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ABSTRACT
DEVELOPING ALTERNATIVE FORAGE PRODUCTION STRATEGIES FOR
ENHANCED ENVIRONMENTAL AND ECONOMIC RESILIENCE ON NEW
ENGLAND DAIRY FARMS
FEBRUARY 2020
SAMANTHA L. GLAZE-CORCORAN, B. S., FITCHBURG STATE UNIVERSITY,
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Masoud Hashemi
Cover crops are prized for their array of well documented and widely respected
ecosystem services. Cover crops are an intrinsic part of building and sustaining soil
health and thus the long term productive capacity of agricultural soils. However, effective
cover crop adoption on New England dairy farms is lacking, and the benefits of
traditional cover crops may be somewhat mismatched to the needs of dairy farms.
Harvesting winter hardy small cereal grains for forage can provide practical incentive to
farmers to incorporate effective cover crop management as well as provide an economic
benefit in the form of additional on-farm forage production. In tandem, dual purpose
cover crops can convey traditional ecosystem services while also helping to remove
excess nitrogen and phosphorus applied in manure, thus providing enhanced nutrient
cycling.
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CHAPTER 1
GENERAL INTRODUCTION

1.1. Global food security and Green Revolution 2.0
The concept that we – as an agricultural and scientific community – must double
yield production per land unit to feed the growing population is a pervasive point made
by both public media and many scientists. However, this additional yield is only required
to sustain increasing dairy and meat demands and biofuel production (Ray et al., 2013).
In truth, the world already produces enough food to feed 10 billion people and yet still
fails to address hunger and food security, as pointed out in a 2012 editorial (HoltGiménez et al., 2012) citing Food and Agriculture Organization (FAO) reports. The
World Food Program USA (WFP) reiterates these claims and highlights that nearly onethird of all food is wasted, including food that expires in overstocked fridges or spoils onfarm due to failures in post-harvest management. Even more food rots in fields because
adequate labor and technology (or economic incentive) are not available for the harvest.
These are largely failures of logistics and a lack of synchrony between food production
and post-harvest storage resources, processing capability, and food demand. The WFP
interestingly characterizes the associated carbon consequences of food waste, stating, “if
wasted food were a country, it would be the third largest producer of carbon dioxide in
the world, after the U.S. and China” (WFP, 2019).
The Holt-Giménez et al. editorial goes on to state that “agroecology and locally
based food economics” are keys to food security, as identified in the global report
generated by the International Assessment on Agriculture, Science and Technology for
Development (IAASTED, 2009). The IAASTED was a three year project that assessed
1

agricultural knowledge, science, and technology (AKST) and the global capacity to meet
food needs in the context of social equity and economic and environmental sustainability.
In addition to the global report, the IAASTED generated five regional reports, including a
North American and European (NAE) report.
The NAE report notes that there is an abundance of food produced in this region
due to extensive natural resources, wealth, and general lack of warfare or conflict.
However, the report also outlines a variety of challenges. Despite great wealth and
technology, this region struggles to provide equitable access to food. More specifically,
in the United States 1 in 8 people are considered to be food insecure as they lack access
to sufficient, affordable, and healthy food (Coleman et al., 2018). The IAASTED NEA
report also challenges the region to improve the use of agriculture and its associated
industries to support both rural and urban economies. Of course, the region must also
adjust its agricultural practices to respond to – and mitigate - climate change.
Yet, the NAE report found that less than 2% of the population in NAE countries
are involved in primary food production. In addition to the responsibility of food
production itself, this 2% bears a large burden of providing social goods to the general
population. Farmers and industry affiliates are tasked with avoiding negative externalities
by maintaining land, air, and water quality, and they are asked to contribute to social
benefits by adopting practices that actively reduce climate change. This is a textbook shift
of a social benefit onto private stakeholders’ cost of production (Field, 2016).
In tandem, the NAE report calls to attention the “fragmented” dissemination of
AKST to stakeholders, and advocates that stakeholders are often not able to influence
AKST initiatives. This 2009 report echoes Nowak et al.’s 1996 paper about why farmers

2

do or do not adopt beneficial cultural management practices, such as those practices that
could improve their economic outcomes and reduce their adverse environmental impacts.
The paper is rooted in rural sociology and asserts that despite our collective
advancements in technology and science, as well as improvements to policies, “we are
still in the "horse and buggy" days of understanding and meeting farmers' needs as
defined by the farmer.” The paper goes on to suggest that unsuccessful “educate,
regulate, or bribe” approaches are consistently used in attempts to influence farmers to
make changes (Nowak et al., 1996).
Clearly, farmer adoption of efficient and sustainable cultural management
practices is a cornerstone of long-term, global food security in all regions of the world.
Furthermore, effective management practices are absolutely necessary in order to make
use of the genetic advancements propelled by the Green Revolution. The Green
Revolution produced famously large yield increases in staple crops that in resulted in
increased food production, increased food affordability, and reduced global hunger. For
example, cereal yields tripled in the years following the Green Revolution while only
30% more land was used to produce these yields; I.e. substantially more production was
achieved per land unit (Wik et al., 2008). In order bring these gains to fruition, Norman
Borlaug himself agreed with the critical importance of management practices:
We believe that there has tended to be too much focus on the high-yielding
varieties themselves, as if they alone can produce miraculous results. Certainly,
modern varieties can shift yield curves higher due to more efficient plant
architecture and the incorporation of genetic sources of disease and insect
resistance. However, modern, disease-resistant varieties can only achieve their
genetic yield potential if systematic changes are also made in crop management,
such as in dates and rates of planting, fertilization, water management, and weed
and pest control. Moreover, many of these crop management changes must be
applied simultaneously if the genetic yield potential of modern varieties is to be
fully realized (Borlaug and Dowswell, 2005).
3

Alas, all pendulums swing with less vigor over time. So, too, has the Green
Revolution seen the fading energy of its once broad swing. Ray et al.’s 2013 metanalysis
compiled 2.5 million data points and found global evidence of slowing or stagnating yield
increases for maize (Zea mays), rice (Oryza spp.), wheat (Triticum spp.), and soybean
(Glycine max). Such trends, as well as the benefit of hindsight in evaluating the negative
– albeit unintended – consequences of the Green Revolution, have resulted in a call for
Green Revolution 2.0 that jump starts a new wave of agricultural advancement that
reconsiders our strategy to feed the world’s population with a fresh, keen focus on
environmental implications and appropriate management practices, as reviewed by
Pingali in 2012.
Pingali suggests that the unintended environmental consequences associated with
the Green Revolution, such as land degradation (Gomeiro, 2016; Lal, 2015), pest
resistance, land contamination (Pimental, 1996), increasing energy demands, and water
contamination (Singh, 2000) are in part caused by intensification practices themselves.
While tillage, fertilizer inputs, various pesticides, and bare soils have caused the
problems, the majority of responsibility may be more rightfully attributed to the
inappropriate polices and management recommendations, as well as a lack of applied
research, that scaffolded these intensification practices. Additionally, land degradation
itself, as result of intensification of management practices associated with the high
yielding varieties of the Green Revolution, is in part responsible for slowing yield
progress. In outlining the Green Revolution 2.0, Pingali stiches with the same thread as
Borlaug, stating, “…technologies to increase input use efficiency and improve
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management practices are necessary to ensure the competitiveness and sustainability of
production systems.”
A comprehensive approach is necessary for the Green Revolution 2.0, an
agricultural renaissance as Pingali calls it. Genetic and technological advancements will
certainly remain critical players. However, the scientific community must take advantage
of hindsight. Moving forward, we need to focus on appropriate management practices for
advancing agricultural technologies and to inform policy. Most importantly, the
proverbial technology and management package must also balance farmers’ needs for
practical logistics and economics while maintaining environmental quality.
1.2 Agricultural land loss in the United States
Urban
development
significantly
reduces crop land
around the world
(Bringezu et al.,
Figure 1.1 20% of the arable land in the United States has been
lost since 1969 (figure generated from Trading Economics,
2019).

2014). In the United
States, arable land
has been reduced by

approximately 20% since 1969 (figure 1.1), (Trading Economics, 2019). In 2018,
American Farmland Trust (Sorensen, et al., 2018) released a widely cited report that
found the majority of development from 1992-2012 took place on agricultural lands
(figure 1.2). Compared to residential development, urban development had the greatest
impact on converting agricultural land (figure 1.3), and 70% of all urban growth occurred
5

on agricultural land (figure 1.4). In this
context, urban development includes
densely populated areas as well as
associated technology and
infrastructure to sustain urban
populations.
Moreover, the United States
Department of Agriculture (USDA)
predicts that U.S. agricultural systems
will continue to experience growing
production pressure to meet both
domestic and export demands
(O’Donoghue et al., 2011).
Maintaining national food security,
contributing to global food security,
and participating in the export market
all require more efficient land use to
offset U.S. urban growth.
1.3 Northeast Land Use
In the U.S., the Northeast –
Figure 1.2 (top) U.S. development on
agricultural lands. Figure 1.3 (center)
Residential and urban development on
agricultural lands in the U.S. Figure 1.4
(bottom) Urban development on agricultural
lands. All data sourced from American
Farmland Trust, 2018.
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particularly the Boston area and
southern New England – is predicted
to be a hot spot of urbanization by

2030 (Seto et al., 2012). However, Donahue et al.’s 2014 report, A New England Food
Vision, highlights that New England currently produces only 10% of its food. The region
also has a child food insecurity rate greater than 15%, which is greater than the average
for the total population (Higgins, A., 2014). To improve local food security and longterm economic and environmental resiliency, A New England Food Vision proposes a
plan to produce nearly 50% of the region’s food. Notably, the vision also calls for 100%
of the region’s dairy and beef consumption to be met by local production.
This overall vision falls in line with Holt-Giménez et al.’s advocation for
“agroecology and locally based food economics” and the conclusions of the IAASTED
NAE assessment. New England regionalism as a major food movement to build food
security and build a healthy population, economy, and environment, as reviewed by Ruhf
(2015), is in fact supported by numerous public, private, and scientific agricultural
organizations and professionals throughout the region.
1.4 New England dairies
To improve regional food security and meet the dairy production goals proposed
by the New England Food Vision, the region would need to double milk production,
which is estimated to require 2.7 million additional acres for feed and forage production.
Easier said than done. Such an effort would require the reversal of decades of closing
dairies. In the 1960’s the Northeast boasted 110,000 dairy farms, but that number
dropped to just 20,000 in 2006, a 138% reduction (Winsten et al., 2000). This result is in
part in response to changing markets and volatile milk prices that make long-term
planning and capital investments challenging endeavors for farmers. Smaller farms that
cannot absorb the milk price fluctuations have closed while the remaining farms
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Figure 1.5 Feed, labor, crop inputs, and fuel are among the primary annual expenses
on dairy farms. Feed is the greatest expense by a wide margin. Figure created from
data reported by Lidback and Laughton (2012), Laughton (2014), Laughton and
Zwiegibaum (2015), and Laughton (2017 and 2019).
increased in size (MacDonald et al., 2007). And, at present, Vermont is the only New
England state that USDA considers to be a major milk producer; the state posted
decreasing productivity numbers (-2.1% milk per cow) in 2018 while 21 of the 22 other
major milk producing states posted gains (National Agricultural Statistics Service, 2018).
The only other major milk producing state that experienced decreases was Florida.
Restoring dairy production and building regional resiliency requires that major
hurdles for dairy producers be addressed: 1. feed is the largest annual production expense
on nearly all New England dairies (figure 1.5); 2. climate change necessitates refined
management practices to maintain and improve forage production yields; 3. soil health
must be built to protect long-term production capacity; 4. management practices should
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enhance economic resiliency; 5. Research and recommendations must be informed by,
and in response to, the needs of the farmers.
The challenge in enhancing dairy production in this region is real. However, the
payout extends beyond food security for those that need more convincing. Dairy
production and processing is the largest agricultural sector in the Northeast and provides
over 32,000 jobs. In the state of Massachusetts alone, dairy processing is responsible for
$2.5 billion in products and over 8,000 jobs – that’s 25% of all dairy-associated jobs in
the Northeast (Lopez and Laughton, 2012).
There is good news for our New England dairy systems. Corn silage is a primary
source of feed for New England dairies and only occupies land ~5 months of the year.
This leaves time and space for double cropping. Double cropping is the practice of
growing two crops on the same field in the same year and is considered to be a form of
agricultural intensification. As reported by USDA, corn silage production systems are a
good candidate for double cropping, with farmers in the north central United States
double cropping with winter rye for grain production and some Northeast farmers
exploring double cropping with rye for silage (Borchers et al., 2014).
Growing more forage on less land, and increasing profitability per acre, is exactly
what the doctor calls for in order to sustain and expand dairy production in New England.
This approach is also part of the solution for improving global food production logistics
and enhancing land productivity on existing, arable land. In New England, the questions
are how this land productivity strategy will fit into farmers’ existing rotations and
production practices, and can we accommodate agricultural intensification without
sacrificing environmental sustainability?
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1.5 Forage production: corn silage
As aforementioned, among the direct costs of production – such as feed, labor,
fuel, and crop inputs – feed is by far the largest annual expense on nearly all New
England dairy farms (figure 1.5) and is also a substantial expense on most livestock
production operations. In the Northeast in 2018 it was estimated to cost $1630 to feed one
animal for a year (Laughton, 2019). For farms with 100-500 cows, a typical range in New
England (MacDonald et al. 2007), this bill quickly balloons to $163,000 - $815,000 per
year.
Farms that can increase on-site forage production can reduce the costs associated
with purchasing supplemental forage off-farm. Diversifying forage production strategies
can also offer risk management in the event of poor corn silage yields and build in some
resilience to fluctuation of milk prices and changing climate conditions. It is predicted
that the effects of climate change in the Northeast will result in greater risk of summer
drought. This is of concern in this region where corn silage is rain fed. Likewise, it is
predicted that additional precipitation will fall in the spring and fall months. Integrating
double cropping strategies that take advantage of this precipitation can help compensate
for potential corn yield penalties in drought years.
However, it is important to preserve the quality and yield performance of corn
silage when considering double cropping in this system in order to elicit farmer adoption.
In 2018, corn silage was planted on 60 thousand hectares in New England and produced
an estimated 2.7 billion megagrams of forage (National Agricultural Statistic Service,
2019). As reviewed by Grant and Ferraretto (2018), corn silage is favored for its high
yields and ration composition as it provides digestible fiber in the stover and protein in

10

the ear. Corn silage, as well as silage made from annual grasses such as rye or silage
made from perennial hayfields, is also desirable for the effective preservation of nutrients
and ease of feeding.
Table 1.1 Corn hybrid trails reveal minimal
differences between shorter season and longer
season corn hybrids in terms of biomass
production (Corcoran and Hashemi, 2015).

Currently, many dairy
farmers in New England and the
Northeast at large err on the side
of planting corn hybrid varieties
with longer relative maturities
that push the end-of-season corn
silage harvest into late
September through late October.
The interpretation of what is
considered to be a short season,
mid-season, or long season
relative maturity is subject to
some interpretation. Generally
speaking, long season hybrids

have a relative maturity of 100-114+ days, mid-season hybrids have a relative maturity of
90-100 days, and a short-season hybrid has a relative maturity of <90 days.
Farmers often favor longer season hybrids because these hybrids are perceived to
result in greater yields than shorter season or mid-season hybrids. However, years of corn
hybrid trials reveal that there are nominal yield differences influenced by relative
maturity alone (table 1.1), (Corcoran and Hashemi, 2015). Rather, there are excellent
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hybrids in all categories, and it is important to conduct and consult hybrid trials when
selecting corn hybrids for use on-farm.
From a physiological perspective, it does make sense for farmers to propose
concerns about corn hybrids with a shorter relative maturity. It is completely logical to
hypothesize that a crop that reaches maturity faster has less time to acquire carbon, water,
and nutrients that can in turn manifest as quality biomass production. For these short or
mid-season varieties to outperform varieties with extended relative maturities, the short
and mid-season varieties must presumably have different water use efficiency or nutrient
use efficiency dynamics. However, protection of intellectual property and the genetics
embedded in these hybrids does indeed make assessment of their performance difficult
and impedes the elicitation of general trends associated with the hybrid classes.

1.6 Manure and cover crops on dairy farms

Alas, the reader may find themselves wondering, why might agricultural service
providers and scientists encourage farmers to use short or mid-season corn varieties in
climates with adequate growing seasons to sustain longer season varieties? As we
consider our agricultural production systems for what they are, systems, we must
remember that corn is only piece of the dynamic management of dairy production. Prior
to corn planting in the spring and following corn harvest in the late summer through early
fall, fields will receive manure applications. Manure is applied both for fertility but also
as a logistical necessity.
Dairy cows spend a notable amount of time in the barn in order to facilitate
milking. This results in accumulation of both the solid and liquid components of their
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manure that are regularly removed and stored. The manure is primarily stored in pits that
are also open to rainfall that in turn increases the volume of the manure product. Most
dairy farms in this region have the capacity to store only several months of manure
(NRCS, 2003). Following cold winters spent with cows tucked in the barn, winteraccumulated manure is applied to fields in the spring. The manure that accumulates in the
spring and summer months must be applied to fields in the fall in order to create
maximum space for winter storage needs. Thus, the cycling continues in this way year
after year. For some farms, this cycle has been ongoing for 100 years or more.
The challenge with this method is that logistical necessity gets the best of
biological balance. First, the phosphorus applied in manure is in excess of corn uptake
capacities (Carpenter et al., 1999). In other words, more phosphorus is applied to the
fields than the corn can possibly remove. Second, fall manure applications often occurs in
the absence of any crop to capture the environmentally important nitrogen and
phosphorus. Hopefully a cover crop will be planted in the fall, but the timely planting
date of the cover crop is important if it is to effectively capture nutrients and provide the
ecosystem services for which cover crops are famous.
1.6.1 Nitrogen
Nitrogen is arguably the slipperiest of plant-essential nutrients, as reviewed by
Cameron et al. (2013). When manure is applied, nitrogen enters the field as nitrate,
ammonia, ammonium, and in organic matter. Ammonia must be converted to ammonium
or nitrate in order to be used by plants. Plants can uptake nitrogen is the form of the
positively charged ammonium cation or the negatively charged nitrate anion. Ammonia is
highly subject to loss by volatilization before conversion via nitrification. While plants
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can take up nitrogen in the form of ammonium, ammonium is also converted to nitrate in
the soil via the nitrification process. Negatively charged nitrate ions do not bind to the
negatively charged soil matrix and are also water soluble.
The combination of these two chemical characteristics come to mean that nitrate
is highly subject to leaching and loss as it moves down the soil profile with water
drainage. When nitrogen as nitrate is lost in this way, the best case scenario is the nitrate
pools and remains low in the soil profile where plant roots cannot reach it. The worst case
scenario is that the nitrogen enters ground water as it moves down the soil profile or that
it runs-off from the topsoil with water during precipitation and snow melt events and then
enters waterbodies.
When nitrogen is lost from the field system there are four distinct consequences.
First, nitrous oxide volatilization from incomplete nitrification of ammonium can
contribute to greenhouse gas production and climate change (Mosier, 1994). Second,
ammonia volatilization reduces air quality, can lead to acidification of land and water
when it reacts with humidity and the air, and contributes to fertilizer inefficiencies
(Faulkner and Shaw, 2008). Third, when nitrate nitrogen leaches or runs off with
sediment erosion and enters water bodies it pollutes fresh-water resources and contributes
to ecological destruction (Singh and Sekhon, 1979; Switzer-Howse and Coote, 1984).
Fourth, loss of nitrogen means loss of a resource that is energy intensive to produce
(Modak, 2011). Like anything you spend good money on, we should be upset when we
lose nitrogen that we have spent fossil fuels to produce, ship, and apply.
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1.6.2 Phosphorus
Phosphorus
is of comparative
necessity to
nitrogen to support
plant growth.
However, its
chemical
characteristics
create an opposite
panel of potential
problems.
Phosphorus in the
form of plantavailable

Figure 1.6 Extensive soil erosion occurs in the spring following snow
melt and seasonal rains; the fields were not cover cropped and abut a
water way. Author’s photos.

orthophosphate is likely to become fixed in the soil overtime (Barrow, 2017). The
orthophosphate molecule can bind with iron and aluminum and result in conversion of
phosphorus to plant-unavailable forms in the naturally acidic soils of New England. The
loss of phosphorus in the orthophosphate form to fixed and unavailable forms that cannot
practically be recovered may be even more concerning than wasteful nitrogen losses.
In addition, phosphorus in the form of orthophosphate in the soil could easily be
washed into water bodies during erosion events (figure 1.6) and result in devastating
eutrophication (Daniel et al., 1998). Conversely, phosphorus that becomes fixed with
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aluminum or iron is a wasteful loss of this limited nutrient. Orthophosphate fertilizers are
applied as rock phosphate, which is a non-renewable resource. It is suggested that
approximately 90 years of mineable phosphorus remain, and that these stores are of lower
quality and more challenging to mine (Cordell and White, 2011). The loss of phosphorus
by fixation contributes to the overall loss of this imperative nutrient.
1.6.3 Cover crops
Cover crops are traditionally not a cash crop and they are planted when the soil
would otherwise be bare. In the corn silage fields of New England and the larger
Northeast region, the soil is destined to be bare 6-7 months out of the year if a cover crop
is not planted. Cover crops are sought after for their broad suite of ecosystem services.
The benefits of cover crops are widely studied, widely accepted, and numerous.
Cover crops are prized for their contributions to erosion prevention, carbon sequestration,
compaction alleviation, disease suppression, improved water infiltration, weed
suppression, enhancement of microbial activity, building of soil organic matter, and for
their ability to capture or liberate nutrients in the field (Blanco-Canqui et al, 2015).
Captured nutrients can then be returned in the cover crop biomass to the soil and serve as
supplementary fertility for subsequent cash crop production (Fageria et al., 2004).
Collectively, these features contribute to building soil health and preserving and
enhancing the long-term productive capacity of the soil (Doran et al., 2000).
For cover crops that will overwinter, the cover crops must be planted early
enough in order to establish before the onset of winter dormancy. Adequate establishment
time is critical for cover crop plants to provide ecosystem services. Time allows for root
development that conveys compaction alleviation, sustains microbial populations, and
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facilitates effective nutrient uptake. Greater root development associated with earlierplanted cover crops results in enhanced fall nutrient recovery and prevents nutrient loss
(Hashemi et al., 2013). While adequate planting date windows have been determined for
cover crops (Farsad et al., 2011), the upper limitations and consequences with cover crop
planting delays within the “adequate” planting window have not been fully characterized.
Despite the to-be-determined difference driven by cover crop planting dates, full
season corn hybrids in New England are on the fields long after the dates which cover
crops should be planted for ecosystem services. Neither the environmental implications
of manure and residual nutrients, nor the long-term soil health benefits of cover crops,
have been enough to entice widespread, effective cover crop management in the region.
In part, concerns about shorter relative maturity hybrids mean that longer season hybrids
stay on the fields preventing earlier cover crop plantings.
Moreover, the benefits of cover crops have perhaps simply not been compelling
enough for very busy growers to accommodate management practice changes. Dairy
farmers have unique perspectives on cover crops and the associated ecosystem services,
and rightfully so. They already work in high nutrient systems, many rely on tillage or
herbicide for weed management, large amounts of carbon are added to the soil in corn
residues and manure, and soil health concepts remain abstract when trying to characterize
the economic value. At the risk of over-simplification or stark pragmatism, the author
suggests we cannot and should not try to sell good feelings to struggling dairy farmers
when encouraging cover crop practices. We must consider the views of our mid to late
adopting farmers and speak to their concerns, needs, and barriers to adoption (RoeschMcNally et al., 2017).
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Rural sociologist and professor of environmental studies, Pete Nowak, has
extensively spoken to farmer adoption of certain management practices or the lack
thereof. His comments, along with those of his colleagues, on integrated pest
management could easily be translated to cover crop and manure management:
“[failure to adopt the] practice implies that the farmer has not been persuaded that
the practice will work or is appropriate for the farm operation. There are a number
of reasons why this persuasion does not occur. Again, as in the case of the
inability to adopt, many of these situations are beyond the farmer's control.
Therefore, the farmer is making a correct decision in rejecting the practice. Until
the correct form of persuasion is offered to the farmer, this land manager will
remain unwilling to adopt,” (Nowak et at., 1996).
Thus, new approaches must be sought to enable and compel growers to
incorporate these management practice changes. There are existing strategies to mitigate
or reverse late planting dates. One such program is aerial cover crop seeding in which
cover crop seeds are dropped onto fields of standing corn so that they can begin their
establishment before corn is harvested. A similar method involves the use of a highboy
seeder that is tall enough to drive over corn crops and drop seeds while the corn is still
standing in order to allow establishment to begin before the corn is harvested. These
approaches are creative and important in helping us bridge the gap between no cover
cropping and effective cover cropping. However, we can still do better.
From the most basic plant biology perspective, seeds require good seed to soil
contact in order to germinate (Collis-George and Hector, 1966). This contact provides
seeds with both water and a place to root. Broadcasting seeds – such as by aerial planting
or highboy dropping – will absolutely result in some ground cover. Nevertheless, reduced
germination will occur under these planting conditions compared to proper planting in
which the seed is pressed into the soil, such as with a grain drill (Wilson et al., 2014).
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Germination issues aside, for those plants that do establish, they will receive less light
underneath the dense corn canopy and thus grow slowly (Röhrig et al, 1999; Mao et al.,
2016) After corn is harvested the result is likely to be sparse ground cover from cover
crops seeking sunlight.
So, how do we find a system the enables growers while also resulting in good
cover crop establishment and function? One answer to our cover crop dilemma just may
in fact be: cover crops.
1.7 Double cropping with dual purpose cover crops
To address climate change, economic demands, balance social costs and benefits,
and seek long-term resiliency and sustainability, farmers have to get creative. For the
New England dairy farmer, crop and business diversification are becoming paramount for
the success of our small farms. In addition to corn silage, hay, and milk production, many
dairy farms also incorporate squash and sweet corn production, swap land with neighbors
to facilitate crop rotation, and larger farms offer custom work to smaller farmers who
cannot afford the capital investments in large pieces of equipment such as slurry trucks
for spreading manure. We are also seeing a rise in anaerobic digestors on dairy farms that
incorporate manure and food waste brought in from off farm to enhance digestate
efficiency (Atandi and Rahman, 2012). While these digestors offer sustainable energy
and are excellent additions to farmer’s portfolios, this results in even more nutrient that
farms must manage from the manure and food waste mixture.
One such opportunity is the use of dual purpose cover crops in a double-cropping
system with corn silage. As previously noted, double-cropping refers to the practice of
growing more than one cash crop on the field in a year. Dual purpose, as the name
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implies, refers to garnishing more than one benefit from a crop. The practice is common
throughout the country. An excellent example is double-cropping with dual purpose small
winter cereal grains including wheat, triticale, and rye in combination with soybean or
corn production (Borchers et al, 2014).
These fall-planted crops are harvested for hay or grazed, and then the plants
regrow and produce grain (Harrison et al, 2011). This conveys the dual-purpose benefits.
Corn or soy is typically planted resulting in the double crop dynamic. While in New
England our growth season is not conducive to double cropping with grain production,
we can indeed double crop with a harvested cover crop. We previously stated that cover
crops are traditionally not harvested and are not considered cash crops. However, there is
no rule that states this must be the case. Here, we too can use dual purpose small winter
grains rye, wheat, and triticale as cover crops (use number one) and forage crops (use
number two) in a double crop system with corn silage.
To use cover crops as dual purpose crops for forage some management practice
changes will be required. Conveniently, the management practice changes to make these
crops into good forage crops are quite similar to the changes desired to improve cover
crop environmental efficiencies. Dual purpose cover crops (DPCC) used for forage may
offer farmers additional incentives to make cover crop management a valuable priority
and convey an economic benefit to the private stakeholder. At the same time, we can
offset social costs and reduce the potential of negative externalities without asking the
private stakeholder to shoulder these costs. DPCC can also address the specific
environmental needs of dairy farms.

20

When DPCC are harvested they create a new suite of benefits. By harvesting the
crops, the nitrogen and phosphorus nutrients that they capture are removed in the
biomass. This can help improve the nutrient balance between applied fertility and
captured fertility that is off kilter when only corn silage is harvested from manured fields.
In turn, this contributes to on-farm nutrient cycling (Cela et al, 2014). In the long term,
this strategy can also help remediate – or prevent the accumulation of – high levels of
phosphorus. This strategy also keeps phosphorus active in the orthophosphate stage in
which it can be recycled, which is a far more responsible way to manage this limited and
critical resource.
DPCC also offer additional forage production and can improve the logistics of
forage production. DPCC can be grazed in the fall for those farmers seeking grazing
season extension. DPCC can also be harvested in the spring for stored feed before the
first cutting of hay is ready. What’s more, DPCC offer an additional, alternative source of
forage that can compensate for poor silage yields in the event of a drought year such as
the devastating drought of 2016. This strategy prepares for environmental risks associated
with climate change and can help farmers avoid purchasing expensive off-farm feed in
the event of forage production shortages.
If DPCC successfully result in additional forage production on existing cropland,
then it is also possible that farmers would be able to convert some silage land to other
uses. The other uses could include perennial hay fields or allow for more diversification
and the production of food for human consumption such as sweet corn or squash. Or, the
additional feed produced from DPCC could be fed partially in place of highly valuable
dry hay or baleage that could then be sold off-farm for a profit.
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While the practice of dual purpose double cropping with small winter grains
exists in other parts of the country, there is little research available on how the system
works when the plants are terminated following spring forage harvest. In addition, it is
not yet well-documented or studied how these DPCC will perform in the New England
corn silage systems with histories of manure applications. Research and education efforts
that address these agricultural practices and attempt to stimulate the adoption of cover
crops by means of the DPCC concept must include a wide-angle vision and encompass
multiple concerns. These include economics, land use efficiency and stewardship,
legislative compliance, environmental responsibility, and social considerations.
1.8 Research questions to facilitate double cropping with dual purpose cover crops
In order to understand how DPCC perform, and in order to formulate
management recommendations for farmers, we must investigate the full system and quite
frankly start with the basics. Our research questions fall under two primary categories.
First, how should DPCC be managed in order to provide a quality source of forage as
well as environmental benefits? Second, can we manage DPCC without negatively
impacting corn silage production or sacrificing ecosystem services? If we can achieve a
system in which more forage is produced on less land, while maintaining active
environmental benefits, we may move towards Pingali’s Green Revolution 2.0, contribute
to achieving the New England Food Vision, support farmers and the working landscape
that is so prized and economically critical to this region, heed the advice of Holt-Giménez
and colleagues to focus on agroecology and regional food production systems, and

integrate the recommendations of the IAASTED NAE report.
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1.8.1 Dual purpose cover crop planting date
Based on the previously referenced literature, we know that cover crops must be
planted early enough in the late summer/early fall in order to offer effective fall nutrient
capture and other ecosystem services. While an ideal planting date window has been
identified, it is unknown how much freedom there is within this window and what the
consequences are of delayed planting if the goal is to harvest the crops for forage.
1.8.2 Corn silage
Corn with longer season relative maturities simply will not work in an effective
DPCC system. If corn is on the field into October, we strongly believe that cover crops
planted so late will not be able to perform in a DPCC capacity. Shifting corn relative
maturity lengths need to be assessed in tandem with different cover crop planting dates in
order to identify the proper pairing. Likewise, research has provided incredibly mixed
results on the effects of prior winter grain crops on subsequent corn silage production
(Miguez and Bollero, 2005; Marcillo and Miguez, 2017). The field is quite split on
whether or not scientists believe or observe that corn silage in general performs better,
worse, or no differently following these winter grains whether grown for a cover crop or
for dual purpose use in the grain systems.
1.8.3 Dual purpose cover crop residue
Cover crop research has identified small winter grains as very effective cover
crops. These crops are desired for their high biomass production, nutrient scavenging
capacities, and returns of large amounts of carbon to the soil (Clark, 2007). Concern
exists as to if harvesting cover crops will sacrifice the carbon sequestration benefits and
contributions to building soil organic matter. It is also unknown how much nutrient and
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biomass will be returned in the residue versus removed in the harvested portion. The
characteristics of the residue can affect the success of mechanical plantings, the nutrient
cycling balance sheet, and impact subsequent corn production as the residues decompose
in the field. Understanding the residue composition would help us evaluate the
environmental benefits potentially associated with these residues, while determining the
characteristics of the removed forage will help us assess potential environmental and
economic tradeoffs.
1.8.4 Dual purpose cover crop species selection
Rye, wheat, and triticale have all been shown to be excellent candidates for use in
dual purpose capacities for forage and grain (Poysa, 1985; Bonachella et al., 1995;
Hossain et al., 2003; Ates et al., 2017), and forage varieties have been bred for this
purpose. Rye is already a farmer-favorite in the region. Some farmers may prefer to work
with a familiar crop when testing out a new management practice. Conversely, other
farmers have shown substantial interest in learning more about other small winter grains
for use in this context. It is important to assess several species and characterize their
differences in yield, quality, and individual management needs and considerations.
1.8.5 Additional fertility for dual purpose cover crops
If we wish to harvest cover crops as a cash crop, we may be inclined to apply
additional nitrogen fertility in the spring in order to try to increase yields. It is possible
that greater yields or higher protein contents achieved from additional nitrogen fertility
could convey quality without excessively sacrificing environmental benefit. Certainly,
farmers are likely to ask the same question and experiment with fertility on their farms if
we do not offer this information. Therefore, we should assess the potential value and
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tradeoffs of additional nitrogen fertility in order to guide farmers in the sustainable
management of these crops.
1.8.6 Practicality of on-farm management
It does not require much tenure in the scientific realm to come to understand that
scientific observations from the lab or the greenhouse do not always translate to the field.
Field science does not escape this humbling fact. Observations and recommendations
derived from field based experiments should be rooted in scientific explanation and also
tested on-farm in the systems for which they are developed. Applied agronomy and
Extension research is quite arguably the last step in the scientific spectrum from basic
research to applied research. On-farm experimentation in partnership with farmers can
greatly enhance the value and translatability of the research. Such partnerships can also
help identify social and logistical considerations that will impact the ultimate success and
value of our research. A final thought in the words of scientists with far more tenure than
that of the author:
“One final observation is relevant to this topic. During the past 50 years, we have
seen tremendous shifts in the structure of our agricultural system, significant gains
in the science of detecting and explaining natural-resource problems, and extensive
advances…But despite all these advances, we are still in the "horse and buggy"
days of understanding and meeting farmers' needs as defined by the
farmer…Unless we begin to spend a little more time and effort trying to understand
all the complex reasons why farmers are unable or unwilling to adopt, our
aspirations for wide-scale adoption…are destined to fail,” (Nowak et al.,1996).
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CHAPTER 2
THE INTEGRATION OF RYE PLANTING DATE AND CORN HYBRID
RELATIVE MATURITY FOR DUAL-PURPOSE COVER CROPS
2.1 Abstract
Cover crops provide a breadth of ecosystem services that contribute to the
sustainability of agricultural production systems. However, it is believed that overwintering cover crops must be planted early enough in the fall to establish and convey
these benefits. On dairy farms in the northeastern United States, corn (Zea mays) silage is
the primary source of forage for most dairy farms, and it is often not ready for harvest
until mid-September to early October, delaying cover crop plantings. Because fall
manure is applied after corn is harvested, this system was believed to allow inadequate
time for effective fall nutrient capture by late planted cover crops. A three year study was
conducted to assess regionally popular winter rye (Secale cereale) as a dual-purpose
cover crop double cropped with corn silage. The September planting date was important
for fall cover crop production but had little significant influence in the spring. Dualpurpose cover crops can produce 2.5 Mg ha-1 of dry matter yield with an RFV of 110 in
the spring but delaying planting until 9/30 results in 20% less spring forage production.
Managing cover crops for dual-purpose use as forage in a double-cropping system with
corn did not enhance on-farm forage production but did distribute dry matter production
which can reduce reliance on corn silage. The harvested cover crops do provide an added
benefit of on-farm nutrient cycling and contribute to nutrient remediation by removing 11
kg ha-1 of phosphorous and 36 kg ha-1 of nitrogen from manured fields. Selecting an
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appropriate cover crop planting date paired with an appropriate corn hybrid maturity
length is imperative to the efficiency of the system. The effect, whether negative, neutral,
or positive, of the dual purpose cover crops on subsequent corn production varied for
each of the 12 systems (3 planting dates and 1 control with local weeds in all
combinations with 3 corn relative maturities).
2.2 Introduction
Existing farmland is asked to rise to the challenge to meet the needs and desires of
a changing world. Arable land is continuously compromised or lost to climate change and
urbanization (FAO, 2018; Sorensen et al., 2018), and the diets of the world’s populations
are changing to consume a larger portion of calories from animal products, which is in
turn a major driver in land use change as more land is needed to produce animal feed
(Alexander et al., 2015). This combination results in the current race to produce more
agricultural products on less land, as was first greatly accomplished by the Green
Revolution. However, future production practices necessitate approaches that build soil
health and that are environmentally sustainable while concurrently increasing intensity.
Certainly, cover crops and their capacity to reduce or mitigate carbon emissions will be a
part of successfully rising to this challenge, as reviewed by Kaye and Quemada (2017).
Cover crops are well known for the array of ecosystem services that they can
provide. Examples of such benefits include reduced soil erosion (as reviewed by Zuazo,
and Pleguezuelo, 2009), increased water infiltration (as reviewed by Unger and Vigil,
1998), weed suppression (Baraibar et al., 2017; Holmes et al., 2017), nutrient capture and
cycling (Odhiambo and Bomke, 2001; Vos and van der Putter, 2004; Wendling et al.,
2016), enhanced microbial activity (Chavarria et al., 2016), compaction alleviation (Chen
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and Weil, 2010; Williams and Weil, 2004), and increased carbon sequestration (Poeplau
and Don, 2015). Cover crops and their associated contributions are pinnacle to building
soil health and thus the long term capacity of agricultural soils to sustain and increase
production – particularly in the face of climate change.
The rate and extent of adoption of cover crops in the United States is variable by
agricultural sector and location. Cover crop adoption is increasing, but many farmers do
not plant or manage cover crops effectively to achieve the associated benefits; many
others – late adopters – do not cover crop at all. In both cases, a lack of perceived
benefits, such as agronomic and economic value, are a substantial impediment to cover
crop prioritization and/or utilization (Kladivko et al., 2014; Roesch-McNally et al., 2017),
and social dynamics also continue to be a major influence of cover crop adoption, as
reviewed by Carlisle, 2016.
There is logic to support the lack of perceived cover crop benefits in the context
of traditional cover crop benefit narratives. The dairy farms of the northeastern United
States remain small to moderate in size, manage their manure on-farm, and produce much
of their own feed in the form of hay, corn (Zea mays) silage, and some corn grain. On
many of these dairy farms, the high carbon residues from corn crops plus the organic
material in manure contribute notable amounts of carbon to the soil (Bertora et al., 2009;
Thomsen and Christensen, 2010). Similarly, the application of manure results in high
levels of plant-available nitrogen and phosphorous in the soil in both the fall and summer,
thus reducing the incentives of nutrient capture and nutrient provision to a subsequent
cash crop. Furthermore, the literature suggests that cover crops, particularly rye, can
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reduce corn yields despite their ecosystem services (Krueger et al, 2011; Krueger et al.,
2012; Martinez-Feria, 2016).
Effective cover crop management has been predicted to require a late summer
planting date that conflicts with the maturity date of long season corn hybrids grown for
silage (Hashemi et al., 2013; Komainda et al., 2018). There is an associated concern
among farmers that shorter-season hybrids, that would allow for earlier cover crop
plantings, will not perform as well as longer-season hybrids, based simply and logically
on the fact that less days to maturity translates to less time for carbon assimilation and
biomass production.
Longer-season corn silage hybrids, which take 100 days or more to mature, are
not ready for harvest until mid-September to mid-October. Manure is spread after this
corn crop is harvested. Over-wintering cover crops planted after this application have
inadequate time to establish and capture nutrients before entering dormancy. Some rye
(Secale cereale) is aerially spread by helicopter while corn is still standing. However,
shading from corn and poor seed to soil contact results in poor establishment and ground
cover that are comparable to later-planted cover crops. This system results in poorly
managed nutrients, particularly nitrogen and phosphorous. This system also does not take
full advantage of the production potential of the land.
However, changes to cover crop management strategies could address substantial
problems on dairy farms. Cover crops can be used as an additional, alternative source of
forage for all livestock animals. Feed is also reported to be the largest cost of production
on most Northeast dairy (Laughton, 2019). Increasing on-farm forage production can
improve the economic resiliency of these farms. Cover crop forage can reduce the costs
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of purchasing off-farm forage, can serve as a source of emergency forage to compensate
for poor hay or silage yields, and reduces the chief reliance on corn silage, thus
improving economic and environmental resiliency.
These dual-purpose cover crop (DPCC) can also recover nutrients from fallapplied manure that may otherwise be lost. When the cover crops are harvested and
removed from the land, they will remove recovered nutrients with them. In the case of
dairies, these are nutrients captured from manure and residual fertilizer that then are fed
back to the animal to continue the on-farm nutrient cycle and maintain a sustainable
nutrient balance (Cela et al., 2014). This removal and cycling are critical for fields that
have a long history of manure applications and high levels of phosphorous accumulation,
as well as for fields that receive fall manure.
We hypothesized that, in order for cover crops to be suitable as forage and
provide effective nutrient capture, the DPCC must be planted early enough in the fall to
establish and capture nutrients before entering winter dormancy. To facilitate earlier
cover crop planting dates, we proposed that shorter season corn hybrids must in turn be
planted to allow for earlier corn harvest. We also hypothesized the combined DPCC
forage plus corn can offset corn yield penalties. This study assessed three fall planting
dates of rye along with a bare control and three corn hybrid maturities in order to
determine the feasibility and efficiency – both environmental and economic – of doublecropping with dual-purpose cover crops in the relatively short growing season of the
northeastern United States.

36

2.3 Materials and methods
2.3.1 Experimental site
The experiment was conducted from September 2014 through October, 2017 at
the University of Massachusetts Crop and Animal Research and Education Farm
Deerfield Massachusetts, located in the Connecticut River Valley along the Connecticut
River (42°28′37″ N, 72°36′2″ W). Corn yield was not sampled in 2015, due to poor cover
crop termination decisions, which were assessed to result in ineffective corn
establishment. The data reflects cover crop over three years of the experiment, while the
corn data reflects the last two of the three years in which this experiment was conducted.
The soil was a Hadley fine sandy loam, characterized as coarse-silty, mixed,
superactive, nonacid, mesic Typic Udifluvents (Natural Resource Conservation Service,
2013). Soil samples were taken from a depth of 0.2 m; pH ranged 6.2 - 6.7 and micro and
macronutrients that were not in an optimum range were corrected with manure
application. The weather conditions at the site can be found in table 2.1.
2.3.2 Experimental design and management
Within 24 hours of manure application (per 1000 liters: 2 kg total Kjeldahl
nitrogen, 0.7 kg P2O5, 1.8 kg K2O, 1.1 kg Ca, 0.6 kg Mg), applied at a rate of 74.8
thousand liters per hectare, the manure was incorporated with a disc harrow prior to
planting the experiment. The experiment consisted of a complete randomized block
design with four replications per year for a total of twelve replications. Each block
consisted of four rye (Wheeler) planting date treatments (control/bare, planted September
1, planted September 15, planted September 30) in all combinations with three corn
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Table 2.1 Weather conditions at the experimental site during the duration of the experiment.
Avg
Max
Min Precipitation GDD 10 GDD 4.4
Monthly Summary
Temp C Temp C Temp C
(cm)
C
C
2014 September
15.9
31.1
1.1
4.1
333.0
629.5
October
11.0
23.9
-1.7
16.0
110.6
367.8
Nov
2.4
17.2
-12.8
9.0
0.0
44.5
Dec
0.3
13.3
-13.9
11.6
0.0
11.0
2015 January
-7.3
5.6
-22.8
8.3
0.0
0.0
February
-10.7
3.9
-27.8
3.7
0.0
0.0
March
-2.2
11.1
-22.2
4.3
0.0
2.0
April
7.0
21.7
-6.7
5.1
15.0
157.0
May
16.6
31.1
0.0
2.6
364.5
674.0
June
17.7
28.9
3.9
19.2
418.0
714.5
July
21.2
33.3
8.9
8.5
628.0
938.0
August
21.0
32.2
10.6
6.2
625.0
935.0
September
17.9
32.8
0.6
16.2
439.5
739.5
Otober
8.5
22.8
-8.3
5.7
55.6
258.1
November
5.4
21.7
-10.6
5.0
22.0
143.0
December
3.7
18.9
-6.7
11.9
5.0
71.2
2016 January
-3.3
11.7
-16.7
3.7
0.0
2.0
February
-2.1
16.7
-26.7
10.5
0.0
23.5
March
4.1
24.4
-9.4
8.4
17.5
104.5
April
6.8
25.0
-12.8
5.3
38.5
184.5
May
14.0
33.3
-2.2
6.5
245.0
529.5
June
18.8
30.6
6.7
3.5
464.5
764.5
July
22.3
34.4
7.8
4.3
669.9
979.9
August
22.1
33.3
8.3
9.3
672.4
982.4
Sept
17.3
30.6
0.0
9.0
397.0
694.0
Oct
9.8
24.4
-5.0
8.6
101.7
329.6
Nov
3.7
17.8
-6.7
6.6
2.5
53.5
Dec
-2.2
11.7
-20.0
9.6
0.0
9.0
2017 January
-1.7
12.2
-23.9
5.6
0.0
7.0
February
-0.9
20.0
-24.4
5.2
4.5
32.6
March
-1.3
15.0
-15.6
6.1
3.5
19.0
April
9.6
28.9
-4.4
8.4
104.0
296.0
May
12.6
34.4
-1.7
16.6
176.5
451.5
June
18.8
35.0
4.4
11.8
467.5
767.0
July
20.7
31.7
8.3
6.4
595.0
905.0
August
19.4
31.1
7.2
10.9
526.5
836.5
September
17.6
31.7
2.2
6.1
436.0
734.5
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treatments (DynaGro D27GT59, 87 RM; DynaGro D32RR56, 92 RM; D47RR23, 107
RM) for a total of twelve plots. Rye was planted at a rate of 123 kg ha-1 with a seven row
drill modified for planting research plots. Plots were 5m wide and 6m long.
Rye cover crop samples were collected in the fall in alignment with the first
period of continuous hard frost (11/15/14, 12/19/15 – abnormally warm winter that
proceeded the 2016 spring and summer drought, 11/21/16) and in the spring once they
either reached early boot stage or once the field had to be prepared for subsequent corn
planting regardless of the maturity of the rye (5/18/15, 5/2/16, 5/11/17). Two, one meter
samples along the length of a row were taken from each plot. Biomass was harvested at
and above 7.6 cm from the base of the plant; in fall 2015 the plants from the September
30 planting date were 7.6 cm or shorter and thus were considered to be zero for biomass
and nutrient recovery.
In the spring, plants were harvested at boot stage. Conveniently, in this area, this
growth stage occurs slightly before spring conditions allow for corn planting. Minimal
developmental differences were observed between planting dates at spring harvest. Cover
crops were mowed to a height of 7.6 cm and removed with a flail chopper. The remaining
stubble was incorporated with two passes of a disk harrow; 48 – 78 hours later the
experimental site received a tank mix application of glyphosate and magnum. Start-up
nitrogen fertilizer in the form of calcium ammonium nitrate (CAN, 27% nitrogen) was
broadcast at a rate of 34 kg ha-1. Corn was planted as early as spring rain allowed
(5/15/16 and 5/24/17) using a research modified planter at a population of 85000 plants
ha-1. In-season nitrogen in the form of CAN was applied according to pre-side dress
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nitrate soil sampling and associated nitrogen fertility recommendations (Herbert et al.,
2008).
Corn was harvested by hand at 50% milk-line (Increasing with maturity in each
year: 8/18/16, 9/8/16, 9/22/16 and 8/30/17, 9/9/17, 9/24/17). One, ten foot corn sample
was taken per plot and measured for fresh weight; ears and stover were measured
separately. The number of plants and number of ears were recorded. Two stover samples
and three ear samples were randomly selected from each 10 ft sample to be dried; the
moisture content of the subsamples and the fresh weight of the ten foot samples were
used to estimate the per hectare corn silage yield if fed at 75% moisture.
2.3.3 Laboratory analysis
All plant tissue samples were dried in a forced air oven at 80°C (Gruenberg Oven
Company, Williamsport, PA, USA) until they reached a constant weight, suggesting all
water had been removed. Dried samples were weighed for biomass, and samples to be
used for further laboratory analysis were ground with a Foss Mill (Foss Cyclotec 1093,
Hilleroed, Denmark) to pass through a 0.42mm screen.
For cover crop samples, a 0.2g subsamples was used for nitrogen analysis and
crude protein content according to the Kjeldahl method (Standard Method 4500-N(Org)
C. Semi-Micro-Kjeldahl), followed by analysis with a Lachat8500 flow injection analysis
spectrophotometer, Lachat Total Kjeldahl Nitrogen Method (TKN) Number 13-107-06-2D (Zellweger Analytical, Milwaukee, WI, USA). A 0.2g subsample was also used for
orthophosphate analysis. Samples were weighed into porcelain crucibles and then placed
in a combustion oven at a temperature of 500 C for 24 hours. Once cool, 20 ml of 10%

40

hydrochloric acid was added to each crucible to bring phosphorous into solution. The
samples were also analyzed with a Lachat8500, Lachat Orthophosphate Method Number
10-115-01-1-V. With the exception of crude protein, cover crop samples were assessed
for feed value characteristics by near-infrared reflectance (NIR) spectroscopy (Unity
Scientific, Milford, MA, USA). Milk 2006 (Undersander et al., 2006) was used to
estimate the milk value of cover crops, and input values include field based data, NIR
data, and book values.
2.3.4 Statistical analysis
Statistical analyses were performed using the GLM procedure in SAS, Version
9.4 (SAS Institute, 2016). For statistically significant effects of discrete variables
separation was determined by a Tukey HSD range test. For statistically significant effects
of continuous variables, regressions were conducted using the appropriate polynomial
determined in proc mixed to best describe the relationship. Unless otherwise noted, data
discussed is significant at p ≤ 0.05. All replications for all years were pooled for analysis.
2.4 Results
2.4.1 Characteristics of dual purpose cover crops
In order to assess the potentially differential effects of the rye planting date in the
fall versus the spring, season was included in the model. Therefore, the planting date
effect (all ANOVAs and PD means in appendix) reflects the combined fall and spring
data. This data would be an accurate indicator for the yield and nutrient capturing
potential of the system if the DPCC were grazed or harvested in both the fall and spring.
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Table 2.2 DPCC means at harvest in both fall and spring. Mean
separation performed by Tukey HSD. Within the row, values
with different letters indicate statistical differences. One star (*)
indicates significance at p ≤ 0.05, two stars (**) indicates
significance at p ≤ 0.01. When p > 0.05, NS indicates non
significance.
Fall
Spring Significance
Yield, Mg/ha
1.12 b
2.47 a
**
P Capture kg/ha
5.14 b 10.76 a
**
N Capture kg/ha
25 a
35.6 b
**
P Concentration, %
0.46
0.45
NS
N Concentration, %
2.52
1.55
NS
Relative Feed Value
189 a
110 b
*
Crude Protein, %
14.9
9.3
NS
Milk, kg/Mg
963
952
NS
Milk, kg/ha
944
1750
NS
Milk, $/ha
571
932
NS

In this experiment, in
part, we were interested
in the seasonal
importance of planting
date.
Following fall
sampling, the plots were
not mowed, and so
spring data reflects an
unadulterated harvest.

Spring may vary if the experiment was mowed in the fall to simulate a two harvest crop.
Chiefly, the often significant interaction between planting date and season best
characterizes and reflects the overarching, seasonal effect of planting date. For these
reasons, here the influences of the season main effect and the season by planting date
interaction, when significant, are discussed. Significance is at p ≤ 0.05. Unless otherwise
noted, all estimated effects discussed are statistically significant.
Cover crop dry matter production varies by season and the season by planting
date interaction. Dry matter production is, unsurprisingly, less at the fall harvest than in
the spring (table 2.2). The fall trend within the planting date effect shows a steep, linear
decrease with delayed planting (figure 2.1). In fact, in one year, the plants in the fall from
the 9/30 planting date (PD 3), were so small that they deemed “un-harvestable”. There is
also a pronounced yield decline when planting is delayed from 9/1 (PD 1) to 9/15 (PD 2),

42

on the order of 0.5 Mg ha-1. While the spring trend within planting date was also
significant and best described as a linear relationship, the differences were not nearly as
pronounced as those in the fall. PD1 and PD2 produced almost the exact same amount of
dry matter in the spring, 2.5 Mg ha-1. PD3 produced 0.5 Mg ha-1 less dry matter than the
first two dates of planting.
Both nitrogen and phosphorous recovery varied significantly in response to the
effect of the season main effect (table 2.2) and the season by planting date interaction.
Fall nitrogen capture potential decreases linearly by planting date while a quadratic
relationship (figure 2.2) best characterizes fall phosphorous recovery potential (figure
2.3). A two week planting delay results in 25% less fall phosphorous uptake, whereas a
four week planting delay results in 75% less fall phosphorus capture. However, for both
nutrients, only fall nutrient recovery significantly varied with date of planting. In other
words, of the three planting dates chosen for this experiment, there is no effect of
planting date on final spring nutrient recovery. Overall, crops removed about 11 kg
phosphorus ha-1 and 30-40 kg nitrogen ha-1 in the spring.
The seasonal effect did not significantly impact nitrogen and phosphorous
concentration, but the interaction of planting date and season did for both nutrients.
Nutrients in the spring were not affected by planting dates, but both the concentration of
nitrogen and phosphorus in the fall linearly increased with delays in planting date (figure
2.4 and figure 2.5).
The percent moisture of the harvest was assessed only in the spring. This decision
was based on the notion that fall crops would be suitable for grazing but were unlikely to
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produce enough biomass to warrant mechanical harvest for wrapped baleage or bunker
storage. In the spring, planting date was the only effect, which was not significant. All
plants were at 89% moisture.
The season by planting date interaction was also significant for relative feed value
(RFV). RFV in the spring did not vary by planting date, and all crops had an RFV of 110.
The interaction was significant only for plants in the fall. In the fall RFV increased
linearly with delays in planting date and ranged from 170 to nearly 230; i.e. younger
plants at harvest had higher RFV as a result of the delayed planting.
As crude protein is simply a uniform transformation of nitrogen concentration it is
subject to the same statistical pattern. As such, the main effect of season does not impact
crude protein. The interaction of season and planting date is significant only for the fall
and planting date interaction, with no planting date attributed variation in the spring. In
the fall, crude protein increases linearly with planting date (figure 2.7).
Estimated milk production from DPCC forage on a liter Mg-1 basis varies
significantly only with the season*PD interaction. The season by planting date interaction
was also significant for milk production as liters ha-1 from DPCC, and therefore also for
the dollar value of milk ha-1. The effect of season was not significant for either of these
parameters. Only the fall trend varied significantly by planting date for milk Mg-1 of
forage (figure 2.8). However, the linear trend was not as steep as other factors such as
yield. There was virtually no difference between PD1 and PD2, both capable of resulting
in around 1075 kg of milk Mg-1. PD 3 trailed behind by 25% with 775 thousand liters
Mg-1. In the spring, all planting dates averaged 1000 kg of milk Mg-1, which is slightly
less than the fall milk production potential from PD1 and PD2 on a Mg-1 basis.
44

The interaction of planting date and season for both milk Mg-1 and milk ha-1
varied significantly only for fall, spring milk production did not vary with planting date
(figure 2.9). In the fall, milk ha-1 decreased linearly with delays in planting date. In the
spring, milk production ranged from 2000 kg ha-1 to 2400 kg ha-1, though this difference
is not statistically significant. Milk production ha-1 from PD1 in the fall was almost as
much as the average milk production ha-1 from all crops in the spring. The dollar value of
milk ha-1 followed the same trend, with PD1 milk valued the most at $800 ha-1 in the fall,
and all crops averaging $900 ha-1 in the spring (figure 2.10).
2.4.2 Corn production
The no cover crop (CC) treatment is indicated as “4” on the x axis as it represents
the least amount of biomass and no nutrient removal from the experimental site, although
local weeds were present. Weeds were not allowed to establish until the time of the third
planting date (no cover crop plots were rototilled). The population of the corn varied
significantly as affected by planting date (PD) and the interaction of the two main effects
but was not significant for corn maturity (CM). Following the no CC treatment and PD3
we achieved the same population as there was no establishment issue relative to the
intended population. Corn following PD1 and PD2, overall, did not establish as well as
thus the population was reduced (table2.3). For the interaction, the variation of M1 and
M3 by PD is best explained by a linear relationship, with the no CC treatment and PD3
resulting in the largest populations and PD1 and PD2 serving as intermediates (figure
2.11). The population of M2 does not vary significantly by the planting date effect in the
interaction.
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Table 2.3 Means of the corn characteristics following dual-purpose cover crop treatments.
Mean separation performed by Tukey HSD. One star (*) indicates significance at p ≤ 0.05,
two stars (**) indicates significance at p ≤ 0.01. When p > 0.05, NS indicates non
significance. PD1, PD2, PD3 = September 1, September 15, September 30.
No CC
PD1
PD2
PD3
Significance
Population/ha
82000
74200 70300
82000
**
Corn Yield at 70% Moisture, Mg/ha
67
58
56
63
**
Corn Dry Matter, Mg/ha
24.7
18.4
17.7
19.3
**
Ear Dry Matter, Mg/ha
7.6
7
6.4
7.1
NS
Stover Dry Matter, Mg/ha
12
10.3
10.8
11.2
NS
Percent Ear, %
60
59
63
61
NS
Average Ear Size, Dry, g
141
141
150
135
NS
Total Yield as Fed, Mg/ha
60
56
54
60
NS
Total Dry Matter, Mg/ha
17.9
17.5
17
18.8
NS
Corn yield as fed at 70% moisture and on a dry weight basis naturally possess the
same statistical trend. Here, corn at 70% moisture is discussed for convention. Both main
effects and their interaction were all statistically significant. Following the different CC
treatments, again PD3 and the no CC treatment are similar, while yields following PD1
and PD2 are also similar although slightly less by 13% (table 2.3). There is no difference
in corn yield associated with M2 and M3, though M1 trails far behind producing 41%
Table 2.4 Corn characteristics as influenced by relative maturity. Mean
separation performed by Tukey HSD. Within the row, values with different
letters indicate statistical differences. One star (*) indicates significance at p ≤
0.05, two stars (**) indicates significance at p ≤ 0.01. When p > 0.05, NS
indicates non significance. M1, M2, M3 = 85 day relative maturity, 92 day
relative maturity, 107 day relative maturity.
M1
M2
M3 Significance
Population/ha
74100
77100 75300
NS
Corn Yield at 70% Moisture, Mg/ha
41 b
69 a
72 a
**
Corn Dry Matter, Mg/ha
16.6 b
21.4 a 22.1 a
**
Ear Dry Matter, Mg/ha
8.4 b
12.0 a 12.2 a
**
Stover Dry Matter, Mg/ha
6.2 b
7.6 a 6.8 b
**
Percent Ear, %
57 b
61 ab
64 a
**
Average Ear Size, Dry, g
114.5 b
153 a 158 a
**
Total Yield as Fed, Mg/ha
57 b
74 a
75 a
**
Total Dry Matter, Mg/ha
17.9 b
23.1 a 23.1 a
**
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less yield
(table 2.4).
For
yield, the
interaction
is
significant
for all

combinations of the main effects and is best represented by quadratic relationships (figure
2.12). M1 demonstrates quite poor performance, for both this assessment and most
others. M1 does not respond differently to the prior CC PD, but does increase by 25%,
from 40 to 50 Mg ha-1, in the absence of a prior CC. The yields of M2 are the largest
after PD1, 75 Mg ha-1, which is also equivalent to M2 yields following PD3 and the no
CC treatment. The yield of M2 following PD2 dips by 15% to 60 Mg ha-1. For M3, yields
increased by 15%, from 60 to 70 Mg ha-1 when it was planted after PD2 versus PD1. An
additional 13% yield increases compared to PD2, and a 25% increase compared to PD1,
occurred when M3 was planted after PD3 or no CC, with the yields following these
treatments being the same.
The corn ear yield differs by both CM and the interaction of the main effects but
is not significantly different by its association with the prior DPCC PD alone. In general,
M1 had the least amount of ear production, which was significantly less than those of M2
and M3 who both produced ear yields of 12 Mg ha-1 (table 2.4). Ear yield of M1
increased linearly with delays in planting, although the slope and thus the differences are
quite minimal. There are no real differences following any of the PD treatments, but there
is a 12% ear yield increase, from 8 to 9 Mg ha-1 following the no cover crop treatment
(figure 2.13).
The corn ear yield for M1 and M2 follow the same general trend as the total yield
for these varieties in the interaction with PD. M3 is most affected by planting date, with
reduced ear yields following PD1 and PD2, compared to the ear yields following PD3
and the no CC treatment at 14 Mg ha-1. M2 produces the best ear yields following PD1
and the no CC treatment at 13 Mg ha-1, only 7% less than the best ear yields of M3.
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For the remainder of the results presented here, the PD effect was unanimously
non-significant.
The largest stover yields were offered by M2 corn at 7.6 Mg ha-1, followed by M3
and M1 with 6.8 and 6.2 Mg ha-1 (table 2.4). The percentage of the total harvest
comprised of ears (as oppose to stover) was also significant only for the CM main effect.
The M1 harvest was 57% ear by weight, while the M2 and M3 harvests were 61% and
64% ear by weight, respectively. The percent ear content is only significantly different
for M1 versus M2 (table 2.4).
For average ear size, both the CM main effect and the PD by CM interaction were
significant. M1 had the smallest ears, averaging 115g each. The were no differences in
the average ear size of M2 and M3 at 153g and 158g on average (table 2.4). For M1 and
M2, the interaction with PD was not significant, and the interaction for M3 along PD was
a linear relationship. However, the low R2 value of only 0.37 suggests our model effects
of PD and CM only partially account for the variation for this data point (figure 2.14),
and that overall our model (collected data) did not effectively fit or explain the observed
results. For M3, ears were the smallest following PD1, 140g. Ears were the largest
following PD2 and the no CC treatment at 170g each, while ears following PD3 were
slightly smaller at 160g each.
2.4.3 Total Production
Total yield as fed is comprised of corn at 70% plus the rye DPCC at 50%
moisture for each combination of PD and CM. Total dry matter simply reflects the DPCC
dry matter production plus corn dry matter production for each combination of PD and
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CM. CM and the CM by PD interaction are significant for both total yield as fed and for
total dry matter.
Total dry matter production favors the value of pure biomass. Total dry matter
production is the same for systems with M2 and M3 corn, yielding 23.1 Mg ha-1 while
M1 systems yield 25% less at 17.1 Mg ha-1 (table 2.4). The interaction of PD and CM
varies only for M3 with planting date as is best described by a linear relationship (figure
2.15). Hence, total dry matter yields for all combinations of M1 and the four CC
treatments, and total dry matter yields for all combinations of M2 and the four CC
treatments are statistically the same. There is no total dry matter production advantage or
consequence within these eight systems. As the DPCC PD is increasingly delayed, the
total dry matter yield of the four systems with M3 increases. For M3, the lowest amounts
of total dry matter yield occur when planted with PD1 and PD2, while the highest yields
occur when planted with PD3 and the no CC treatment.
Total yield as fed favors the value of water. It follows the same trend associated
with CM as that of total dry matter production (table 2.4). Systems with M2 and M3 corn
produced effectively the same amount of total “wet” feed, 74 Mg ha-1 and 75 Mg ha-1
respectively, a nominal 1.3% difference that is not statistically different. Systems with
M1 corn continue to fall behind and produce an average of 57 Mg ha-1 of wet feed, nearly
27% less compared to M2 and M3 systems. The interaction is significant for CM and PD
systems though it is a quadratic relationship for M1 and M2, and linear relationship for
M3 for the interaction with planting date. All 9 of the systems following cover crops
produce between 50 to 80 Mg ha-1 and the 3 no CC systems yielded between 70 and 90
Mg ha-1 when assessed based on wet feed (figure 2.16).
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2.5 Discussion
2.5.1 Cover Crop Characteristics
Delayed planting of DPCC results in substantially compromised yield and nutrient
capture in the fall (figure 2.1; this agrees with the findings for the fall of Hashemi et al.
(2013). If a grower seeks to extend the fall grazing season with DPCC, PD1 is clearly
necessary to generate a crop worthy of fall grazing that will also convey fall nutrient
removal benefits to sustain on-farm nutrient cycling. Still, following winter dormancy
and spring regrowth, PD1 and PD2 produce effectively the same amounts of dry matter in
the spring, while PD3 trails behind by about 20%.
Quite

2.5

surprisingly,

DPCC Dry Matter, Mg/ha

3

and contrary to

2

1.5
1

0.5
0
1-Sep

our hypothesis,

y = -0.0188x + 822.53
R² = 0.767

DPCC planting

y = -0.0512x + 2241.8
R² = 0.9522

Fall
Spring
6-Sep

delays in the

11-Sep

16-Sep

21-Sep

26-Sep

date did not
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Figure 2.1 The effect of planting date is significant in both the fall and
spring for DPCC yield, the relationship is best described by a linear
regression (p < 0.001). Spring yields outperform those of the fall, but there
is little spring difference.

ultimately
result in
significantly

different, final nitrogen and phosphorous recovery as reflected by the spring data (figure
2.2 and figure 2.3). Although, one may argue that the 10 kg ha-1 reduction in spring
nitrogen recovery from PD1 to PD3 is of biological or practical significance. More
replications may have allowed us to declare statistical differences. Notably, however, 11
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kg phosphorus ha-1 and 36 kg nitrogen ha-1 were recovered by the DPCC, which is
important for on-farm nutrient cycling.
Yet, without question, PD1 and PD2 nearly completely normalize in the spring.
Biologically, this result is rather delightful. The two week head start afforded to PD1
conveyed no spring advantage, and the two week delay for PD2 resulted in no penalty.
Winter dormancy served as a sort of reset and indicates that crops from both planting
dates received adequate time to develop a healthy, hardy crown necessary for
overwintering success and spring growth. However, it is important to reiterate that this

Figure 2.2 (top left) phosphorus recovery by planting date is significantly different in the
fall, but not in the spring, and is best represented as a quadratic relationship (p = 0.0063).
Figure 2.3 (top right) nitrogen recovery by planting date is also significant in only the fall,
by not the spring, and is represented by a linear relationship (p < 0.0001). Figure 2.4
(bottom left) phosphorus concentration in the plants and figure 2.5 (bottom right) nitrogen
concentration in the plants are also both only significant in the fall by the planting date
effect, and both are best represented by linear relationships (p conc, p = 0.0008 and n conc,
p < 0.0001).
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experiment sought to more narrowly define the ideal late summer planting date for fall
cover crops within a window that we had already deemed as potentially acceptable.
Based on the data trend – significant penalties would be likely to carry over into the
spring if planting date was delayed beyond PD3.
This result varies only slightly from the conclusions of Farsad et al (2010), which
defined week one and two of September as critical planting dates of rye cover crops in
this region. We find that planting can occur through the end of the second week without
consequence. We also find that PD3 was an adequate-to-equal performer. These
variations could in part be due to small shifts in climate that have occurred since the
Farsad study, as well as more forgiving interpretations of cover crop performance
included in this study. Our results and interpretation may also be different if we included
different spring harvest dates/termination dates, as has been demonstrated to also be
important for assessing crop performance (Duiker, 2014). The crop variation in the fall
could be attributed in part to growing degree days (GDD), as was found by Kantar and
Porter (2014). On average, PD3 received 340 less GDD (base 4.4 C) than PD2 and 740
less than PD1, while PD1 and PD2 differed by an average of 400 GDD.
Perhaps, more important than a temperature based assessment, the author
hypothesizes that fall changes to light quality and intensity could impact photosynthetic
opportunities and explain the growth drop off that threatens to begin with PD3. In
addition, PD3 does not just experience less GDD, it also experiences more cooling days
proportionally. The proportional differences between PD1 and PD2 compared to PD3, in
so far as GDD relative to cooling days, along with changing light quality that collectively
signal to plants to being winter acclimation, may be responsible for the performance
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declines of later planted crops. Such differences, if substantial enough, may manifest in
the capacity of the crown to propel spring growth, and thus the consequences of late fall
plantings become irreversible in the spring.
Incremental changes in both temperature and light were proposed by Franklin
(2009) to result in complicated cross talk pathways that regulate development and
freezing tolerance, and our interpretation is in alignment with this proposal. Similarly, as
reviewed by Kinmonth-Schultz and colleagues (2013), the combination of circadian
regulation, cooling temperatures, and light quality combine during cold acclimation of
plants and thus affect both growth and metabolism. It is known that the same molecular
elements are recruited by plants when sensing and responding to 1. changes in the ratio of
red to far red light; 2. temperature changes; 3. day length changes. In addition, the
sensing pathway elements also affect clock regulation. The authors conclude that we do
not fully understand these interactions and crosstalk pathways, particularly the effect of
the duration of cooling temperatures during cold acclimation. The authors also suggest
that more experiments in natural environments should be conducted in order to better
understand these interactions. The effects of these underlying pathways may better
explain the observed fall differences than GDD alone.
Certainly, planting date matters. Yet, our data suggests that there is more
forgiveness in the planting date than previously believed in this region. For farmers, two
to four weeks of additional time in the fall to plant an effective cover crop is a
tremendous benefit and may in of itself encourage better cover cropping practices. It is
easy to understand that a farmer who typically finishes corn silage harvest in early to
mid-October would be remiss to adopt a management practice that requires a six week
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time shift to include PD1 in their production system. However, a four week shift to
achieve “ideal” results with PD2 – as both a forage and cover crop – is feasible, and a
two week shift to achieve “adequate” results with PD3 is certainly enticing. As suggested
by Carter (1992), changes to the crop rotation strategy and corn maturities can be made
incrementally. Additionally, choosing a few different relative maturities will spread out
the corn harvest and can help create the necessary time to begin spreading manure and
planting DPCC.
Overall, the higher nitrogen and phosphorus nitrogen concentrations in the fall
versus the spring are characteristic of younger plants versus older plants (table 2.2). In
addition, the larger concentrations in the fall that are associated with later planting dates
(figures 2.4 and 2.5) are also expected as indications of the different metabolism and
structural development of the plants. What is again of physiological interest is that the
concentrations of nutrients in these plants normalize in the spring. Despite their age
differences, this can in part indicate a developmental equilibrium among the three
planting dates in the spring. In other words, PD3 may have had less of an advantage due
to its later planting date, but the spring reset results in all plants responding somewhat
equally to the environmental growth cues of spring that spur development. As
reproduction is the ultimate “goal” of all plants, this makes biological sense.
Accordingly, plants from the different planting dates were observed to have obvious
height differences (data not shown) but minimal differences in development at harvest.
The lack of observed developmental difference by planting date, minimal yield
differences, equal nitrogen and phosphorous concentrations, and the observed height
differences jointly fall in line with the lack of differences in RFV. As RFV is derived
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from plant structural components – cellulose, hemicellulose, and lignin – it is also
correlated with plant development (Kilcher et al., 1973; Jung, 1989). Morphological
development in grasses, which is associated with maturity advancement, can be
characterized by cell wall deposition, stem elongation, and the formation of these fibrous
components. Alas, the RFV can serve as another indicator of plant development. Across
the board, the RFV of plants in the spring is not affected by planting date, and thus is not
affected by total plant age (figure 2.6). This provides further evidence of a winter reset
and can help explain why the substantial, developmentally driven fall differences in RFV
within planting date are not reflected in the spring.
To better understand the lack of spring differences, and to investigate the winter
reset hypothesis, future studies should implore microscopy to observe morphological
development – particularly cell wall formation and components. Likewise, metabolic and
physiological analysis could further answer this question, as could a gene expression
profile help us understand the growth regulation responsible for the morphology and
physiology observed here. Better understanding the limitations and flexibility of the basic
biology will be critical as we attempt to squeeze more production time out of shoulder
seasons in our changing climate. Overall, our data agree with that of Kantor and Porter
(2014). In their study, it was found that only 309 GDD in the fall were required to avoid
rye delays to antithesis in the spring, and that fall biomass production was not critical for
spring antithesis and production. In our study, all crops received more than 309 GDD and
the fall biomass was found to have little predictive value for spring crop behavior. This
field-based data, coupled with known plant physiology and regulation, provide credence
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to our proposal of the winter reset that result in similarities in spring maturities and
corresponding crop characteristics.
From a more applied perspective, the RFV in the fall is excellent for all planting
dates despite any significant differences. While understandably not as outstanding, the
spring RFV of 110 is a decent feed value. The crude protein for all three crops in the
spring averages approximately 10%, consistent with a quality feed source (figure 2.7).
In the spring, all the crops had a substantial water content, 89%. There was no
effect of PD on this parameter. This fits in with the anecdotal reputation of rye being a
“wet” crop. This information also means that the DPCC should be cut and allowed to dry

Figure 2.6 (top left) RFV by planting date is significantly different in the fall, but not in the
spring, and is best represented as a linear relationship (p < 0.001). Figure 2.7 (top right) crude
protein by planting date is proportional to nitrogen concentration; it is also significant in only
the fall, but not the spring, and is represented by a linear relationship (p < 0.0001). Figure 2.8
(bottom left) kg milk per ha of DPCC forage and figure 2.9 (bottom right) kg of milk per Mg of
DPCC forage are both significant by planting date in the fall only, and are both are best
represented by linear relationships (kg/ha, p < 0.0001 and kg/Mg, p = 0.0046).
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in the field
before
collection
for baleage
or bunker
storage and
would not be
suitable for a
Figure 2.10 The dollar value of milk per hectare of forage is not significantly
different in the spring as affected by planting date, but it is in the fall and
follows a significant linear trend (p = 0.0046).

one pass cut
and

collection with a flail chopper.
The milk production potential of the DPCC is quite satisfactory. Milk per ton
reflects the quality of the forage, and includes additional feed parameters such as crude
protein, ash, and total digestible nutrients. For use on dairy farms, milk production
potential is a logical assessment of the DPCC, although the DPCC would also be suitable
for dry cows. Milk Mg-1 is another indicator of the quality of the feed and is useful when
balancing rations. Based on quality alone, the ability of DPCC to support an average of
1000 kg Mg-1 of milk. This is in alignment with the entirely wet-chemistry based findings
of the milk value of ryelage by Oliveira et al. (2019) and is not far behind the production
potential of corn silage (Coulter, 2018).
In the fall, the reduced milk productivity on a Mg-1 associated with PD3 compared
to PD2 and PD1 (figure 2.8) can be attributed to it being so young that it simply does not
convey the fiber necessary to support animals’ metabolic needs. However, PD3 is moot
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in the fall anyhow as it yields so little and is not worth grazing (figure 2.1). PD1 and PD2
possess the feed characteristics to sustain milk production in the fall and are equal on a
Mg-1 perspective. Nevertheless, 50% more milk can be produced by the higher yielding
PD1 than PD2 in the fall (figure 2.9).
The collective cover crop benefits and forage value of PD1 present a valuable
opportunity for fall grazing season extension with a simple rye crop. In the event of poor
corn silage performance or damage to hayfields, such as in the extreme drought of 2016
experienced throughout the Northeast, quick production of fall forage by rye crops can
serve as emergency forage within 2.5 months of planting. The ability to rapidly produce
additional, on farm forage can help farmer’s combat the substantial expense of
purchasing supplementary feed off farm.
Likewise, early spring forage production can offer the first forage crop of the
year. DPCC are ready for harvest in the spring before the first hay cutting, and provide
cheap, quality feed. This spring forage can help last year’s stored silage and hay last
longer until haying begins. In the spring, there are no statistical differences among the
planting dates in terms of milk ha-1 or milk Mg-1. The dollar value of the spring crops
based on milk prices in Vermont in July of 2019 (USDA-ESMIS, 2019) average $900 ha1

(figure 2.10). Given the $70 ha-1 cost of seeds, and the virtually non-existent costs of

inputs and management, there is clear profit potential from these DPCC. A further
economic analysis should be conducted to better understand the net economic benefit of
DPCC compared to corn silage, which is much more expensive to manage in terms of
seed costs and inputs alone.
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2.5.2 Corn production
The reduction in corn populations (figure 2.11) following the various PD
treatments and the no CC treatment suggest that PD 3 is equivalent to no CC in so far as
the effect on the establishment of the corn crop. This might be explained by residue
biomass from the DPCC. The effect of PD on DPCC yield was significant in the spring,
with PD3 rye crops yielding the least and PD1 and PD2 rye crops yielding the same
(figure 2.1). The residual stubble as a factor of plant tillering and possibly tiller density,
as well as presumably larger root systems associated with PD1 and PD2 could be
responsible. The poor establishment of corn in the first year of this experiment, for which
data were not collected, was attributed to poor termination of the cover crop that clogged
the planting wheels and inhibited the uniform and successful placement of the seed in the
soil. This simple technical management is likely the cause for reduced seed to soil contact
and the lower populations associated with PD2 and PD3.
While this issue may be ameliorated by conventional tillage, we sought to reduce
our tillage impact by choosing to terminate the crops with a disc, followed by a short
breakdown period of 48 hours as recommended by a farmer, followed by a second pass
with a disc prior to planting. In year one we did not allow for a breakdown period, and we
attribute the increased success in year two and year three to this management change.
This observation, combined with the corn population data, shows that the combined
termination and corn establishment method may affect population. Due to the small
stubble footprint, termination of the rye crop by a roller crimper is not an option. Due to
the unsustainability of conventional tillage, we also do not consider more aggressive
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Figure 2.11 (top left) corn population per hectare increases linearly for M1 and M3 (p =
0.005 and p = 0.0105 respectively). Figure 2.12 (top right) corn yield at 70% moisture is
significant for the trends of each CM as affected by planting date, and each relationship is
significant at the quadratic level (in order from M1 to M3: p = 0.0079, p = 0.0030, p <
0.0001). Figure 2.13 (bottom left) dry weight of the ears increases linearly (p < 0.0105)
with delays in planting date for M1 as well as for M3 (p < 0.0001), while the relationship is
quadratic for M2 (p = 0.0141). Figure 2.14 (bottom right) only the interaction of M3 by
planting date is significant for average ear size, with ears size increasingly linearly (p =
0.0283) as planting date is delayed. M1, M2, M3 = 85 day relative maturity, 92 day relative
maturity, 107 day relative maturity. On the x-axis, 1 = M1, 2 = M2, 3=M3, 4 = control.

tillage as an option. However, a no till system may ameliorate establishment challenges
and should be studied further in the DPCC system.
The subpar performance of M1 is a consistent pattern, including in the most basic
context of yield (figure2.13). Perhaps the selected variety was simply an exceptionally
poor hybrid. This variety was selected because it was one of the shortest maturities
available for this area and was believed – prior to this experiment – to be a good option
for shortening the corn growing season so as to allow for an earlier cover crop planting
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date. Our data suggests this hybrid, and perhaps such a short season hybrid in general, is
not suitable for effective production in our region. For this reason, it will be discussed
minimally. However, it does serve the purpose of indicating that some hybrids are far
more sensitive to prior CC treatments, and this may explain some results of yield
penalties to corn following CC in the literature.
Overall, we were pleased to identify a mid-season relative maturity that both
allows for flexibility in the planting date of a DPCC while also achieving yields that
compete with that of a corn hybrid with a longer relative maturity as historically favored
my many farmers in this region.
The yields associated with M3 increase as the DPCC PD is increasingly delayed
(figure 2.12). This is likely due in part to greater residue. DPCC residue has a high
carbon to nitrogen ratio. This results in primarily fungal based decomposition, and these
microbes can compete with plants for available nitrogen while the fungi perform their
decomposition dance (Myrold and Bottomley, 2008). Such a dynamic is associated with
classic nitrogen immobilization or the less formal term, “tie-up”. Conversely, M2
performs the best after DPCC PD1, PD3, and the no CC treatment. The yield of M2 sags
only after PD2. Therefore, for M2, prior DPCC biomass alone cannot explain variations
in yield. This also explains some of the results in the literature that report no penalty to
corn silage yields following cover crops.
Moreover, the discovery that the yields of M2 do vary significantly by PD, but
that yields following PD1 are almost identical (technically slightly greater) compared to
the no CC treatment challenges notions in the literature that cover crops reduce corn
silage. Conversely, yield increases of M1 and M3 as the DPCC PD is increasingly
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delayed, and thus so does
their footprint decrease,
agrees with data that find CC
and/or DPCC can be
implicated in the reduction of
subsequent corn silage
production. Collectively, this
data generates a road of
forward direction for the
presently somewhat stagnant
debate as to the effects of
DPCC and conventional CC
on corn silage yields: it turns
Figure 2.15 (top) Total yield as fed (corn at 70% moisture
plus the DPCC at 50% moisture) increases linearly (p =
0.0443) for M3 as PD is delayed, while the relationship is
quadratic for M1 (p = 0.0161) and M3 (p < 0.0001). Figure
2.16 (bottom) Total dry matter of the DPCC plus corn
silage is significant for only M3 in planting date, and it
increases linearly (p = 0.0332). M1, M2, M3 = 85 day
relative maturity, 92 day relative maturity, 107 day relative
maturity. On the x-axis, 1 = M1, 2 = M2, 3=M3, 4 =
control.

out, it depends.
Corn silage yields
cannot so easily be blamed
on the prior DPCC/CC
treatment. Rather, some
hybrids perform better after

DPCC/CC, such as M2, while others perform worse, such as M3. This field-based
demonstration agrees with the meta-analysis conducted by Miguez and Bollero (2005) as
well as an updated meta-analysis by Marcillo and Miguez (2017). In both of those
analyses, it was found that the average effect of a winter cover crop on corn silage was
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sometimes negative and sometimes positive and averaged out to be neutral overall. Our
results are also in alignment with Basche et al.’s (2016) simulation of long-term cover
crop impacts that also find the impact of winter grasses on corn silage average out to be
neutral.
The question of whether or not rye has a positive or negative effect on corn silage
is no longer an interesting one. Instead, we should ask is if we can attribute our
observation simply to the relative maturity of the corn hybrid? Or, do the broader, unique
hybrid genotypes convey differential responses regardless of the relative maturities? Is
this exacerbated further by genotype by environment interactions? Knowledge of the
particular genetics and corresponding phenotypes of the corn hybrids would be required
to address this question further. But, the proprietary intellectual property practices make
it quite difficult to experimentally select, understand, and assess corn hybrid performance
in this context.
Future studies should assess more varieties in combination with rye planting
dates. Better characterization of the physiology of each hybrid in these systems should be
conducted. This may help us move forward towards understanding if parameters such as
hybrid root systems, photosynthesis rates, nutrient and water use efficiencies,
transpiration rates, etc. – that may correlate to the various relative maturities – can be
better implicated as the primary driver of this interaction.
The absolute lack of effect of cover crop with regards to ear production, stover
production, percent ear, and average ear size further indicate that the effect of the rye CC
on corn production is highly dependent on the PD and maturity interaction, and the
unique, associated dynamics of these interactions. The percent ear, and thus the quality of
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the corn silage, increases with the increasing maturities (table 2.4). Yet, the percentage is
high for all three, and each maturity resulted in a quality feed based on this assessment.
As neither PD or the PD and CM interaction were significant for percent ear, this
data indicates that the balance of ear to stover is maintained even when total yield varies.
Thus, the percent ear is inherent to the genetics of the plant. This is important, because it
demonstrates the genetics of the hybrid drive quality parameters, and that our prior DPCC
treatment can only affect total yield and not quality. Stover yield also varied only by the
CM (table 2.4), further indicating the hybrid genetics as having the primary influence in
our system.
On the merits of the hybrid alone, M2 and M3 are nearly identical in terms of
crop composition with the exception of M2 producing more stover than M3. However,
these two hybrids behave very differently following our cover crop treatments. Again,
this indicates a hybrid specific response to prior DPCC and the associated effects.
2.5.3 Total Production
As previously mentioned, the total yield of these systems can be evaluated based
on forage as fed, aka wet feed production, or as the total dry matter yield. The wet feed
analysis preferentially values water, while the dry feed analysis preferentially values
biomass production and photosynthesis products. Wet feed assessment may be of more
interest or value in water limiting environments. Here, we assess greater value to the dry
matter production. As for total yield as fed, briefly, it will effectively lead us to the same
conclusions as of those based on dry matter. However, in systems with proportionally
more corn, specifically following the no CC treatment, the yield appears higher due to the
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higher moisture content of corn silage compared to the average ensiled rye crop or rye
baleage (figure 2.16).
Before further discussion, it is important to highlight that this experiment was
planted in a different segment of the research farm each year, as was necessary to
maintain all crop system combinations (i.e. you can plant M3 after PD1, but you cannot
plant PD1 after M3). It is our mindset that the DPCC should be considered as the first
crop in the rotation and corn should be considered as the second crop in the rotation. The
corn maturity should allow for the desired DPCC planting date. This creates a challenge
to maintain the excellent performance of the PD1 and M2 system. However, in 2016 the
corn could have been harvested slightly earlier, and in 2017 the corn could have been
planted at least a week earlier, which would have helped us achieve this rotation. In both
cases, we as researchers faced the same issue that will affect the ability of farmers to
make this somewhat tight system work: prioritization. Frankly, other research projects
competed with this one, just as other fields to plant and harvest will impact farmers’
management of this system.
However, to the stark disagreement with our initial hypothesis, both M2 and M3
corn can work with PD3, and PD3 can offer respectable cover crop benefits and spring
yields worthy of harvest and good milk production. While the late September planting of
PD3 is has been previously seen as undesirable in this region, it may actually be a
pragmatic compromise that reconciles scientific thought with agronomic applicability.
M2 and PD3 would provide the same total dry matter yields as M2 with PD1, due to
slightly better performance of the M2 corn following PD3, and this produces only 4%
less than M2 and M3 yields following the no CC treatment (figure 2.15).
65

We will again note that M1 performed rather poorly after all DPCC but recovered
its yields to be nearly equal to M2 and M3 when there was no prior cover crop. This does
provide compelling evidence that the feared yield penalties associated with shorterseason corn hybrids is not all that pronounced based on relative maturity in and of itself,
at least for the hybrids selected for this experiment. This is also in agreement with
decades of hybrid trials conducted at this research site (Corcoran and Hashemi, 2015). At
any rate, this behavior of M1, along with the somewhat strange dip in yield from M2
when following PD2, cautions consideration of the hybrids to be used in these systems in
relation to the planting date of the DPCC. It is also of note that we should consider the
rotation in which corn hybrids trials are planted and the field management that
accompanies their planting. Hybrid trial reports that researchers, industry professionals,
and farmers utilize may vary greatly from actual performance when utilized in a different
management or rotation system.
It was surprising to find that there was generally no distinct total yield influence
attributed to the planting date of the DPCC. Despite adequate fertility, the systems
seemed to level out at some underlying carrying capacity of the land. We hypothesize
that this may be attributed to the resident microbial community and the soil physical and
chemical properties. We also hypothesize that these parameters will change over time
under several cycles of these rotations in one field. Similar observations have been made
in transitioning fields to no-till management (Pittelkow et al., 2015), which also require a
period to acclimate to the new management. So to speak, the collective biological,
chemical, and physical orchestra of parameters that underly the success of these systems
requires time to come into harmony when working on a new piece, i.e. a new rotational
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system. It would be interesting to study soil health – and especially community
composition changes – over time as associated with this still rather novel management
practice.
Spreading out total dry matter production to two harvests reduces risks associated
with dependence on one, primary source of feed. In the Northeast, it is predicted that
there will be more fall and spring heavy rain events and increasing risks of summer
droughts (USGCRP, 2014). Corn is not irrigated in the Northeast, and a devastating
drought of 2016 offered a regional preview of what our future may look like if we
continue to rely so heavily on corn silage. DPCC take advantage of the fall and spring
rains and can help offset future consequences of reduced rainfall during the corn
production season.
2.6 Conclusions
- Harvesting cover crops as a source of forage facilitates on-farm nutrient cycling and
provides nutrient recovery and removal of nitrogen and phosphorous, which is not
possible with conventional cover crops. This is uniquely important for manured systems
with high nutrient inputs and accumulations. The dual-purpose cover crops help keep
these nutrients active in the biological cycle.
- Dual purpose cover crops do not need to be planted as early as previously believed in
this region in order to provide valuable forage benefits and ecosystem services. While the
DPCC ecosystem services and economic value threatened to substantially drop off if
planted later than 9/30, the previously dismissed 9/30 planting date was actually
effective, and there were very little difference in so far as DPCC performance between
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9/1 and 9/15 planting dates. Hence, cover crop planting recommendations for this area
should be adjusted to consider 9/15 as an “ideal” planting date and to respect 9/30 as a
valid planting date.
- The gross value of milk produce from DPCC in the spring reaches $900. Future
evaluation should consider the net value of DPCC compared to corn silage and take into
consideration the high costs of corn silage production versus the rather low costs of
DPCC production.
- Dual purpose rye was not found to significantly enhance on farm forage production.
However, producing a second crop at a different time of the year improves logistical
options. Spring harvest occurs before haying season begins and can be chopped before
most fields are ready to be prepared for corn planting. This approach also reduces the
reliance on corn silage and takes advantage of spring and fall rainfall, which is important
as summer rains are predicted to decline with climate change.
- The effect of planting date (or the absence of a cover crop) on corn silage production is
quite variable based on the particular planting date and relative corn maturity. Reductions
or benefits to corn silage yields cannot be uniformly attributed to cover crops alone and
suggest that the hybrid selected is just as important as the cover crop planting date, as is
also the combination of the two.
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CHAPTER 3
CHARACTERIZING DUAL PURPOSE RYE, WHEAT, AND TRITICALE FOR
DUAL-PURPOSE USE: FORAGE QUALITY, NUTRIENT CAPTURE,
DECOMPOSITION TRENDS, AND EFFECTS ON CORN SILAGE
3.1 Abstract
Dual-purpose cover crops (DPCC) for forage are of increasing interest for their
potential to provide additional, on-farm forage while still providing ecosystem services
associated with traditional cover crops. In a three year field study, we determined that rye
(Secale cereale L.), wheat (Triticum aestivum), and triticale (xTriticosecale) DPCC can
provide 4.1 Mg ha-1 of forage without impacting subsequent corn (Zea mays L.) silage
production. While providing forage, DPCC can also remove 60 kg ha-1 of nitrogen and 20
kg ha-1 of phosphorus, contributing to nutrient cycling in manured systems. Despite the
harvest of the primary leaf tissue for forage, the DPCC stubble left behind provides 1.6
Mg ha-1 of carbon in the 4.1 Mg ha-1 of total stubble returned. However, we do find clear
evidence of nitrogen immobilization conditions. While this did not impede corn yields in
this study, it does demonstrate the potential to affect fertility needs of corn.
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3.2 Introduction
Feed is by far the largest annual expense on most dairy farms in the Northeast
(Laughton, 2019). Increasing on-farm forage production and reducing the purchase of
expensive, off-farm feed is the proverbial “low-hanging fruit” for increasing economic
resiliency on these farms. Such resiliency and ingenuity are necessary to maintain dairy
production in the Northeast and move towards regional food security. Dual-purpose cover
crops offer one such avenue to increase feed production and reduce feed expenses.
Dual-purpose cover crops (DPCC) take inspiration from the dual-purpose cereal
grain crops utilized in other parts of the country where grain production is more prevalent
(Bonachela, 1995). In the Northeast, the obvious opportunity to incorporate such an
approach is with the small winter grains used as winter cover crops after summer cash
crops, as reviewed by Sulc and Franzluebbers (2014). This system has particular promise
in this region for dairy farms that grow corn silage and apply fall manure, which is most
of them. Such an approach is an obvious opportunity for farmers that already plant cover
crops, while it may provide incentive to start cover cropping for other farmers that still
have not adopted the practice. Harvesting DPCC can also allow farmers to sell some of
the more expensive feed that they produce, such as dry hay, off-farm. The DPCC can be
fed instead of dry hay and open up a new economic opportunity.
As reviewed by Ketterings et al., (2015), DPCC can provide many of the same
benefits as traditional cover crops, and they provide a tangible benefit that may entice
better environmental management from those who are not swayed by environmental
benefits or warnings about the long-term production capacity of their soils. Such benefits
include a myriad of ecosystem services like erosion prevention, compaction alleviation,
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nutrient capture, and a stimulation of microbial activity. However, DPCC explicitly do
not provide the benefits of returning nutrients to the soil as is sought after by many
farmers. Such a benefit is arguably not needed in manured systems. Rather, and of great
importance for manured systems, DPCC remove nutrients from the soil and from the
field. The nutrients are fed back to the animals and can continue cycling; when trying to
keep nitrogen and phosphorus on-farm and in use, this approach helps keep the balls in
the air.
While nitrogen receives quite a bit of attention in cover cropping studies, it is
perhaps the phosphorus recovery that should be of paramount interest on dairy farms. Of
great promise is the potential of DPCC to provide remediation for high-levels of soil
phosphorus. High soil phosphorus levels have accumulated in the fields of many
northeastern dairy farms due to decades of manure application that exceed crop uptake
capacities, and can be implicated in nonpoint pollution of lakes, streams, and rivers
(Carpenter et al., 1999). Corn crops cannot remove all the phosphorus that is applied in
manure when manure is applied based on nitrogen fertility needs of corn (Eghball and
Power, 1999), and traditional cover cropping just returns phosphorus and allows levels to
continue to increase. As noted by Jokela et al. (2012) preventing and managing high soil
phosphorus levels is an important risk management approach to minimize phosphorus
contamination in the surrounding environment.
In both the short and long term, phosphorus is of critical import. Nitrogen and
phosphorus can both lead to eutrophication of water systems and should both be
prioritized when using cover crops to provide environmental protection to waterways and
bodies. In the long-term, and as reviewed by Cordell and White (2011) phosphorus in the
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form of phosphate rock – the primary fertilizer source which is mined – is a nonrenewable resource of critical necessity for crop production and is already very limiting
in many parts of the world. A range of predictions have been made for how much
phosphorous (as rock phosphate) is left, averaging to a 90 year supply of phosphorus
remaining. The remaining stores of phosphorus – like oil – are harder to mine and are of
lower quality. Cycling our phosphorus, instead of allowing it to become nearly
irreversibly fixed and unavailable in the soil, is a necessary part of long-term
sustainability.
Similarly, we must address the high levels of phosphorus in our soils so that
farmers can continue to apply manure safely. The tolerance of regulating and legislative
bodies towards endless manure application to high phosphorus fields is dwindling
(Commonwealth of Massachusetts, 2018), and high phosphorus fields are environmental
time-bombs in the face of increasingly intense rain events in the fall and spring that are
predicted to characterize climate change in the Northeast. By taking advantage of the
excess manure nutrients and harvesting DPCC, we may also achieve illustrious increased
production without increased inputs and while enhancing environmental sustainability, a
challenging endeavor that is a necessary part of the Green Revolution 2.0 (Pingali, 2012).
Little is known about the residue following the harvest of dual-purpose cover
crops. The remaining stubble will certainly return some amounts of nitrogen, phosphorus,
and carbon to the system. However, for farmers who wish to build soil organic matter, it
is unknown if the carbon content of the residue is adequate to help achieve this goal.
Similarly, while cover crop decomposition has been characterized, it is unknown how the
stubble will decompose in the field. Presumably, the residue is mostly dense stem that is
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likely to be high in carbon and low in nitrogen and, as shown by Quemada and Cabrerra
(1995) the residue of stems decomposes slowly and release little nitrogen. This does
threaten to create a nitrogen immobilization scenario (Mary et al., 1996). Nitrogen
immobilization occurs when soil microbes compete with plants for available soil
nitrogen, including synthetic fertilizer amendments, and nitrogen is incorporated into the
microbial biomass and unavailable for plant uptake (Myrold and Bottomley, 2018). Plant
residues with very high amounts of carbon and low amounts of nitrogen attract
decomposers that degrade the carbon in the residues but compete with plants for available
nitrogen in the soil.
Likewise, little is known about how DPCC and their residues will affect
subsequent corn silage production. Although, as reported in Chapter 2, the effect on corn
is likely to be contingent upon the planting date of the DPCC and the selected corn hybrid
relative maturity. Furthermore, it is unclear if rye – a familiar farmer favorite – is of
acceptable quality for use as forage, or if farmers should utilize another cereal crop such
as wheat or triticale for use in a DPCC system.
We sought to characterize forage varieties of rye, wheat, and triticale in a DPCC
system by conducting a four year field study. Based on the observed results in Chapter 2,
we selected a DPCC planting date and a corn hybrid combination that was shown to
result in no yield penalties to corn. Here, we assess these three DPCC species, and lay a
foundation for future research with DPCC in the Northeast.
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3.3 Materials and methods
3.3.1 Experimental site
This experiment was conducted from September 2015 through September, 2018
at the University of Massachusetts Crop and Animal Research and Education Farm
Deerfield Massachusetts, located in the Connecticut River Valley along the Connecticut
River (42°28′37″ N, 72°36′2″ W). The soil at the farm is a Hadley fine sandy loam,
which is characterized as coarse-silty, mixed, superactive, nonacid, mesic Typic
Udifluvents (Natural Resource Conservation Service, 2013). Soil samples were taken
from a depth of 0.2 m; pH ranged 6.2 - 6.7 and micro and macronutrients that were not in
an optimum range were corrected with manure application. In two of the three years of
this experiment, phosphorus was in the “above optimum” range in the experimental field.
The weather conditions for the duration of this experiment can be found in table 3.1.
3.3.2 Experimental design and management
Within 24 hours of manure application (per 1000 liters: 2 kg total Kjeldahl
nitrogen, 0.7 kg P2O5, 1.8 kg K2O, 1.1 kg Ca, 0.6 kg Mg), applied at a rate of 74.8
thousand liters per hectare, the manure was incorporated with a disc harrow prior to
planting the experiment. The experiment consisted of a complete randomized block
design with four replications per year for a total of twelve replications for the dualpurpose cover crops and decomposition data. Cover crops were planted on September 1
each year, and the varieties were Arapahoe (wheat), NE426GT (triticale), and Prima
(rye). All cover crops were planted at a rate of 123 kg ha-1 with a seven row drill modified
for planting research plots. Plots were 5m wide and 6m long.
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Table 3.1 Weather conditions at the experimental site during the duration of the
experiment.
Avg
Max
Min
Monthly
Precipitation GDD 10 GDD 4.4
Temp Temp Temp
Summary
(cm)
C
C
C
C
C
2015 September
17.9
32.8
0.6
16.2
439.5
739.5
October
8.5
22.8
-8.3
5.7
55.6
258.1
November
5.4
21.7
-10.6
5.0
22.0
143.0
December
3.7
18.9
-6.7
11.9
5.0
71.2
2016 January
-3.3
11.7
-16.7
3.7
0.0
2.0
February
-2.1
16.7
-26.7
10.5
0.0
23.5
March
4.1
24.4
-9.4
8.4
17.5
104.5
April
6.8
25.0
-12.8
5.3
38.5
184.5
May
14.0
33.3
-2.2
6.5
245.0
529.5
June
18.8
30.6
6.7
3.5
464.5
764.5
July
22.3
34.4
7.8
4.3
669.9
979.9
August
22.1
33.3
8.3
9.3
672.4
982.4
September
17.3
30.6
0.0
9.0
397.0
694.0
October
9.8
24.4
-5.0
8.6
101.7
329.6
November
3.7
17.8
-6.7
6.6
2.5
53.5
December
-2.2
11.7
-20.0
9.6
0.0
9.0
2017 January
-1.7
12.2
-23.9
5.6
0.0
7.0
February
-0.9
20.0
-24.4
5.2
4.5
32.6
March
-1.3
15.0
-15.6
6.1
3.5
19.0
April
9.6
28.9
-4.4
8.4
104.0
296.0
May
12.6
34.4
-1.7
16.6
176.5
451.5
June
18.8
35.0
4.4
11.8
467.5
767.0
July
20.7
31.7
8.3
6.4
595.0
905.0
August
19.4
31.1
7.2
10.9
526.5
836.5
September
17.6
31.7
2.2
6.1
436.0
734.5
October
55.2
76
27
8.86
200.5
487
November
37.7
67
10
1.03
16
61.5
December
24.5
57
-3
2.64
0
5.5
2018 January
23.4
59
-9
4.48
1.5
11.5
February
31.2
74
-6
4.32
3.5
22.5
March
34
57
10
1.71
0
18.5
April
40.8
69
18
4.11
13.5
94.5
May
61.2
90
34
1.67
347.5
653.5
June
65.8
93
43
4.58
451
751
July
75
100
50
4.98
767.5
1077.5
August
73.6
95
52
10.64
749.5
1059.5
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In the spring, crops were harvested once they reached boot stage or once the field
needed to be prepared for corn harvest, which ever came first (harvested on 5/4/16,
5/16/17, 5/15/18). Two, 1 meter long samples along the length of a row were hand
harvested to a height at and above 7.6 from the base of the plant to mimic the mowing
height of the flail chopper. The remaining stubble was then harvested, and great care was
given to collect all plant material down to the crown while minimizing soil
contamination. Following sub samples, the remaining material was mowed and removed
with a flail chopper.
The mechanical harvest facilitated more efficient stubble collection for material
destined for decomposition analysis. The plots were mowed within 4 days of sample
harvest, and the stubble for decomposition was collected immediately after. Following
collection, the field received a tank mix application of pre (Magnum) and post
(glyphosate) emergent herbicide to terminate the cover crops and control for spring
weeds. No further herbicide was applied, and weed control was effective throughout the
summer.
Following stubble collection, the material from each plot was well mixed and then
placed into decomposition bags. Decomposition bags were custom made from a 0.425
mm mesh screen, and they were approximately 35 x 35 cm in size. 75 g of fresh tissue
were added to each decomposition bag and the bag opening was sealed with two staples.
Bags were returned to the field and were temporarily placed adjacent to the original
research plots. This was to keep them out of the way for corn planting while allowing
them to decompose in their place of origin. Following corn planting, decomposition bags
were returned to the original plots from which they came and were allowed to decompose
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among the corn and other DPCC stubble. The bags were placed on the soil surface and
secured in place with landscaping staples. Decomposition samples were collected at 8
time points: 1, 2, 3, 4, 5, 7, 9, and 11 weeks after being placed in the field. The
decomposition samples were all prepared and placed in the field in 2-5 days following the
cover crop harvest and 2-3 days before corn planting. Samples were again removed,
briefly, to allow for side-dress nitrogen application.
Corn was planted with a no-till planter at a rate of 78 thousand plants ha-1 and no
start up nitrogen was applied (planted on 5/22/17 and 5/18/18). Nitrogen fertility was
added only at side-dress according to the pre-sidedress nitrate test average for the field
(Herbert et al., 2008). The original corn hybrid selected for this experiment, which was
used in 2016, was determined by another, co-occurring experiment to perform
exceptionally poorly following DPCC. In 2017 and 2018 the corn maturity was swapped
for one that had been identified to perform well following dual-purpose cover crops
(DynaGro D32RR56, 92 RM), (Chapter 2). For this reason, data from the 2016 corn
harvest is not included, and the corn data is only from 2017 and 2018 harvests comprised
of eight reps.
Corn was harvested by hand when it reached 50% milk-line (9/2/17 and 8/31/18).
Corn samples were taken along a 3 meter length of row, one per plot, and measured for
fresh weight; ears and stover were measured separately. The number of plants and
number of ears were recorded. Two stover samples and three ear samples were randomly
selected from each 3 meter sample to be dried; the moisture content of the subsamples
and the fresh weight of the 3 meter samples were used to estimate the per hectare corn
silage yield if fed at 70% moisture.
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3.3.3 Laboratory analysis
Following harvest, all plants were placed in a forced air oven at a temperature of
80°C (Gruenberg Oven Company, Williamsport, PA, USA). Plants remained in the oven
until they maintained a constant weight, which indicated that all water content had been
removed. The samples were then weighed for biomass. Samples for laboratory analysis
were ground with a Foss Mill (Foss Cyclotec 1093, Hilleroed, Denmark) to pass through
a 0.42 mm screen.
For cover crop and decomposition samples, a 0.2g subsamples was used for
nitrogen analysis according to the Kjeldahl method (Standard Method 4500-N(Org) C.
Semi-Micro-Kjeldahl). Samples were then analyzed with a Lachat8500 flow injection
analysis spectrophotometer, Lachat Total Kjeldahl Nitrogen Method (TKN) Number 13107-06-2-D (Zellweger Analytical, Milwaukee, WI, USA). For orthophosphate analysis,
0.2 g of tissue was weighed into porcelain crucibles and then placed in a combustion over
for 24 hours at a temperature of 500 C. After the crucibles cooled, 20 ml of 10%
hydrochloric acid was added to each crucible. The samples were then also analyzed with
a Lachat8500, Lachat Orthophosphate Method Number 10-115-01-1-V. With the
exception of crude protein, feed value assessments for the cover crop samples was done
by near-infrared reflectance (NIR) spectroscopy (Unity Scientific, Milford, MA, USA).
Milk 2006 (Undersander et al., 2006) was used to estimate the milk value of cover crops.
Baseline stubble samples were sent to the Soils Lab at the University of Massachusetts
for analysis on a CN elemental analyzer.
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3.3.4 Statistical analysis
Statistical analyses were performed using the GLM procedure in SAS, Version
9.4 (SAS Institute, 2016). For statistically significant effects of discrete variables
separation was determined by Tukey’s HSD. For statistically significant effects of
continuous variables, regressions were conducted using the appropriate polynomial
determined in proc mixed to best describe the relationship. Coefficients for the unevenly
distributed levels of the decomposition collection dates to be used in contrasts were
determined using proc orpol. In this paper, a substantial amount of non-significant
effects are discussed. The discussed effects are only significant (p ≤ 0.05) when noted,
and non-significant means are presented in tables for reference.
3.3 Results
ANOVA tables can be found in the appendix.
3.4.1 Cover crops
The rye, wheat, and triticale crops all behaved very similarly, and there were very
few significant differences among them. The effect of crop was not significant for yield,
nitrogen recovery, phosphorus recovery, or crude protein. On average, the dual purpose
cover crops produce 4.1 Mg ha-1 of dry biomass and also remove, on average, 60 kg ha-1
of nitrogen, removed 20 kg ha-1 of phosphorus, and contain 11% crude protein (table 3.2).
Crop was a significant effect for the relative feed value (RFV) of the harvested
forages (figure 3.1). Rye had the lowest RFV of 109, which was significantly different
from that of wheat, 120, and triticale, 122. These differences were reflected in the milk
production potential per Mg as crop was a significant effect (figure 3.2). Rye has the
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Table 3.2 Dual purpose cover crop characteristics as affected by crop. Mean
separated by Tukey’s HSD range test. One star (*) indicates significance at p ≤ 0.05,
two stars (**) indicates significance at p ≤ 0.01. When p > 0.05, NS indicates non
significance. Within the same row, values followed by different letters are
statistically different.
Rye
Triticale
Wheat
Significance
Yield, Mg/ha
4.8
3.9
3.5
NS
Nitrogen removed, kg/ha
72
55
52
NS
Phosphorus removed, kg/ha
23
19
17
NS
Crude protein, %
10.5
11
10.5
NS
Milk, kg/Mg
946 b
1057 a
1019 a
**
Milk, kg/ha
4250
4225
3485
NS
Milk, dollar value
1800
1790
1475
NS
Table 3.3 Dual purpose cover crop stubble characteristics as affected by crop. Mean
separated by Tukey’s HSD range test. One star (*) indicates significance at p ≤ 0.05,
two stars (**) indicates significance at p ≤ 0.01. When p > 0.05, NS indicates non
significance. Within the same row, values followed by different letters are
statistically different.
Rye
Triticale
Wheat
Significance
Biomass, Mg/ha
4
3.4
3.2
NS
Fresh weight, kg/ha
13.9 a
10.1 ab
8.7 b
*
Percent moisture, %
0.66 a
0.65 a
0.58 b
**
Water returned, liter/ha
5445 a
4300 ab 3600 b
*
Percent nitrogen, %
1.1
1.1
1
NS
Percent carbon, %
40.7 b
42.1 ab
42.4 a
*
Carbon to nitrogen ratio
40.:.1
40.:.1
46.:.1
NS
Nitrogen returned, kg/ha
48
42
38
NS
Phosphorus returned, kg/ha
16
16
15
NS
Carbon returned, kg/ha
1804
1555
1472
NS

lowest production value in terms of kg Mg-1, with the potential to produce 950 kg of
milk. Wheat and triticale can produce significantly more milk than rye based on forage
quality, but they are not different from one another. Wheat can produce 1020 kg of milk
Mg-1 of forage, while triticale can produce 1060 kg Mg-1 of forage.
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Despite the difference in milk production potential by crop, there are no
significant differences among crops when normalized by yield for their milk production
Table 3.4 Total nitrogen and phosphorus recovery and total biomass
production as affected crop. Mean separated by Tukey’s HSD range
test. One star (*) indicates significance at p ≤ 0.05, two stars (**)
indicates significance at p ≤ 0.01. When p > 0.05, NS indicates non
significance. Within the same row, values followed by different letters
are statistically different.
Rye Triticale Wheat Significance
Biomass production, Mg/ha
8.3
7.4
7
NS
Nitrogen Capture, kg/ha
114
91
89
NS
Phosphorus capture, kg/ha
39
34
33
NS

potential on
a per hectare
basis. On
average, the
DPCC can
produce 3990
kg ha-1. Based

on prices per hundredweight, this translates to a value of $1686 ha-1 (table 3.2)
Similar to the harvested portion of the DPCC, there were very few differences
among the residue of rye, wheat, and triticale at the time of harvest. Dry weight, percent
nitrogen, the carbon to nitrogen ratio, nitrogen returned, carbon returned, and phosphorus
returned were not statistically different for the effect of crop. On average, all the stubble
of all crops return 3.5 Mg ha-1 dry biomass, 40 kg ha-1 nitrogen, 15 kg ha-1 phosphorus,
and 1.6 Mg ha-1 carbon. The crops are, on average, 1.1% nitrogen and have a carbon to
nitrogen ratio of 42:1 (table 3.3).
Of our measurements, the effect of crop was significant only for fresh weight,
percent moisture, water returned, and percent carbon. Fresh weight and percent moisture
are naturally correlated, and the trends for these two measurements are similar. Rye,
wheat, and triticale were 66%, 58%, and 65% water; the percent moisture for rye and
triticale are significantly greater than that of wheat (figure 3.3). The returned fresh weight
was 13.9 Mg ha-1 for rye, 8.7 Mg ha-1 for wheat, and 10.1 Mg ha-1 for triticale. The mean
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separation revealed that rye produced the greatest amount of fresh biomass, wheat the
least, and triticale was an intermediate and not significantly different from either wheat or
rye (figure 3.4). Accordingly, the amount of water returned in the stubble is the greatest
for rye, 5445 L ha-1, the least was returned with wheat, 3600 L ha-1, and triticale was an
intermediate, 4300 L ha-1 (figure 3.5).
The effect of crop was also statistically significant for percent carbon, although
not necessarily biologically significant. Wheat had the highest percentage of carbon,
42.4% while rye had the lowest percentage of carbon at 40.7%. Triticale was again a
statistical intermediate was 42.1% carbon (figure 3.6).
For stubble decomposition, at each collection we assessed the amount as a percent
of biomass and nitrogen lost relative to the total amounts that were put in each bag. We
also assessed changes to the nitrogen concentration of the residue. The effect of date
(weeks after cover crop determination) was significant for all three parameters while the
effect of crop was significant for only the percentage of nitrogen released.
Biomass decomposition increased linearly as time passed (figure 3.7). Within the
first week, 20% of the initial stubble decomposed. Only 10% more decomposition
occurred between weeks one and three after termination and stagnated through week five
with no additional decomposition. By week seven an additional 10% of the biomass had
decomposed, reaching 40% decomposition; decomposition again stagnated and remained
at 40% at week nine. The final decomposition samples were collected eleven weeks post
termination, which occurred at the end of July – revealed 50% decomposition had
occurred. Decomposition slowed following this initial breakdown period.
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Nitrogen decomposition offered a stubborn trend. Mathematically speaking,
nitrogen release technically followed a linear trend (figure 3.8). However, the only
nitrogen release occurred in the first week after termination when almost 30% of the
nitrogen was decomposed. There was no change to nitrogen release for the next 10
weeks.
The concentration of nitrogen in the decomposing stubble dropped from 1.1% to
0.95% in one week and held steady in week two (figure 3.9). The concentration then
increased in weeks three and four, returning to the starting concentration of 1.1%. The
nitrogen concentration then continued to increase through week 11. At the end of the
sampling period, the nitrogen concentration of the samples reached almost 1.4%. While
numerically small, this represents a 24% increase in nitrogen concentration compared to
the starting amount.
As for the total values of harvested cover crop plus the cover crop stubble, the
crop effect was not significant for total biomass, total phosphorus recovery, or total
nitrogen recovery. On average, the DPCC produced a total of 7.6 Mg ha-1 of biomass.
The crops also recovered an average of 35 kg ha-1 phosphorus and 100 kg ha-1 nitrogen
(table 3.4).
3.4.2 Corn silage
We found no significance associated with crop, or the lack of a previous cover
crop, for corn population or corn yield. However, crop was significant for the percent ear
of total corn dry weight. Following each of the four treatments – rye, wheat, triticale, and
no cover crop – corn produced an average of 66 Mg ha-1 corn silage at 70% moisture, and
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the corn stands had an average of 73000 plants ha-1 (table 3.5). For the ear percentage of
the total plant, corn planted after rye and wheat were comprised of the largest percentages
of ear, 57% and 59% respectively. Corn plants following triticale were comprised of the
lowest amount of ear, 54%. Plants following the no cover crop treatment had an
intermediate percentage of ear comprising the total weight, 56% (figure 3.10).
Table 3.5 Corn population, yield, and quality as affected by the previous crop.
Mean separated by Tukey’s HSD range test. One star (*) indicates significance at
p ≤ 0.05, two stars (**) indicates significance at p ≤ 0.01. When p > 0.05, NS
indicates non significance. Within the same row, values followed by different
letters are statistically different.
None
Rye Wheat Triticale Significance
Population, plants/ha
69000 68400 65100
66200
NS
Yield at 70% moisture, Mg/ha
66
75
64
61
NS
Yield from the ear, %
56
57
59
54
**

3.5 Discussion
3.5.1 Cover crop comparison
Although we captured minimal significant differences in this experiment, we
certainly produced data of agronomic importance. The lack of significant differences
among DPCC in this experiment is actually a rather positive outcome. It is also perhaps
not that surprising. Triticale is, after all, a hybrid of wheat and rye. Likewise, wheat and
rye are closely related. The minimal differences among these crops make biological
sense. The minimal differences also create flexibility for farmers to select a crop that
meets their preferences, and they can count on similar outcomes for the purpose of
DPCC. However, it is important to remember that the lack of differences is relative to the
growth stage at which they were harvested. All plants were in very early to mid-boot
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stage. Agronomic interpretations may vary had the plants been grown for grain, and
biological results may vary is harvested at a different growth stage.
It is also important to note that forage-quality varieties of each crop were selected
for this experiment. Forage varieties are desired by their large amounts of vegetative
growth. When assessing DPCC, or planting them for use on-farm, forage varieties should
be chosen to maintain the performance demonstrated here. Future research should
investigate more varieties of each crop to better understand the differences that they may
present.
The DPCC had no effect on corn silage yields compared to bare control plots and
provided 4.1 Mg ha-1 of additional forage production. The observed, harvested yields in
this experiment are in alignment with the performance of these crops in New York as
reported by Ketterings et al. (2015). The feed values of the crops did vary slightly,

Figure 3.1 (left) relative feed value (RFV) is greatest for triticale and wheat, and
lowest for rye. However, all provide quality forage. Figure 3.2 (right) milk produced
from forage on a per megagram basis follows the same trend as that of RFV for each
crop. Mean separation performed by Tukey’s HSD range test and values with
different letters indicates statistical differences.
although all were of good value. The lower RFV of rye (figure 3.1) could be due to slight
advances in development. Or, this difference could be attributed simply to the growth
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patterns of rye that inherently produce a lower stem to leaf ratio; stems have a higher
indigestible fiber content than leaves and thus drive down the RFV.
The high RFV of wheat and triticale is reflected in the associated milk production
potential of these crops (figure 3.2). On a per Mg basis, wheat and rye can produce the
most milk. However, the non-statistically significant, but slightly lower yields none-theless, of these two crops compared to rye result in equivalent predications of milk
production on a per hectare basis. Milk production per Mg was estimated using a hybrid
of field, lab, and book values. Our milk production estimates for the crops fall in line
with the wet chemistry analysis performed by Oliveira et al. (2019).
The dollar value of milk produced from these crops is a notable $1686 per
hectare. For farms in need of additional forage on their limited cropland, this can increase
the production value of existing cropland used for corn silage. The additional production
capacity on corn silage land may also allow farmers to reduce silage hectarage in
exchange for other annual cash crops or perennial hay or pasture to diversify their
production systems an open up new economic opportunities. In short, DPCC can create
both physical and economic space in silage-based forage production systems.
This experiment does reveal the excellent performance of rye, wheat, and triticale
as both forage crops and cover crops, and lends strength to the idea of using these crops
for this dual-purpose nature. An estimated 52 kg of phosphorus ha-1 and 150 kg of
nitrogen ha-1 were applied in the form of manure in the fall. While we cannot so simply
say that the DPCC removed nutrients from that manure application specifically, we can
assess the balance of nutrients removed in a crop cycle relative to the amount of nutrient
applied in that cycle. The nitrogen and phosphorus removed in the harvested portion of
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the crops were effectively equivalent to 40% of the nitrogen and phosphorus added to the
system each fall (table 3.3). This is an interesting result, as Eghball and Power (1999)
reported that 40% of the nitrogen applied in manure is available in year one.
Certainly, we also cannot say that all the nitrogen that the crops captured was
from manure, as we know nitrogen is also available in the soil as released from soil
organic matter. However, this does provide evidence that the DPCC capture respectable
amounts of nutrient relative to what is available.
3.5.2 Cover crop stubble
Additional nutrients were also captured in the stubble, 40 kg of nitrogen and 15
kg of phosphorus (table 3.3). Following Eghball and Power’s prediction that only 40% of
manure nitrogen is available in year one, this suggests that the DPCC not only captured
nutrients from the manure but they also removed further nutrients that were already in the
soil. This data does call into question the ability of DPCC to actively remediate excessive
levels of phosphorus but does also verify that DPCC can certainly maintain nutrient
cycling and help prevent further phosphorus accumulation. To further assess the
remediation potential of DPCC, a multi-year study would need to be conducted in
continuous silage, manure, and DPCC system.
The average total biomass production of 7.6 Mg ha-1 is in alignment with total
cover crop biomass reported in the literature (Finney et al. 2016). However, we were
surprised to find that such a large amount of the total biomass was in the bottom portion
of the plant. The stubble returned by all three crops averaged 3.5 Mg per hectare, a
substantial amount (table 3.3). The biomass in the stubble alone exceeds the total cover
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crop biomass recorded in Finney’s study for forage radish (Raphanus sativus var
longipinnatus), oat (Avena sativa), sunn hemp (Crotalaria juncea), and several cover
crop mixtures.
The distribution of biomass can be explained by the distributions of stem and leaf.
The harvested portions of the plant are leafy, less dense, and less fibrous – all
characteristics that make them suitable for forage and that equal less biomass in these
parts. Meanwhile, the base of the plant is almost all stem and there was very minimal leaf

Figure 3.3 (top left) the stubble of triticale and rye have the greatest moisture content.
Figure 3.4 (top right) reveals that rye also has the greatest fresh weight followed by
triticale and wheat. Figure 3.5 (bottom left) the water returned in the residue in
follows the same trend as percent moisture and fresh weight. Figure 3.6 (bottom right)
carbon content followed an opposite trend compared to water content for wheat and
rye. Mean separation performed by Tukey’s HSD range test and values with different
letters indicates statistical differences.
material in this harvested stubble portion. The dense, thick base provides support for the
upright growth of the leaves. We were also meticulous about harvesting clear down to the
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crown to accurately estimate the full aboveground biomass residue. Certainly, had we
also harvested roots we would have found even larger amounts of crop residue are left
behind in the field.
The amount of stubble left in the field is an important consideration for
management and planting of the subsequent crop. Fresh weight is a better indicator of the
volume of stubble that must be managed. Rye and triticale were comprised of greater
percentages of water (figure 3.3), which is reflected in the amounts of water they return
to the field (figure 3.4) and their fresh weight (figure 3.5). Rye lives up to its anecdotal
reputation as wet crop and left a remarkable 14 Mg ha-1 of residue in the field comprised
of 5500 liters of water. By contrast, triticale and wheat left 33% and 47% less total
material in the field when assessed based on fresh weight, comprised of 3600 and 4300
liters of water. Had we not planted corn using a no-till planter this amount of stubble
certainly could have compromised the success of our planting.
In Chapter 2, we found challenges with planting in residue that was terminated
using a disc and with a lack of conventional tillage in an attempt to move to a reduced
tillage system. Termination of the DPCC with herbicide and planting with a no-till corn
planter meant we did not have to compete with large chunks of residue at planting, which
can clog planting wheels, hinder seed to soil contact, and impede a desirable corn
population. The lack of population differences for corn stands following DPCC compared
to no cover crop treatments indicates that this termination and planting method was
successful. This also suggests that DPCC may be best suited to no-till systems in order to
maximize their benefit without having to rely on unsustainable tillage practices.
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Furthermore, because the cover crops were not tilled in, the root mass and some
of the stubble remained intact clear through corn harvest. Future studies should
investigate how this management approach may prevent erosion and suppress weeds
throughout the season. It would be particularly interesting to compare how the intact but
dead stubble performs compared to living mulches sewn into corn stands.
The ability of DPCC to contribute to carbon sequestration and build soil organic
matter may be brought into question compared to traditional cover crop management.
The high carbon amount of the residue (figure 6.6, table 3.3) indicates that the residue
alone has potential to continue to build soil carbon. as the amount of carbon captured in
the stubble of each crop averages 1.6 Mg ha-1. Based on the findings of Finney et al.’s
comprehensive study of various cover crop biomass production and the associated carbon
fraction (2016), the amount of carbon in the rye, wheat, and triticale stubble was more
than that of red clover, forage radish, oat, or hairy vetch when all of their biomass is
returned.
There were slight differences in the carbon percentage of each crop (figure 6.6).
While statistically significant, the results are perhaps not biologically significant in this
context as the carbon to nitrogen ratio was not significantly different. It is this ratio that
dictates decomposition trends. For this reason, the lack of significance of the crop effect
as it relates to decomposition trends over time is not unexpected.
The initial amount of decomposition in week one – 20% of the original amount –
likely came from the small amounts of leafy residue. The slowed decomposition for the
remainder of the season is characteristic of the slow decomposition of high carbon stems
(figure 3.7). Quemada and Cabrera (1995) found that the differences in stem and leaf
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carbon to nitrogen ratios resulted in differential decomposition of these two tissues,
which supports our interpretation of this decomposition trend.
Despite the continuous decomposition of biomass, nitrogen was barely released
from the stubble. In week one, 20% of the original nitrogen content is released but then
no further nitrogen was released in the duration of our study (figure 3.8). This would
align with the idea that the leaf matter, which has a lower ratio of carbon to nitrogen and
thus decomposes faster, is the primary contributor to nitrogen release in this period.
The decomposition of the biomass paired with the lack of release of nitrogen indicate that
the carbon portion of the residue is being decomposed while the nitrogen portion is not.
This is further supported by the observation of the nitrogen concentration of the residue
steadily increasing throughout the season (figure 3.9). Here, we have captured a classic
nitrogen immobilization scenario. Our findings agree with the findings of Henriksen and
Breland’s 1999 publication that found increasing carbon mineralization throughout the
season from wheat straw residues coupled with decreasing soil nitrogen levels
attributable to nitrogen immobilization by the microbial decomposers. Their study also
found elevated levels of fungal and bacterial enzymes associated with the degradation of
plant tissues that are carbon, hydrogen, and oxygen based, i.e. cellulases and
hemicellulases. As plant cell walls are degraded, biomass is decomposed without
releasing nitrogen, hence we can understand why nitrogen concentrations increase based
on degradation at the molecular level.
The microbes decomposing the high carbon tissues must find their nitrogen in
other sources in the environment. This can lead to microbial competition with corn or any
cash crop for the available nitrogen in the soil. Even if fertility is adequately applied
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Figure 3.7 (top) biomass decomposition increases throughout the
season following a linear trend (p < 0.0001). Figure 3.8 (middle)
nitrogen is release in the first week and then nitrogen
decomposition stagnates, but overall the trend is significant at the
linearly level (p < 0.0001). Figure 3.9 (bottom) nitrogen
concentration of plant tissue increases throughout the season, and
also follows a linear trend (p<0.0001).
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and may therefore
require more
nitrogen inputs to
avoid yield losses
of corn.

Depending on when corn is planted, sidedress nitrogen application would occur
sometime between week 7 and 9 after DPCC termination. At this point in time, we find
that only 40% of the stubble biomass has decomposed relative to the starting amount
nitrogen release has stagnated. This collectively indicates perfect storm conditions for
accidental under-fertilization in the face of nitrogen tie-up, as sidedress nitrogen plans for
only the needs of the corn and not the needs of the microbial decomposers. Such an effect
may be exacerbated because only the high carbon portions of the cover crop are being
returned and the lower carbon leaf matter that could supply compensatory nitrogen are
removed.
Despite the nitrogen immobilization dynamics, we observed no yield penalties to
total corn silage yields compared to the no cover crop treatment. This observation is in
agreement with the findings of Chapter 2. When adding in-season nitrogen we did not
account for the amount of nitrogen that is mineralized from soil organic matter. The soils
at the research site had 1.8 – 2.1% soil organic matter in each year of this study. The
nitrogen mineralized from this organic matter may have provided any additional fertility
needed and prevented a yield penalty in silage.
On dairy farms, the organic matter added in manure may supply the additional
fertility to compensate for nitrogen tie up. Likewise, the soil organic matter that is built
up over time from cover crop inputs will continue to mineralize in subsequent seasons.
For future studies, we hypothesize that it will take 2-3 years of a new rotation with high
carbon inputs to maintain regular and adequate nitrogen mineralization from soil organic
matter to overcome possible immobilization dynamics. This would mean that additional
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fertility may only be needed for a short time to compensate for the high carbon inputs,
but the systems should eventually stabilize and become self-sustaining.
3.5.3 Corn production
The
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Figure 3.10 The only effect of DPCC on corn was for percent ear, which
was significantly less following triticale compared to wheat or rye,
though not different compared to the no cover crop treatment. Mean
separation performed by Tukey’s HSD range test and values with
different letters indicates statistical differences.

comprised
of ear
indicated

good quality following all treatments without exception. However, there were
significantly lower proportions of ear compared to corn after wheat and rye (figure 3.10).
Yet the proportion of ear was not less than that of corn following the no cover crop
treatment. It is unclear what may have resulted in this effect. Given that crop was not
significant for most parameters it is somewhat strange to find the effect significant here.
Perhaps more interesting is that corn following rye and wheat had, numerically speaking,
slightly larger proportions of ear than the no cover crop treatment. This points to the
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potential of DPCC to convey the same yield enhancing benefits as those reported for
traditional cover crops.
3.6 Conclusions
- Rye, wheat, and triticale all present excellent options for use as forage in corn
silage production systems and can produce additional forage at a rate of 4.1 Mg ha-1.
They can also remove excess nutrients from manured systems and help prevent nutrient
accumulation, particularly of phosphorus.
- Rye, wheat, and triticale residues may not return as much carbon compared to if
the whole crop was returned. However, when compared to the literature, the residues
return more carbon than clover, radish, oat, or hairy vetch, and thus are still valuable
contributors to carbon management.
- In this experiment, rye, wheat, and triticale had no effect on corn silage yields,
although evidence from other research indicates that this may be specific to the particular
DPCC planting date and the selected corn hybrid relative maturity.
- DPCC can certainly result in nitrogen immobilization dynamics. Future research
should assess multi-year decomposition dynamics of DPCC residue and soil nitrogen
levels to determine if and when corn fertility changes should be made to compensate for
such a possibility.
- DPCC are estimated to produce $1686 worth of milk per hectare. Increasing the
utilization of DPCC for forage allows for more production per unit of land and can create
other space – figurative and literal – in the rotation to diversify crop production and can
reduce the reliance on corn silage as the primary source of feed. As climate change is
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expected to result in greater risk of drought in the Northeast where corn silage is not
irrigated, DPCC can take advantage of spring and fall precipitation and offer risk
management while still offering ecosystem services.
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CHAPTER 4
SPRING FERTILITY DOES NOT RESULT IN YIELDS INCREASES OF DUALPURPOSE RYE, WHEAT, AND TRITICALE FORAGE COVER CROPS IN A
MANURED CORN SILAGE ROTATION

4.1 Abstract
Dual purpose cover crops (DPCC) are of increasing interest for their ability to
provide quality forage while also conveying desirable ecosystem services. Small winter
grains rye (Secale cereale), wheat (Triticum aestivum), and triticale (xTritcosecale) are
already popular cover crops that can serve in a dual-purpose capacity in rotations with
warm season cash crops in temperate climates. This four year field experiment assessed
the forage quality of these three crops and their response to nitrogen applied at a rate of 0,
28, or 56 kg ha-1 as well as the impact on subsequent corn production. The DPCC
nitrogen concentrations indicated nitrogen capture, but the additional nitrogen resulted in
no yield gains from additional nitrogen in this manured system. Rye and triticale were
superior options for DPCC use, producing up to 4140 Mg ha-1 of dry matter capable of
producing and estimated $1609 worth of milk per hectare, while also removing up to 72
kg ha-1 of nitrogen and 20 kg ha-1 of phosphorus. Rye and triticale did not affect
subsequent corn production compared to control plots with no cover crop, but corn
following wheat faced substantial yield penalties. Systems with harvested rye and triticale
resulted in 37% more total biomass production than systems that lacked a harvested cover
crop. The use of DPCC can enhance on-farm forage yields while also providing nutrient
cycling benefits.
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4.2 Introduction
The Northeast is responsible for 14% of milk production in the United States
(USDA-ERS, 2019), and the concept laid out in A New England Food Vision (Donahue et
al., 2014) calls for 100% of the region’s dairy to be produced and consumed locally.
Meeting this regional goal would require twice as much milk production compared to
levels at the time of publication. The report also identifies dairy production as New
England’s most valuable sector of agriculture.
Yet, it is well known that volatile milk prices make owning and operating a dairy
farm challenging. Such challenges are evidenced by the shrinking number of dairy farms
in the Northeast. There were over 110,000 dairy farms in the Northeast in 1960 and in 46
years that number fell to 20,000 in 2006 – a 138% decline (Winsten et al., 2010). In the
2018 annual Northeast Dairy Farm Summary (Lidback, 2019) it was reported that dairy
farms faced the fourth consecutive year of negative cash flow margins. The cost of feed
per cow also remained the largest annual expense at $1630 per animal.
Diversifying forage production strategies can offer economic resiliency in the face
of volatile milk prices and maximize the value of existing cropland. Such an approach
also offers a response to the increasing risk of summer drought predicted in this region
where corn silage is not irrigated, while also taking advantage of spring and fall
precipitation increases (Environmental Protection Agency, 2017). The authors of the
Winsten et al. study (2010) associated increased satisfaction levels, as reported by
farmers, in part with decreased costs of forage production. The authors also inferred that
those farmers that were more confident about the long-term outlook of their farms
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garnished some of this confidence from lower costs of forage production and more
stability in their sources of forage.
Dual purpose cover crops (DPCC) offer the opportunity to increase on-farm
forage production while concurrently offering ecosystem services and on-farm nutrient
cycling. The use of DPCC is believed to offer additional on-farm forage production on
existing, and limited, cropland used for annual production (Lesoing et al., 1997; Maloney
et al., 2013; Sulc and Franzluebbers, 2014).
Corn silage is a primary source of forage in the Northeast, but this production
only takes advantage of about five months of the year due to our limited growing season.
It is well known that cover crops are important for the long-term productive capacity of
cropland (Bronick and Lal, 2005; Malézieux et al, 2009; Snapp et al., 2005). However,
DPCC can offer ecosystem services while also bringing productive value to an
overlooked season. Furthermore, DPCC can diversify the production system, reduce
reliance on corn silage, and offer the first forage harvest in the spring before the first hay
cutting.
DPCC also offer a nutrient management benefit that simply cannot be offered by
traditional cover crop management: rapid nutrient cycling, inhibition of phosphorus
accumulation, and the potential for phosphorus remediation. The vast majority of farms
in the Northeast have manure pits (Winsten et al. 2010) that must be emptied in the fall
months in order to make space for winter storage. Manure is applied to fields after corn
silage production. Even on farms with excellent cover crop practices that result in
effective nutrient capture, traditional reincorporation of cover crop plant material
contributes to phosphorus stores in excess of corn silage needs or uptake capacity
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(Eghball and Power, 1999). By harvesting DPCC for forage, nutrients – especially
phosphorus – are deliberately removed from the field and allowed to cycle on farm
without accumulating in the soil.
DPCC are of increasing interest in the region. Chapter 2, 3, and 5 indicate their
ability to offer additional forage production and capture phosphorus. Rye, wheat, and
triticale are overwintering crops that are already used for forage value in systems where
they are harvested for forage and then allowed to regrow in order to produce grain
(Poysa, 1985; Miller, 1983). These three crops are also farmer favorites in the Northeast.
Collectively, these three crops are excellent candidates for DPCC in this region.
Further information is necessary and desired as to how each of these crops will
perform in the DPCC capacity, particularly in rotations with corn silage where they most
obviously fit on many farms. Little is known about how additional spring nitrogen
fertility will affect the performance and quality of these crops. Adding spring nitrogen
does add an additional expense, and it could be considered to reduce the environmental
benefits desired by cover crops. Conversely, additional nitrogen fertility could increase
yields and or protein levels and thus quality and value. Enhancing DPCC quality or yields
could offer additional incentive and value of these crops, thus encouraging their efficient
fall planting and spring harvest to manage phosphorus. This four year study assessed the
influence of additional fertility on DPCC performance and the effect on subsequent corn
production.
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4.3 Materials and methods
4.3.1 Experimental site
This experiment was conducted from September 2014 through September, 2018
at the University of Massachusetts Crop and Animal Research and Education Farm
Deerfield Massachusetts, located in the Connecticut River Valley along the Connecticut
River (42°28′37″ N, 72°36′2″ W). The soil at the research site was a Hadley fine sandy
loam, defined as coarse-silty, mixed, superactive, nonacid, mesic Typic Udifluvents
(Natural Resource Conservation Service, 2013). Soil samples were taken from a depth of
0.2 m; pH ranged 6.2 - 6.7 and micro and macronutrients that were not in an optimum
range were corrected with manure application. In three of the four years of this
experiment, phosphorus was in the “above optimum” range in the experimental field. The
weather conditions for the duration of this experiment can be found in table 4.1.
4.3.2 Experimental design and management
Within 24 hours of manure application (per 1000 liters: 2 kg total Kjeldahl
nitrogen, 0.7 kg P2O5, 1.8 kg K2O, 1.1 kg Ca, 0.6 kg Mg), applied at a rate of 74.8
thousand liters per hectare, the manure was incorporated with a disc harrow prior to
planting the experiment. The experiment consisted of a complete randomized block
design with four replications per year for a total of sixteen replications for the dualpurpose cover crops data. Cover crops were planted on September 1 each year, and the
varieties were Arapahoe (wheat), NE426GT (triticale), and Prima (rye). All cover crops
were planted at a rate of 123 kg ha-1 with a seven row drill modified for planting research
plots. Plots were 5m wide and 6m long.
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Table 4.1 Weather conditions at the experimental site during the duration of the experiment.

2014

2015

2016

2017

2018

Monthly
Summary
September
October
Nov
Dec
January
February
March
April
May
June
July
August
September
October
November
December
January
February
March
April
May
June
July
August
September
October
November
December
January
February
March
April
May
June
July
August
September
October
November
December
January
February
March
April
May
June
July
August
September

Avg
Max
Min
Precipitation
GDD 10C GDD 4.4C
Temp C Temp C Temp C
(cm)
15.9
31.1
1.1
4.1
333.0
629.5
11.0
23.9
-1.7
16.0
110.6
367.8
2.4
17.2
-12.8
9.0
0.0
44.5
0.3
13.3
-13.9
11.6
0.0
11.0
-7.3
5.6
-22.8
8.3
0.0
0.0
-10.7
3.9
-27.8
3.7
0.0
0.0
-2.2
11.1
-22.2
4.3
0.0
2.0
7.0
21.7
-6.7
5.1
15.0
157.0
16.6
31.1
0.0
2.6
364.5
674.0
17.7
28.9
3.9
19.2
418.0
714.5
21.2
33.3
8.9
8.5
628.0
938.0
21.0
32.2
10.6
6.2
625.0
935.0
17.9
32.8
0.6
16.2
439.5
739.5
8.5
22.8
-8.3
5.7
55.6
258.1
5.4
21.7
-10.6
5.0
22.0
143.0
3.7
18.9
-6.7
11.9
5.0
71.2
-3.3
11.7
-16.7
3.7
0.0
2.0
-2.1
16.7
-26.7
10.5
0.0
23.5
4.1
24.4
-9.4
8.4
17.5
104.5
6.8
25.0
-12.8
5.3
38.5
184.5
14.0
33.3
-2.2
6.5
245.0
529.5
18.8
30.6
6.7
3.5
464.5
764.5
22.3
34.4
7.8
4.3
669.9
979.9
22.1
33.3
8.3
9.3
672.4
982.4
17.3
30.6
0.0
9.0
397.0
694.0
9.8
24.4
-5.0
8.6
101.7
329.6
3.7
17.8
-6.7
6.6
2.5
53.5
-2.2
11.7
-20.0
9.6
0.0
9.0
-1.7
12.2
-23.9
5.6
0.0
7.0
-0.9
20.0
-24.4
5.2
4.5
32.6
-1.3
15.0
-15.6
6.1
3.5
19.0
9.6
28.9
-4.4
8.4
104.0
296.0
12.6
34.4
-1.7
16.6
176.5
451.5
18.8
35.0
4.4
11.8
467.5
767.0
20.7
31.7
8.3
6.4
595.0
905.0
19.4
31.1
7.2
10.9
526.5
836.5
17.6
31.7
2.2
6.1
436.0
734.5
55.2
76
27
8.86
200.5
487
37.7
67
10
1.03
16
61.5
24.5
57
-3
2.64
0
5.5
23.4
59
-9
4.48
1.5
11.5
31.2
74
-6
4.32
3.5
22.5
34
57
10
1.71
0
18.5
40.8
69
18
4.11
13.5
94.5
61.2
90
34
1.67
347.5
653.5
65.8
93
43
4.58
451
751
75
100
50
4.98
767.5
1077.5
73.6
95
52
10.64
749.5
1059.5
65.4
93
43
7.53
469.5
759.5
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In the
spring, nitrogen
was applied in
the form of can at
a rate 0 (control),
28, and 56 kg of
nitrogen ha-1 in
the spring in all
combinations
with rye, wheat,
triticale, and to
the bare plots.
Nitrogen was
broadcast in early
April following
snowmelt. Crops
were harvested
once they
reached boot
stage or once the
field needed to be
prepared for corn
harvest, which

ever came first (harvested on 5/28/15, 5/4/16, 5/16/17, 5/15/18). Two, 1 meter long
samples along the length of a row were hand harvested to a height at and above 7.6 from
the base of the plant; this harvest height was chosen to represent the height of the flail
chopper. The remaining stubble was then harvested with a flail chopper and removed
from the field.
Prior to corn planting, the field received a tank mix application of pre (Magnum)
and post (glyphosate) emergent herbicide to terminate the cover crops and control for
spring weeds. No further herbicide was applied, and weed control was effective
throughout the summer. Corn was planted with a no-till planter at a rate of 78 thousand
plants ha-1 and no start up nitrogen was applied (planted on 5/22/17 and 5/18/18). No
start-up further was added. Nitrogen fertility was added applied at side-dress according to
the pre-sidedress nitrate test average for the field (Herbert et al., 2008).
The original corn hybrid selected for this experiment, which was used in 2015 and
2016, was a 85 day relative maturity (RM). The corn from this hybrid was not harvested
in 2015 due to establishment issues with conventional field management. In 2016 we
chose to use a no-till corn planter and still observed exceptionally poor performance of
this maturity following cover crop treatments. In a parallel experiment, it was determined
that this particular hybrid underperformed following DPCC and that the success of the
DPCC system is dependent on selecting an appropriate DPCC planting date and corn RM
pair. In 2017 and 2018 the corn maturity was swapped for one that had been identified to
perform well following dual-purpose cover crops (DynaGro D32RR56, 92 RM), (Chapter
2). For this reason, data from the 2016 corn harvest is not included, and the corn data is
only from 2017 and 2018 harvests comprised of eight reps.
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Corn was harvested on 9/2/17 ad 8/31/18 by hand when it reached 50% milk-line.
One corn sample was taken per plot, and each sample was taken along a 3 meter length of
row. The samples were measured for fresh weight; ears and stover were measured
separately. The number of plants and number of ears were recorded. From each sample,
two stover samples and three ear samples were randomly selected to be dried, and the
moisture content of the subsamples and the fresh weight of the 3 meter samples were
used to estimate the per hectare corn silage yield if fed at 70% moisture.
4.3.3 Laboratory analysis
All plant samples were placed in a forced air oven at a temperature of 80°C
(Gruenberg Oven Company, Williamsport, PA, USA). Plants were allowed to dry until
they maintained a constant weight, indicating that all water content had been removed.
The samples were then weighed for biomass. Samples for laboratory analysis were
ground with a Foss Mill (Foss Cyclotec 1093, Hilleroed, Denmark) to pass through a 0.42
mm screen.
To asses nitrogen in plant tissue, a 0.2 g subsample was used for nitrogen analysis
according to the Kjeldahl method (Standard Method 4500-N(Org) C. Semi-MicroKjeldahl). Following digestion, the samples were analyzed with a Lachat8500 flow
injection analysis spectrophotometer, Lachat Total Kjeldahl Nitrogen Method (TKN)
Number 13-107-06-2-D (Zellweger Analytical, Milwaukee, WI, USA). Similarly, for
orthophosphate analysis, 0.2 g of tissue was weighed into porcelain crucibles and then
placed in a combustion over for 24 hours at a temperature of 500 C. The crucibles were
allowed to cool before adding 20 ml of 10% hydrochloric acid to each crucible. These
samples were also analyzed with a Lachat8500, Lachat Orthophosphate Method Number
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10-115-01-1-V. With the exception of crude protein, feed value assessments for the cover
crop samples was done by near-infrared reflectance (NIR) spectroscopy (Unity Scientific,
Milford, MA, USA). Milk 2006 (Undersander et al., 2006) was used to estimate the milk
value of cover crops. Baseline stubble samples were sent to the Soils Lab at the
University of Massachusetts for analysis on a CN elemental analyzer.
4.3.4 Statistical Analysis
Statistical analyses were performed using the GLM procedure in SAS, Version
9.4 (SAS Institute, 2016). Mean separation was determined by Tukey’s HSD for
statistically significant discrete variables. For statistically significant effects of
continuous variables, proc mixed was used to determine the appropriate polynomial
determined that best described the relationship. Unless otherwise noted, data is
significant when p ≤ 0.05.
4.4 Results
4.4.1 Dual purpose cover crops

Dual purpose cover crop (DPCC) yield was significantly different by crop (table
4.2). Rye and triticale yielded the most, 4140 and 4060 kg ha-1, while wheat produced the
lowest yields at 2970 kg ha-1, which was 20% less than the other two crops. However, 56
kg of nitrogen application only resulted in yields that were only 8% greater than plots that
received no nitrogen, and the effect of nitrogen application is not statistically significant
(table 4.3). Height also varied significantly only for the crop effect, with rye being the
tallest at 91 cm followed by triticale at 71 cm, and wheat being the shortest at 51 cm. For
rye and triticale in particular, height is not a good field indicator of yield.
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Table 4.2. Dual purpose cover crop (DPCC) characteristics mean separations by
crop. Mean separated by Tukey’s HSD range test. One star (*) indicates significance
at p ≤ 0.05, two stars (**) indicates significance at p ≤ 0.01. When p > 0.05, NS
indicates non significance. Within the same row, values followed by different letters
are statistically different.
Rye
Triticale
Wheat
Significance
Dry weight, Mg/ha
4140 a
4060 a 2970 b
*
Height, cm
91 a
71 b
51 c
**
Nitrogen concentration, %
1.61
1.62
1.71
NS
Phosphorus concentration, %
0.46
0.46
0.46
NS
Nitrogen removal, kg/ha
72
69
53
NS
Phosphorus removal, kg/ha
21 a
20 a
15 b
*
Fresh weight, Mg/ha
44240 a
37710 a 26700 b
**
Moisture content, %
84 a
82 b
79 c
**
Acid detergent fiber, %
30.7 a
27.6 b
26.9 b
**
Neutral detergent fiber, %
57.7 a
54.8 b
53.2 b
**
Relative Feed Value
106 b
115 a
121 a
**
Crude Protein, %
10.1
10.1
10.7
NS
Milk from forage, kg/Mg
845 b
912 a
938 a
**
Milk from forage, kg/ha
3498 ab
3741 a 2770 b
*
Milk dollar value, $/ha
1480 ab
1609 a 1171 b
*

For plant tissue nitrogen and phosphorus concentration, only the fertility effect
was significant (table 4.2 and 4.3). The concentrations of both nutrients increased
linearly with increasing nitrogen application. Adding 28 kg of nitrogen resulted in an 7%
increase in nitrogen concentration relative to the no nitrogen treatment, while adding 56
kg of nitrogen resulted in an 24% increase (figure 4.1). For phosphorus, there was no
change to tissue concentration with the addition of 28 kg of nitrogen, but the 56 kg
addition resulted in a 9% increase in phosphorus concentration (figure 4.2).
Added nitrogen did result in increased nitrogen removal from the field. The
addition of 28 kg of nitrogen resulted in 6 kg of additional removal compared to 0
nitrogen control, and a 56 kg nitrogen application resulted in 20 kg of additional nitrogen
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Table 4.3 Means of dual purpose cover crop parameters as affected by nitrogen
fertilizer. Mean separated by Tukey’s HSD range test. One star (*) indicates
significance at p ≤ 0.05, two stars (**) indicates significance at p ≤ 0.01. When p >
0.05, NS indicates non significance. Within the same row, values followed by
different letters are statistically different.
0 kg/ha 28 kg/ha 56 kg/ha Significance
Dry weight, Mg/ha
3700
3825
4010
NS
Height, cm
72
70
71
NS
Nitrogen concentration, %
1.49
1.59
1.85
**
Phosphorus concentration, %
0.45
0.45
0.49
*
Nitrogen removal, kg/ha
56
62
76
**
Phosphorus removal, kg/ha
18
18
20
NS
Fresh weight, Mg/ha
34150
35975
38595
NS
Moisture content, %
82
82
82
NS
Acid detergent fiber, %
28.4
28.4
28.3
NS
Neutral detergent fiber, %
55.8
55.1
55
NS
Relative Feed Value
113
114
115
NS
Crude Protein, %
9.3
9.9
11.6
**
Milk from forage, kg/Mg
928
900
864
NS
Milk from forage, kg/ha
3268
3271
3524
NS
Milk dollar value, $/ha
1384
1384
1490
NS

removal relative to the control. The nitrogen fertility was not a significant effect for total
phosphorus removed from the field. With no nitrogen added, crops removed an average
of 18 kg ha-1 of phosphorus. However, crop was a significant effect for phosphorus
removal (table 4.2). Rye and triticale removed 21 and 20 kg ha-1 and were not statistically
different from one another. Wheat removed the least amount of phosphorus at a rate of 15
kg ha-1.
The fresh weight production of the cover crops followed the same trend as that of
dry weight, and only the crop effect was significant. Triticale and rye produced the
largest amount of fresh weight, 37710 and 44240 kg ha-1 respectively, while wheat
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produced 26,700 kg ha-1. The crop effect was also significant for moisture. Rye had the
greatest moisture content of 84%, wheat had the lower moisture content of 79%, and
triticale was an intermediate at 82% moisture (table 4.2).
For acid detergent fiber (ADF), neutral detergent fiber (NDF), and relative feed
value (RFV), only the crop effect was significant. Both ADF and NDF were the largest
for rye, at 30.7% and 57%, which results in the lowest relative feed value of 106. The
ADF and NDF were not significantly different between wheat and triticale, 27.6 and 54.8
for triticale, and 26.9 and 53.2 for wheat. These results are reflected in the RFV for these
two crops, which was not significantly different for these two crops at a value of 115 for
triticale and 121 for wheat (table 4.2).
Crude protein is simply a transformation of nitrogen content, and thus follows the
same pattern. Fertility was the only significant effect, and nitrogen concentration
increased linearly as nitrogen fertility increased (figure 4.4). The addition of 28 kg of
nitrogen resulted in a 5% increase in crude protein compared to the nitrogen control plots,
while the addition of 56 kg of nitrogen resulted in a 24% increase relative to the control
plots.
Milk production potential from forage on a per hectare and per megagram basis,
as well as the associate dollar value from milk produced per hectare, was significant only
for the crop effect (table 4.2 and 4.3). Wheat and triticale are not significantly different,
and result in the greatest milk produce on a per Mg basis at 938 and 912 kg Mg-1
respectively. Rye trails at 845 kg Mg-1. However, when assed on per hectare basis,
triticale produces the most milk with 3741 kg ha-1, wheat produces the least with 2770 kg
ha-1 and rye is an intermediate with 3498 kg ha-1. The dollar value per hectare of course
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follows the same trend as milk production ha-1. Milk production potential from triticale
was worth $1609 ha-1, while production potential from wheat at $1171 ha-1, and rye was
an intermediate at $1480 ha-1.
Table 4.4 Means of corn characteristics as affected by the previous cover crop
treatment. Mean separated by Tukey’s HSD range test. One star (*) indicates
significance at p ≤ 0.05, two stars (**) indicates significance at p ≤ 0.01. When p >
0.05, NS indicates non significance. Within the same row, values followed by different
letters are statistically different.
None
Rye
Triticale Wheat Significance
Population/ha
70000
65500
65500 67600
NS
Yield, 70% moisture, Mg/ha
59000 ab 64100 a 55600 ab 52300 b
**
Yield, dry weight, Mg/ha
17700 ab 19250 a 16670 ab 15580 b
**
Ear yield, dry weight, Mg/ha
9590 a 9925 a 8490 a 8185 b
*
Stover yield, dry weight, Mg/ha
7000 ab 7240 a 7170 a 6040 b
**
Percent of corn yield from ear, %
57
57
54
59
NS

4.4.2 Corn production
The main effect of nitrogen applied to the cover crops was not significant for any
of the observed corn parameters (table 4.5), or for total yields (table 4.7) and will not be
discussed further in this section.
Although the corn populations were slightly slower following cover crops
compared to following to the no cover crop plots, the effect of cover crop was not
significant for population. The prior crop was a significant effect for yield, which is
presented here on both a dry matter basis as well as at 70% moisture; naturally, the
statistical trend is the same for both. Corn following rye resulted in the greatest yields,
while corn following wheat resulted in the lowest yields. Corn following triticale and no
prior cover crop were intermediates and were not significantly different compared to corn
following rye or wheat (table 4.4).
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Table 4.5 Means of corn characteristics as affected by nitrogen fertilizer
applied to the prior cover crop. Mean separated by Tukey’s HSD range test.
One star (*) indicates significance at p ≤ 0.05, two stars (**) indicates
significance at p ≤ 0.01. When p > 0.05, NS indicates non significance. Within
the same row, values followed by different letters are statistically different.
0 kg/ha 28 kg/ha 56 kg/ha Signficance
Population/ha
67100
65300
69000
NS
Yield, 70% moisture, Mg/ha
57300
55500
60700
NS
Yield, dry weight, Mg/ha
17200
16650
18200
NS
Ear yield, dry weight, Mg/ha
8830
8700
9660
NS
Stover yield, dry weight, Mg/ha
6800
6750
7030
NS
Percent of corn yield from ear, %
56
56
59
NS

The
interaction
of the
previous
cover crop
and fertility
turned out to
be

significant for corn yield. The effect of fertility with rye and the no cover crop treatments
was significant, but not for fertility by triticale and wheat. For both rye and the no cover
crop treatment, the interaction followed a quadratic relationship (figure 4.5). For the no
nitrogen treatment, corn following rye produced the greatest yields while corn following
the no cover crop treatment produced the smallest yields; this relationship was the same
for the two cover crop treatments following the 56 kg ha-1 nitrogen treatment. However,
the quadratic relationship was concave following rye and convex following no cover
crop. For the no cover crop treatment, corn yields were elevated following the 28 kg
nitrogen application. For the rye cover crop treatment, corn yields were depressed
following the 28 kg nitrogen treatment.
The differences in yield as affected by the crop effect are reflected in the yields of
the individual ear and stover components. The ear yields were greatest, and not
significantly different, following rye, triticale, and the no cover crop treatment. Ear yields
were the smallest following wheat, an average of 12% less compared to the other three
crop treatments (table 4.3). Likewise, the stover yields were greatest following rye and
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Table 4.6 Means for corn as affected by the prior cover crop. Mean
separated by Tukey’s HSD range test. One star (*) indicates significance at p
≤ 0.05, two stars (**) indicates significance at p ≤ 0.01. When p > 0.05, NS
indicates non significance. Within the same row, values followed by different
letters are statistically different.
None
Rye
Triticale Wheat Significance
Total dry yield, kg/ha
17701 b 24263 a 21739 ab 19571 b
**
Total as fed yield, kg/ha 59002 b 73773 a 64826 ab 59558 b
**

triticale,
though the
stover yields
following the
no cover crop

treatment were a statistical intermediate. Stover yields following wheat were the least,
and average of 15% less than the other three crop treatments. The percent of the total
corn yield comprised of the ear was not statistically different. Following all treatments,
the ear represented an average of 57% of the total yield.
The crop effect and the crop by nitrogen interaction were both significant effects
for total dry matter yields of the DPCC plus corn. The crop effect and the crop by
nitrogen interaction were also significant effects for total yield as fed. For the as fed
assessment, corn yield was adjusted to 70% moisture and the DPCC yields were adjusted
to 50% moisture. For both total dry yield and total as fed yield, systems with rye produce
the most forage, systems with triticale are an intermediate, and systems with wheat and
no cover crop result in the lowest yields (table 4.6 and 4.7). When assessed on a fresh
weight basis, systems with rye produce 22% more forage than systems with no DPCC.
When assessed on a dry weight basis, systems with rye resulted in 37% percent more
yield than systems with
Table 4.7 Means for corn as affected by nitrogen fertilizer applied
to the prior cover crop. Mean separated by Tukey’s HSD range
no cover crop.
test. One star (*) indicates significance at p ≤ 0.05, two stars (**)
indicates significance at p ≤ 0.01. When p > 0.05, NS indicates
The interaction of
non significance. Within the same row, values followed by different
letters are statistically different.
crop and nitrogen in
0 kg/ha 28 kg/ha 56 kg/ha Significance
terms of total dry and as
Total dry yield, kg/ha
20850 19925 21750
NS
Total as fed yield, kg/ha 63800 61560 67770
NS
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fed yield was significant only for rye by nitrogen fertility. For both assessments, the
relationship was quadratic (figure 4.6 and 4.7). Total yields for systems with rye
following no nitrogen application or the 56 kg nitrogen application were the largest and
nearly equal. Meanwhile, total yields for systems with rye following the 28 kg nitrogen
application were the least among the three combinations. Yet, overall in this assessment,
yields for systems with rye were consistently the greatest regardless of statistical
significance.
4.5 Discussion
4.5.1 Nitrogen fertility in dual purpose cover crops
To find that nitrogen fertility had no effect on spring forage yields was
unexpected and contrary to our hypothesis. Yet, the author’s field based observations
should have foreshadowed this result. Anecdotally, similar results were observed on
farm. The yields produced in an on farm experiment in 2017, as reported in in Chapter 5,
received no spring nitrogen application. These on-farm yields were equal to on-farm
yields from a 16 ha field in a neighboring town that received spring nitrogen at a rate of
34 kg ha-1. Both fields had received manure in the fall. The second field served as a case
study and experimental samples were collected. The result was confusing at the time but
can now be explained.
Effective nitrogen application to these forage crops has been shown to be
fastidious. In Harmony and Thompson’s 2005 publication, they reported that broadcast
fertilizer on forage triticale at a rate of 90 kg ha-1 provided the same yields as banded
fertilizer at a rate of 22 kg ha-1. Of course, their application was at start up whereas in this
experiment we assessed in-season applications. Yet, this shows considerable variation in
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nitrogen response. Their study also found that additional phosphorus was more
substantial in eliciting increased yield responses compared to the additional nitrogen.
Given the sufficient fertility from manure at the time of planting, it seems the crops in our
assessment were already enabled to achieved peak performance from a fertility
standpoint.
The plants did capture the applied nitrogen, as is evidenced by the increasing
nitrogen concentration with increasing nitrogen application (figure 4.1), as well as by the
greater levels of nitrogen removal on a ha-1 basis (figure 4.3). From a nutrient balance
perspective, and when compared to the baseline nitrogen removal of the control plots that
did not receive nitrogen, applying nitrogen at a rate of 28 kg ha-1 results in 21% nitrogen

Figure 4.1 (top left) plant tissue nitrogen concentrations increase linearly (p < 0.0001). Figure
4.2 (top right) plant tissue phosphorus concentrations increase linearly (p < 0.0001). Figure
4.3 (bottom left) nitrogen removal also increases linearly (p < 0.0043) as nitrogen
applications increase. Figure 4.4 (bottom right) crude protein is simply a transformation of
nitrogen concentration and demonstrates the same linear relationship (p < 0.0125).
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removal from this application and applying nitrogen at a rate of 56 kg ha-1 results in 36%
nitrogen removal from application. Therefore, the larger nitrogen application results in
greater uptake efficiency. Removal is not the same as recovery, as we consider removal
to mean the nutrient that is removed from the field in the harvested DPCC.
Certainly, this removal does not reflect all of the total nutrient recovery.
Additional nitrogen would have been in the stubble residue as reported in Chapter 3.
However, the stubble was not harvested and analyzed in this experiment. In Chapter 3 it
was found that 40% of the plants’ total nitrogen recovery was returned in the stubble
while 60% of the recovered nitrogen was removed in the harvested portion. If that trend
is applied to the data in this experiment, then plants that received 28 kg of nitrogen are
predicated to have captured 36% of the applied nitrogen while plants that received 56 kg
of nitrogen are predicated to have captured 61% of the applied nitrogen.
Our nitrogen recovery trends relative to additional nitrogen fertility are
comparable to those reported by Delogu et al. (1998) for wheat and barley, although
manure was not included in their system. In their study, relative to the no nitrogen
control, 50% nitrogen recovery was achieved from additional 80 kg ha-1 nitrogen
applications, while 68% nitrogen recovery was achieved from additional 140 kg ha-1.
This nitrogen uptake trend is reflected in the nitrogen concentration and crude
protein data. The nitrogen concentration of the tissue increases only 7% with 28 kg of
nitrogen while the concentration increases 24% with the 56 kg application. These
increases are statistically significant. Crude protein, thus, displays the same increases.
Collectively, it is clear that the plants are taking up the nitrogen and differentially so
based on the application rates. However, this did not result in any statistically significant
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yield increases. Regardless of statistics, the yield increases are nominal. Nitrogen
applications of 28 kg resulted in only 3% more yield than the control, and 56 kg
applications resulted in 8% yield increases. Therefore, the nitrogen use efficiency of the
additional nitrogen was effectively zero.
Our results can in part be explained by the findings of Gibson et al. (2007), who
reported that the greatest forage and grain yields from triticale were achieved with only 033 kg ha-1 of nitrogen, although nitrogen concentrations did continue to increase with
additional nitrogen. In their study, the greatest nitrogen concentration of plants occurred
with 99 kg ha-1 of nitrogen. In our experiment, the nitrogen in the fall manure application
alone exceeded this amount. In addition, some of that manure derived nitrogen was
immediately available in the fall, while some of that nitrogen would mineralize in the
spring. This is strong evidence that the DPCC do not require additional fertility in
manured systems, and that manured systems may be the ideal situation for use of DPCC.
The additional nitrogen in the plant was obviously not used for aerial growth. The
height of the plants was not affected by fertility, nor were the structural cell wall
components. Because we did not find yield changes, the nitrogen was also not used for
cell division and RNA or DNA synthesis for building new cells. Along this vein, ADF
and NDF measure the cellulose, hemicellulose, and lignin components of the plants.
While this data was collected for feed assessment, as it is used to predict forage intake
and digestibility, it shows nitrogen also had absolutely no effect on these components.
Therefore, the additional nitrogen in the plants was not allocated to structural
development, either.
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We suspect the plants may have simply stored the additional nitrogen in nitrogen
sinks from where it could later be reallocated during grain development. Baethgen &
Alley (1989) found that elevated nitrogen concentrations in the leaves and stems of wheat
did in fact decrease with time while concentrations in the spike and head increased.
Baethgen & Alley’s observation was a classic example of nitrogen reallocation from
vegetative growth to support reproduction and grain development, as reviewed by
Barneix (2007). While the crops in our experiment were not grown for the purpose of
grain, this physiology would easily and clearly explain why we did not find a fertility
effect when plants are harvested at a younger growth stage despite the elevated nitrogen
concentrations. Had the crops been grown for grain, differences due to the additional
fertilizer may have been realized.
Larger amounts of nitrogen fertilizer, more time to respond to fertilizer, or a
combination of both could possibly result in yield differences, although both the
Harmoney and Thompson (2005) study and the Gibson et al (2007) study cast substantial
doubt on the value of adding additional nitrogen in our manured system. And, while
perhaps experimentally interesting, these are not options in a practical context. The
nitrogen levels were chosen based on cost and environmental impact versus perceived
benefit. We hypothesized that these application rates were low enough that they could be
worth the trade off of a little more expense and a little less environmental benefit of the
DPCC if greater yields could be achieved. Increasing the nitrogen application rates
further would naturally increase cost. It would also encroach on the environmental
benefits of the DPCC given the energy intensive production process of synthetic nitrogen
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as well as the leaching potential associated with greater soil nitrate levels under spring
rains.
Additionally, and as previously suggested, the plants received adequate nitrogen
fertility from the fall manure application to produce excellent growth as indicated by
yields in the control plots that received no nitrogen (table 4.3). Furthermore, this
observation was consistent for all three plants and the interaction of crop and nitrogen
was not significant. This indicates that the nitrogen needs and responses of these three
crops are fairly well conserved, at least at this growth stage.
As for allowing more time to for crops respond, this option is negated simply due
to climate and biology. Nitrogen cannot be applied earlier. Nitrogen was applied in early
April following snow melt and at the onset of warming conditions that jump-start spring
development. The plants also cannot be harvested later. As the plants mature, the ADF
and NDF levels increase which in turn decreases RFV and makes the plants unsuitable
for forage. Alas, the spring management window for this treatment is fixed.
Overall, this is good news for farmers and for the environment. Farmers and the
plants can count on adequate fertility from fall-applied manure applications. In this
capacity, the DPCC meet the goal of taking advantage of residual nutrients to support
their growth and enhance on farm resource use efficiency, removing excess nutrient from
the system, and providing quality forage with minimal management needs. The fertilizer
also did not change any parameters sufficiently enough to observe changes in milk
production estimates. Based on the four year analysis conducted here, plus our on-farm
observations, it is with confidence that we say DPCC in manured fields should not
receive and do not need spring nitrogen applications in this region.
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4.5.2 Dual purpose cover crop species
Rye and triticale were superior to wheat across the board for biomass production
and nutrient capture (table 4.2). These two crops produced 24% more biomass than
wheat, a substantial difference. Although nitrogen removal was not significantly different
for the three crops, the differences are valuable information. It is frustrating that a four
year experiment would fail to declare significance when 33% more nitrogen was
recovered by rye and triticale compared to wheat. This is indicative of the wide ranges of
each crop in this capacity. When the complete dataset is visualized, it is clear that in
many cases wheat does remove the same amount of nitrogen as rye and triticale, but rye
and triticale have a wider range than wheat, and these two crops are capable of capturing
more nitrogen than wheat. This is likely attributed to the larger biomass of these plants
and their spring growth habits.
Phosphorus removal was clearly greater with rye and triticale versus wheat. Both
crops removed 25% more phosphorus than wheat. As the phosphorus concentrations were
identical, difference in phosphorus recovery was driven by total biomass. Considering the
phosphorus recovery differences, and despite of the lack of significance in nitrogen
recovery, we conclude that rye or triticale are the best candidates when nutrient recovery
is a primary focus.
The high moisture content of the crops indicates the necessity for the crops to be
chopped and allowed to dry in the field prior to silage preparation. In addition, the
moisture content should be taken into consideration if the crops are grazed in the spring.
The large amounts of moisture can result in reduced dry matter intake when grazed, and
supplementary dry matter from dry hay would be advisable.
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The RFV is excellent for wheat and triticale but is not ideal for rye. The low RFV
for rye is somewhat skewed by the late harvest that occurred in year one in which rye fell
to an RFV under 100 while triticale and wheat remained at or above 100. Simple
misestimation of maturity and timing resulted in harvest when rye had passed boot stage.
Triticale and wheat, conversely, were not as fast to develop and were more forgiving of a
1-2 week delay in harvest. As reviewed by Buxton et al., (1995), advancing maturity
results in larger ADF and NDF components that in turn reduced forage intake and
digestibility.
However, the trends – and to an extent the values – of our RFV results agree with
those reported by Landry and colleagues, (2018). For rye and triticale, we did observe
higher RFV when harvested at the same growth stages as the Landry study. This could be
due to the different forage varieties selected for the experiments and illustrates the value
of variety trials to assess DPCC performance as popularity of the practice increases.
Thus, rye grown for DPCC should be respected when considering spring harvest
logistics, whereas triticale and wheat may allow more flexibility in the event of a harvest
delay. For on-farm use, fields that can typically be entered early in the season would be
best suited for using rye as a DPCC in order to avoid a harvest delay due to a wet field,
and to take advantage of this fast growing crop that can allow for early spring corn
planting. Conversely, triticale would be a good candidate in a wet field as it is more likely
to maintain its RFV, and it may simultaneously help remove excess water from a
typically wet field.
While wheat is forgiving in the context of relative feed value, its vegetative
biomass production does not match that of rye and triticale. However, wheat was
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observed to be slightly behind in maturity compared to rye and triticale. Had it more time
to mature it may provide larger biomass yields. This characteristic may work on some
farms, but in our production system wheat is not considered to be an effective DPCC
option based on the low yields.
The ADF and NDF levels (table 4.2) were reflected in the milk production
estimates for forage on a dry weight basis, explaining why wheat and triticale can
produce the greatest amount of milk per unit of forage. However, when reconciled for
yield, wheat has the smallest milk production potential on a per hectare basis. While rye
is not statistically different from triticale, triticale did offer the best potential for milk
production and therefore the largest economic value of $1609 ha-1 versus the $1480 value
of rye; both far exceed, practically and statistically, the value of wheat at $1171 ha-1. Yet,
when harvested, all crops easily negate the ~$150 ha-1 seed cost. Given they do not
require nitrogen, there are no other input costs to achieve these values.
On a farm that already allocates the time, fuel, and labor to cover crop planting,
these DPCC require small additional costs compared to traditional cover crops. There are
slightly elevated seed costs associated with bred forage varieties. Likewise, allowing for
dry down time following chopping and before harvesting does require an additional
management step. In this no-till system, the only changes to typical management (aside
from prioritizing fall planting date) were adding chopping and harvesting and applying
herbicide earlier in the season to serve the purpose of both DPCC termination as well as
weed control for corn.
Hence, DPCC provide and excellent economic opportunity for farmers who
already cover crop. As shown in Chapter 3, the necessary planting date of cover crops in
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order to take advantage of their dual-purpose functions is not as strict as previously
believed. This then also means that the management of DPCC can demand less and/or
smaller management changes to other parts of the production system in order to create
space and opportunity to utilize DPCC. The question that remains, and that cannot be
answered by the scientific method, is if this opportunity presents adequate incentive to
initiate new cover crop practices from late adopters that either do not use cover crops or
that plant cover crops so late into the fall that they are not effective for providing even
ecosystem services.
4.5.3 Corn yields following dual purpose cover crops
We believed that prior fertility may have an effect on corn production. First, we
hypothesized that more fertility would result in bigger plants that were more likely to
have a negative effect on subsequent corn production if the corn was in fact affected by
the prior cover crop. As we found no effect of nitrogen fertility for cover crop biomass,
this hypothesis was discarded. Second, we hypothesized that the nitrogen applications to
crops that did not have prior cover crops on them, which served as a control, could result
in better corn yields due to enhanced fertility at start up. Yet, across the board, the
nitrogen main effect did not impact any measured corn parameters (table 4.5). Perhaps
this should not come as a surprise given the very few effects of nitrogen fertility for the
crop to which they were applied.
The lack of significant differences for population indicate the success of no-till
planting into the DPCC residue. Numerically speaking, there are only 5% less plants
following DPCC treatments compared to the unplanted control plots. Yet, again, this
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difference is not significant on a statistical basis nor for practical considerations.
However, the differences in yield following the DPCC treatments were quite interesting.
The corn following wheat did experience a statistically significant yield penalty.
This observation is surprising considering the small impact of wheat from a biomass and
nutrient capturing perspective. A different wheat cultivar was used in this experiment and
in the experiment discussed in Chapter 5. However, it both experiments, wheat was found
to result in reduced corn yields compared to other DPCC. This conclusion was not
reached in Chapter 2 for corn following wheat. This may be due to the smaller dataset
from that experiment. In any case, this collective data indicates that not only does wheat
underperform as a DPCC, but it can actively hamper corn silage production. Thelen and
Leep (2002) also found that wheat reduced subsequent corn silage and grain yields and
more so than corn following rye. However, subsequently planted soybeans were not
adversely affected. It remains unclear why wheat results in a pronounced negative impact
on corn silage production.
Meanwhile, corn following rye and triticale was not significantly different
compared to corn following the bare control plots. The differences were also not
agronomically significant as corn yields after triticale were only 6% less than corn after
no cover crop, and corn yields after rye were only 8% more than corn after no cover crop.
These results are in agreement with the findings of Chapters 2 and 3, and 5. It should be
noted that the findings of Chapter 2 revealed that the combination of the DPCC planting
date and the paired corn maturity are responsible for the successful outcome of DPCC
systems. In this experiment, a poorly performing corn hybrid was replaced after two
years of this field experiment, and the final two years were completed with a corn hybrid
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that was shown to perform well in this system. Therefore, our results should not be
extrapolated to suggest whether or not cover crops or DPCC have a positive, negative, or
neutral effect on subsequent corn production.
Our results are supported by the 2017 metanalysis conducted by Marcillo and
Miguez. They found that corn following cereal grain cover crops was sometimes
adversely affected, sometimes positively effect, and sometimes there was no effect.
Effectively, they concluded, prior cover crops are overall neutral in their effect on
following corn crops. In Chapter 2 we experimentally demonstrated that at least for rye
the effect of the DPCC was dependent on the combination of the DPCC planting date and
the paired corn hybrid relative maturity. Based on the findings of this experiment, it is
apparent that the DPCC species – and likely quite likely the particular variety – is also
important for the success of this system.
The changes to corn dry matter production are reflected in the changes to the
individual stover and ear production. Corn following wheat produces both smaller stover
yields and smaller ear yields. I.e. whole plant yields are compromised, and it is not
specific to tissue. It is not as if stover yields are sacrificed in favor of reproductive
capacity, and it is not as if the plants run out of energy or resources to support ear
development. Rather, the whole plant growth is inhibited. This is further evidenced by the
lack of statistically or biologically significant differences in ear yield as a percent of total
yield. Yet, most importantly, the percent ear indicates high quality corn silage (Hunter,
1978) for all corn in this experiment (table 4.4).
There was one statistically significant interaction of the two main effects. Corn
yields following rye and the no cover crop treatment varied significantly in the
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interaction with nitrogen application (figure 4.5). The data that we collected does not aid
us in explaining this observation, so we may only speculate. It is possible that corn
following no cover crop and 28 kg of additional nitrogen gained a yield boost from the
residual nitrogen compared to the no nitrogen plots. If this is in fact the explanation, then
the same boost may not have been received from the 56 kg nitrogen application if that
application supported weed growth sufficient to impact corn yields. This could explain
the yields being equal to the no nitrogen and no cover crop plots if those plots convey no
nutrient advantage but also no weed-induced disadvantages. Overall, the one application
of herbicide was quite effective. However, several areas of the field were observed to be
noticeably “weedy” each year, but it did not occur at the time to verify if these weedy
patches correlated with the experimental treatments.
The depression of corn yields following rye with 28 kg of nitrogen is perhaps
more puzzling than the increase of corn yields following no cover crop with 28 kg of
nitrogen. Although, while not significant, this pattern also occurs for wheat and triticale
treatments. This relationship is different from all of the trends of cover crops and corn
measurements relative to the nitrogen application main effect (table 4.2 and 4.4),
significant or not. The only exception is for DPCC height, which we certainly do not
suggest is accountable for this variation.
However, the R2 value of 1 indicates that our experimental treatments of fertility
and crop have successfully accounted for the observation variation. We believe that there
is another parameter that we did not measure, but that is strongly associated with species
and nitrogen application, that is responsible for this trend. Possible avenues of
explanation that we did not study include root mass and architecture, soil biological
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activity, and soil health
parameters including the
biological, physical, and
chemical activity. It is quite
likely that the answer lies within
the domain of the soil.

4.4.4 Total forage yields of the
dual purpose cover crop and corn
silage system
Total forage as fed places
greater value on water in forage,
whereas total dry forage places
greater value on dry matter. In
the Northeast where rainfall is
presently plentiful, it is easy to
Figure 4.5 (top) for corn silage yields, the interaction of
the prior cover crop and fertility treatment was
significant at the quadratic level for both rye and the no
cover crop treatment (p = 0.008 and 0.0162,
respectively). The relationship was concave for rye and
convex for wheat. The deviation associated with the 28
kg/ha nitrogen application remains unexplained. Figure
4.6 total matter production (center) reveals a similar
trend (p < 0.01). Figure 4.7 (bottom) total as fed
production is also significant for only rye and best
described by a quadratic relationship (p < 0.01).

131

prioritize dry matter production.
However, in regions where water
is limiting – which could include
the Northeast in the future due to
climate change – the water
component is understandably of

great value. Here, both are discussed.
As previously addressed, the main effect of nitrogen fertility was not significant
for DPCC yield, so it is not unexpected to find that this main effect was also not
significant for total forage production (table 4.7).
Quite pleasingly, systems with rye as a DPCC produced significantly greater yields than
systems without a cover crop. Corn yields are not compromised, and the rye provides
purely additional forage (table 4.6).
On an as fed basis, systems with rye as a DPCC yield 25% more than systems
with no DPCC (table 4.6). When assessed based on dry yields, systems with rye as a
DPCC resulted in 37% more total more forage production than systems with no DPCC.
Triticale was an intermediate in terms of both dry and as fed yields. However, it should
be remembered that milk production potential from triticale was greater than the milk
production potential for rye. For this reason, triticale may actually be the best option for
the largest, total milk production of the system. Notably, systems with wheat were
equivalent to systems with no DPCC. This can be attributed to the negative effect of
wheat on subsequent corn production.
The interaction of nitrogen and crop did turn out to be significant for total dry
yield as well as told yield as fed (figures 4.6 and 4.7). However, the interaction was
significant for only rye. For both parameters, the trend was the same as that for the effect
of this interaction on corn yield (figure 5.5), and thus the effects to the corn component
are responsible for this overarching pattern.
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4.6 Conclusions
-

DPCC can help cycle nutrients on farm and may reduce excessive nutrient build
up in manured fields.

-

The addition of nitrogen to DPCC did not result in yield or quality increases.
Fertility additions on farm should be avoided because they are neither
economically nor environmentally practical.

-

Rye and triticale DPCC did not affect subsequent corn production. However,
wheat did negatively affect subsequent corn production. The negative effect of
wheat in combination with its poor yield and nutrient recovery performance make
it an ineffective option for use as a DPCC.

-

Systems with rye and triticale DPCC resulted in whole-system yield gains while
also conveying ecosystem services. This results in increased land productivity
without increased inputs and while reducing environmental impacts and actively
offering ecosystem enhancements afforded by the cover crops – effectively an
agronomic holy grail.

-

Integrating DPCC may support additional milk production in the region and move
us towards the goal of producing and consuming a greater portion of our dairy
products locally.

-

DPCC can alleviate dependence on corn silage as the primary source of forage
and offer an emergency source of forage. This can result in greater forage
production security on dairy farms and convey both economic and environmental
resiliency.
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CHAPTER 5
DUAL PURPOSE COVER CROPS FOR ADDITIONAL ON-FARM FORAGE
PRODUCTION AND NUTRIENT REMEDIATION IN MANURED FIELDS: AN
ON-FARM STUDY
5.1 Abstract
Dual purpose cover crops can help manage manure on dairy farms while also
providing an additional source of forage and sustaining on-farm nutrient cycling. Five
small grain cover crops (rye, Secale cereale L, wheat, Triticum aestivum, and three
triticale, ×Triticosecale varieties) were planted on a dairy farm in a corn (Zea mays L)
silage rotation and were harvested for feed. The field had a history of manure application
and above optimum phosphorus levels. Overall, the cover crops produced more forage in
the first year, 5442 kg ha-1 dry matter, than in the second year which only produced 1866
kg ha-1. Four times as much nutrient was captured in year one than in year two; 83 kg ha-1
of nitrogen was removed and 21.9 kg ha-1 of phosphorus. This can be attributed to lack of
manure application in the fall of the second year and suggests that dual purpose cover
crops are best suited to manured systems. Additionally, there were very few significant
differences among crops in the second year in terms of yield or nutrient capture,
suggesting these crops require fertility in order to capitalize upon their unique
phenotypes. In addition, crops bred for use as forage performed the best, suggesting the
importance of varietal selection. While both corn yields and total “as fed” yields of the
corn plus cover crop were greater in the second year, there was more total dry matter
production in year one, 20 kg ha-1 versus 18 kg ha-1.
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5.2 Introduction
Agricultural operations that produce large amounts of manure – such as dairy
farms, confined meat finishing operations, and poultry production – must find an outlet
for the manure they produce. Some producers are able to embark in the economically
lucrative production of composted manure, but many farms manage their manure by
applying it to their cropland (Harrigan et al., 1996). In the particular case of dairy farms,
which produce a high moisture content liquid manure, composting manure is not a
feasible management method due to the substantial liquid component. Also due to the
liquid component, very large amounts of manure are produced that often exceed manure
storage capacity.
In order to create manure storage space for the winter months, many dairy farmers
are forced to apply manure in the fall to fields that do not require additional fertility.
Oftentimes, manure application and cover crop planting occur too late in the year to
allow adequate time for plant establishment and nutrient uptake; only a two week delay in
planting cover crops can result in 60% less fall nitrogen capture (Hashemi et al., 2013).
Furthermore, even if a cover crop is planted on time, when the cover crop is terminated it
releases the nutrients back into the soil. Particularly in the case of phosphorus, this can
actually be counterproductive. Phosphorus accumulates in fields overtime as the applied
rates from manure exceed the uptake capacity of cash crops (Eghball and Power, 1999),
thus increasing the risk that phosphorus will enter the surrounding environment and
contribute to eutrophication of water systems (Daniel et al., 1998). Conversely, if
phosphorus remains in the field, overtime it may be converted into relatively irreversible
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plant-unavailable forms (Hammond et al., 1989), which is wasteful of this critical, nonrenewable resource (Cordell, 2017; Suriyanarayanan et al., 2018).
Dual-purpose cover crops (DPCC) can alleviate the nutrient imbalance and offer
phosphorus recovery. DPCC refers to the use of cover crops as a source of forage. Thus,
the cover crops offer both ecosystem services as well as forage value. When DPCC are
harvested or grazed they remove excess nitrogen and phosphorus from the fields
(Krueger et al, 2012). The nutrients are then once again fed to animals, thus contributing
to both nutrient management and effective on-farm nutrient cycling.
In addition to their nutrient management benefits, DPCC are also a proposed
avenue to increase and improve the use of cover crops in livestock and annual crop
production systems, as well as to manage manure nutrients and reduce the environmental
impact of dairy production (as reviewed by Martin et al., 2017). Cover crop research has
identified nutrient scavenging and high biomass producing crops. Among such crops are,
incidentally, popular overwintering cereal grains such as rye (Secale cereale L), wheat
(Triticum aestivum), and triticale, (Coale et al., 2001; Komatsuzaki and Wagger,2015).
These crops are excellent candidates for use as DPCC because they are high
yielding and hardy cover crops that offer life and use from otherwise unproductive winter
months. These plants are also familiar species for many farmers. Growers who already
incorporate cover crops can easily manage them for forage, and farmers who do not
utilize cover crops may be incentivized to do so due to the additional forage benefit.
Furthermore, the nutrient cycling and remediation functions can be integrated into
farmers’ broader nutrient management plans.
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Academic research has demonstrated the capacity of cover crops to provide a
dual-purpose benefit (Schomberg et al., 2014; Tumbalam et al., 2016). However, on-farm
research with DPCC in the specific systems for which they are intended is lacking.
Furthermore, an array of small winter grains to choose from creates questions as to which
will perform best for this use. To better understand the performance, potential, and
limitations of DPCC on-farm – with a particular interest in phosphorus recovery – this
study evaluated rye, wheat, and triticale in a corn silage rotation on an active dairy farm.
We hypothesized that soil phosphorus levels could be reduced by DPCC, and that the
DPCC would be an economically valuable crop.
5.3 Materials and methods
5.3.1 Experimental site
The experiment was conducted from August, 2016 to September, 2018 on a small
dairy farm (100+ milking cows and 100+ dry cows) in the Connecticut River Valley in
Massachusetts. The farm has been in production for over 200 years, 80 of which have
been for dairy production. The selected field was 1 ha2, had a history of manure
application, and was used for corn silage production; annual rye seed was consistently
spread each year into standing corn silage by helicopter. The soil consisted of a Hadley
fine sandy loam (coarse-silty, mixed, superactive, nonacid, mesic Typic Udifluvents)
(Natural Resource Conservation Service, 2013). Prior to fall manure application in 2016,
soil samples were taken from a depth of 0.2 m and nutrients Modified Morgan extractable
nutrients were quantified. The pH was 6.2, and micro and macronutrients were in an
optimum to above optimum range, with the exception of calcium at 965 ppm, which is
slightly low and typical for the region. Notably, extractable phosphorus was 30.5 ppm,
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which is more than twice the recommended level. Local weather conditions can be found
in table 5.1.
Table 5.1 Weather conditions at the experimental site during the duration of the
experiment.
Avg
Max
Min
Monthly
Precipitation GDD
GDD
Temp
Temp
Temp
Summary
(cm)
10 C
4.4 C
C
C
C
2016 Sept
17.28
30.6
0
9
397
694
Oct
9.8
24.4
-5.0
8.6 101.7
329.6
Nov
3.7
17.8
-6.7
6.6
2.5
53.5
Dec
-2.2
11.7
-20.0
9.6
0.0
9.0
2017 January
-1.7
12.2
-23.9
5.6
0.0
7.0
February
-0.9
20.0
-24.4
5.2
4.5
32.6
March
-1.3
15.0
-15.6
6.1
3.5
19.0
April
9.6
28.9
-4.4
8.4 104.0
296.0
May
12.6
34.4
-1.7
16.6 176.5
451.5
June
18.8
35.0
4.4
11.8 467.5
767.0
July
20.7
31.7
8.3
6.4 595.0
905.0
August
19.4
31.1
7.2
10.9 526.5
836.5
September
17.6
31.7
2.2
6.1 436.0
734.5
October
12.9
24.4
-2.8
22.5 200.5
487.0
November
3.2
19.4
-12.2
2.6
16.0
61.5
December
-4.2
13.9
-19.4
6.7
0.0
5.5
2018 January
-4.8
15.0
-22.8
11.4
1.5
11.5
February
-0.4
23.3
-21.1
11.0
3.5
22.5
March
1.1
13.9
-12.2
4.3
0.0
18.5
April
4.9
20.6
-7.8
10.4
13.5
94.5
May
16.2
32.2
1.1
4.2 347.5
653.5
June
18.8
33.9
6.1
11.6 451.0
751.0
July
23.9
37.8
10.0
12.6 767.5 1077.5
August
23.1
35.0
11.1
27.0 749.5 1059.5
September
18.6
33.9
6.1
19.1 469.5
759.5
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5.3.2 Experimental design and management
The experimental plot was planted and harvested by the farmer. Rye (Emerson),
wheat (Wheeler), and three varieties of triticale (Trical 815 (triticale 1), NE426GT
(triticale 2), and a variety not stated (triticale 3) seed) were planted on September 23,
2016 and on September 27, 2017, at a rate of 100 pounds per acre using a fertilizer
spreader to broadcast the seed. In 2016, the cover crops were seeded after harvest of corn
hybrid that was harvested several days prior. Manure was surface applied at a rate of 93.5
thousand liters per hectare on or about October 5, 2016, and due to other management
constraints, no manure was applied in the fall of 2017. Each crop was planted in one, 0.25
ha2 strip.
The cover crops were harvested on May 17, 2017 and May 15, 2018. Ten, 0.1 m2
samples were taken per plot prior to full harvest with a flail chopper. Samples were
collected from a height of 7.6 cm and above, to mimic the blade height of the flail
chopper. The field was then prepared by tilling, application of manure at a rate of 74.8
thousand liters ha-1, and the use of a disc harrow prior to corn planting. A 92-day corn
hybrid) for silage was planted at a rate of 86,500 plants ha-1 approximately one week
following the cover crop harvest and termination, and the corn received in-season
glyphosate application for weed control.
Corn samples were harvested by hand at 50% milk-line, according to the method
outlined in chapter two, on September 27, 2017 and on September 3, 2018. Had the
experiment been continued for a third year, the fall of 2018 would have been the first
year that the rotation caught up to allow for earlier planting of fall cover crops. Briefly
three meter long corn samples were taken, 5 samples per row in 2017 and 10 samples per
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row in 2018 and measured for fresh weight; ears and stover were measured separately.
The number of plants and number of ears were recorded to estimate population and ear to
stove ratio. Two stover samples and three ear samples were randomly selected from each
10 ft sample to be dried; the moisture content of the subsamples and the fresh weight of
the ten foot samples were used to estimate the per hectare corn silage yield if fed at 70%
moisture. Corn was harvested by the farmer within one week after the experimental
harvest.
5.3.3 Laboratory Analysis
Following harvest, the samples were dried in a forced air oven (Gruenberg Oven
Company, Williamsport, PA, USA) at 80°C until their weight remained constant,
indicating that all moisture had evaporated. Dried samples were weight for biomass, and
samples were ground and prepared for laboratory analysis using a Foss Mill (Foss
Cyclotec 1093, Hilleroed, Denmark) with a 0.42mm screen.
For the cover crop samples, 0.2g subsamples were used to analyze nitrogen and
crude protein via the Kjeldahl method, Standard Method 4500-N(Org) C. Semi-MicroKjeldahl. Following digestion, the samples were analyzed with a Lachat8500 flow
injection analysis spectrophotometer, using the Lachat Total Kjeldahl Nitrogen (TKN)
Method Number 13-107-06-2-D (Zellweger Analytical, Milwaukee, WI, USA). A 0.2g
cover crop subsample was also used for the quantification of orthophosphate. The
samples were weighed into porcelain crucibles and placed in a combustion oven for 24
hours at a temperature of 500 C. Following a cooling period, 20 ml of 10% hydrochloric
acid was added to each crucible. The orthophosphate samples were also analyzed with a
Lachat8500, Lachat Orthophosphate Method Number 10-115-01-1-V. With the exception
143

of crude protein and total digestible nutrients, feed analysis on the cover crop samples
was completed by near-infrared reflectance (NIR) spectroscopy (Unity Scientific,
Milford, MA, USA). Milk 2006 was used to estimate the milk value of cover crops.
5.3.4 Statistical Analysis
Statistical analyses were performed using the GLM procedure in SAS, Version
9.4 (SAS Institute, 2016). The model was assessed as a two-way analysis for the effects
of year and crop with multiple observations. The experiment was not replicated due to
practical limitations of a farmer-managed field experiment on a working farm. The author
acknowledges incorporates this consideration, and the potential failure to capture sitebased field variation, in the data interpretation. Year was treated as a fixed variable to
represent the different effects in the first and second year of a new management strategy
in a continuous cropping system. Mean separation for statistically significant main effects
was performed using Tukey’s HSD, while the ten pair-wise comparisons for significant
interactions were separated using Least Significant Differences (LSD) sliced for year,
using a Bonferroni Corrected significance level of p ≤ 0.005.
5.4 Results
ANOVA tables can be found in the appendix.
The effects of year, crop, and their interaction significantly affected cover crop
dry matter production. Overall, the crops produced nearly three times as much biomass in
2017, 5442 kg ha-1 than in 2018, 1866 kg ha-1 (table 5.2). Rye, triticale 1, and triticale 2
produced significantly more biomass than wheat and triticale 3 (table 5.3). However, the
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Table 5.2 Dual purpose cover crop (DPCC) characteristics mean separations
by year. Mean separated by Tukey’s HSD range test. One star (*) indicates
significance at p ≤ 0.05, two stars (**) indicates significance at p ≤ 0.01.
When p > 0.05, NS indicates non significance. Within the same row, values
followed by different letters are statistically different.
Year
Year
One
Two
Significance
Dry matter, kg/ha
5442 a
1866 b
**
Percent moisture at harvest
74 b
82 a
**
Water removed, L/ha
16700 a
8700 b
**
Height, cm
95 a
54 b
**
Nitrogen concentration, %
1.55 b
1.9 a
**
Phosphorous concentration, %
0.39 b
0.47 a
**
Ratio of N:P
4.06
4.07
NS
Nitrogen removed, kg/ha
83.2 a
35.3 b
**
Phosphorous removed, kg/ha
21.9 a
8.8 b
**
Relative Feed Value
111 b
126 a
**
Crude Protein, %
11.9 b
9.7 a
**
Milk, kg/ha
4402 a
1563 b
**
Milk, kg/Mg
1621 b
1715 a
**
Dollar value of milk/ha of DPCC
845 a
300 b
**
Total dry matter, corn + DPCC Mg/ha
20 a
18 b
**
Total forage as fed, corn + DPCC Mg/ha
55 a
81 b
**

mean separation of the interaction reveals that there were no significant differences
among the crops in year two. The differences among the cover crops in year one (figure
5.1) follow the same trend as the differences among cover crops for the main effect of
crop.
Plants in year two had a significantly greater water content in year two than in
year one, a difference of 8% moisture (table 5.2). There were also significant differences
among crops, with wheat and rye being the most different by 8% (table 5.3). Again, there
were no significant differences among crops in year two, and the trends in year one
(figure 5.2) were similar to the trends influenced by the crop main effect.
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Table 5.3 Dual purpose cover crop (DPCC) characteristics mean separations by crop. Mean separated by
Tukey’s HSD range test. One star (*) indicates significance at p ≤ 0.05, two stars (**) indicates significance at
p ≤ 0.01. When p > 0.05, NS indicates non significance. Within the same row, values followed by different
letters are statistically different.
Triticale 1 Triticale 2 Triticale 3 Wheat
Rye Significance
Dry matter, kg/ha
4056 a 3953 a 2987 b 2950 b 4612 a
**
Percent moisture at harvest
78 ab
80 a
77 b
73 c
81 a
**
Water removed, L/ha
14000 bc 15250 b
9520 c 7745 c 18455 a
**
Height, cm
74 b
66 c
74 b
56 d
106 a
**
Nitrogen concentration, %
1.66 b
1.65 b
1.71 b
1.90 a 1.69 b
**
Phosphorous concentration, %
0.45 a
0.44 a
0.44 a 0.38 b 0.45 a
**
Ratio of N:P
3.68 b
3.71 b
3.95 b
5.2 a 3.79 b
**
Nitrogen removed, kg/ha
62.4 b
57.9 b
48.4 c 53.7 b 77.3 a
**
Phosphorous removed, kg/ha
17.3 ab
16.6 b
12.4 c
10.2 c 20.8 a
**
Relative Feed Value
112 b
116 b
120 b
132 a
112 b
**
Crude Protein, %
8.6 ab
8.8 ab
9.5 ab
11.0 a 10.4 b
**
Milk kg/ha
3080 a 2992 a 2470 b 2718 b 3713 a
*
Milk kg/Mg
1543 b 1636 ab
1729 a 1759 a 1677 ab
**
Dollar value of milk/ha of DPCC
590 ab 576 ab
326 b
474 b
714 a
*
Total dry matter, corn + DPCC Mg/ha
19 a
18 ab
19.5 a
16 b
19 a
**
Total forage as fed, corn + DPCC Mg/ha
76 a
70 ab
78 a
63 b
74 a
**

The amount of water removed from the field was affected by crop, year, and the
interaction of these main effects. Nearly twice as much water was removed in year one
than in year two (table 5.2). Among the cover crops, rye removed the most water at 18
thousand liters ha-1. Triticale 1 and 2 removed respectable, intermediate amounts, while
triticale 3 and wheat removed the least at less than 10 thousand liters ha-1 (table 5.2). The
plants generally followed the same trends in both years. Notably, triticale 2 and rye
demonstrated more than twice as much water removal in year one that in year two while
the other three crops only exhibit roughly 50% more water removal (figure 5.3).
Cover crop height was also significantly affected by both main effects and their
interaction. Plants in year one were almost twice as tall, 95 cm, as plants in year two,
which were 54 cm (table 5.2). Rye was the tallest crop, followed by triticale 1 and 3,
then triticale 2, with wheat being the shortest of all crops (table 5.3). There were
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significant difference for the height parameter when the interaction is parsed by year.
Overall, the same trend occurs in both years, with the exception of triticale two, which is
significantly taller than wheat in year one but not in year two (figure 5.4).

Table 5.4 DPCC characteristics mean separations by year. Mean separated by
Tukey’s HSD range test. One star (*) indicates significance at p ≤ 0.05, two stars
(**) indicates significance at p ≤ 0.01. When p > 0.05, NS indicates non significance.
Within the same row, values followed by different letters are statistically different.

Corn population/ha
Corn yield at 70% moisture, Mg/ha
Ear to stover ratio, count based
Corn dry weight, tonnes/ha

Year One Year Two Significance
82800
83100
NS
46 B
59 A
**
1:1 A 0.93:1 B
**
14 B
18 A
**

The main effects and their interaction also significantly affected both plant
nitrogen and phosphorus concentration. For both nutrients, the concentration in plants
was greater in year two than in year one; 1.55% and 1.99% nitrogen and 0.39% and
0.47% phosphorus in year one and year two, respectively (table 5.2). All cover crops –
statistically – had effectively the same concentration of both nitrogen and phosphorus,
with the exception of wheat (table 5.3). Wheat had a significantly lower concentration of
phosphorus and a significantly higher concentration of nitrogen.
For phosphorus concentration, as affected by the interaction of year and crop, in
year one rye has the highest concentration, followed by triticale 1 and 2 – although they
are not statistically different (figure 5.5). Triticale 3 does have significantly less
phosphorus than rye, but it has the same amount as its triticale counterparts. Wheat
demonstrates the lowest concentration in the group, and it is statistically similar to only
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Table 5.5 DPCC characteristics mean separations by crop. Within the same row, figures with different letters
indicates significant differences. Mean separated by Tukey’s HSD range test. One star (*) indicates
significance at p ≤ 0.05, two stars (**) indicates significance at p ≤ 0.01. When p > 0.05, NS indicates non
significance. Within the same row, values followed by different letters are statistically different.

Corn population/ha
Corn yield at 70% moisture, Mg/ha
Corn dry weight, Mg/ha

Triticale 1 Triticale 2 Triticale 3 Wheat
Rye
Significance
80000 b 82000 ab 87000 a 81000 ab 85000 ab
*
57 a
53 ab
60 a
47 b
55 ab
**
17 a
16 ab
18 a
14 b
17 a
**

triticale 3. In year two, triticale 1 and 3 have the highest concentration, followed by rye
and triticale 2, although they are not significantly different. Wheat, again, had the lowest
phosphorus concentration, and it was statistically comparable to rye and triticale 2. While
the trend varies a bit in year one compared to year two, overall, wheat has the lowest
phosphorus concentration across the board.
For nitrogen concentration, a clear trend occurs in year two, with wheat having
the highest concentration, rye having the lowest concentration, and the three triticale
varieties being intermediates (figure 5.6). By contrast, in year one the differences are
more pronounced. In year one, the concentration of nitrogen in rye is statistically
equivalent to the concentration in wheat, which has the biologically greatest nitrogen
concentration. Triticale 1 also has the lowest nitrogen concentration, and it is
significantly less than that of wheat and rye.
The ratio of phosphorus to nitrogen, based on concentration, reconciles the
varying plant concentrations. In this case, only crop and the year by crop interaction
significantly affect the nitrogen to phosphorus ratio, and the effect of year is not
significant (table 5.3). However, requirements for significance, as dictated by the
Bonferroni adjusted critical value, result in the production of the same statistical trend for
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both year one and year two, with wheat containing the greatest amount nitrogen per unit
of phosphorus (data not shown).
For both nitrogen and phosphorus removal, year, crop, and their interaction were
again significant effects. In year two, the crops collectively captured roughly 60% less
nitrogen and phosphorus compared to year one (table 5.2). In year one, 74 and 22 kg ha-1
of nitrogen and phosphorus, respectively, were removed; in year two, 31.5 and 8.8 kg ha-1
of nitrogen and phosphorus were captured. On a per hectare basis, rye recovered the
greatest amount of both nitrogen, 70 kg ha-1, and phosphorus, 21 kg ha-1. Triticale 1,
triticale 2, and wheat recovered roughly the same amounts of nitrogen, around 50 kg ha-1
with triticale 3 recovering the least amount, 43 kg ha-1 (table 5.3). A different trend
occurred for phosphorus, with triticale 1 and triticale 2 capturing about 17 kg ha-1, and
triticale 3 and wheat capturing 12 and 10 kg ha-1, respectively (table 5.3).
When the interaction is separated, year two demonstrates no significant
differences among crops for both nitrogen and phosphorus. In year one, rye, triticale 1
and triticale 2 removed around 25 kg ha-1 of phosphorus while wheat and triticale 3
removed only 15 kg ha-1 (figure 5.7). For nitrogen removal in year one, rye removed the
most at 100 kg ha-1, although it is not significantly different than intermediate triticale 2,
which captured an average of 80 kg ha-1 along with triticale 1 and wheat. Triticale 3
captured the least – though not significantly different from wheat, at 65 kg ha-1 (figure
5.8).
Relative feed value (RFV) varied significantly as affected by year, crop, and the
interaction. Relative feed value was slightly higher in year two, with a value of 126
versus 111 in year one. Among the DPCC, wheat had the highest RFV of 132, while the
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other crops ranged between 112 and 120. While the interaction is significant, it is only so
for year one, in which the trend follows that of the cover crop main effect and only wheat
is significantly different (figure 5.9).
The amount of estimated milk production from one hectare and the amount of
estimated milk production from one megaton of forage both varied only by year and crop
(table 5.2 and 5.3) but were not significantly influenced by the year and crop interaction.
The results from these two assessments are nearly inverse. When assessed by feed per
hectare which is influenced by yield, the high yielding rye, triticale 1, and triticale 2
results in the most milk production. When assessed as milk per megagram, which
emphasizes the quality of the forage, wheat and triticale 3 produce the most milk.
However, rye and triticale 2 are intermediates, and thus are not significantly different
from wheat or triticale 3. As feed quality was also better in year two, the milk production
potential per Mg was greater in year two, 1715 kg Mg-1, than in year one, 1621 kg Mg-1.
As for the estimated dollar value of the milk that can be produce per hectare of
DPCC forage, the main affects are again the only ones of significance. The dollar value
in year two is $300, significantly less than the $845 value of crops in year one (table 5.2).
When assessed by the crop main effect (table 5.3), rye is worth the most at $714 ha-1,
followed by intermediated triticale 1 and triticale 2 valued at $590 and $576 ha-1
respectively. Wheat and triticale 3 are the least profitable is this assessment, valued at
$474 and $521 ha-1.
Corn population per hectare was only significantly affected by the previous cover
crop (table 5.5). Year and the year by crop interaction were not significant. Corn stands
planted after triticale 3 achieved the largest populations at 86.6 thousand plants ha-1.
150

However, this is not significantly more than corn stands planted after triticale 2, wheat,
and rye, which averaged 80.6 - 84.6 thousand plants ha-1. Corn stands planted after
triticale 1 had the poorest establishment – but not significantly different from triticale 2,
triticale 3, and wheat – at 80 thousand plants per acre.
Corn yield ha-1 at 70% moisture, which is the common adjustment for
interpretation, of course follows the same statistical pattern as that of dry matter. Here,
the results will be summarized for corn at 70% moisture. Year and crop were both
significant, but their interaction was not. Corn planted after triticale 1 and 3 produced the
largest yields at 57 and 60 Mg ha-1. Corn planted after wheat yielded the least at 47 ha-1.
Triticale 2 and rye were intermediates, respectively yielding 53 and 55 Mg ha-1 (table
5.5). Overall, yields were significantly greater in year one, 59 Mg ha-1, than in year two,
46 Mg ha-1 (table 5.4).
As for total production of both DPCC and corn, the data can be assessed as both
total dry matter production and total “as fed” production; the latter accounts for the
different moisture contents at which the DPCC in particular are fed. On the grounds of
Table 5.6 Phosphorous levels (ppm) in the field at the
beginning of the experiment in September, 2016 (Baseline)
and the levels in the soil following each crop at the conclusion
of the experiment in September, 2018.

Baseline
Triticale 1
Triticale 2
Triticale 3
Wheat
Rye
Average of all DPCC

Soil organic
Phosphorus, ppm matter (%)
30.5
3.9
29
3.1
31.6
4.2
30.8
3.9
27.9
3.9
29
4.7
29.66
4
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total, “as fed” forage
production, both DPCC and
year significantly affect this
outcome, but the interaction
does not. More “as fed”
forage is produced in year
two than in year one, 81 Mg
ha-1 versus 55 (table 5.4),

and the greatest amount of “as fed” forage comes from the combination of corn and any
DPCC but wheat (table 5.5). When assessed based on dry matter, significantly less dry
matter is produced in year two than in year one – to the effect of 20 versus 18 Mg ha-1
respectively (5.4). As for the effect of cover crop (table 5.5), systems of corn and DPCC
achieve the largest yields of 70-78 Mg ha-1, while systems with wheat achieve only 63
Mg ha-1 (table 5.5).
At the conclusion of the experiment, phosphorus levels in the soil did not change
relative to the baseline amount nor did soil organic matter (table 5.6). The baselines was a
composite sample for the whole field and the samples for each crop were composites for
the row. Because these samples were not replicated and were collected and analyzed
consistent with traditional soil sampling, these samples are not statistically assessed.
5.5 Discussion
5.5.1 Cover crop biological characteristics
It is interesting to see differences among the five crops disappear in many
instances in year two, which is a consistent trend throughout the data. In both year one
and two the crops were heathy, harvested at the same time, did not experience winter-kill,
and were observed to be disease free. The lack of manure application in year two is
believed to be responsible for the very few differences among crops, likely due to limited
fertility. It should also be noted that the crops in this experiment were planted at the end
of September. As found in Chapter 2, plantings after September 15 can result in cover
crop yield reductions for rye and perhaps overall effectiveness. Similar effects may occur
here, though it is not known how wheat and triticale react to delayed planting in this area.
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Figure 5.1 (top left) in year one, crop yields were significantly different but in year
two, the crops did not produce different yields. Rye, triticale 1, and triticale 2 were
stand out producers in year one. Figure 5.2 (top right) percent moisture was also
different by crop in year one, but not in year two. With the exception of wheat, all
crops in both years would require dry down time in the field after harvest. Figure 5.3
(bottom left) despite lower moisture contents in year one compared to year two, far
more water was removed by crops in year one – most notably by rye and triticale 2.
Figure 5.4 (bottom right) height did not follow the same trend as yield and is thus not
a good visual estimator of yield. Means separated by Tukey’s HSD range test. Within
the same row, values followed by different letters are statistically different.
We believe the combination of the lack of manure and the delayed planting date
in year may uniquely contribute to the observed results as opposed to if one or the other
had occurred, such as in year one when planting was delayed. Aside from the
implications for the experimental results, this provides important context for interpreting
how these DPCC will play out on farm. It is certainly not unreasonable that logistical
conditions could result in a field not receiving manure one fall, and that DPCC planting
could be delayed in favor of managing other needs on a farm. This experiment captured
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the behavior of this system when managed as a convenient, but not critical, opportunity
for additional forage production. From this, we better understand the basic management
requirements to make this approach practical for farmers. If previous work (Chapters 2-3)
was research, this experiment was development.
The suppressed cover crop yields in year two (table 5.2) can most likely be
attributed to the lack of fall manure application. The hampered yield is certainly in part
caused by a simple reduction of nutrient availability. However, part of the reduction may
be due to increased metabolic investments in root proliferation to support nutrient
scavenging (Hawkesford, 2011). In addition, the variation among crops in year one
shows the differing potentials of the plants to capture and efficiently utilize abundant
nutrients. In other words, some crops were better than other at taking advantage of rich
resources. The question is whether the difference is attributed to different capacities for
nutrient capture or due to different metabolic allocation of captured nutrients, or perhaps
a mixture of both. But, when nutrients are limited, no crop displayed an advantage or
unique adaptation to reduced fertility.
Height and yield followed no clear pattern, suggesting that differences in the
amount of tillering could be responsible for the observed yield differences by both crop
and year (figure 5.1 and 5.4). I.e. more tiller mean more yield regardless of plant height.
Yet, the yield results in year two are not surprising as they mirror the trends for the cover
crop main effect (table 5.3). Rye, triticale 1, and triticale 2 yielded the most, around 6000
kg ha-1 (figure 5.1). Rye is known for its large yields, and this particular variety was bred
for forage production. Triticale 1 and triticale 2 are the products of breeding programs to
develop triticale cultivars for the purpose of DPCC. Triticale 1 was released in 2004 and
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was bred for dual-purpose use for grain production and fall forage, a function that
requires excellent spring growth (Baenziger et al., 2005). Triticale 2 was developed for,
and is sought after for, its well-known forage and yield characteristics.
It is equally unsurprising to observe wheat and triticale 3 as the lowest biomass
producers, about 4500 kg ha-1. Triticale 3 was a VNS seed, which do not have the
selected, genetic backgrounds for performance like the curated profiles of triticale 1 and
2. The three triticale treatments were selected in an attempt to respond to local, increasing
interest in triticale among growers. The purchased varieties were deemed to be the most
readily available in our area, and thus suitable for this intent.
Meanwhile, the Emerson wheat variety was not bred for forage use and is rather
known for its resistance to Fusarium head blight as well as for its extreme winter
hardiness. However, it was believed to offer the potential for both quality protein levels
and yield (Canterra Seeds, 2016). Greater yields may have been achieved if the wheat had
more time to mature, but it the wheat matured and grew much slower than the other crops
in the spring. Wheat was in the jointing and early flag leaf stages in year one, and it was
still in the tillering stage in year two; all other crops were in the more advanced flag leaf
to early boot stage in both years. Perhaps the harvest delay associated with a wheat
DPCC may be suitable for typically wet fields, due to soil type or topography, that cannot
be worked until later in the spring.
Along this vein, DPCC may help alleviate wet field conditions by capturing and
removing excess moisture. In places where water is limited, the water removing effect is
problematic (Martinez-Feria et al., 2016), but in the wet conditions of the Northeast it
may in fact be desirable. Year two was the wettest year on record in the state, but not
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until later in the calendar year. The precipitation in year one was in fact almost twice as
much as year two for the months of January – May (NOAA, 2019). This precipitation
was reflected in almost twice as much water removal in year one than in year two. The
ability of cover crops to mitigate rain fall and wet field conditions in the spring (figure
5.3) may be very desirable to combat water-induced delays to corn planting. Of course,
water removed at harvest does not reflect water removed by plant transpiration. To better
understand the possibility of using crops to speed up spring access to historically wet
fields, transpiration rates and soil water levels should be assessed. However, the large
amounts of water removed by rye and triticale 2 at harvest indicate these crops would be
good candidates for such an approach. Conversely, these crops could magnify water
stress in the cash crop in the event of a drought.
Percent moisture of the crops at the time of harvest underlies water removal
potential and will impact the fermentation process and dry down period if ensiled
(Schroeder, 2013). Plants had an 8% higher moisture content in year two than in year one
(table 5.2). Considering the precipitation in year one versus year two, this result is
somewhat contradictory as one may assume that less water availability would mean a
lower moisture content. However, the higher moisture content may be attributed simply
to nuanced differences in maturity at the time of harvest in each year. In any case, the
moisture content was quite high, indicating that it would be desirable to allow the crop to
dry slightly after harvest before making baleage, if that is the intended purpose.
The moisture content variation by crop, both as a main affect and the year one
interaction (table 5.3, figure 5.2), could be indicative of the water uptake capacity and
transpiration rates of the different crops, and notably, may be linked to nitrogen uptake
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(Bennett et al., 1989). The statistical trend for plant percent moisture in year one (figure
5.2) is the same as the trend for plant nitrogen removal ha-1 in year one (figure 5.8),
which may be due to the fact that nitrogen is highly soluble and is passively brought into
plants along with water (Cruz et al., 1995). This does not appear to provide a yield
advantage – at least to these plants in the vegetative stage – but it does convey ecosystem
services. The outcome may very well be different if plants were grown for grain
production.
Very similar results were found in Chapter 4, in which added nitrogen fertility
was captured by crops and resulted in larger nitrogen concentrations in the fertilized
plants, but it did not convey a yield increase at the time of harvest. As a whole, 58% more
nitrogen and 60% more phosphorus were removed in year one compared to year two
(table 5.2). Again, this can be chiefly attributed to the lack of manure in 2018. Like many
other parameters, the differences disappear in year two, suggesting that the crops do not
have unique adaptations or advantages in a nutrient scavenging capacity.
The data from this experiment conflict with the results of Chapter 3, which found
no differences between rye, wheat and triticale following manure application. However,
in Chapter 3, manure was applied and crops were planted by 9/1. The integration of this
experiment with the findings of Chapter 3 reveal that 1. manure plus an early planting
date result in no differences among crops; 2. manure plus a late planting date do elicit
differences in crop performance; 3. no manure plus a late plate planting date result in no
differences among crops. Clearly, DPCC must receive some level of management
prioritization in terms of planting time and fertility in order to perform successfully.
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Figure 5.5 (top left) Percent nitrogen of each crop differs by species and was overall
higher in year two. Figure 5.6 (top right) Percent phosphorus of each crop also
differs by species and was overall higher in year two. Figure 5.7 (bottom left) the
differences in nitrogen concentrations did not manifest in similar differences in
nitrogen recovery. Figure 5.8 (bottom right) differences in phosphorus
concentrations also do not result in similar recovery rates relative to the
concentrations. Means separated by Tukey’s HSD range test. Within the same row,
values followed by different letters are statistically different.
Yield differences do not appear to be affected by the differences in total nitrogen
removal and vice versa. This indicates that simple total biomass is not the sole driver of
nitrogen removal, at least not at this stage of maturity. This also agrees with the findings
of Chapter 4. Conversely, crop yield does appear to be related to total phosphorus
removal as crops with the largest amounts of phosphorus capture also yield the most. In
this context, we observe a classic chicken or the egg paradox: does phosphorus uptake
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ability drive yield, or do other biological factors responsible for the yields indirectly drive
phosphorus uptake?
The fundamental physiology notwithstanding, rye and triticale 2 are superior
options for both nitrogen and phosphorus nutrient capture (table 5.3). Triticale 3 – VNS –
was the poorest cover crop in this function for both nutrients, and wheat underperformed
at phosphorus recovery. It is important to again mention the less mature physiology of
wheat, which is likely responsible for some variation from other crops. Indicative of this
biological variation is that the ratio of nitrogen to phosphorus is significantly greater in
wheat compared to all other crops (table 5.3). This suggests possible differences in cell
division, protein synthesis, DNA replication, and other metabolic processes (Karpinets et
al., 2006). As year did not significantly affect this ratio, although it did affect nitrogen
and phosphorus concentrations in the plants, this suggests consistent biological
homeostasis of this ratio by crop or at least by stage of maturity; the latter being more
likely.
Despite less nutrient availability in year two, the plants collectively had greater
concentrations of nitrogen and phosphorus (table 5.2). The lack of differences among
plants in year two (figure 5.7 and 5.8 once) again continues to suggest that the crops do
not have different nutrient capturing strategies in reduced fertility. While the year two
plants were harvested at the same time and maturity as year one plants, and while they
had greater concentrations of both water and nutrients (figures 5.2, 5.5, 5.6) and had
achieved more growing degree days (NOAA, 2019) than plants in year one, the year two
plants demonstrated conserved growth at the time of harvest.
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5.5.2 Cover crop forage parameters
Relative feed value is derived from acid detergent fiber (ADF) and neutral
detergent fiber (NDF) as they affect both dry matter intake and digestible dry matter.
RFV is largely a function of plant structural development and increases with age as
changes occur to cellulose, hemicellulose, and lignin (Hancock, 2011). The variation of
RFV by year (table 5.3) can be attributed to slight differences in maturity in year one
versus year two, even though the plants were harvested at the same time and were
evaluated to be at comparable physiological stages from year to year. As plants were also
smaller in year two as demonstrated by both yield and height (table 5.2), this lends
credence hypothesis.
Wheat, the lowest
yielding crop, displayed the
highest RFV in both years
(figure 5.9). This is indicative
of a classic trade-off between
yield and quality. As plants
age and produce more
Figure 5.9 Relative feed value (RFV) was
significantly different by crop in year one and two.
The delayed maturity of wheat resulted in it
maintaining the greatest RFV in both years. Plants
were harvested at the same time both years, but the
RFV was overall better in year two. Means separated
by Tukey’s HSD range test. Within the same row,
values followed by different letters are statistically
different.

biomass, their feed quality
drops due to the structural
fiber development necessary to
support upright growth and
stem elongation. The
acceptable, but not ideal, RFV
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in year one indicates and demonstrates the importance of managing cover crops with the
mindset that they are forage crops, and thus harvest timing should be incorporated into
the overall spring management plan.
Based on the sole grounds of quality, the wheat and triticale 3 crop would result in
the largest amount of milk production. Yet, they would also be the lowest producer if
viewed on the basis of milk production per hectare of forage produced due to the low
yields, which is a more practical basis on which to assess value. The milk production in
year two is estimated to be less while the various quality parameters would suggest it
should be higher. This is partially influenced by the crude protein content, which is
higher in year one than in year two (table 5.2). Crude protein is also considered in milk
production but is not reflected the RFV assessment. Overall, triticale 1 and 2, along with
rye, produced the greatest amounts of biomass which, coupled with the feed parameters,
results in the greatest milk production ha-1.
The dollar value for the milk was assessed based on July 2019 milk prices (USDA
ESMIS, 2019). The crops and their milk producing potential were far more valuable in
year one than in year two when assessed based the milk Mg-1(table 5.2). As we continue
to see, can be attributed to lower yields driven by the lack of manure. However, the net
value estimate of $845 ha-1 in year one is substantial and clearly demonstrates the
potential of DPCC and their economic value. As before, triticale 3 and wheat are worth
the least due to their low yields, while the higher yielding crops are of greater value (table
5.3). This reaffirms that farmers should be careful to select the appropriate crop and
variety for their region and intended use.
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5.5.3 Corn production
Despite the differences among cover crop parameters, the effects of the previous
crop had consistent effects on corn in both year one and two as demonstrated by a lack of
an interaction between the main effects. Lower corn yields (table 5.4) in year one – a
22% reduction – could be due to the fact that cover crops were much larger in year one
than in year two and cover crops are known to reduce the yield of subsequent corn
production (Krueger et al., 2012). Larger cover crops return more debris to the field in the
form of the above ground stubble and the below ground biomass.
It is believed the reduced corn yield following cover crops can be attributed to
nitrogen tie-ups. In such a scenario, microbes decompose the high carbon inputs, but
must capture their nitrogen from the environment. Thus, more residue means more
microbes competing with corn for nitrogen resources (Myrold and Bottomley, 2008).
McSwiney at colleagues (2010) propose that this immobilization could be beneficial to
reduce nitrogen leaching and could be capitalized on to improve nitrogen cycling. In this
experiment, the grower already used cover crops and thus has accepted slight yield
reductions in exchange for the long-term production capacity of the soil that is enhanced
by cover cropping.
Corn yields following cover crops were statistically similar with the exception of
wheat, which preceded the poorest corn yields. Wheat was a small plant, the shortest of
the group (table 5.5), removed among the lowest amounts of nitrogen and phosphorus,
and was among the lowest yielding cover crops. Based on these parameters, and the
previously mentioned nitrogen tie-up hypothesis, one would not expect wheat to have a
negative impact on the corn, and there were no differences to the corn population (table
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5.5). Cereal grain crops have demonstrated various allelopathic effects (Jabran et al,
2015), but the effect is variable and is far too often used to explain observed phenomena
in field experiments that is better explained by basic competition or nutrient cycling
dynamics such as nitrogen immobilization.
Yet, based on our results it is probable to suggest that the wheat variety chosen for
this study may have allelopathic qualities. Due to the recent production of the variety
used, data is not presently available on its allelopathic compounds to confirm or refute
this notion. Yet, the variety seems a good candidate for future studies and metabolite
investigation. Quite conversely, perhaps wheat produced greater root biomass and/or had
more tillers than the other cover crops that translated to more residue left in the field; in
either case, the additional residue left behind could exacerbate nitrogen tie up dynamics.
While it is also admittedly possible this is a field effect and an artifact due to the
lack of a replicated block design, there is some evidence to the contrary. Visually, the
field was quite uniform, and the farmer identified the edges as possible trouble spots but
considered the center to have desirable growing conditions. Wheat was grown near the
center of the field. In addition, the wheat-corn strip was immediately next to the triticale
3 – corn strip. Triticale 3 was also a poor at biomass production and nutrient capture, but
the subsequent corn yielded the most. With some assumption, corn grown 30 feet apart
from sample to sample would not be expected to be wildly different based on field
parameters alone especially in a uniform and high-quality field.
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5.5.4 Total yields
Finally, we can assess the forage productivity of our whole system. In year two,
larger corn yields and reduced DPCC yields resulted in more forage when assessed as fed
(table 5.3). That is, yield based on corn at 70% moisture and DPCC at 50% moisture.
This would cause the DPCC system to seem undesirable. However, the majority of that
yield divide comes from water. When assessed based on dry matter production, it is
apparent that year one produced 10% more dry matter total from the higher DPCC yield
and the reduced corn yields. Thus, DPCC can indeed be a part of forage yield increases
on dairy farms and are particularly adaptable for farmers who are already cover cropping.
However, this data may reinforce the fear expressed by growers that cover crops can
hinder corn yields. More research is needed that focuses on clearly pinpointing the causal
agent of those reductions, which will certainly be needed in order to convince farmers to
adopt cover crops and to maximize the productivity and economic value of the DPCC
approach.
5.5.5 Final phosphorus and soil organic matter levels
The crops removed an average of 30 kg phosphorus ha-1 total over the two years
of this experiment. Despite one fall without manure application paired with this
phosphorus removal, phosphorus levels in the soil remained unchanged at the conclusion
of the experiment compared to the first soil test. Such a result indicates the challenge of
remediating fields with high levels of phosphorus. While it is both disappointing and
concerning to find phosphorus levels barely budged, this lends further weight to the
notion of harvesting cover crop biomass as a standard practice to prevent the further
accumulation of phosphorus nutrients.
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We were pleased to observe no changes in soil organic matter. This field had an
excellent soil organic matter content at the beginning of the experiment which we did not
want to compromise. In the two years in which cover crop biomass was removed the field
remained under conventional tillage, which can result in the destruction of soil organic
matter. However, such an observation was not made, suggesting the residue of the
incorporated stubble was adequate to maintain soil organic matter. This is reassuring data
for farmers who are concerned that harvesting their cover crop could have an adverse
effect on soil organic matter levels.
5.6 Conclusions
- DPCC are an effective addition to the nutrient management of manured systems. DPCC
should be seen as tools for both abating nitrogen loss and remediating or preventing
phosphorus accumulation. DPCC also contribute to on-farm nutrient cycling and keep
orthophosphate active in the biological cycle rather than becoming fixed by aluminum
and iron and being lost to the chemical cycle.
- Wheat may not be as quick to mature in the Northeast as rye and triticale. This may be
desirable for wet fields that are entered later in the spring, or for fields in rotations with
other warm-season crops such as squash. Conversely, in fields that must be ready for
harvest in early to mid-spring, the slow maturity of wheat is likely to result in low DPCC
yield and nutrient scavenging capacity, and thus both ecosystem services and economic
value are compromised.
- With the exception of the wheat variety used in this experiment, in general, cover crops
did not differentially affect corn yield.
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- Varieties bred for use as forage should be used. Many varieties have been bred for dualpurpose use as a grain crop, but these varieties appear to perform well as a sole forage
crop in a corn silage rotation.
- Rye is already a popular cover crop, and it offers excellent yields, quality, and nitrogen
capture. With small changes to management practices, such as planting date or seeding
method, many growers can readily begin using their cover crops for forage.
- DPCC in manured systems may facilitate increased production intensity while
simultaneously reducing the adverse environmental impacts associated with agricultural
production. DPCC did not remediate the high phosphorus levels in the field, but we did
not observe phosphorus increases, suggesting DPCC can help prevent further
accumulation. There was also no reduction to soil organic matter levels when the DPCC
were harvester for forage.
- When assessed based on dry matter production, corn yield reductions attributed to the
prior DPCC are offset by DPCC yields.
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CHAPTER 6
GENERAL CONCLUSIONS
In this body of work, we have demonstrated that small winter grains used as dual
purpose cover crops (DPCC) can indeed result in yield increases on existing land without
sacrificing corn yields. As we found that the DPCC receive adequate fertility from
manure – a conclusion we reached from four years of field experiments – we have also
shown that DPCC do not require additional nitrogen fertility in order to reach peak
production when harvested in the vegetative state. When analyzed on farm, we also found
that DPCC performed poorly when they were used in a year that the field did not receive
manure. Therefore, we can understand DPCC, at least the overwintering annual grasses,
to be an excellent partner for manured fields as the DPCC would otherwise require
supplemental fertility.
While a distinct economic analysis was not conducted in our assessment we may
speculate as to the economic implications of this management. Our estimates of milk
production are in agreement with the literature and show that there is a potential milk
value 10x greater than the cost of seeds. Especially for farmers who already plant and
terminate their cover crops, there are only the additional labor and fuel costs associated
with chopping and preservation as either baleage or silage. Now that we have streamlined
the management of the system, we suggest that future research should quantify and assess
the whole-system economics. Comparing the cost to produce milk with DPCC versus the
cost to produce milk with corn silage would allow full assessment and interpretation. This
information is also likely to be a critical piece for farmer adoption. Capitalism aside, what
may be even more interesting would be an assessment of the carbon currency. Future
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studies should assess if carbon emissions associated with the DPCC management can be
offset by the carbon capture of these crops.
While not discussed in this academic document, a substantial portion of the
research involved the investigation of field management practices. Field management
strategies were not planned portions of the experiments, and thus we consider them to be
protocol optimization. Of course, this is coded industry lingo that means one is struggling
to get the experimental methods and approach to work. The challenges to management
are evidenced by four experimental years of corn silage data that was discarded. It was
determined that managing the DPCC for quality forage production was not the
challenging part of this system. Rather, managing the DPCC residue and using reduced
tillage methods was a hurdle to achieving successful corn establishment and yields
following DPCC. These Extension-oriented lessons have been presented to and discussed
with farmers and agricultural service providers at numerous Extension events and will
continue to serve as the fodder for additional Extension resources to come.
We have also shown that the removal of DPCC biomass can contribute to on-farm
nutrient cycling and help prevent phosphorus accumulation in the soils. This practice can
be implemented as a credit in nutrient management plans. Moreover, this proactive
management strategy increases the responsible use and maintenance of phosphorus as
orthophosphate, an essential and non-renewable plant resource. As the number of
anaerobic digesters increase, and as legislation shifts towards more aggressive nutrient
management requirements, we should adamantly seek solutions to prevent problems
rather than respond to them after the fact. Phosphorus-based legislation is “a matter of
when, not if,” (Tom Morris, soil scientist, personal communication, 2019).
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Although some express concerns about how managing cover crops for forage
could reduce their ecosystem services, we confidently assert that this is not the case.
While the fate of nutrients captured by the crops is different, the DPCC approach is more
appropriate for the needs of dairy farms. In this approach we tailor the benefits of the
cover crops to the specific system. By doing so we enhance the value and practicality of
cover crops. We also demonstrated that the carbon returned in the DPCC residues alone
was greater than the carbon returned in pure stands of winter-killed cover crops. This is
not pointed out as a means to diminish the value of those other crops, but rather to
provide clear context for the preserved ecosystem service benefits of DPCC.
However, we would be remiss to highlight the excellent potential of these systems
to convey both economic and environmental benefits without also acknowledging that the
careful management of these systems is critical to achieve the benefits. We have provided
valuable data to the ongoing debate about the effect of high carbon cover crops on
subsequent corn production. Our data clearly indicates that some corn hybrids perform
better, some perform worse, and for some the effect is neutral; the effect is also subject to
the planting date of the cover crop. In order to achieve the benefits of this system, the
right cover crop and corn hybrid must be used. This is evidenced in the literature time
and time again.
Future research should leave behind the squabble that too simply asks “if”
previous cover crops affect subsequent corn production, and instead delve into the
mechanisms that can explain these differential interactions. Corn nutrient use efficiencies
and scavenging abilities, as well as root architecture and microbial associations may all
play a roll. The challenging question is if we can identify characteristics to explain the
172

yield differences that are conserved in relationship to hybrid relative maturity, or if the
responsible characteristics are specific to each hybrid without correlation to relative
maturity. We should also question if the observed relationships are always inherent to the
hybrids or if they are subject to a genotype by environment effect that results is varying
phenotypes.
Our decomposition experiment of cover crop residues also captured an excellent
example of nitrogen immobilization dynamics. Nitrogen immobilization has been
effectively demonstrated in labs and greenhouses, but it is challenging to capture such a
clean and clear occurrence in the field. Yet, our tidy trends held true over three years of
integrated data under a variety of weather conditions. To capture this effect is
scientifically satisfying, but it does indicate a practical problem. Future studies should
continue to assess if differential nitrogen start up and or side dress rates are necessary to
maintain silage production when incorporating large amounts of high carbon residue in
this system.
Microbial community assessments on farm under this management can also help
us better understand the decomposition and nutrient cycling ecosystems of the soil.
Presumably, there may also exist a point at which the microbial community and the soil
organic matter reach a balance at which nitrogen immobilization is suppressed or is
compensated for. Given the history of carbon inputs on dairy farms, the associated
microbial communities may already be primed for the high carbon residues. The system
capacity to digest high carbon residues is likely to improve under no-till management.
We should also investigate from where late planted crops are capturing spring
nitrogen. Labelled nitrogen experiments could help us understand if the cover crops are
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picking up nitrogen from the fall applied manure that we had previously considered to be
“lost” or if they are mining the soil for nitrogen from soil organic matter mineralization.
If spring nitrogen capture is from fall manure application, this would further change our
perception on how we need to manage manure nutrients in order to prevent their loss and
escape into the environment.
In addition, our results show that the regulations and recommendations do not
need to be so narrow for fall cover crop management. We should take heed when making
recommendations based on best management practices. Instead, perhaps we should take a
more frank approach to identify the upper limits of what is effective and sufficient and
derive our regulations and mandates from the range of adequacy. By focusing on what is
attainable and acceptable, instead of what is ideal, we may find broader adoption and
better management practices.
Collectively, and perhaps most importantly, we have created a beautiful and
thorough example of the ability to achieve agricultural intensification without requiring
additional land or fertility, and while also producing active environmental benefits. Such
approaches are the only path forward as we embark into a future in which we must face
the consequences of climate change. Despite cheery suggestions that it is not too late, it is
evident that the world is absolutely not on a trajectory to abate climate change before we
hit the point of no return. It is also foolish, in the opinion of the author, to continue to
suggest that the solution to meeting global food needs is to increase food production
when in fact we already produce enough food and yet we still have a global hunger crisis
in all corners of the world. We need to focus on local food systems and sustainable
production, especially in developing nations.
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Simply producing more food will not solve the problem, and the strategies by
which we currently produce food have been drivers of climate change. Without
considering the whole system and the implications of our management practices, we are
caught in a positive feedback loop of inefficiency. Norman Borlaug too knew this.
Considering our existing systems, identifying inefficiencies, refining our management
practices, and addressing fundamental logistics so that we can be smarter with the
resources we already have must be the context in which we work to address climate
change and food security. Of course, as we do so we must never forget the ultimate role
of the farmer in bringing these changes to fruition, and as a scientific community we
should support them in this immense responsibility and stewardship.
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APPENDIX A
CHAPTER 2
Appendix Table 2.1 Dual Purpose Cover Crop Means. One star (*) indicates
significance at p ≤ 0.05, two stars (**) indicates significance at p ≤ 0.01. When p
> 0.05, NS indicates non significance. PD1, PD2, PD3 = September 1,
September 15, September 30
PD 1
PD 2 PD 3 Significance
**
Yield (Mg/ha)
2.15
1.93
1.17
**
P Capture (kg/ha)
9.5
8.5
5.9
**
N Capture (kg/ha)
36.8
34.6
19.6
**
P Concentration (%)
1.42
2.44
3.51
**
N Concentration (%)
1.69
1.96
2.05
**
Relative Feed Value
138
150
157
**
Crude Protein
10.7
12.3
13.1
1011
1004
855
NS
Milk per Megagram
**
Milk per Hectare
17005 15820 9290
**
Milk Dollar Value per Hectare
862
812
568
Table A.1 DPCC Dry Matter Production
Source
season
Rep
PD
Season*Rep
season*PD
PD*Rep
Season*PD*Rep
Within
Total

DF
1
11
2
11
2
22
22
360
431

Mean
Type III SS Square
35.22823535 35.22823535
11.17058177 1.01550743
15.29321609 7.64660804
1.69657752 0.15423432
3.56273761
1.7813688
9.62559939 0.43752724
5.04836453 0.22947111
54.0456999
0.1501269
135.6710121
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F
Value P > F
228.41 <.0001
17.48

<.0001

7.76

0.0028

Table A.2 DPCC Phosphorus Recovery
Source
Season
Rep
PD
Season*Rep
Season*PD
PD*Rep
Season*PD*Rep
Within
Total

DF
1
11
2
11
2
22
22
360
431

Type III SS
2749.555456
2686.818309
793.1790337
325.688143
398.5801252
1050.961716
726.837818
6806.22256
15537.84316

Mean
Square
2749.555456
244.25621
396.5895168
29.608013
199.2900626
47.770987
33.038083
18.90617

Table A.3 DPCC Cover Crop Nitrogen Recovery
Mean
Source
DF Type III SS Square
1
9837.697315 9837.697315
Season
Rep
11 38347.84212 3486.16747
20169.14627 10084.57314
PD
2
Season*Rep
11
4890.0017
444.54561
2
Season*PD
5577.516851 2788.758425
PD*Rep
22 11424.16176
519.28008
Season*PD*Rep
22
8195.0794
372.50361
Within
360 102722.2382
285.3396
Total
431 201163.6836

F
Value
92.87

P>F
<.0001

8.3

0.0021

6.03

0.0082

F
Value
22.13

P>F
0.0006

19.42

<.0001

7.49

0.0033

F
Value
0.1

P>F
0.7792

6.21

0.0073

5.11

0.0175

Table A.4 DPCC Phosphorus Concentration
Source
Season
Rep
PD
Season*Rep
Season*PD
PD*Rep
Season*PD*Rep
Within
Total

DF
1
11
2
11
2
22
22
340
407

Type III SS
0.00497983
4.25424272
0.14608222
1.10976359
0.09712278
0.25888673
0.17120762
2.06926549
8.90624321
177

Mean
Square
0.00497983
0.38674934
0.07304111
0.1008876
0.04856139
0.01176758
0.01176758
0.00608607

Table A.5 DPCC Nitrogen Concentration
Source
Season
Rep
PD
Season*Rep
Season*PD
PD*Rep
Season*PD*Rep
Within
Total

DF
1
11
2
11
2
22
22
340
407

Type III SS
83.63880369
61.03465254
13.24521598
9.31900162
16.42383916
7.51259827
7.01636333
68.800521
267.0923119

Mean
Square
83.63880369
5.54860478
6.62260799
0.84718197
8.21191958
0.34148174
0.38979796
0.2023545

F
Value
10.19

P>F
0.0857

19.39

<.0001

21.07

<.0001

Table A.6 DPCC Percent Moisture at Harvest (Spring Only)
Mean
F
Source
DF Type III SS Square
Value
Rep
11 0.99503795 0.090458
PD
2
0.0009315
0.00046575 1.2
PD*Rep
22 0.00856606 0.00038937
Within
180 0.5389578
0.00029942
Total
215 1.05843129

P>F
0.3213

Table A.7 DPCC Relative Feed Value
Source
Season
Rep
PD
Season*Rep
Season*PD
PD*Rep
Season*PD*Rep
Within
Total

DF
1
11
2
11
2
22
22
333
401

Type III SS
609652.4398
127796.3256
47291.0957
43226.1533
46706.37584
11271.4329
7868.6501
61038.7061
983355.3622
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Mean
Square
609652.4398
11617.8502
23645.54785
3929.6503
23353.18792
512.3379
414.1395
183.2994

F
Value
26.11

P>F
0.0362

46.15

<.0001

56.39

<.0001

Table A.8 DPCC Crude Protein
Source
Season
Rep
PD
Season*Rep
Season*PD
PD*Rep
Season*PD*Rep
Within
Total

DF
1
11
2
11
2
22
22
332
399

Type III SS
3190.60703
1953.942739
472.2352995
303.682517
663.4429759
284.877428
249.632391
2586.427216
9980.663591

Mean
Square
3190.60703
177.631158
236.1176497
27.607502
331.721488
12.948974
13.868466
7.790443

F
Value
9.62

P>F
0.0901

18.23

<.0001

23.92

<.0001

Mean
Square
6164.476279
259033.91
3800671.778
4936678.01
5191654.06
175918.81
1311072.37
140538.8

F
Value
0

P>F
0.9756

2.2

0.1344

3.96

0.034

Mean
Square
85661121.47
1945763.6
24935773.24
2646941.79
13614828.83
1235467.63
1255282.06
880153.7

F
Value
6.29

P>F
0.1289

20.18

<.0001

10.85

0.0005

Table A.9 DPCC Milk Per Megagram
Source
Season
Rep
PD
Season*Rep
Season*PD
PD*Rep
Season*PD*Rep
Within
Total

DF
1
11
2
11
2
22
22
354
425

Type III SS
6164.476279
2849372.98
7601343.556
54303458.13
10383308.11
37970213.79
28843592.05
49750731.6
198580506.3

TableA.10 DPCC Milk Per Hectare
Source
Season
Rep
PD
Season*Rep
Season*PD
PD*Rep
Season*PD*Rep
Within
Total

DF
1
11
2
11
2
22
22
354
425

Type III SS
85661121.47
21403399.65
49871546.47
29116359.73
27229657.65
27180287.88
27616205.24
311574418.9
585926178.9
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Table A.11 DPCC Milk Dollar Value Per Hectare
Mean
Source
DF Type III SS Square
Season
1
2098286.823 2098286.823
Rep
11 959427.007 87220.637
PD
2
1172045.97 586022.985
Season*Rep
11 564788.891 51344.445
Season*PD
2
598339.1031 299169.5515
PD*Rep
22 1259661.952 57257.361
Season*PD*Rep
22 772424.73
42912.465
Within
354 11371596.18 32123.15305
Total
425 19290922.68 45390.40631

F
Value
7.01

P>F
0.1179

10.23

0.0007

6.97

0.0057

Table A.12 Corn Population
ANOVA
Source
Rep
PD
Corn Maturity
PD*Rep
Rep*Corn Maturity
PD*Corn Maturity
PD*Rep*Corn Maturity
Within
Total

DF
7
3
2
21
14
6
42
0
95

Type III SS
183.9895833
31.64454912
8.39583333
197.0520833
90.6041667
31.10829814
260.9791667
0
987.7395833

Mean
Square
26.2842262
10.54818304
4.19791667
9.3834325
6.4717262
5.18471636
6.2137897

F
Value

P>F

5.24
0.65

0.0074
0.5378

3.23

0.0106

Mean
Square
53.439065
117.2020338
1871.909933
22.373214
37.339393
57.6079595
17.823893

F
Value

P>F

5.24
32.49

0.0074
0.0006

3.23

0.0106

Table A.13 Corn Yield at 70% Moisture
ANOVA
Source
Rep
PD
Corn Maturity
PD*Rep
Rep*Corn Maturity
PD*Corn Maturity
PD*Rep*Corn Maturity
Total

DF
7
3
2
21
14
6
42
95

Type III SS
374.073458
351.6061014
3743.819866
469.837491
522.751497
345.6477569
748.603519
6556.34
180

Table A.14 Corn Dry Matter
ANOVA
Source
Rep
PD
Corn Maturity
PD*Rep
Rep*Corn Maturity
PD*Corn Maturity
PD*Rep*Corn Maturity
Total

DF
7
3
2
21
14
6
42
95

Type III SS
33.6666112
31.64454912
336.9437879
42.2853741
47.0476347
31.10829814
67.3743167
590.0705719

Mean
Square
4.8095159
10.54818304
168.4718939
2.0135892
3.3605453
5.18471636
1.6041504

F
Value

P>F

5.24
50.13

0.0074
<.0001

3.23

0.0106

Mean
Square
1511876.75
654168.841
8248932.32
334704.47
421442.43
641343.35
188920.42

F
Value

P>F

1.95
12.86

0.1518
0.0068

3.39

0.008

Mean
Square
253205.509
301973.404
894501.514
101538.904
93621.267
72602.6419
76605.064

F
Value

P>F

2.97
12.32

0.0549
0.0075

0.95

0.4718

Table A.15 Corn Ear Dry Matter
ANOVA
Source
Rep
PD
Corn Maturity
PD*Rep
Rep*Corn Maturity
PD*Corn Maturity
PD*Rep*Corn Maturity
Total

DF
7
3
2
21
14
6
42
95

Type III SS
10583137.28
1962506.523
16497864.64
7028793.95
5900194.06
3848060.098
7934657.51
53755214.08

Table A.16 Corn Stover Dry Matter
ANOVA
Source
Rep
PD
Corn Maturity
PD*Rep
Rep*Corn Maturity
PD*Corn Maturity
PD*Rep*Corn Maturity
Total

DF
7
3
2
21
14
6
42
95

Type III SS
1772438.562
905920.2119
1789003.028
2132316.988
1310697.735
435615.851
3217412.672
11563405.05
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Table A.17 Percent Ear
ANOVA
Source
Rep
PD
Corn Maturity
PD*Rep
Rep*Corn Maturity
PD*Corn Maturity
PD*Rep*Corn Maturity
Total

DF
7
3
2
21
14
6
42
95

Type III SS
2446194
0.0173213
0.05572786
0.04690652
0.0584922
0.0155242
0.0834404
0.30765615

Mean
Square
0.00349456
0.00577377
0.02786393
0.00223364
0.00417801
0.00258737
0.00203513

F
Value

P>F

2.58
10.77

0.0803
0.0103

1.27

0.2917

Mean
Square
4742.51736
900.486925
18088.19842
689.24822
880.20561
880.205606
339.08997

F
Value

P>F

1.31
20.55

0.2986
0.0021

2.6

0.0313

Mean
Square
21375645.72
65.5068317
1816.568881
23.989413
38.825673
58.4876847
17.652326

F
Value

P>F

2.73
46.79

0.0696
<.0001

3.31

0.0092

Table A.18 Average Ear Size, Dry
ANOVA
Source
Rep
PD
Corn Maturity
PD*Rep
Rep*Corn Maturity
PD*Corn Maturity
PD*Rep*Corn Maturity
Total

DF
7
3
2
21
14
6
42
95

Type III SS
33197.62155
2701.460775
36176.39683
14474.21266
5281.23363
5281.233634
14241.77878
116707.1794

Table A.19 Total Yield As Fed
ANOVA
Source
Rep
PD
Corn Maturity
PD*Rep
Rep*Corn Maturity
PD*Corn Maturity
PD*Rep*Corn Maturity
Total

DF
7
3
2
21
14
6
42
95

Type III SS
320.048408
196.5204951
3633.137762
503.777682
543.559421
350.926108
741.297678
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Table A.20 Total Dry Matter
ANOVA
Source
Rep
PD
Corn Maturity
PD*Rep
Rep*Corn Maturity
PD*Corn Maturity
PD*Rep*Corn Maturity
Total

DF
7
3
2
21
14
6
42
95

Type III SS
95245719
11.04441393
315.1355715
202727465
209120022
32.45441176
279427916
555.2646779
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Mean
Square
13606531
3.68147131
157.5677858
9653689
14937144
5.40906863
6653046

F
Value

P>F

1.53
42.19

0.2372
<.0001

3.25

0.0102

APPENDIX B
CHAPTER 3
Table B.1 Stubble dry weight
Sum of
Source
DF Squares
Rep
11 5.02389215
Crop
2
1.55338615
Rep*Crop
22 5.30507632
Within
35 7.5012764
Total
70 19.38363102

Mean
Square
F Value
0.45671747
0.77669308 3.22
0.24113983
0.214322183

Table B.2 Stubble fresh weight
Sum of
Source
DF Squares
Rep
11 148.927479
Crop
2
64.69464695
Rep*Crop
22 144.7499102
Within
35 91.4442674
Total
70 464.6330393

Mean
Square
F Value
13.5388617
32.34732347 4.92
6.5795414
2.6126934

Table B.3 Stubble percent moisture
Sum of
Source
DF Squares
Rep
11 0.46776695
Crop
2
0.07657374
Rep*Crop
22 0.09767929
Within
35 0.07123042
Total
70 0.73644314

Mean
Square
0.04252427
0.03828687
0.00443997
0.00203515

0.0593

Pr > F
0.0172

F Value

Pr > F

8.62

0.0017

Table B.4 Liters of water returned per hectare
Sum of
Mean
Source
DF Squares
Square
F Value
Rep
11 1731616.233 157419.658
Crop
2
490088.1331 245044.0666 4.86
Rep*Crop
22 1109742.088 50442.822
Within
35 1027266.655 29350.476
Total
70 4324307.962
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Pr > F

Pr > F
0.0179

Table B.5 Percent nitrogen
Sum of
Source
DF Squares
Rep
11 3.18462908
Crop
2
0.12399649
Rep*Crop
22 2.08961264
Within
35 1.0732
Total
70 6.44032394

Mean
Square
0.28951173
0.06199825
0.09498239
0.03066286

Table B.6 Percent carbon
Sum of
Source
DF Squares
Rep
11 186.7520567
Crop
2
37.10631579
Rep*Crop
22 113.1063218
Within
35 56.57
Total
70 393.5946479

Mean
Square
F Value
16.9774597
18.55315789 3.61
5.1411964
1.6162857

Table B.7 Carbon to nitrogen ratio
Sum of
Source
DF Squares
Rep
11 4038.573069
Crop
2
714.006785
Rep*Crop
22 2983.800106
Within
35 1507.299688
Total
70 9229.219733

Mean
Square
F Value
367.143006
357.0033925 2.63
135.627278
43.065705

Table B.8 Nitrogen returned, kg/ha
Sum of
Source
DF Squares
Rep
11 10127.17024
Crop
2
1320.754167
Rep*Crop
22 6609.35909
Within
35 9295.44607
Total
70 27406.37971

Mean
Square
920.65184
660.377084
300.42541
265.58417

185

F Value

Pr > F

0.65

0.5304

Pr > F
0.0441

Pr > F
0.0944

F Value

Pr > F

2.2

0.1348

Table B.9 Carbon returned, kg/ha
Sum of
Source
DF Squares
Rep
11 5902131.313
Crop
2
1165465.169
Rep*Crop
22 4617474.876
Within
35 7471495.47
Total
70 19296514.73

Mean
Square
536557.392
582732.585
209885.222
213471.3

F Value

Pr > F

2.78

0.0841

Table B.10 Phosphorous returned, kg/ha
Sum of
Mean
Source
DF Squares
Square
F Value
Rep
11 772.17902
70.198093
Crop
2
1.03472342 0.51736171 0.01
Rep*Crop
22 1210.217779 55.009899
Within
35 1184.804882 33.85156806
Total
70 3197.817085
Table B.11 Stubble decomposition, biomass
Sum of
Mean
Source
DF Squares
Square
Date
8
5.20498274 0.65062284
Crop
2
0.01183219 0.0059161
Rep
11 0.58683401 0.05334855
Crop*Date
16 0.14935793 0.00933487
Crop*Rep
22 0.59163819 0.02689265
Date*Rep
68 0.79611878 0.01170763
Crop*Date*Rep 115 1.05639954 0.00918608
Within
31 0.02743304 0.00088494
Total
273 9.32441137

186

Pr > F
0.9906

F Value
55.57
0.22

Pr > F
<.0001
0.8043

1.02

0.4452

Table B.12 Stubble decomposition, nitrogen
Sum of
Mean
Source
DF Squares
Square
Date
8
2.46153428 0.30769178
Crop
2
0.20130039 0.10065019
Rep
11 0.26196469 0.02381497
Crop*Date
16 0.06111085 0.00381943
Crop*Rep
22 0.2463621
0.01119828
Date*Rep
68 0.23954224 0.00352268
Crop*Date*Rep 115 0.37151081 0.00328771
Within
31 0.00475183 0.00015328
Total
273 4.20176893
Table B.13 Stubble decomposition, percent nitrogen
Sum of
Mean
Source
DF Squares
Square
Date
8
3.77255037 0.4715688
Crop
2
0.16750217 0.08375108
Rep
11 17.08452259 1.55313842
Crop*Date
16 0.46732486 0.0292078
Crop*Rep
22 5.25184832 0.23872038
Date*Rep
68 4.49782144 0.06614443
Crop*Date*Rep 115 6.35406231 0.04850429
Within
35 1.07621839 0.0307491
Total
273 39.31687978
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F Value
87.35
8.99

Pr > F
<.0001
0.0014

1.16

0.3096

F Value
7.13
0.35

Pr > F
<.0001
0.708

0.6

0.8776

APPENDIX C
CHAPTER 4
Table C.1 Cover crop yield
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
7
672959785.9 44863985.7
Crop
2
29901842.84 14950921.42
N
2
6864252.604 3432126.302
Rep*Crop
30
123900297.6
4130009.9
Rep*N
30
56397148.4
1879904.9
Crop*N
4
4855900.569 1213975.142
Rep*Crop*N 54
120376905.4
2229202
Within
148
120323892
812999
Total
285
1141250206
Table C.2 Cover crop height
ANOVA
Sum of
Source
DF
Squares
Rep
11
4443.978284
Crop
2
5837.902733
N
2
22.79066399
Rep*Crop
27
1285.180105
Rep*N
27
519.056631
Crop*N
4
26.93578377
Rep*Crop*N 41
553.983712
Within
127
1889.625
Total
241
17064.18484

Mean
Square
403.9980258
2918.951367
11.395332
47.59926315
19.22431967
6.733945943
13.51179785
14.87893701
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F
Value

Pr > F

3.62 0.0391
1.83 0.1786

0.54 0.7037

F
Value

Pr > F

31.8 <.0001
0.31 0.7402

0.32 0.8646

Table C.3 Cover crop nitrogen concentration
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
14
23.41271843 1.672337031
Crop
2
0.4568592
0.2284296
N
2
5.229625
2.6148125
Rep*Crop
27
4.81448587 0.178314291
Rep*N
27
5.65704464 0.209520172
Crop*N
4
0.14013196 0.03503299
Rep*Crop*N 43
7.71854417 0.17950103
Within
130
7.68405781 0.05910814
Total
249
58.02440253
Table C.4 Cover crop phosphorus concentration
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
14
0.98429827 0.07030702
Crop
2
0.00288061 0.00144031
N
2
0.06532748 0.03266374
Rep*Crop
27
0.172532 0.00639007
Rep*N
27
0.24879183 0.00921451
Crop*N
4
0.0328672
0.0082168
Rep*Crop*N 45
0.27157486
0.006035
Within
131
0.57030158 0.004353447
Total
252
2.39342092
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F
Value

Pr > F

1.28 0.2941
12.48 0.0001

0.2 0.9396

F
Value

Pr > F

0.23 0.7997
3.54 0.043

1.36 0.2623

Table C.5 Cover crop nitrogen to phosphorus ratio
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
14
553.679252
39.548518
Crop
2
77.92779904 38.96389952
N
2
63.08839746 31.54419873
Rep*Crop
27
1127.084165
41.743858
Rep*N
27
1198.368127
44.384005
Crop*N
4
216.2310077 54.0577519
Rep*Crop*N 41
2265.257035
55.250172
Within
127
5334.23376
42.00184
Total
244
10833.67599
Table C.6 Cover crop nitrogen removal
ANOVA
Sum of
Source
DF
Squares
Rep
14
228741.3359
Crop
2
10234.42869
N
2
17345.90338
Rep*Crop
27
52467.1761
Rep*N
27
38622.6096
Crop*N
4
2155.892628
Rep*Crop*N 42
42081.9514
Within
129
42318.0627
Total
247
451985.9646

Mean
Square
16338.6669
5117.21434
8672.95169
1943.2287
1430.467
538.973157
1001.9512
328.047
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F
Value

Pr > F

0.93 0.4055
0.71 0.5003

0.98 0.4299

F
Value

Pr > F

2.63 0.0902
6.06 0.0067

0.54 0.7086

Table C.7 Cover crop phosphorus removal
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
14
21859.85801 1561.41843
Crop
2
1298.166894 649.083447
N
2
217.0260503 108.5130252
Rep*Crop
27
3410.46821
126.31364
Rep*N
27
1679.89899
62.21848
Crop*N
4
324.3321027 81.0830257
Rep*Crop*N 41
3091.09977
70.25227
Within
130
4032.37901
31.0183
Total
250
36701.47207

F
Value

Pr > F

5.14 0.0129
1.74 0.1939

1.15

0.344

F
Value

Pr > F

Table C.8 Fresh Weight
ANOVA
Source

DF

Rep
15
Crop
2
N
2
Rep*Crop
30
Rep*N
30
Crop*N
4
Rep*Crop*N 54
Within
148
Total
285

Sum of
Mean
Squares
Square
83834512282 5588967485
11529890904 5764945452
1307255662
653627831
17720802484
590693416
7541389888
251379663
252179578.7 63044894.7
14941443556
276693399
12552089146 84811413.15
1.51302E+11
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9.76 0.0005
2.6 0.0909

0.23 0.9216

Table C.9 Cover crop percent moisture at harvest
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
15
0.4082141 0.02721427
Crop
2
0.10900345 0.05450173
N
2
0.00054975 0.00027488
Rep*Crop
30
0.04190066 0.00139669
Rep*N
30
0.03505041 0.00116835
Crop*N
4
0.00043402 0.00010851
Rep*Crop*N 54
0.04994771 0.00092496
Within
148
0.0338093 0.00022844
Total
285
0.6855853
Table C.10 Cover crop acid detergent fiber
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
15
3405.300964 227.020064
Crop
2
801.8601654 400.9300827
N
2
1.04822314 0.52411157
Rep*Crop
30
310.414399
10.347147
Rep*N
30
233.722832
7.790761
Crop*N
4
12.87387214 3.21846803
Rep*Crop*N 59
259.645638
4.400774
Within
143
271.92265
1.901557
Total
285
5300.422273
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F
Value

Pr > F

39.02 <.0001
0.24 0.7918

0.12 0.9758

F
Value

Pr > F

38.75 <.0001
0.07 0.9351

0.73 0.5742

Table C.11 Cover crop neutral detergent fiber
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
15
3905.930997
260.3954
Crop
2
1011.997735 505.998867
N
2
38.18363067 19.09181534
Rep*Crop
30
844.509332
28.150311
Rep*N
30
471.411163
15.713705
Crop*N
4
55.54023238 13.8850581
Rep*Crop*N 59
615.402034
10.430543
Within
143
713.5767
4.990047
Total
285
7700.896133
Table C.12 Cover crop relative feed value
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
15
41152.73963 2743.51598
Crop
2
10315.09227 5157.54614
N
2
251.992175 125.9960875
Rep*Crop
30
8796.58016
293.21934
Rep*N
30
5520.10654
184.00355
Crop*N
4
215.316351 53.8290877
Rep*Crop*N 59
7823.94146
132.60918
Within
143
13903.9944
97.23073
Total
285
88778.91449
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F
Value

Pr > F

17.97 <.0001
1.21 0.3109

1.33

0.269

F
Value

Pr > F

17.59 <.0001
0.68 0.5119

0.41 0.8036

Table C.13 Cover crop crude protein
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
14
1014.773238
72.483803
Crop
2
13.28831059 6.64415529
N
2
253.4223002 126.7111501
Rep*Crop
27
205.977714
7.628804
Rep*N
27
208.679238
7.728861
Crop*N
4
6.18272143 1.54568036
Rep*Crop*N 48
290.804094
6.058419
Within
125
273.517456
2.18814
Total
249
2266.578224

F
Value

Pr > F

0.87
0.43
16.39 <.0001

0.26 0.9051

Table C.14 Milk per megagram of cover crop forage
ANOVA
Sum of
Mean
F
Source
DF
Pr > F
Squares
Square
Value
Rep
14
20850078.15
1489291.3
Crop
2
1529400.837 764700.418 21.24 <.0001
N
2
463443.9005 231721.9503
2.74 0.0826
Rep*Crop
27
972263.41
36009.76
Rep*N
27
2284263.05
84602.34
Crop*N
4
76067.79098 76067.79098
0.32
0.86
Rep*Crop*N 47
2752259.72
58558.72
Within
124
3292173.1
26549.78
Total
247
32953569.65
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Table C.15 Milk per hectare of cover crop forage
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
14
472282110.9 33734436.5
Crop
2
30287013.38 15143506.69
N
2
5853502.833 2926751.417
Rep*Crop
27
98715488.1
3656129.2
Rep*N
27
38523012.6
1426778.2
Crop*N
4
1422050.574 355512.643
Rep*Crop*N 46
63688726.5
1384537.5
Within
123
72098233.3
586164.5
Total
245
808448073.3

F
Value

Pr > F

4.14 0.027
2.05 0.1481

0.26

0.904

Table C.16 Dollar value of milk per hectare of forage
ANOVA
Sum of
Mean
F
Source
DF
Pr > F
Squares
Square
Value
Rep
14
17410207.73 1243586.27
Crop
2
1116500.461 558250.231
4.14 0.027
N
2
215783.5285 107891.7643
2.05 0.1481
Rep*Crop
27
3639047.75
134779.55
Rep*N
27
1420112.33
52596.75
Crop*N
4
52422.4724 13105.6181
0.26 0.904
Rep*Crop*N 46
2347821.21
51039.59
Within
123
2657829.27
21608.37
Total
245
29802629.78
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Table C.17 Corn population
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
7
129755569.7
18536510
Crop
3
53983123.92 17994374.64
N
2
37190482.56 18595241.28
Rep*Crop
21
536257663.9 25536079.2
Rep*N
14
373169808 26654986.3
Crop*N
6
135859109.8
22643185
Rep*Crop*N 42
807817760.6 19233756.2
Total
95
2074033518
Table C.18 Corn yield, 70% moisture
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
7
6942079384
991725626
Crop
3
1867585325
622528442
N
2
336273654.5 168136827.2
Rep*Crop
21
3078625254
146601203
Rep*N
14
1441287551
102949111
Crop*N
6
1689418287
281569715
Rep*Crop*N 41
4093968928
99852901
Total
94
19496884558
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F
Value

Pr > F

0.7 0.5599
0.7 0.5143

1.18 0.3368

F
Value

Pr > F

4.26 0.017
1.64 0.2297

2.82

0.217

Table C.19 Corn yield, dry weight
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
7
624787144.5 89255306.4
Crop
3
168082679.3 56027559.8
N
2
30264628.9 15132314.45
Rep*Crop
21
277076272.9 13194108.2
Rep*N
14
129715879.5
9265420
Crop*N
6
152047645.8 25341274.3
Rep*Crop*N 41
368457203.5
8986761.1
Total
94
1754719610

F
Value

Pr > F

4.26 0.017
1.64 0.2297

2.82 0.0217

Table C.20 Corn ear yield
Source

DF

Rep
Crop
N
Rep*Crop
Rep*N
Crop*N
Rep*Crop*N
Total

7
3
2
21
14
6
41
94

ANOVA
Sum of
Mean
Squares
Square
11477239.78 1639605.68
2497444.48
832481.49
952493.07
476246.53
5028383.28
239446.82
2291058.43
163647.03
1711926.63
285321.11
7243542.15
176671.76
31401779.56
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F
Value

Pr > F

3.48 0.0342
2.91 0.0877

1.61 0.1676

Table C.21 Stover Yield
ANOVA
Source

DF

Rep
Crop
N
Rep*Crop
Rep*N
Crop*N
Rep*Crop*N
Total

7
3
2
21
14
6
42
95

Sum of
Mean
Squares
Square
3652356.85 521765.264
1205166.78
401722.26
74415.70333 37207.85167
1825310.343
86919.54
1936884.038
138348.86
879030.8998
146505.15
4042107.69
96240.659
13615272.3

Table C.22 Corn yield, percent ear
ANOVA
Sum of
Source
DF
Squares
Rep
7
0.07187814
Crop
3
0.02666633
N
2
0.01371063
Rep*Crop
21
0.13667522
Rep*N
14
0.04900239
Crop*N
6
0.01169613
Rep*Crop*N 42
0.1093097
Total
95
0.41893853

Mean
Square
0.01026831
0.00888878
0.00685531
0.00650834
0.00350017
0.00194936
0.00260261
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F
Value

Pr > F

4.62 0.0124
0.27 0.768

1.52 0.1945

F
Value

Pr > F

1.37 0.2805
1.96 0.1778

0.75 0.6136

Table C.23 Total yield, corn + cover crop, dry
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
7
733516643.4 104788091.9
Crop
3
579452613.3 193150871.1
N
2
42409353 21204676.5
Rep*Crop
21
417309296.5 19871871.3
Rep*N
14
145152675.8 10368048.3
Crop*N
6
195630663.9 32605110.7
Rep*Crop*N 41
565573871.1 13794484.7
Total
94
2678345176
Table C.24 Total yield, corn + cover crop, as fed
ANOVA
Sum of
Mean
Source
DF
Squares
Square
Rep
7
7820287472 1117183925
Crop
3
3397038919 1132346306
N
2
499634298
249817149
Rep*Crop
21
3871837236
184373202
Rep*N
14
1561502709
111535908
Crop*N
6
1957730782
326288464
Rep*Crop*N 41
4903746245
119603567
Total
94
24015344366
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F
Value

Pr > F

9.72 0.0003
2.05 0.1662

2.36 0.0472

F
Value

Pr > F

6.14 0.0036
2.24 0.1432

2.73 0.0253

APPENDIX D
CHAPTER 5
Table D.1 Cover Crop Dry Matter Production per Hectare
ANOVA
Source
DF Type III SS
Mean Square
Year
1
234944532.7
234944532.7
Crop
4
22029989.4
5507497.3
Year*Crop
4
8221599.5
2055399.9
Within
86 39137625.3
455088.7
Total
95 313851330.1

F Value
516.26
12.1
4.52

Pr > F
<.0001
<.0001
0.0023

Table D.2 Cover Crop Percent Moisture at Harvest
ANOVA
Source
DF Type III SS
Mean Square
Year
1
1752.139294
1752.139294
Crop
4
915.522889
228.880722
Year*Crop
4
255.974713
63.993678
Within
86 842.866086
9.800768
Total
95 3696.464041

F Value
178.78
23.35
6.53

Pr > F
<.0001
<.0001
0.0001

Table D.3 Cover Crop Water Removal
ANOVA
Source
DF Type III SS
Year
1
16666810.98
Crop
4
14120363.81
Year*Crop
4
4030020.93
Within
87 15562696.81
Total
96 52095030.04

Mean Square
16666810.98
3530090.95
1007505.23
178881.57

F Value
93.17
19.73
5.63

Pr > F
<.0001
<.0001
0.0004

Mean Square
3282.816092
532.327352
74.739155
4.130159

F Value
794.84
128.89
18.1

Pr > F
<.0001
<.0001
<.0001

Table D.4 Cover Crop Height
ANOVA
Source
DF Type III SS
Year
1
3282.816092
Crop
4
2129.30941
Year*Crop
4
293.956619
Within
42 173.466667
Total
51 6114.673077
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Table D.5 Cover Crop Nitrogen Concentration
ANOVA
Source
DF Type III SS
Mean Square
Year
1
2.77980853
2.77980853
Crop
4
0.82669098
0.20667274
Year*Crop
4
0.62360053
0.15590013
Within
86 3.10237032
0.03607407
Total
95 7.46832181

F Value
77.06
5.73
4.32

Pr > F
<.0001
0.0004
0.0031

Table D.6 Cover Crop Phosphorous Concentration
ANOVA
Source
DF Type III SS
Mean Square
Year
1
0.13929032
0.13929032
Crop
4
0.06805
0.0170125
Year*Crop
4
0.04529695
0.01132424
Within
86 0.21008179
0.00244281
Total
95 0.47079417

F Value
57.02
6.96
4.64

Pr > F
<.0001
<.0001
0.0019

Table D.7 Ratio of Phosphorous to Nitrogen in Cover Crops
ANOVA
Source
DF Type III SS
Mean Square
F Value
Year
1
0.029601
0.029601
0.09
Crop
4
32.48113906
8.12028477
24.69
Year*Crop
4
5.64457152
1.41114288
4.29
Within
85 27.95711
0.328907
Total
94 95.19987

Pr > F
0.7649
<.0001
0.0033

Table D.8 Cover Crop Nitrogen Removal per Hectare
ANOVA
Source
DF Type III SS
Mean Square
Year
1
42158.98374
42158.98374
Crop
4
4380.71563
1095.17891
Year*Crop
4
1966.60114
491.65028
Within
85 14968.41196
176.09896
Total
94 65116.26712

Pr > F
<.0001
0.0002
0.0313
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F Value
239.41
6.22
2.79

Table D.9 Cover Crop Phosphorous Removal per Hectare
ANOVA
Source
DF Type III SS
Mean Square
Year
1
3024.701733
3024.701733
Crop
4
732.56173
183.140432
Year*Crop
4
284.740284
71.185071
Within
85 1224.336103
14.403954
Total
94 5521.933576

F Value
209.99
12.71
4.94

Pr > F
<.0001
<.0001
0.0012

Table D.10 Relative Feed Value
ANOVA
Source
DF Type III SS
Year
1
4868.913933
Crop
4
5244.902263
Year*Crop
4
2240.862502
Within
85 13521.08752
Total
94 26040.13743

Mean Square
4868.913933
1311.225566
560.215626
159.07162

F Value
30.61
8.24
3.52

Pr > F
<.0001
<.0001
0.0104

Mean Square
108.5862709
8.0731541
6.0898489
159.07162

F Value
77.06
5.73
4.32

Pr > F
<.0001
0.0004
0.0031

F Value
264.55
3.04
0.99

Pr > F
<.0001
0.0216
0.4186

Table D.11 Crude Protein
ANOVA
Source
DF Type III SS
Year
1
108.5862709
Crop
4
32.2926162
Year*Crop
4
24.3593957
Within
85 13521.08752
Total
94 26040.13743

Table D.12 Milk per Hectare of Cover Crop Forage
ANOVA
Source
DF Type III SS
Mean Square
Year
1
180288993.6
180288993.6
Crop
4
8287324.6
2071831.2
Year*Crop
4
2693747.4
673436.9
Within
84 57244645.3
681483.9
Total
93 257269325.9
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Table D.13 Milk Per Megagram of Cover Crop Forage
ANOVA
Source
DF Type III SS
Mean Square
Year
1
267715.4744
267715.4744
Crop
4
690475.5762
172618.894
Year*Crop
4
111290.7702
27822.6926
Within
84 2619785.074
31187.918
Total
93 3662334.975

F Value
8.58
5.53
0.89

Pr > F
0.0044
0.0005
0.4724

Table D.14 Milk Dollar Value per Hectare of Forage
ANOVA
Source
DF Type III SS
Mean Square
Year
1
6646173.46
6646173.46
Crop
4
305503.935
76375.984
Year*Crop
4
99302.305
24825.576
Within
84 2110266.605
25122.221
Total
93 9483976.429

F Value
264.55
3.04
0.99

Pr > F
<.0001
0.0216
0.4186

Table D.15 Total Dry Matter Production
ANOVA
Source
DF Type III SS
Mean Square
Year
1
9.35137763
9.35137763
Crop
4
23.10128431
5.77532108
Year*Crop
4
7.3139715
1.82849287
Within
62 68.2803507
1.101296
Total
71 111.1732279

F Value
8.49
5.24
1.66

Pr > F
0.005
0.0011
0.1706

Table D.16 Total Forage as Fed
ANOVA
Source
DF Type III SS
Year
1
2317.157025
Crop
4
347.772229
Year*Crop
4
60.920761
Within
62 1129.524302
Total
71 3950.047345

F Value
127.19
4.77
0.84

Pr > F
<.0001
0.002
0.5075

Mean Square
2317.157025
86.943057
15.23019
18.218134
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Table D.17 Corn Population per Hectare
ANOVA
Source
DF Type III SS
Mean Square
Year
1
6.40666667
6.40666667
Crop
4
23.93333333
5.98333333
Year*Crop
4
2.22666667
0.55666667
Within
65 134.7
2.0723077
Total
74 168.187

F Value
3.09
2.89
0.27

Pr > F
0.0834
0.029
0.8971

Table D.18 Corn Yield at 70% Moisture
ANOVA
Source
DF Type III SS
Mean Square
Year
1
432.9324035
432.9324035
Crop
4
191.8762954
47.9690738
Year*Crop
4
39.5212354
9.8803089
Within
64 746.114525
11.658039
Total
74 1542.72

F Value
37.14
4.11
0.85

Pr > F
<.0001
0.005
0.5004

Table D.19 Corn Dry Matter Production
ANOVA
Source
DF Type III SS
Mean Square
Year
1
38.96384594
38.96384594
Crop
4
17.26883541
4.31720885
Year*Crop
4
3.55690476
0.88922619
Within
64 67.150186
1.0492217
Total
74 138.845

F Value
37.14
4.11
0.85

Pr > F
<.0001
0.005
0.5004

Table D.20 Ear to Stover Ratio, Count Based
ANOVA
Source
DF Type III SS
Mean Square
Year
1
0.06151801
0.06151801
Crop
4
0.00969654
0.00242414
Year*Crop
4
0.00680965
0.00170241
Within
64 0.14519079
0.00226861
Total
74 0.23696

F Value
27.12
1.07
0.75

Pr > F
<.0001
0.3794
0.5614
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