Drilled
125 rye 9.18 9.60 6.65ab 14.98 — 10.63a 15.35b 7.93b  18.85 —
95 rye 8.08 9.83 6.73ab 15.35 — 10.26ab  15.13b 7.87b  18.63 —
95 rye + rad 9.63 8.97 6.63ab 15.83 — 10.50ab  15.13b 823b 17.30 —
67 rye 8.60 9.98 6.25b 15.25 — 10.35ab  15.33b 7.58b  18.28 —
67 rye + rad 9.10 10.48 7.38ab 15.25 — 10.38ab  15.58b 7.90b  18.38 —
Broadcast
125 rye — 9.60 6.65ab 14.98 — — — 8.23b  19.25 —
95 rye — 10.27 6.75ab 15.45 — — — 7.85b  19.03 —
95rye+rad — 8.50 6.70ab 15.63 — — — 8.23b  19.15 —
67 rye — 8.95 6.38b 16.75 — — — 8.53b  18.35 —
67rye+rad — 8.80 7.00ab 15.80 — — — 8.28b  18.93 —
Date Measured ° 16 Apr. 15 Apr. 14 Apr. 19 Apr. — 8 May 7 May 29 Apr. 6 May —
ANOVA
F Ratio 2.69 0.39 3.29 207  — 3.71 13.08 8.11 198 —
P>F 0.0623 0.9404 0.0055 0.0600 — 0.0220 <.0001 <.0001 0.0731 —
SE 0.47 1.26/0.89 0.24 042 — 0.11 0.16 0.23 05 —

2 Did not sample all treatments due to inconsistent coverage in plots
bSY 1, 2, 5(2015); SY 3-4 (2016)
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Table 12. Phosphorus concentration of cover crop. Data are means, n = 4 unless otherwise noted. Within a site-year (SY),
treatments sharing the same letter are not significantly different at the P< 0.05 level, Tukey’s HSD test.

Fall Cover Crop Phosphorus Concentration Spring Cover Crop Phosphorus Concentration

Treatment SY1l* Sy?2* SY3 SY 4 Sy 5° SY1 SY 2 SY 3 SY 4 SY5
gkg™ gkg ™
Drilled
125 rye 3.9 7.8 5.2a 5.4 4.2 5.4 6.9b 4.6b 4.3b 4.9
95 rye 5.9 7.6 5.6a 55 6.0 5.6 6.9b 4.7b 4.4b 4.9
95rye+rad 4.9 7.7 5.5a 55 4.3 5.7 6.9b 49ab  4.4b 5.1
67 rye 4.6 8.1 5.4a 5.4 5.2 5.6 6.8b 4.7b 4.4b 4.9
67rye+rad 4.7 7.7 5.5a 5.4 4.6 5.7 7.0b 4.7b 45ab 5.0
Broadcast
125 rye 4.1 8.1 5.4a 55 3.8 5.8 74ab  49ab 45ab 5.3
95 rye 4.2 8.4 5.6a 5.3 3.1 5.8 75ab 49ab 46ab 5.0
95rye+rad 6.6 8.0 5.5a 5.4 6.0 59 75ab 5.0ab 45ab 4.9
67 rye 6.2 8.4 5.2a 5.6 5.1 5.7 7.6ab 5.2a 46ab 5.0
67rye+rad 4.2 8.3 5.2a 5.8 4.7 5.7 8.1a 5.2a 4.7a 4.9

Date Measured © 29 Oct. 29 Oct. 6 Nov. 10 Nov. 29 Oct. 14 May 5May 29 Apr. 6 May 14 May
ANOVA

F Ratio 1.36 0.86 2.79 1.04 — 14 3.83 5.31 3.35 0.48
P>F 0.3059 0.5175 0.0185 0.4351 — 0.2511 0.0032 0.0003 0.0071  0.8781
SE 0.6 0.2 0.1 01 — 0.1 0.2 0.1 0.1 0.1

2 broadcast samples were pooled by treatment to meet minimum weight requirements for laboratory analysis. ANOVA
completed on drilled treatments only.

ball samples were pooled by treatment for analysis to meet minimum weight requirements for laboratory analysis

¢SY 1, 2and 5 Fall (2014) Spring (2015); SY 3-4, Fall (2015) Spring (2016)



Table 13. Cover Crop phosphorus uptake in aboveground biomass as measured by multiplying percent P in tissue by
dry matter yield. Data are means, n = 4. Within a site-year (SY), treatments sharing the same letter are not significantly
different at the P< 0.05 level, Tukey’s HSD test.

€L

Fall Cover Crop Phosphorus Uptake Spring Cover Crop Phosphorus Uptake
Treatment Sy 1 SY 2 SY 3 SY 4 SY5 Sy 1 SY2 SY3 SY 4 SY5
kg ha* kg ha ™
Drilled
125 rye l2abc 4.3a 3.3abc 1.9a 0.9abc 7.4ab 53ab 10.8 9.0a 5.6abc
95 rye 2.3a 3.9a 3.5ab 1.7a l.4a 12.1a 6.6a 11.2 8.2abc  8.8a
95 rye +rad 1.9ab 4.6a 3.2abcd 2.0a 0.9ab 6.8b 59ab 12.3 8.7ab 5.9abc
67 rye 1.2abc  3.5a 3.5ab 1l.4a 0.7abcd 8.8ab 6.0ab 11.3 8.labcd 6.9ab
67 rye + rad 1l.6abc 3.8a 4.3a 1.8a 1.0ab 6.7b 50ab 10.3 8.9ab 6.7abc
Broadcast
125 rye 0.5¢c 0.6b 1.7de 0.5b 0.14d 6.9ab 42ab 117 5.3cd 4.6bc
95 rye 0.3c 0.6b 1.7cde  0.5b 0.1cd 5.5b 3.4b 11.2 6.0bcd 3.9bc
95 rye + rad 0.7bc 1.4b 2.2bcde 0.5b 0.4bcd 7.8ab 4.4ab 117 5.2d 4.8bc
67 rye 0.3c 0.5b 1.3e 0.4b 0.1d 5.5b 4l1lab 108 5.6cd 4.6bc
67 rye + rad 0.6bc 0.5b 1.8cde 0.3b 0.1d 4.7b 3.4b 9.9 5.5cd 2.9c
Date Measured @ 290ct. 290ct. 6Nov. 10Nov. 29 Oct. 14May 5May 29Apr. 6May 14 May
ANOVA
F Ratio 6.12 43.86 9.5 27.67 9.93 3.75 4.04 0.49 16.72 4.77
P>F 0.0001 <.0001 <.0001 <.0001 <.0001 0.0036 0.0023 0.8697 <.0001  0.0007
SE 0.3 0.3 0.3 0.1 0.1 11 0.6 1.0 0.7 0.8

aSY 1, 2 and 5 Fall (2014) Spring (2015); SY 3-4, Fall (2015) Spring (2016)
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Table 14. Available soil test phosphorus collected at or near cover crop termination using modified Morgan analysis
(mg kg-1). Data are means, n = 4. No site-years (SY) saw a significant difference in treatments at the 0.05 probability level.

Available Soil Test Phosphorus (modified Morgan)

Treatment Sy 1?2 Sy 22 SY 3 Sy 4 Sy5¢?
mg kg™
Pre-Experiment 33.8 47.2 13.0 16.1 33.8
Control 36.8 447 12.9 15.7 28.9
Drilled
125 rye 38.0 344 10.6 15.0 33.8
95 rye 30.3 40.5 11.1 16.9 23.4
95 rye + rad 34.6 44.2 11.1 18.7 30.2
67 rye 36.9 37.7 11.5 14.5 30.0
67 rye + rad 34.6 344 11.6 15.1 28.6
Broadcast
125 rye — — 10.8 15.6 —
95 rye — — 9.9 16.0 —
95 rye + rad — — 12.6 15.6 —
67 rye — — 11.0 16.1 —
67 rye +rad — — 10.8 16.0 —
Date Measured 7 May 2015 7 May 2015 29 Apr. 2016 6 May 2016 7 May 2015
ANOVA
F Ratio 1.56 1.59 0.59 0.59 2.01
P>F 0.2318 0.2209 0.8074 0.8066 0.1351
SE 2.22 3.62 11 1.46 2.38

aDid not sample broadcast treatments due to inconsistent coverage/low biomass in plots.
bSampled before cover crop plots were established or manure applied in the fall.
Values are means, n=4. Each block was sampled as a unit prior to cover crop planting.
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Table 15. Percent volumetric water content of soil measured at 12 cm in fall and spring. Data are means, n = 4.
Within a site-year (SY), treatments sharing the same letter are not significantly different at the P< 0.05 level, Tukey’s
HSD test.

Fall Soil Moisture Spring Soil Moisture
Treatment SY1 SY 2 SY 3 SY 4 SY5 Syl SY?2 SY3 SY 4 SY5
Percent (%) — —— Percent (%)
Control 22.2 14.9 29.6 16.9 18.5b 21.1 15.9 33.6 22.1ab 221
Drilled
125 rye 231 14.9 30.5 18.3 25.7a 21.3 15.0 33.1 24.9a 22.3
95 rye 22.9 13.3 30.5 17.4 17.7b 20.6 16.0 31.2 21.8ab 20.7
95 rye + rad 21.8 14 30.9 18.0 21.6ab 215 15.1 30.7 22.7ab 20.9
67 rye 215 11.9 31.2 16.4 21.9ab 22.8 15.4 31.5 20.5b 21.2
67 rye + rad 234 13.4 29.9 18.9 20.4ab 21.6 15.5 32.2 22.1ab 20.0
Broadcast
125 rye 24.8 16.3 30.3 17.9 20.6ab 224 15.9 326 20.9b 21.6
95 rye 23.2 15.8 31.2 18.7 21.4ab 21.6 16.0 315 22.2ab 20.0
95 rye + rad 20.4 131 304 17.3 20.6ab 20.3 14.8 30.9 20.5b 20.7
67 rye 21.4 14.5 28.6 15.7 18.3b 19.7 15.2 31.3 21.1b 19.9
67 rye + rad 25.2 14.7 29.4 18.9 2l1.1ab 21.7 15.1 30.8 22.2ab 20.3
Date Measured? 20Oct. 20Oct. 4Nov. 10Nov. 2Oct. 15 May 1 May 28 Apr. 3 May 15 May
ANOVA
F Ratio 1.64 0.96 0.67 1.14 3.09 0.85 0.37 1.35 2.77 0.91
P>F 0.1419 0.4952 0.7404 0.3700  0.0080 0.5914 0.9507 0.2503 0.0149  0.5354
SE 1.1 1.31 0.97 0.97 1.25 0.96 0.74 0.84 0.75 0.88

2SY 1, 2 and 5 Fall (2014) Spring (2015); SY 3-4, Fall (2015) Spring (2016)
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Table 16. Cost of planting cover crop treatments expressed in US dollars per hectare. Costs include actual seed cost and
estimated planting cost based on method of planting.

Treatment Seed Cost?  Planting Cost ® Total Cost
Drilled US dollars ha™

125rye€ $96.25 $46.93 $143.18

95 rye°© $73.15 $46.93 $120.08

95 rye+rad® $84.74 $46.93 $131.67

67 rye $51.59 $46.93 $ 98.52

67 rye+rad® $63.18 $46.93 $110.11

Broadcast

125rye € $96.25 $30.38 $126.63

95 rye $73.15 $30.38 $103.53

95rye+rad® $84.74 $30.38 $115.12

67 rye $51.59 $30.38 $ 81.97

67 rye +rad $63.18 $30.38 $ 93.56

2 calculated based on actual seed costs, $0.77 per kg rye and $3.31 per kg radish

b Source: Pennsylvania’s 2016 Machinery Custom Rates, State average rates (Pike, 2016)
¢ Seeding rates allowed by USDA-NRCS Cover Crop Specification and Guidance (USDA, 2014)
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APPENDIX: Additional Tables

Table A-1. Dry matter biomass of roots and shoots of both rye and radish by treatment in the fall. All data are from
drilled treatments only in Site-years 1 and 2 (SY 1, SY 2). Data are means, n = 4 and are in dry matter kg ha™.

Treatment
Plant Part(s) 125 rye 95 rye 95 rye + rad 67 rye 67rye+rad SE Sig.
Sy 1 kg ha ™
Rye shoot 2 545 588 431 445 345 63 ns
Rye root ® 216 172 144 172 143 20 ns
Rad shoot nac na 135 na 141 24 ns
Rad root na na 37 na 40 4 ns
Total Shoot 545 588 566 445 485 60 ns
Total Root 216 172 181 172 186 20 ns
Total 761 761 746 617 669 64 ns
SY 2
Rye shoot 804 746 703 603 416 88 ns
Rye root 259 a¢ 287 a 216 ab 201 ab 129 b 28 0.0153
Rad shoot na na 235 na 213 23 ns
Rad root na na 66 na 69 6 ns
Total Shoot 804 746 939 603 629 93 ns
Total Root 259 287 281 201 198 31 ns
Total 1062 1034 1220 804 827 118 ns

2| eaf tissue collected at same cutting height as other biomass samples in this study, approx. 5 cm

® Roots dug and separated from leaf tissue (at approx. 5cm) and rinsed of any attached soil

®na = not applicable, no radish planted in these treatments

d treatments within the same row sharing a letter are not statistically different using Tukey’ s HSD ad hoc procedure



Table A-2. Nitrogen and phosphorus concentration of leaf and root tissue in g kg in the fall. All data are from
drilled treatments only in site-years 1 and 2 (SY 1, SY 2). No statistics were performed as samples were pooled by
treatment in order to have adequate sample size for laboratory analysis.

98

Treatment
Plant Part 125 rye 95 rye 95 rye + rad 67 rye 67 rye + rad
SY1
rye shoott g N kg 315 49.9 37.6 38.9 38.2
rye root® g N kg 235 235 35.7 27.2 26.2
rad shoot g N kg? nac na 43.8 na 44.3
rad root g N kg? na na 317 na 31.4
rye shoot g P kg?! 5.0 7.7 6.4 5.8 5.9
rye root g P kg?! 5 6.5 5.4 5.5 5.4
rad shoot gP kg? na na 7.2 na 6.6
rad root g P kg? na na 7.6 na 6.9
SY 2
rye shoot g N kg 44.6 427 475 45.4 44.0
rye root g N kg? 33.4 29.8 34.4 36.2 29.9
rad shoot g N kg? na na 53.8 na 47.0
rad root g N kg? na na 39.7 na 31.2
rye shoot g P kg? 8.9 8.9 9.4 9 9
rye root g P kg? 7.1 6.7 7.3 7.4 6.6
rad shoot g P kg? na na 10.4 na 9.6
rad root gP kg! na na 8.8 na 8.4

2 |_eaf tissue collected at same cutting height as other biomass samples in this study, approx. 5 cm
b Roots dug and separated from leaf tissue (at approx. 5cm) and rinsed of any attached soil
®na = not applicable, no radish planted in these treatments



Table A-3. Nitrogen and phosphorus uptake by root and shoot tissue in kg ha in the fall. All data are from drilled
treatments only in site-years 1 and 2 (SY 1, SY 2).

JAS

Treatment
Plant Part 125 rye 95 rye 95 rye + rad 67 rye 67 rye + rad
Sy 1
rye shoot* kg N ha? 17.2 29.4 16.2 17.3 13.2
rye root® kg N ha' 5.1 6.1 3.8 4.7 3.8
rad shoot kg N ha! nac¢ na 59 na 6.3
rad root kg N ha! na na 1.2 na 1.3
Total N kg N hat 22.3 35.5 27.1 22.0 24.5
rye shoot kg P ha' 2.7 4.5 2.8 2.6 2.0
rye root kg P ha' 1.1 1.1 0.5 1.0 0.8
rad shoot kg P ha' na na 1.0 na 0.9
rad root kg P ha' na na 0.3 na 0.3
Total P kg P ha™ 3.8 5.7 4.8 3.5 4.0
SY 2

rye shoot kg N hat 35.9 31.9 33.4 27.4 18.3
rye root kg N hat 8.7 8.5 7.4 7.3 3.9
rad shoot kg N hat na na 12.6 na 10.0
rad root kg N hat na na 2.6 na 2.2
Total N kg N ha 44.6 40.4 56.0 34.7 34.4
rye shoot kg P ha' 7.2 6.6 6.6 5.4 3.7
rye root kg P ha 1.8 1.9 1.6 15 0.9
rad shoot kg P ha? na na 2.4 na 2.0
rad root kg P hat na na 0.6 na 0.6
Total P kg P ha™ 9.0 8.6 11.2 6.9 7.2

2| eaf tissue collected at same cutting height as other biomass samples in this study, approx. 5 cm
® Roots dug and separated from leaf tissue (at approx. 5cm) and rinsed of any attached soil
®na = not applicable, no radish planted in these treatments



88

Table A-4. Percent cover of all crop residue measured with line transect method on two sampling dates in the fall. Data
are means, n = 4. Within a site-year (SY), treatments sharing the same letter are not significantly different at the P <0.05 level,
Tukey's HSD test.

Fall Percent Cover - 1st Sampling Date

Fall Percent Cover — 2" Sampling Date

SY1 SY?2 SY3 SY 4 SY5 SY1 SY?2 SY 3 SY 4 SY5
Treatment Percent (%) Percent (%)
Control 21.3f 46.0bcd 42.5b 43.5b  18.1f 22.5¢c 40.8¢c 45.0e 49.0cd 15.8¢c
Drilled
125 rye 61.0a 71.5ab  49.0ab  54.0ab 48.8a 64.0a 89.0a 92.8a 79.3a 57.5a
95 rye 55.0ab 64.8abc 51.3ab  55.5ab  48.4a 61.8ab  87.0a 81.8ab  73.8ab 67.5a
95 rye + rad 65.0a 78.3a 55.8ab  55.5ab  48.8a 65.0a 91.8a 91.0a 72.8ab 53.3ab
67 rye 53.5abc 63.8abc 51.0ab  52.8ab  45.8ab 59.5ab  78.5a 79.0abc 72.5abc  57.5a
67 rye + rad 62.0a 71.3ab 47.3ab  56.8a  42.7ab 59.3ab  77.5a 81.0ab  76.5ab 62.5a
Broadcast
125 rye 45.8bcd 37.5d 455ab  54.0ab 27.7cd 33.3bc  46.8bc  68.8bcd 62.8abcd  34.2bc
95 rye 34.0def 34.3d 51.0ab  50.0ab 26.1cd 37.3abc  47.3bc  67.0cd  63.5abcd 25.8¢
95 rye + rad 36.0def 45.8cd 57.3a 47.8ab  25.5cd 42.8abc  57.5b 65d 54.8bcd  30.8¢
67 rye 28.5ef  37.3d 45.0ab  53.0ab 28.6cd 37.5abc  44.3bc  57de 55.5bcd  24.2¢
67 rye + rad 39.3cde 36.3d 47.8ab  47.5ab 33.lab 35.0abc  41.5¢c 62d 47.3d 26.7c
Date Measured# 17 Oct. 17 Oct. 2 Oct. 150ct. 17 Oct. 19 Nov. 14 Nov. 4Nov. 10Nov. 19 Nov.
ANOVA
F Ratio 235 15.3 25 2.6 15.8 5.6 41.5 27.2 5.6 17.44
P>F <.0001 <.0001 0.027 0.0222 <.0001 0.0001 <.0001 <.0001 0.0001  <.0001
SE 3.1 4.3 2.8 2.6 2.8 6.3 3.2 2.8 4.8 4.4

2 SY 1, 2 and 5 Fall (2014) Spring (2015); SY 3-4, Fall (2015) Spring (2016)
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Table A-5. Percent cover of all crop residue measured with line transect method on two sampling dates in the spring.
Data are means, n = 4. Within a site-year (SY), treatments sharing the same letter are not significantly different at the P <0.05

level, Tukey's HSD test.

Spring Percent Cover - 1st Sampling Date

Spring Percent Cover - 2nd Sampling Date

Treatment SY1l SY2 SY3 SY 4 SY5 Syl SY 2 SY3 SY 4 SY5
Percent (%) Percent (%)
Control — — 29.3d 61.3b — 16.0d 30.5¢ 36.3b 60.5b 15.8d
Drilled
125 rye — — 92.3a 86.0a — 56.8ab  78.3a  86.8a 83.5a 56.7a
95 rye — — 88.3a 87.8a — 66.0a 73.3a  88.0a 83.5a 57.5a
95 rye + rad — — 91.8a 88.3a — 62.5ab 77.8a 86.5a 80.5a 51.7abc
67 rye — — 83.3ab 87.3a — 56.5ab  74.5a 91.0a 84.0a 54.1ab
67 rye + rad — — 87.8a 84.5a — 54.0abc  73.5a 89.0a 78.0ab 52.5abc
Broadcast
125 rye — — 82.5ab 78.3a — 45.8abc  46.8b  85.5a 86.3a 34.2bcd
95 rye — — 78.8abc  745ab — 43.3abc  46.5bc  88.3a 85.8a 21.7d
95 rye + rad — — 70.0bc 77.8a — 45.0abc  52.0b 81.5a 82.8a 32.5¢d
67 rye — — 65.5¢ 77.8a — 29.3cd 38.3bc  76.3a 80.0a 20.0d
67 rye + rad — — 71.3bc 81.0a — 39.3bcd 43.8bc 78.8a 79.0a 30.8d
Date Measured® — — 15 Apr. 19 Apr. — 30 Apr. 1May 28 Apr. 6 May. 30 Apr.
ANOVA
F Ratio — — 31.3 72 — 8.4 18.7 24.1 3.7 14.32
P>F — — <0001 <.0001 — <.0001 <.0001 <.0001 0.0025 <.0001
SE — — 3.2 29 — 5.1 4.1 3.1 3.7 4.2

2 SY 1, 2 and 5 Fall (2014) Spring (2015); SY 3-4, Fall (2015) Spring (2016)
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Table A-6. Relationship between phosphorus content of above ground cover crop tissue (g kg-1) and biomass
yield (kg ha-1) by site-year.

Sy1 SY?2 SY3 Sy 4 SY5

Fall

Alpha 4.966 8.3353 5.3486 5.5684 4.5879

Beta 0.0003 -0.0011 0.0787 -0.0004 0.0013

R? 0.0016 0.5029 0.00002 0.0456 0.0205

P Value 0.8087 <.0001 0.9793 0.1858 0.7752
Spring

Alpha 5.9405 8.0067 4.9863 4.5373 49183

Beta -0.0002 -0.0011 -0.00004 -0.00004 0.00009

R? 0.1045 0.1945 0.0033 0.0147 0.0075

P Value 0.0419 0.0044 0.7277 0.4569 0.5952




