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ABSTRACT

INTEGRATING NO-TILL AND COVER CROP MIXTURES FOR SUSTAINABLE
SWEET CORN PRODUCTION IN THE NORTHEAST

MAY 2018

JULIE STULTZ FINE, B.A., VASSAR COLLEGE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Professor Masoud Hashemi

Fall-planted forage radish (Raphanus sativus L. longipinnatus) cover crops have shown
successful weed suppression and recycling of fall-captured nutrients. This research
evaluated the nutrient cycling and weed suppressive benefits of forage radish cover crop
mixtures to develop an integrated system for no-till sweet corn (Zea mays L. var rugosa)
production that improves crop yield and soil health. Treatments included forage radish
(FR), oats (Avena sativa L.) and forage radish (OFR), a mixture of peas (Pisum sativum
subsp arvense L.), oats and forage radish (POFR), and no cover crop control (NCC).
Subplots were assigned to nitrogen fertilizer treatments to evaluate N sufficiency and
timing: 0 kg N ha-1 as the control, 28 kg N ha-1 at side-dress, and 56 kg N ha-1 with
application split between planting and side-dress. Results indicated that POFR and OFR
provided improved N cycling and sweet corn yield compared with FR and NCC. Early
season N from decomposing cover crop residue was sufficient to eliminate the need for N
fertilizer at sweet corn planting, thereby reducing input costs and risks of environmental
pollution.
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CHAPTER 1
USING COVER CROPS AND NO-TILL FOR INCREASED AGRICULTURAL
SUSTAINABILITY
Soil is a finite resource. The creation of an inch of topsoil requires thousands of
years of transformation of parent rock and plant material by forces of wind, rain, and
biological activity. The scale of soil creation is beyond human time, and therefore
humans cannot afford to lose soil faster than it can develop. The current movement to
consider soil health, not only in terms of soil conservation but also in regard to function
and sustainability, is crucial for food production on a planet with a growing population
and limited arable land. The word ‘sustainable’ refers to something that can be
maintained or upheld. A sustainable agricultural production system is economically
viable, reduces off-farm inputs, eliminates farm-source pollution, uses minimal chemical
pest controls, and promotes healthy soil.
Conserving topsoil has been a concern of American farmers since the Dustbowl of
the 1930s, but the concept of “soil health” has been more recently evolving. The Natural
Resource Conservation Service, the soil conservation arm of the USDA, defines soil
health as “the continued capacity of soil to function as a vital living ecosystem that
sustains plants, animals, and humans” (USDA-NRCS). Practically speaking, this means
a soil that has the capacity to regulate water flow, absorbing and releasing water in
response to moisture conditions. This means a soil that is hospitable to life, from bacteria
and fungi to invertebrates and small mammals. This means a soil that is a good growing
medium for crops, in terms of providing structural support, nutrient release, and water
holding capacity.
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There is no definitive test for soil health, because there are no absolute values or
parameters to measure and the results vary depending on soil type. Instead, soil health
assessments focus on physical, chemical and biological qualities of soil. Physical
qualities include aggregate stability, available water capacity, and surface and subsurface
hardness. Chemical qualities include cation exchange capacity, macro- and
micronutrients, and soil pH. Biological qualities include soil carbon, soil protein, soil
respiration and soil organic matter (SOM). Many researchers describe SOM as being at
the heart of soil health because it influences all three spheres, the biological, chemical
and physical. Research has shown that SOM improves crop yield response, soil pH
buffering, aggregate stability, erosion resistance, water infiltration, and soil compaction
(Balesdent et al., 2000; Brock et al., 2011; Fageria, 2012). Without sufficient SOM it is
impossible to have a healthy soil and optimal crop yield.
In most agricultural soils, a healthy range of SOM is 3-6% and there are
significant challenges to increasing percentage of SOM without massive expense or loss
of productivity (Magdoff and Weil, 2004). The main approaches to building SOM are
minimizing loss and increasing inputs of organic matter. SOM loss is prevented by 1)
decreasing erosion that washes away SOM particles, 2) decreasing tillage that oxidizes
SOM, and 3) reducing crop residue loss, adding organic matter. Unfortunately, SOM and
soil health are often at odds with the intensive tillage requirements of many crops (Hoyt,
1986). Tillage is needed to incorporate reside and create a fine seedbed, but destroys soil
aggregates and oxidizes SOM.
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No-Till Management
Farmers have been transitioning to no-till as an effective way to reduce soil
erosion, increase water infiltration, reduce tractor work, and improve soil health. The
development of herbicides and specialized planting equipment in the 1950s and 1960s
allowed growers to manage their crops without tillage. This revolution of no-till
agriculture in the United States has increased use of no-till practices to almost 75% of
midwestern corn and soybean growers. The primary no-till crops are corn (Zea mays),
soybean (Glycine max), wheat (Triticum aestivum), oats (Avena sativa) and cotton
(Gossypium hirsutum), the majority of which are grown over vast acreage and rely on
chemical weed control.
Tillage damages important functions of soil, such as soil aggregates and SOM.
Aggregates are held together by biological products and chemical bonds, which are
essentially fragmented by tillage implements. By reducing or eliminating tillage, soil
aggregates remain intact, which results in reduced soil erosion, increased water
infiltration, and improved soil structure and function (Hobbs, 2007; Hoyt, 1986; Lal,
2004; Six et al., 1999).
Major changes occur in soil ecosystems with the elimination of tillage. The soil
food web shifts toward fungal dominance and organic matter residue becomes more
stratified (Stubbs et al., 2004). In addition, the transition to no-till increases soil
mycorrhizal associations and earthworm populations. Weed pressure is reduced because
new weed seeds aren’t brought to the soil surface. When no-till systems are integrated
with cover crops, multiple benefits to the soil and cash crops are significantly enhanced
(Kuo et al., 1997; Sainju et al., 2002; Sainju et al., 2005).
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Cover Crops
Cover crops are select plant species grown for multiple agronomic benefits: soil
protection, compaction reduction, nitrate scavenging, nitrogen fixation, biomass
production, weed suppression, or beneficial insect habitat. The term “cover crop” is used
generally and can include summer or winter crops grown for various purposes: green
manures, catch crops, nitrogen-fixation, and high-residue mulch. Cover crops have
proven to be effective at scavenging residual fall nitrate to prevent winter N leaching
(Kristensen and Thorup-Kristensen, 2004; Meisinger and Delgado, 2002; Möller and
Reents, 2009). Deep rooting catch crops can reduce nitrate losses due to leaching up to
95% when compared with fallow plots (Cooper et al., 2017).
While cover crops are universally recognized as an N sink, their biomass residue
can be an N source for subsequent cash crops. In general, the main sources of nitrogen
are supplemental fertilizer, soil organic matter, and decomposing plant residue (from cash
crop or cover crop). Soil organic matter mineralizes with biological activity at moderate
temperatures and sufficient soil moisture. Plant residue, from previous cash crops or
from cover crops, decomposes at rates dependent on temperature, moisture, and pH.
Cover crops can serve to mediate N, from soil excess to plant sufficiency under the right
circumstances and conditions.
The key to maximizing benefits from cover crops is to identify agricultural
production goals based on soil requirements, climate, season, and chemical management.
Based on these goals, appropriate species can be selected to serve those purposes. Fallplanted forage radish (Raphanus sativus L. longipinnatus) establishes quickly, suppresses
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weeds, and scavenges soil nitrate and other nutrients from deep in the soil profile
(Lawley et al., 2012; Weil and Kremen, 2007; Weil et al., 2009).
Use of forage radish as a cover crop has become popular in a wide range of
climates, from the Mid-Atlantic to the Midwest. In Massachusetts, vegetable growers
have been experimenting with forage radish cover crops as an alternative to high-residue
winter rye (Secale cereale L.) or hairy vetch (Vicia villosa L.). These high residue cover
crops can create cold, wet soil conditions that delay planting in spring. Rye residue must
be managed and terminated within a narrow timeframe, between flowering and
pollination, which can be impossible if soils are highly saturated. Large amounts of
decomposing cover crop residue can immobilize nutrients and cause poor
synchronization of N mineralization with succeeding crop’s demand (Dabney et al.,
2001). When cash crops rely on N from cover crop residue, N immobilization reduces
cash crop yields (Wells et al., 2013).
Radish Cover Crops
The no-till movement has adopted forage radish cover crops because of minimal
residue-management requirements, compaction reduction, soil water conservation, weed
suppression and nitrogen cycling. The taproot of radish rapidly grows down to 2.4 m
depth, removing nitrogen from deep in the soil profile (Dean and Weil, 2009; Kristensen
and Thorup-Kristensen, 2004; Thorup-Kristensen, 2000). Forage radish scavenges more
residual soil nitrate and phosphorus, and produces more fall biomass (3,500 kg ha-1)
compared to commonly used winter rye (2,680 kg ha-1) (Dean and Weil, 2009).
Forage radish plants winter-kill only when temperatures are sub-freezing for
several days (Dean and Weil, 2009; Lounsbury and Weil, 2014). The radish biomass
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continues to protect the soil from rain and wind over winter, even after freezing
temperature terminates its growth. In spring, forage radish residue, which contains low
lignin, decomposes quickly. Where the fleshy roots grew, large ‘pores’ remain that
improve water infiltration rates to prevent runoff (Chen and Weil, 2010).
One disadvantage of forage radish is its low carbon to nitrogen ratio (C:N ratio),
ranging from 14:1 to 18:1(Schomberg et al., 2006). This results in fast decomposition and
release of nutrients in early spring prior to the growth of the succeeding crop (Trinsoutrot
et al., 2000). More specifically, if the nitrogen released by decomposition is not
synchronized with the nitrogen demand of the spring planted cash crop, the result
contributes to nutrient pollution and financial loss. Mixing forage radish with grass cover
crops, which are rich in carbon, is a sound strategy to adjust the C:N ratio of cover crop
residue (Dabney et al., 2001).
Mixtures Versus Monocultures
Multi-species cover crop mixtures have the potential to expand the agroecosystem
benefits compared to single species cover crops. Under the right conditions, mixtures can
increase SOM, improve C:N ratio of residue, diversify soil biology, and reduce weed
density. Complementary root structure (both tap-rooted and branching) and
complementary plant architecture (both broadleaved and grasses) can provide elasticity
that enable mixtures to adjust to stressors such as weed pressure or weather conditions
(Kunz et al., 2016).
Polyculture cover crop biomass can out-yield monocultures, with a few
exceptions such as winter rye (Finney et al., 2016; Messiga et al., 2016). Grass species in
a mixture outperform those in monoculture (Murrell et al., 2017). Legume/grass
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bicultures increased dry matter production compared to monocultures, with only slight
reductions in N availability compared to legume monocultures (Ranells and Wagger,
1996). In low-residue cover crops, it is hypothesized that a mixture of species with
complementary traits, such as growth habit or phenology, can enhance ecosystem
services, including aggregate protection, nutrient uptake, and weed suppression (Finney
et al., 2016). Creamer et al. (1997) experimented with winter-hardy cover crop mixtures
that would improve C:N ratios, and provide erosion control and weed suppression in notill vegetable production. They found that mixtures including winter rye, hairy vetch,
crimson clover and/or barley met those criteria successfully in Ohio.
Cover Crops in No-Till Production
The integration of no-till and cover crops can be essential for yield increases and
soil health benefits. No-till systems do not intrinsically sequester C or increase SOM,
which are important for long-term soil health and productivity. In order to add carbon
and OM, no-till systems need to be integrated with winter cover crops (Blanco-Canqui et
al., 2015; Kuo et al., 1997; Sainju et al., 2002; Snapp et al., 2005). In a no-till
corn/soybean system, winter cover crops improved soil physical properties and helped
better cycling of N and P (Villamil et al., 2006). Though no-till maintains SOM levels,
additional carbon inputs, such as cover crops or manure, are needed to actually increase
SOM (Kuo et al., 1997).
There are challenges that come with the transition to no-till. There are two to
three years of yield lag following the transition to no-till as soil aggregates and microbial
communities adjust (Stubbs et al., 2004). Management of weeds becomes critical in notill systems because cultivation can no longer be used as a management tool.
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Not every crop is suitable for no-till. Corn, soybeans, wheat, and cotton are the
major crops that can be successfully grown on a large scale. Some vegetable crops, like
squash, cabbage, and tomatoes, have been successfully grown no-till (Hoyt et al., 1994).
However, crops that require a fine seedbed (carrots, greens, lettuce) or a furrow for
planting (potatoes, sweet potatoes) have not been successfully grown using field-scale
no-till techniques.
Sweet corn is a vegetable crop well-adapted to no-till production (Groff, 2006;
Mohler, 1991). It is possible that by integrating low-residue forage radish cover crop
mixtures with no-till production, farmers could reduce fertilizer and herbicide inputs
while maintaining or improving sweet corn yields.
Increasing Sustainability in Sweet Corn
In 2015, sweet corn was planted on 4,730 hectares across New England–about
10% of total vegetable production (USDA-NASS, 2016). In this region sweet corn is
commonly grown without supplemental irrigation as long as soil texture is not too sandy
(Dicklow and McKeag, 2016). Early sweet corn (Zea mays L. rugosa) in New England
garners a price premium and draws customers to roadside stands, but production comes
with challenges of weeds, frequent tillage and high rates of fertilizer applications
(Galloway and Weston, 1996).
Sweet corn requires is sensitive to nitrogen stress and requires soil temperatures
above 16 °C for successful emergence. Due to these characteristics, it has been difficult
to use traditional high-residue cover crops, such as winter rye, in sweet corn production
systems. After winter-killed forage radish, the soil surface is relatively residue-free,
making it optimal for direct seeding in a no-till system. Large radish root channels
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provide excellent water infiltration and warmer soil temperature for early planting
(Lounsbury and Weil, 2014).
Like field corn, sweet corn is considered a high nitrogen-demanding crop. The
New England Vegetable Management Guide recommends applying 112 to 145 kg ha-1 of
nitrogen fertilizer to achieve optimum yields (Dicklow and McKeag, 2016). At planting,
45 kg N ha-1 should be applied in a band (unless soils are very sandy), and the remainder
applied at side-dress when corn reaches approximately 25 cm tall.
The seasonal timing of sweet corn fits very well with N recycling from latesummer or fall-planted cover crops. Fall cover crops can capture residual soil N and
recycle that to the following crop to potentially reduce the amount of required N fertilizer
(Isse et al., 1999). Forage radish cover crops can immobilize 75 to 250 kg N ha-1
(Lounsbury and Weil, 2014), which could potentially meet the nitrogen needs of sweet
corn if synchronized with the crop’s demand. The nitrogen dynamics of cover crops are
complicated and vary depending on soil type, cover crop, and climate. In a Canadian
study, oats (Avena sativa L.), oilseed radish and a mixture of radish and rye increased
sweet corn profitability compared with no cover crop (O'Reilly et al., 2012). However,
those cover crops did not increase plant available N compared with no cover crop.
Research suggests that cover crops may improve sweet corn yield, not only by
reducing weed pressure, but also by increasing competitiveness against growing weeds
(Carrera et al., 2004). (Burgos and Talbert, 1996) found that cover crops of hairy vetch,
wheat and rye reduced the emergence and yield of no-till sweet corn. However, the use
of cover crops allowed the use half rates of atrazine and metolachlor without reducing
yields compared to full rate herbicide.
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Weed Management in Sweet Corn
Sweet corn is highly sensitive to weed competition due to it’s limited root system
(Williams, 2008). Research has shown that cover crops can significantly reduce weed
emergence in sweet corn production (Galloway and Weston, 1996; Griffin et al., 2000;
Peachey et al., 2004). Of ten cover crop treatments over four years, forage radish was the
only one that, compared to a weedy fallow, reduced fall weed biomass by 89-97%
regardless of dominant fall weed species, from grasses (Digitaria spp.) to broadleaf
species (Portulaca oleracea L. and Amaranthus retroflexus) (Hodgdon et al., 2016).
Kunz et al. (2016) reported that monoculture forage radish, and a mixture including
radish, decreased weed biomass by 60 and 66% respectively. The weed suppressive
effect is limited to winter and early spring periods and does not carry though the main
growing season (Lawley et al., 2011). However, research on weed emergence dynamics
following mixtures of winter-killed cover crops is not well documented. If winter-killed
multi-species cover crop mixtures produce enduring residue, it may enhance weed
suppression.
Rationale
Most of the published research regarding forage radish has been conducted in the
mid-Atlantic region, where it does not always winter kill and where spring cash crops are
often planted in early March. There is insufficient research documenting the benefits and
limitations of forage radish in colder Northeastern climates. Given the short northern
growing season, cover crops must be planted earlier to efficiently scavenge nutrients and
quickly establish a leaf canopy to suppress weeds. Additionally, spring decomposition of
cover crop residues occurs at lower temperatures beginning in April, compared to

10

February in the mid-Atlantic region. Reports indicate that a mixture of cover crops rather
than a single species can provide better services including weed suppression and natural
fertility of soils (Bybee-Finley et al., 2016; Finney et al., 2016; Wendling et al., 2016).
Research is needed to measure the effects of forage radish-based cover crop mixtures on
soil nutrient cycling, weed growth, and yield response in a Northeastern production
system. No-till sweet corn production affords complementary timing to integrate these
winter-killed cover crop mixtures.
Objectives
The objective of this research is to develop an integrated system for no-till sweet
corn production that utilizes the nutrient cycling and weed suppressive benefits of forage
radish cover crop mixtures to benefit sweet corn yields and soil health. Cover crop
mixtures should improve carbon additions to contribute to long-term SOM stabilization.
Low- to medium-residue cover crop mixtures will not present the management challenges
in terms of soil temperature reduction or spring residue management. These cover crop
mixtures should scavenge more fall N, thereby recycling inorganic N to the sweet corn
cash crop the following spring and summer. Ideally, this would result in fertilizer savings
to reduce costs for the farmer and reduce the environmental risk of N leaching.
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CHAPTER 2
CREDITING COVER CROP MIXTURES FOR NO-TILL SWEET CORN YIELD
AND QUALITY
Nitrogen (N) is usually a critically limiting nutrient in crop production and can be
difficult to efficiently manage in soil. Applied N fertilizer is prone to leaching, which
contributes of environmental pollution and economic loss (Meisinger and Delgado, 2002;
Weinert et al., 2002). Improved management practices focusing on enhancement of soil
biological activity result in natural soil fertility, reduced N fertilizer loss, and thus
increase N use efficiency. Integrating cover crops into a system along with reduced
tillage and improved synchronization of N inputs with crops’ demands are among
effective methods to improve N management (Blanco-Canqui et al., 2015; Meisinger and
Delgado, 2002; Snapp et al., 2005).
Farmers increasingly transition to no-till production as an effective way to reduce
soil erosion, increase water infiltration, improve nutrient management, decrease tractor
labor, and boost soil health (Drinkwater et al., 2000; Six et al., 1999; Triplett and Dick,
2008). Tillage can harm some of the most important soil functions, in particular soil
aggregates and soil organic matter (SOM) (Reeves, 1997). Research indicates that no-till
practices decrease soil erosion, increase water infiltration, improve soil structure and
function, and stabilize soil aggregates (Hobbs, 2007; Hoyt, 1986; Lal, 2004; Six et al.,
1999). In addition, major changes occur in soil ecosystems with the elimination of
tillage. The soil food web shifts toward fungal dominance (Stubbs et al., 2004) and SOM
builds slowly over time as a result of increased microbial biomass and reduced OM
oxidation (Kallenbach et al., 2016; Six et al., 2004). A major limitation of no-till systems
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is that they do not inherently sequester C or increase SOM, which are important for longterm soil health and productivity. In order to add carbon and OM, no-till systems need to
be integrated with winter cover crops (Blanco-Canqui et al., 2015; Kuo et al., 1997a;
Sainju et al., 2002; Sainju et al., 2005).
Winter cover crops are planted in early fall and are either winter-killed by cold
temperatures or are winter hardy, resuming growth in spring. These cover crops can
effectively serve multiple functions to improve N cycling while protecting soil from
erosion, reducing compaction, supporting soil biological activity, and suppressing weeds
(Blanco-Canqui et al., 2015; Gabriel et al., 2016; Kuo et al., 1997b). Cool season cover
crops are crucial in regions with short growing seasons, such as the Northeast, to protect
soil health and sustainability.
In soils with high concentrations of N, non-legume cover crops can provide
effective nitrate scavenging following a cash crop (Dabney et al., 2001; Hashemi et al.,
2013; Kristensen and Thorup-Kristensen, 2004a; O'Reilly et al., 2012). If soil is low in
residual N, legume cover crops can actively fix atmospheric N and immobilize it in the
plant tissue (Drinkwater et al., 1998; Gabriel et al., 2016; Sainju et al., 2005).
In vegetable production systems, fall-planted cover crops can scavenge on
average 40 to 200 Kg N ha-1 with the higher range following high residual N crops, such
as potatoes (Dabney et al., 2001; Dabney, 2010; Hashemi et al., 2013; Jahanzad et al.,
2017; Wendling et al., 2016). Cover crop capacity for nitrate scavenging is related to
root depth but not density (Kristensen and Thorup-Kristensen, 2004a; Thorup-Kristensen,
2000; Thorup-Kristensen, 2001) as well as the initial N status of the soil and the date of
planting. In short-season regions like the Northeast, it can be challenging to get winter
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cover crops planted in time for sufficient growth. If planted in late August through
September, cover crops are likely to take up 17 to 78 kg N ha-1 (Dabney et al., 2001;
Hashemi et al., 2013; Murrell et al., 2017). When the cover crop is winter-killed or
otherwise terminated, plant biomass decomposes and organic N is recycled to the
subsequent crop through mineralization (Cabrera et al., 2005; Jahanzad et al., 2016).
Winter rye (Secale cereal L.) is the most common cover crop in the Northeast
used for fall nitrate scavenging and soil protection. It establishes well even quite late in
the fall, is winter-hardy, and resumes growth in spring to produce high rates of biomass.
However, large amounts of cover crop residue on the soil surface in spring can cause
adverse cropping conditions by insulating the soil surface, trapping soil moisture, and
interfering with seed placement(Teasdale et al., 2008). Especially in areas with a short
growing season excess soil moisture and cool soil temperatures delay planting (Teasdale
and Mohler, 1993; Wells et al., 2013), which may compromise crop yield and reduce
revenue.
In several studies, forage radish (FR) (Raphanus sativus L. longipinnatus) showed
greater capacity for N uptake and immobilization compared with commonly used cover
crop species (Hodgdon et al., 2016; Kristensen and Thorup-Kristensen, 2004a). The notill movement has adopted forage radish cover crops because of minimal residuemanagement requirements, effective compaction reduction, soil water conservation, weed
suppression and nitrogen cycling (Lawley et al., 2011). The fleshy root and penetrating
taproot of radish grows to 2.4 m deep and removes nitrogen and other nutrients from deep
in the soil profile (Dean and Weil, 2009; Kristensen, 2004; Thorup-Kristensen, 2000).
Forage radish scavenges more residual soil nitrate and phosphorus, and produces more
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fall biomass than commonly used winter rye (Chen and Weil, 2010; Chen and Weil,
2011; Dean and Weil, 2009). It winter-kills at temperatures just below freezing and a
light residue remains on the soil surface in spring, resulting in no need for spring residue
management (Lounsbury and Weil, 2014).
Vegetable growers often select winter-killed species, such as oats or peas, to
avoid potential issues with delayed planting and massive spring residue management.
Low-residue cover crop mixtures, including forage radish, may avoid creating such
adverse conditions (Lawley et al., 2011; Lounsbury and Weil, 2014; Teasdale and
Mohler, 1993).
Multi-species cover crop mixtures have the potential to expand the agroecosystem
benefits of cover crops. Mixtures can, under the right conditions, increase SOM, improve
C:N ratio of residue, diversify soil biology, improve weed suppression. Polyculture
cover crop biomass can out-yield monocultures, with a few exceptions like winter rye
(Finney et al., 2016; Messiga et al., 2016). In terms of biomass production, grass species
in a mixture outperform those in monoculture (Murrell et al., 2017). The combination of
legume and non-legume cover crop species may reduce potential N leaching and adjust
the timing of N-mineralization relative to crop uptake (Tonitto et al., 2006).
Complementary root structure and plant architecture can help mixtures adjust to weather
conditions and nutrient availability (Berendsen et al., 2012; Finney et al., 2016; Gardner
and Sarrantonio, 2012).
In low-residue cover crops it is hypothesized that a mixture of species with
complementary traits (eg. growth habit or phenology) can enhance ecosystem services,
such as aggregate protection, nutrient uptake, and weed suppression (Finney et al., 2016).
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Creamer et al. (1997) experimented with numerous species for cover crop mixtures in
order to improve C:N ratios and weed suppression in no-till vegetable production.
Sweet corn is well-suited to no-till production (Galloway and Weston, 1996). The
seasonal timing of sweet corn growth and development fits well with N recycling from
winter-killed low residue cover crops (Isse et al., 1999). It has been documented that
cover crops can improve sweet corn growth, not only by reducing weed pressure, but also
through improving soil function and nutrient cycling (Burgos and Talbert, 1996; Carrera
et al., 2004; Cline and Silvernail, 2002; Griffin et al., 2000; Lawson et al., 2012; O'Reilly
et al., 2011). However, the effect of cover crops on sweet corn yield has been
inconsistent in the literature (Carrera et al., 2004; Isse et al., 1999). In part this is due to
the variations in cover crop type, planting date, and the soil history at the experimental
site.
Both the amount of N and the timing of availability are important for successful
sustainable corn production. The New England Vegetable Management Guide
recommends an application of 45 kg N ha-1 (40 lbs N ac-1) at planting, plus 67 to 100 kg
N ha-1 (60 to 90 lbs N ac-1) as sidedress, for sweet corn depending on results of a presidedress nitrate test (PSNT) (Dicklow and McKeag, 2016). When cover crop
mineralization is a significant N source, it’s difficult to quantify how much and when the
cover crop N is available to the succeeding cash crop because it is influenced by
temperature, moisture, soil contact, and carbon-to-nitrogen ratio (C:N) of the crop
residue.
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Hypotheses
We hypothesized that:
1) Cover crop mixtures will produce more biomass dry matter than FR monoculture
or weedy control;
2) Winter-killed cover crop mixtures will not reduce spring soil temperature and
thereby will not prevent timely spring planting;
3) Cover crop mixtures will improve synchrony between N release and corn uptake;
4) Sweet corn yield will be will be higher following cover crop mixtures.
Objectives
The objective of this research was to develop an integrated system for no-till
sweet corn production that can efficiently utilize the nutrient cycling and weed
suppressive benefits of forage radish cover crop mixtures. CC mixtures should improve
carbon additions to contribute to long-term SOM stabilization. Low- to medium-residue
CC mixtures will not present the management challenges in terms of soil temperature
reduction or spring residue management. These CC mixtures should scavenge more fall
N, thereby recycling inorganic N to the sweet corn cash crop the following spring and
summer. Ideally, this would result in increased yields, fertilizer savings, and reduced
production costs for the farmer, in addition to the reduced risk from nitrate leaching to the
environment.
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Materials & Methods
Experimental Site
Two field experiments were conducted at the University of Massachusetts
Amherst Crop, Animal, Research and Education Farm in South Deerfield, MA (lat.
42°47’N, long. 72°58’W). Soils at the research farm are characterized as coarse-silty,
mixed, superactive, nonacid, mesic Typic Udifluvents (Hadley series). Mean annual
precipitation at this site ranges from 940-1300mm (37-51 inches). The mean annual
temperature is 3-10.5 ˚C (37-51˚ F). The selected research site had previously been untilled for 3 years and planted with buckwheat the summer prior.
Table 1: Precipitation and Growing Degree Days (GDD) for experimental
sites. GDD=Σ (Tmax-Tmin)-Tb where Tmax and Tmin are daily maximum and
minimum temperatures, respectively, and Tb is base temperature. For cover
crop mixtures Tb was set as 4°C and for sweet corn Tb was 10°C.
Precipitation (mm)
Growing Degree
Days
Cover
2014
2015
20 yr
2014 (GDD40)
Crops
avg
2015
Aug
103
95
90
875
975
Sep
29
167
106
682
805
Oct
126
58
107
416
310
Nov
77
47
77
71
183
Dec
96
104
84
11
76
Total
431
470
464
2055
2348
No Crop/
2015
2016
20 yr
2015
2016
Winter
avg
Jan
80
42
67
0
3
Feb
24
106
67
0
30
Mar
40
68
89
3
130
Apr
50
40
77
186
215
Total
194
256
300
189
378
Sweet
2015
2016
20 yr
2015 (GDD50)
Corn
avg
2016
May
35
57
84
418
270
Jun
189
27
112
451
499
Jul
121
43
90
659
706
Total
345
127
286
1527
1475
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Treatments
Treatments consisted of three cover crops including forage radish (FR) (Raphanus
sativus L. longipinnatus), a mixture of oats (Avena sativa L.) and forage radish (OFR), a
mixture of peas (Pisum sativum subsp arvense L.), oats, and forage radish (POFR), and a
control treatment of local weeds (NCC) (Table 2).
Table 2: Cover crop seeding rates for 2014 and 2015.
Cover crop treatment
Seeding rate (kg ha-1)
Forage radish (FR)

7.8 kg ha-1

Oats & forage radish (OFR)

56.0 kg ha-1 & 3.4 kg ha-1,
respectively

Peas, oats, and forage radish
(POFR)

50.4 kg ha-1, 33.6 kg ha-1,
& 2.2 kg ha-1, respectively

Selection of cover crops was based on following justifications:
1- Forage radish has become popular in recent years, planted either as monoculture
or mixture, for nitrate scavenging and weed suppression.
2- Oats are the most common grass cover crop used by vegetable growers in New
England. Oats produce high biomass, are winter killed, and can adjust the C:N
ratio in a mixed cover crop.
3- Peas were included for the ecological benefits of legumes, including increasing
soil microbial population thus increased soil organic matter, fixation of
atmospheric N, and low soil C:N ratio.
4- All species in these cover crop mixes are winter-killed in New England’s weather
condition, therefore simplifies spring residue management.
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The experimental design was a randomized complete block, with split-plots,
replicated four times. Main plots consisted of four cover crop treatments described
above. Sub-plots were assigned to in-season N fertilizer application rates to sweet corn.
Cover crop treatments in October 2016. From left to right: FR (forage
radish); OFR (oats and forage radish); POFR (peas, oats and forage
radish); and NCC (no cover crop) control.

Cover crops were planted August 23, 2014 and August 24, 2015 (Table 3) using a plot
cone seeder (Vogel, 1978). Seeding rates are indicated in Table 2. Plots were 8.5 m by 9
m in order to accommodate 9 rows of sweet corn with sufficient buffer area. Control
plots (NCC), were not seeded and existing natural weed population was allowed
to establish and grow until they winter-killed.
Cover crop biomass was measured just prior to winter-kill, approximately late
November (Table 3). Plants were cut at the soil line and then separated by cover crop
species or weeds. The fleshy tuber of forage radish was also sampled as it contributes
significantly to total biomass and is dissimilar to root biomass of peas and oats.
Harvested cover crops were dried separately at 40°C in a forced-air oven until they
reached a constant mass. Control plots were also sampled for weed biomass. Cover crop
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residues were analyzed at the UMass Soil and Plant Nutrient Testing Laboratory for
measurement of carbon (C) and nitrogen (N) content.
Table 3. Field activity at UMass Research Farm, S. Deerfield, MA.
Site Year 1
Site Year 2
Field Activity
2014-15
2015-16
Cover crop planting

August 23

August 24

Cover crop biomass
sampling (just prior to
winter-kill)

Nov 10

Nov 24

Soil temperature
measurements

April 15-May 7

April 25-May 12

Sweet corn planting

May 7

May 12

Herbicide application to
sweet corn plots

May 8

May 9

Sampling for PSNT and
corn tissue N%

June 14

June 13

Supplemental N fertilizer
application to sweet corn

June 18

June 15

April 27

April 18

May 18

May 13

June 18

June 14

August 3

August 4

July 30 and August 1

July 28 and August 3

Soil nitrate sampling

Sweet corn harvest

In April, as soils began to warm, soil temperature was monitored using Fisher
Scientific Traceable Hi-Accuracy Digital thermometer at the same time each day for
several weeks until the average soil temperature approached 16 °C. Prior to corn
planting, plots were sprayed with a tank mix of burn down herbicide and pre-emergence
herbicide. Rates were as follows: glyphosate (N-phosphonomethyl glycine) at 864 g a.i.
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ha-1 and Lumax (S-metolachlor, 321 g a.i. L-1; Atrazine 32 g a.i. L-1; and Mesotrione g
a.i. L-1) at 5.8 L ha-1. At soil temperature of 16 °C, sweet corn (Zea mays L. rugosa var.
‘Trinity’) was no-till planted at an estimated population of 64,000 seeds per hectare.
Three nitrogen fertility treatments were used to examine the synchrony between
nutrient release from decomposing cover crop and the uptake by sweet corn. Nitrogen
treatments consisted of application of 0 kg N ha-1 as the control, 28 kg N ha-1 at sidedress,
and 56 kg N ha-1 split equally between planting and sidedress (approximately 25 cm tall).
Urea fertilizer (46% N) was hand applied. We selected lower rates of fertilizer
application than recommended for sweet corn (an average of 130 kg N ha-1) in order to
assess the N contribution of cover crop residue to sweet corn.
Soil samples were taken at 3 depths (0-20 cm, 20-40 cm, and 40-60 cm) every
four weeks from April through August. Three soil cores were taken at each depth from
each plot, and then bulked. Samples were air-dried for 2 to 3 days. Nitrate and
phosphorus were extracted using Modified Morgan solution and analyzed by colorimetric
determination using flow injection analysis (QuickChem 8000, Lachat Instruments).
When corn plants were approximately 30 cm tall, two different soil samples were
taken for measuring Pre-Sidedress Nitrate Test (PSNT) and soil respiration. For PSNT
measurement, three soil cores per plot were taken at 0-30 cm depth and air dried before
extraction with calcium chloride solution for colorimetric determination of nitrate
(Heckman et al., 1995). Soil respiration, as an indicator of microbial activity, was
measured following the Solvita testing protocol: basal respiration and CO2 burst (Woods
End Laboratory, Woods End, ME).
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When sweet corn plants reached V5 stage, tissue was sampled to determine N
concentration. Eight sweet corn plants were cut at the base and dried in a forced-air oven
at 40 °C until a constant weight was reached. Tissue was ground and analyzed for C and
N at the UMass Soil and Plant Nutrient Testing Laboratory.
At maturity, sweet corn was hand harvested. Sweet corn yield, number of
marketable ears and ear fresh weight, were assessed in samples harvested from six linear
meters (4.5 m2) per subplot. Three ears were randomly selected to measure ear length
and percent tip-fill as criteria for sweet corn quality.
At harvest, the corn stalk nitrate test (CSNT) was performed to evaluate end of
season nitrogen sufficiency test. Three stalks from harvested plants in each subplot were
randomly chosen. A 20 cm segment of stalk was cut starting 15 cm above ground level.
Stalks were dried in a forced-air oven at 40 °C for a week. Corn stalks were ground and
extracted with 2% acetic acid solution for colorimetric determination of nitrate (Fox et
al., 1989).
Statistical Analysis
Data were analyzed using the general linear model (GLM) procedure of SAS 9.4
(SAS Institute, Cary, NC) with cover crop and N fertilizer as fixed effects and replicate
as random effect. Tukey’s HSD was used for means comparisons of cover crop effects.
Linear regression analysis was used for yield data means comparisons of N fertilizer.
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Results and Discussion
Aboveground Cover Crop Biomass
Cover crops were established successfully both years. However, dry matter
produced in the two years of study was statistically different. Analysis of aboveground
cover crop biomass indicated a significant difference in treatment by year interaction;
therefore, data from each year was analyzed and presented separately.
In 2014, aboveground biomass was 11% greater than in 2015, averaged over all
cover crop treatments. Weather conditions in both years may have significantly affected
biomass production. In September and October 2014, precipitation and rainfall were
ideal for plant growth, with sufficient rain and moderate GDD (Table 1). In September
2015, greater than average rainfall may have had a negative impact on biomass
production. During this time cover crops were establishing and saturated soil conditions
can inhibit root growth. While seasonal GDD in the fall of 2014 was similar to the norm
for the location, calculated GDD for 2015 was approximately 20% higher than the norm
for the experimental site.
At winter-kill in 2014, OFR out-yielded FR monoculture by roughly 2.5 Mg ha-1
(Figure 1). Although biomass produced by POFR and OFR were not statistically
different, OFR produced 23% more dry matter than POFR. When grown as monoculture,
FR produced a moderate amount of aboveground dry matter which was 47% lower than
OFR but still produced 67% more than NCC. However, in 2015 there were no significant
differences between POFR, OFR and FR dry matter production, which ranged from 3.3
Mg ha-1 (FR) to 4.0 Mg ha-1 (POFR).
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Figure 1. Aboveground cover crop biomass measured in November prior to
winter-kill.
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
Aboveground dry matter produced by FR in current study is on the lower end of
the published range, partly because of fewer accumulated GDD prior to winter-kill and
partly due to low starting residual soil N. Lounsbury and Weil (2014) reported a range of
3.2 to 5.5 Mg ha-1 over 4 site years, while Wendling et al. (2016) reported an average of
6.3 Mg ha-1. The experimental site in current study had been left fallow prior to planting
with low soil N and received a minimal application of 28 kg N ha-1 at the planting time.
Under more similar low residual N conditions to this experiment, Murrell et al. (2017)
reported 2 Mg ha-1 aboveground FR dry matter averaged over three years.
In regard to OFR, Lounsbury and Weil (2014) reported a range from 4.6 to 6.0
Mg ha-1 dry matter, which is comparable to the results obtained in this experiment.
However, information about aboveground biomass of a pea, oat, and radish mixture
(POFR) is limited. In general legumes are less productive compared with non-legumes,
so the inclusion of a legume in a mixture may reduce total dry matter production.
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However, beyond productive biomass, mixed legume-grass cover crops are known for
improvement of soil carbon deposition and soil biology, which improves crop yield.
Therefore the ecological benefits of cover crops may not necessarily derive from higher
biomass production.
As expected, NCC accumulated lower biomass than actual cover crop treatments,
despite that those are characterized as “low residue” cover crops. Overall, weed biomass
in this study ranged from 1.0 to 2.5 Mg ha-1, which was average to slightly lower than
weedy control plots in other published reports. For example, Lounsbury and Weil (2014)
reported 1.7 to 3.7 Mg ha-1 weed dry matter. Similarly, Grimmer and Masiunas (2004)
reported 1.7 Mg ha-1 weed dry matter.
Cover crop mixtures did not yield more aboveground dry matter than sole FR,
which is in agreement with (Finney et al., 2016), Murrell et al. (2017), and Wortman et
al. (2012). These experiments each concluded that selected mixtures did not yield more
biomass than high-yielding monocultures of the same cover crops. This research
indicates that cover crop mixture likely do not consistently produce more biomass than
monocultures. However, the advantage of mixed cover crops may relate to other
ecosystem services, such as improved soil biological activity and/or synchronous nutrient
availability to the subsequent crop (Finney et al., 2017a; Finney et al., 2017b; White et
al., 2017).
Moreover, comparison between mixed versus monoculture cover crop biomass
must take into account the phenology of the cover crop. For example, winter rye
biomass, which has been allowed to grow to maturity from September through June,
should not be compared with a cover crop that grew for only 90 days before winter-kill.
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Many published results about cover crop mixtures include cereal rye, which is winterhardy and highly competitive with other cover crop species. Cereal rye dominance has
been observed by Murrell et al. (2017) and Poffenbarger et al. (2015), such that cereal rye
constitutes a disproportionate percentage of biomass in spring compared with original fall
establishment.
We could not find a documented report that compares the biomass of winterkilled cover crops in mixtures versus monocultures. An earlier experiment at the same
research site reported field pea cover crop produced 3.1 Mg ha-1 dry matter (Jahanzad et
al., 2017). Stivers-Young (1998) reported that monocultures of oats and oilseed radish
(same genus and species as FR) each produced 3.9 Mg ha-1 dry matter in the short
Northeast fall cover crop season.
Certain ecosystem services from cover crops specifically N immobilization and
weed suppression are positively correlated with total biomass production. However,
most reports have focused on the aboveground cover crop biomass. Exclusive
consideration of aboveground biomass neglects to reflect the influence of the cover crop
roots on soil biology and nutrients recycling in the soil. Some ecological services may
not be solely derived from aboveground residue but from total biomass, including root
biomass. This is particularly important in the case of forage radish, which often produces
a fleshy tuber that stores water and nutrients and creates soil pores.
Total Cover Crop Biomass
Root biomass provides considerable ecological benefits, particularly in a no-till
system, in terms of providing substrate for microbial decomposition and earthworm
consumption, which contribute substantially to natural soil fertility and nutrient cycling
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(Austin et al., 2017; Malpassi et al., 2000). Puget and Drinkwater (2001) found that
nearly half of root-derived cover crop C remained in soils after one growing season, as
opposed to only 13% of shoot-derived C.
In the current study, total cover crop biomass consisted of aboveground biomass
plus the fleshy forage radish roots. Taproots and lateral roots were not harvested and are
not included in calculation of total cover crop biomass. When total cover crop biomass
was considered, differences amongst cover crop treatments were minimized and not
statistically significant. All cover crops produced significantly more biomass than NCC,
the weedy control (Table 4).
Table 4. Cover crop biomass characteristics at experimental site in both
years. Years analyzed separately. Treatments with different letters indicate
significant differences (Tukey’s HSD p<0.05). No letter indicates no
significant differences.
Total dry
N (g kg-1)
N in total
C:N ratio
matter
dry matter
(Mg ha-1)
(kg ha-1)
2014-15
POFR
5.39 a
23
106 a
18:1
OFR
6.45 a
20
113 a
21:1
FR
5.33 a
20
90 ab
21:1
NCC
0.98 b
23
23 b
18:1
2015-16

POFR
OFR
FR
NCC

4.81 A
4.81 A
5.14 A
2.46 B

19 B
16 B
20 AB
24 A

90 AB
79 AB
104 A
57 B

22:1 AB
25:1 A
20:1 BC
17:1 C

POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
In 2014 OFR produced the highest total dry matter (6.45 Mg ha-1), which was
16% and 17% more than POFR and FR, respectively. However, in 2015, FR out-yielded
POFR and OFR by approximately 6%. FR yield in the current study was in agreement
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with earlier published research (5.7 Mg ha-1) at the same experimental site (Jahanzad et
al., 2017). Published ranges for FR total dry matter are 2.4 to 9.4 Mg ha-1 (Lawley et al.,
2012; Lawley et al., 2011; Lounsbury and Weil, 2014). This wide range is likely due to
differences in planting date, GDD before winter-kill, and initial soil nutrient status.
A two-year study in Vermont on cover crop mixtures for short-season growth
revealed that a POFR mixture planted September 15 yielded 1.0 Mg ha-1 dry matter on
unfertilized plots and 1.4 Mg ha-1 on plots which had received manure in fall (Carter et
al., 2015). This low dry matter yield could be partly due to 35 days less growth
compared to our study. In contrast, an OFR mixture in Maryland produced 7.2 Mg ha-1
dry matter (averaged over four site years) under high soil fertility conditions (Lounsbury,
2013). Low soil residual N will limit biomass production and consequently potential
cover crop nitrate scavenging.
In the current study, limited N availability in the soil during cover crop growing
period may have reduced dry matter production both years, especially in 2015 when
higher precipitation during cover crops establishment may have leached soil N (Table 1).
As a result, total FR biomass was in mid-range and was more similar to a no-till study
conducted on a sandy soil in Maryland, where FR cover crop produced 2.4 to 5.1 Mg ha-1
dry matter (White and Weil, 2011).
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Figure 2. Total cover crop dry matter by species, including FR roots, for
2014 and 2015.
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish
Species composition of cover crop mixtures depends on seeding date and plant
response to soil and environmental conditions. In general, plants store 80-90% of total N
in leaves, and 10-20% in roots (Wendling et al., 2016). When a cover crop species like
forage radish produces a significant amount of root biomass, both the proportion of
species in the mixture and the proportion of root to shoot could potentially play a
significant role in N sequestering. We observed that the percentage of total biomass
comprised of peas was only 8% in both years. Considering that peas were 58% of the
total seed weight of the mix at the planting, the results clearly shows that the selection of
peas in a mix cover crop recipe should be carefully determined for an economic sound
species selection. The contribution of peas to the total nitrogen accumulation of mix
cover crop was not significant as was expected. In the POFR mixture, the oat fraction
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ranged from 34% to 43% of the total. In the OFR mixture, the oat fraction ranged from
58% to 47% of the total biomass, indicating some dominance over the FR growth. The
proportion of FR leaves to FR roots was higher across all treatments in 2014, under ideal
growing conditions with low soil N status, when plants had to actively scavenge N from
the soil.
These agree with the findings of Murrell et al. (2017) that both forage radish and
Austrian winter peas underperformed in mixtures that included winter-hardy species.
The same study concluded that oats, and grasses in general, yielded more than expected
in mixtures, if given sufficient time to grow in fall (planted in late August). Because
treatments in our study did not include oat or pea monocultures, we are not able to
evaluate the performance of species in the mixtures versus monocultures. However,
POFR and OFR mixtures had more aboveground biomass than FR, which might be an
advantage for nutrient cycling. Leaves generally contain and immobilize more N than
roots. The characteristics of cover crop mixture residue require further investigation.
Cover Crop Carbon and Nitrogen Content
In systems where a cash crop is primarily dependent on N mineralization of cover
crops residue, the principal factors of N availability are the total N concentration and C:N
ratio of the plant materials (Kuo and Sainju, 1998; Ranells and Wagger, 1996).
The more total biomass N is immobilized over the winter in plant tissue, the more
N is potentially released through decomposition in spring and summer. POFR had the
highest N concentration in both years, compared with other cover crop treatments (Table
4). Specifically, in 2014 POFR accumulated 13% higher N compared with OFR and FR.
In 2015 the N concentration in POFR was similar to FR, but still 15% higher than OFR.

36

The higher total biomass N concentration of the POFR mixture is not surprising since
peas as a legume cover crop is capable of fixing atmospheric N. Interestingly, the NCC
accumulated more N per kg dry weight than the averaged cover crop treatments. This
finding confirms other reports that weeds are more effective nutrient scavengers than
crops, especially in low residual N conditions (Qasem, 1992).
Using fall biomass dry matter and nitrogen concentration, we estimated the total
N yield of cover crop treatments prior to winter-kill (Table 4). In fall 2014, OFR biomass
accumulated 113 kg N ha-1, which was 6% more than POFR and 21% more than FR.
This was primarily a result of high biomass yield of OFR that season. In 2015, N yield
was highest in FR residue as a consequence of having both the highest N% and the
highest dry matter yield. FR residue produced 14% and 24% more N yield than POFR
and OFR, respectively.

Dry$ma'er$N$(kg$ha.1)$
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Figure 3. Nitrogen in total cover crop dry matter, November 2014 and 2015.
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
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In theory, even if all the cover crop N were recycled to the following sweet corn
without loss, it still would not meet the N sufficiency threshold of 112 to 145 kg N ha-1 of
sweet corn as recommended by New England Vegetable Management Guide (Dicklow
and McKeag, 2016). Winter-killed cover crop residue loses N as a result of residue
displacement (wind or erosion), and N leaching during early spring decomposition or
fractionation. Stivers-Young (1998) found that over-winter losses of biomass and N were
greater in brassicas than in oats. It is estimated that 24 to 54% of the N in winter-killed
cover crop tissue can be lost prior to being absorbed by the cash crop (Malpassi et al.,
2000). Therefore, not only the quantity of contributory N, but also the timing of N
availability to the succeeding crop plays an essential role in optimizing cover crop N
recycling.
The rate of residue decomposition is regulated primarily by its C:N ratio and
environmental conditions (Tonitto et al., 2006; White et al., 2017). Ideally, residues
should have a C:N ratio less than 24:1 for in-season N mineralization into plant available
form. Higher C:N ratio residues decompose slowly, due to limited N availability and/or
complexity of C such as lignin content, and can lead to immobilization of N in the soil
profile. Residues with a low C:N ratio decompose more quickly, sometimes prematurely,
before the cash crop can remove it from the soil, which intensifies the N loss and
environmental risk of pollution.
In 2014, the C:N ratio of fall OFR and FR residues were 21:1 which was higher
than both POFR and NCC however the difference was not statistically different (Table 4).
In 2015 there were significant differences between C:N ratios of the cover crops residues
which ranged from 25:1 (OFR) to 17:1 (NCC). The average C:N ratio for OFR was still
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precisely in the range for timely mineralization of N by microbial decomposition without
a risk of early spring nitrate leaching (Constantin et al., 2011). As we hypothesized,
mixing oats with FR adjusted the C:N ratio and increased it slightly thus preventing
premature spring N release. The more favorable C:N ratio of the OFR mixture compared
with FR or NCC indicates the potential of better synchrony between cover crop mixture
N mineralization and N uptake by subsequent sweet corn.
Year Effect on Sweet Corn Yield
In western Massachusetts, farmers traditionally direct seed the first succession of
sweet corn the first week of May. Timely planting is essential to ensure early harvest and
consequent price premium. Critical periods of growth for sweet corn are during rapid
vegetative growth (mid-June) when N is in high demand, and during ear filling stage
(mid-July) when adequate soil moisture is critical to maximize yield. Precipitation and
GDD differed greatly between the 2015 and 2016 growing seasons (Table 1). May 2015
was dry and hot and the experimental site received 58% less precipitation than the norm,
while GDD was 80% higher than average (Table 1). However, sweet corn uses C4 carbon
fixation pathway, and therefore is able to use water efficiently and optimize growth under
high temperature conditions. In June 2015, precipitation was 40% higher than normal
while GDD was average, which supported healthy vegetative growth of corn plants.
During July 2015, the site received 25% more rainfall than average with average GDD,
creating ideal conditions for sweet corn ear development.
New England experienced a severe drought during the summer of 2016. The
GDD were normal over the course of the summer, but the seasonal precipitation was 60%
less than the norm for experimental site. In particular, during June the site received only
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27 mm of precipitation, 80% less than normal. Since irrigation is not a common regional
practice for growing sweet corn, the severe and prolonged drought period had a profound
negative impact on growth of sweet corn plants during tasseling and ear set. In July 2016
the site received less than half the usual precipitation, which likely reduced sweet corn
ear size and yield. Although it was not measured in this experiment, weed competition
may also have been a factor. Teasdale and Cavigelli (2010) found that in years with
below-average rainfall, sweet corn was more limited by weed competition than by
nitrogen availability.
Spring Soil Temperature
Many growers are concerned that high residue cover crops will delay early spring
corn planting in a climate that has a short growing season. Large amounts of biomass on
the soil surface can insulate cold soils, retain excess moisture, and lower soil
temperatures. In New England, soil temperature begins warming in early May of an
average year. Any delay in planting sweet corn can significantly reduce the prime market
price that farmers receive for an early crop. Successful sweet corn germination depends
on a minimum soil temperature of 16°C. While negative impacts of high-residue cover
crops on soil temperature are well known (Dabney et al., 2001), we hypothesized that the
low residue cover crops used in this experiment would have minimal impact on early
spring soil temperatures, and thus not delay planting.
Overall, cover crop mixtures did not significantly affect spring soil temperatures
prior to sweet corn planting (Figure 4). Although the difference among cover crop
treatment was significant around April 27 in both years, but by the sweet corn planting
date differences were less than 1 °C. As Figure 4 indicates, soil temperature gradually
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increased from 8 degrees C to around 14 degrees C and then decreased to about 9 degrees
as a result of cold weather. Soil temperature increased again by the first of May.
We did not find a significant impact of cover crop on early soil temperatures. The
cover crop treatments neither increased precocity nor delayed timely seeding. We
anticipated that the FR treatment would allow for earlier corn planting compared with
NCC, due to improved moisture drainage by large root channels, but that was not the
case.
As observed by other researchers, cover crop residue on the soil surface
moderates the amplitude of soil temperature changes (Dabney et al., 2001; Teasdale and
Mohler, 1993). Moderate to low residue on the soil surface, as in this study, may not
interfere with moisture evaporation and/or light interception, so soil warming can proceed
normally.
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Figure 4. Soil temperature as affected by cover crop treatment prior to sweet
corn planting from April 22 to May 4, 2015 and April 22 to May 8, 2016.
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
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Influence of Cover Crop on Soil Nitrate for Sweet Corn
Soil nitrate was sampled in April, May, June and the end of July to provide
periodic information of plant available N released from cover crop residue.
levels can fluctuate widely depending on rainfall, soil temperature, and
topography. To reduce variability sampling was done not within 3 days of
rainfall. Due to expected environmental variations, trends for soil nitrate
and 2016. Overall, soil nitrate was higher in 2015 (Figure 5) than 2016
(Figure 6), which is explained by higher the total cover crop biomass N and
higher background N in 2015 (

Figure 3).
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Figure 5. Soil nitrate during the 2015 growing season. Plots received no
additional N fertilizer. Green arrows indicate when sweet corn was seeded.
Red arrows indicate peak N crop demand.
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
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In April 2015, all cover crop treatments had similar amounts of soil nitrate at each
sampling depth: 6 ppm at 0-20 cm, 2 ppm at 20-40 cm, and 1 ppm at 40-60 cm. Soil in
NCC treatment had 1 ppm nitrate at all depths. At this date, the soils were just beginning
to warm up and residue decomposition was initiating. Slightly higher nitrate in cover
crop plots was likely leached from dead residues.
At the mid-May sampling date sweet corn had just germinated, so the primary
root was in the top 8 cm of the soil. FR treatments had concentrations of 17 ppm soil
nitrate in 0-20 cm, approximately 3 times that of NCC (Figure 5), whereas POFR and
OFR had approximately 2 times greater nitrate than no cover crop plots. Higher nitrate
concentration in FR plots cannot be explained by the C:N ratio. The ratio of FR biomass
averaged 21:1, which should result in slower decomposition and N release than NCC
(17:1). Other factors such as biochemical composition, physical fractionation, or higher
microbial activity may be initiating the earlier N release from FR residue.
In mid-June 2015, when sweet corn N demand is at its peak, the highest nitrate
concentrations in all cover crop plots were higher than the weedy control plots, NCC. At
this growth stage (V5-7), sweet corn rooting depth is largely concentrated within 0-20 cm
with branching roots extending into the 20-40 cm range (Kristensen and ThorupKristensen, 2004b). Cover crop plots had around 35% more nitrate in the 0-40 cm zone
than the NCC plots, while were no significant differences were detected between the
cover crop treatments.
The effective root zone of mature sweet corn, the top 50% of the rooting area, is
concentrated at 0-60 cm so plants would have been absorbing available nitrate from all
sampled depths. At crop harvest, all cover crop plots had 50% (OFR) to 60% (POFR)
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more nitrate in the root zone than NCC. No differences were seen between cover crop
treatments.
In 2016, different soil nitrate trends were observed (Figure 6). In April 2016,
sampled soil nitrate was low overall, and cover crop treatments all had similar nitrate
concentrations at all sampled depths. Cover crop plots averaged 55-63% more nitrate
than NCC (control), which likely resulted from more total N originating in cover crop
residue than the NCC residue (Table 4).
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Figure 6. Soil nitrate during the 2016 growing season. Plots received no
additional N fertilizer. Green arrows indicate date of sweet corn planting.
Red arrows indicate peak N crop demand.
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
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In mid-May 2016, soil nitrate concentrations were low and varied from 2 to 7
ppm, because the soil just began to warm and cover crop residue just started to
decompose. At all depths, nitrate concentrations were around 50% greater in cover crop
treatments compared with NCC. At this date, sweet corn had just germinated and the
primary root was less than 8 cm deep. At this growth stage, plants are initiating root
system development but not yet taking up high concentrations of nutrients.
In mid-June, at peak sweet corn N demand, OFR had a significantly higher
concentration of soil nitrate at 0-20 cm than all other treatments. At that growth stage,
sweet corn roots are concentrated in the top 40 cm. Soil in OFR plots contained around
35%, 28% and 118% more nitrate in the 0-40 cm zone than POFR, FR, and NCC plots
respectively.
At harvest in late July all treatments showed very low nitrate concentrations,
ranging from 1 to 2 ppm at each sampling depth. Generally low nitrate concentrations at
this date reflect high crop demand, which was intensified by drought conditions. Limited
water likely slowed residue decomposition and N mineralization resulting in low levels of
mineralized N at this time point.
Periodic nitrate sampling can provide perspective on plant-available N at critical
stages in crop growth. In 2015, overall FR had higher concentrations of soil nitrate at
rooting depth from mid-May to mid-June for better synchronization with sweet corn N
demand. In 2016, overall OFR and FR had more synchronized trends of N availability
and demand. These differences can’t be explained by any single factor, such as C:N ratio
or total N concentration in cover crop residue. The complexity of soil systems, from
biological activity to the influence of mulch residue, can obscure the relationships among
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many variables. However, from the soil nitrate data it was concluded that FR and OFR
do a slightly better job of stabilizing nitrate for peak sweet corn demand than POFR and
NCC. These results contradict the findings of (O'Reilly et al., 2012), which found similar
cover crops in Ontario, Canada, did not increase plant available N during the sweet corn
season compared with NCC. Those experimental sites soils were loamy sand, which may
have influenced soil nitrate dynamics.
In general, soil nitrate status is not a good predictor of vegetable yield
(Christiansen et al., 2006). However, the Pre-Sidedress Nitrate Test (PSNT) has been
used extensively to efficiently predict crop yield response to supplemental N fertilizer
(Heckman et al., 1995). PSNT measures in-season nitrate concentrations at 0-30 cm
when soil temperature is warm enough for maximum mineralization rate. If soil nitrate
concentration is lower than 25 ppm, it is likely that sweet corn yield will respond to
additional sidedressed N fertilizer. The PSNT test is more accurate for soils with
relatively high OM when moisture is adequate. Using this test, growers have a tool to
help decide whether sidedressed N is cost-effective and environmentally responsible.
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Figure 7. Photo of sweet corn plots at V5 growth stage, just prior to
sidedress N application, in June 2016.
In both years, PSNT nitrate concentrations were lower than the 25 ppm N
threshold for all treatments (Figure 8). Supplemental sidedress N fertilizer therefore was
required. The POFR and FR treatments had slightly higher concentrations of soil nitrate
at the 0-30 cm sampling depth when sweet corn usually has the highest demand for
nitrogen, but not enough to disregard the need for sidedressed N fertilizer. In this study,
the combined mineralization from cover crop residue and pre-existing soil organic matter
was not sufficient to meet the N demand of sweet corn for the entire growing season
(Figure 8).
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Figure 8. Pre-sidedress Nitrate Test (PSNT) concentrations of nitrate at V5
stage of sweet corn growth in mid-June 2015 and 2016.
POFR=pea, oat and forage radish, OFR=oat and forage radish;
FR=forage radish, NCC=no cover crop control
Soil Biological Activity
Natural soil fertility relies on biological activity in the soil to mineralize plant
residues and soil organic matter. Soil biological activity was assessed using two Solvita
tests, basal respiration and CO2 burst (Woods End Laboratories). Basal respiration
utilizes fresh field soil with natural moisture to measure biological respiration, including
microbes, plant roots and arthropods. The CO2 burst test measures CO2 release by
microbial respiration as an indicator of microbial biomass and directly tied to potential
carbon and nitrogen mineralization in fertile soils.
Solvita test results were highly variable and provided no conclusive results (Table
5). Multiple replicates of samples showed dramatic variation. Laboratory methods
supplied by the manufacturer were amended during the course of this experiment.
Consequently, the data was not considered reliable and therefore will not be discussed.
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Table 5. Solvita soil respiration test results for 2015 and 2016.
Basal
Solvita
CO2 burst
respiration Interpretation (ppm
(ppm CO2) of biological
CO2)
activity
2015

POFR
OFR
FR
NCC

21
21
26
26

Ideal
Ideal
Med/high
Med/high

37
9
18
8

Solvita
Interpretation
of N
mineralization
potential
Moderate
Low
Moderate/Low
Low

2016

POFR
OFR
FR
NCC

53
51
46
60

Med/high
Med/high
Med/high
Med/high

89
87
70
89

Moderate
Moderate
Moderate
Moderate

POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
Sweet Corn Yield
Sweet corn yield was measured both as the number of marketable ears ha-1 (Fig.
8A) and as ear fresh weight ha-1 (Fig. 8B). Average yield in both years exceeded the
regional average of 35,500 ears per hectare, except in the NCC plots in 2016 (Figure 9).
Fresh weight yield exceeded the national average of 13,000 kg ha-1 and was nearly twice
than the Massachusetts average of 7,400 kg ha-1 (USDA-NASS, 2016). Sweet corn
yields were higher in 2015 than in 2016 as a result of severe drought period during the
2016 growing season, however the difference was not statistically different by year.
Yield data from the two years was analyzed as additional replicates. Sweet corn plant
population was used as a covariate. Cover crop treatment differences were tested using
Tukey’s HSD; supplemental N fertilizer treatment effects were tested using a linear
regression analysis.
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Cover Crop Effects on Sweet Corn Yield
Marketable ears ha-1 was significantly affected by cover crop treatments
compared to the NCC control (Figure 9A). Sweet corn planted after the POFR treatment
increased yield by 20% compared with NCC. OFR and FR treatments improved sweet
corn yields 15% compared to NCC plots, but the difference was not statistically
significant. The 5% difference between POFR and OFR/FR cover crop treatments is on
average 1,700 ears ha-1, equivalent to $700 ha-1 revenue for growers, which would justify
the greater seed cost of POFR cover crop (see Chapter 4).
Sweet corn ear fresh weight ha-1 was also significantly affected by cover crop
treatments (Figure 9B). All three cover crop treatments improved sweet corn yield
compared with the NCC control, POFR by 22%, OFR by 18% and FR by 16%. The
results indicate that cover crops improve not only the number of ears per hectare, but also
produce heavier ears, which improves sweet corn quality.
Sweet corn quality, evaluated by tip fill percentage and ear length, was not
affected by cover crop treatment or supplemental N fertilizer in either year (data not
shown).
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Figure 9: Sweet corn yield as affected by cover crop treatment, measured by
marketable ears (left) and ear fresh weight (right). Values are averaged over
all N treatments over two years. Different letters in columns indicate
significant differences (Tukey’s HSD p<0.05).
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
The positive influence of cover crops on sweet corn yield was anticipated. We
hypothesized that in a no-till, low fertility production system, cover crops could provide
more N cycling, improve soil physical characteristics, and potentially enhance soil
biological activity compared to the NCC control. However, we did not observe
consistent yield differences between cover crop treatments correlating with the highest N
yielding cover crop treatments (Figure 3). While some studies have found that cover
crops improve sweet corn yield (Cline and Silvernail, 2002; Kabir and Koide, 2002;
O'Reilly et al., 2012), others have found a negligible effect depending on soil type and
cover crop selection (Isse et al., 1999; Lawson et al., 2012). Most of the published
studies examined winter rye, hairy vetch or a mixture of rye and vetch, which are known
as high residue cover crops, and require successful termination and specific management
for a subsequent no-till sweet corn crop. Isse et al. (1999); Lawley (2010) concluded that
grain N uptake was better indicator of cover crop N contributions, as opposed to yield
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response, and that 40 to 60 kg N ha-1 from cover crops was sufficient for optimal sweet
corn yield.
Influence of Supplemental N Fertilizer on Sweet Corn Yield
The current recommended rate of nitrogen for sweet corn is 112 to 145 kg ha-1
with 45 kg N ha-1 of the total applied at planting (unless soils are very sandy), and the
remainder applied as sidedress when corn plants reach approximately 25 cm tall
(Dicklow and McKeag, 2016). This recommendation assumes that there is no nitrogen
being mineralized from cover crop residue or other organic sources extant in soil.
Each initial cover crop plot was divided into three randomized subplots for
supplemental N fertilizer treatment. Subplots received either 0 supplemental N fertilizer
(control), 28 kg N ha-1 applied at sidedress, or a split application of 28 kg N ha-1 at
planting plus 28 kg N ha-1 at sidedress (subsequently referred to as 28+28 kg N). These
low rates of supplemental N were selected to test whether cover crop mediated N would
be sufficient for optimal yields, without conflating the effect of higher rates of
commercial fertilizer. The split application treatment was designed to test the timing of
N application, with the hypothesis that cover crop residue might provide sufficient N for
early stages of growth thus reducing N fertilizer application at the planting when nitrate
leaching risk is high.
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Figure 10. Sweet corn yield as affected by supplemental N fertilizer rate.
Values are averaged over all cover crop treatments and two years.
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
The supplemental N fertilizer rate significantly affected the number of marketable
ears ha-1 (Figure 10). The application of 28 kg N ha-1 as sidedress fertilizer increased
sweet corn yield by 13% compared to control plots. Application of an additional 28 kg N
ha-1 at planting plus 28 kg N ha-1 as sidedress did not increase sweet corn yield over plots
that received only 28 kg N ha-1 at sidedress. This result is unexpected in a low fertility
system such as the experimental site, where application of more N fertilizer should result
in a yield response.
Ear fresh weight ha-1 was not significantly affected by N fertilizer treatment,
though a similar trend was observed whereby the sidedress fertilizer treatment, 28 kg N
ha-1, increased ear fresh weight yield by 13% compared with control plots. The 28+28
kg N ha-1 treatment increased fresh weight yield by 19% compared to the control.
The results obtained in this study confirmed that the timing of N availability is
critical for optimum sweet corn yield. While cover crop residue is expected to provide
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only a minor portion of the total N requirement, mineralized N is available in May and
early June when corn plants are establishing. For the first 4 to 6 weeks of relatively
slower sweet corn growth, cover crop residue can provide required start-up N ‘fertilizer’.
As N demand peaks in June (or at V5 to V7 growth stage), supplemental side-dressed N
is necessary to achieve optimal yield. Sweet corn yield would likely have responded with
a higher rate of side-dress N, as indicated by corn stalk nitrate test (CSNT) results
discussed in the following section (Figure 12). However, the ideal rate of side-dressed N
is not well-defined by the results obtained in this study; further investigation is required
to explore the optimum rate.
The additional 28 kg N ha-1 fertilizer applied at planting in the split application
treatment did not benefit sweet corn yield. These results indicate that the application of N
fertilizer at planting may be unnecessary following these cover crops. Eliminating N
fertilizer at planting could reduce inputs by 45 kg N ha-1 of fertilizer while minimizing
nitrate leaching and consequent environmental pollution.
There was no significant interaction between cover crop treatment and N fertilizer
treatment for either marketable ears ha-1 or fresh weight ha-1.
This research is further evidence that cover crops can improve no-till sweet corn
production, especially in low N soils. By all measures, and in both years, cover crops
improved sweet corn yield compared to the control. This could be attributed to the
ecological benefits of cover crops, such as nutrient cycling and soil physical protection.
Biological effects of cover crops could also be a contributing factor. Kabir and Koide
(2002) found that oats, rye, and a mixture of oats and rye, increased sweet corn P status
and mycorrhizal colonization in sweet corn. In the same experiment, a mixture of oats
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and rye resulted in the highest sweet corn yield compared with single-species oats or rye
(Kabir and Koide, 2002).
We expected to see significant yield differences as a result of cover crop
treatments, but that was not the case at this experimental site. This may be related to the
low soil OM and residual N and erratic rainfall at the site. In related research, sweet corn
ear yield and growth rates were higher compared to NCC under low supplemental N
conditions, but showed inferior performance compared to NCC systems when
supplemented with 200 kg N ha-1 (Zotarelli et al., 2009). More specific research on
winter-killed cover crop mixtures for vegetable production will help identify contrasting
benefits of different types of mixtures.
Supplemental N fertilizer results in this study were interesting and supported our
hypothesis that the use of these cover crops can improve N use in no-till sweet corn
production. Synthetic fertilizer treatment, in the form of dissolved urea, may have
affected nutrient cycling and sweet corn yield. Plots that received supplemental N
fertilizer at planting plus side-dress yielded less than those that received N fertilizer only
at side-dress. It may be that the urea fertilizer at corn planting disturbed microbial
communities in the root zone of plants, which had an effect on overall corn yield.
Research shows that synthetic nitrogen reduces particular microbial populations that are
beneficial to soil health (Khan et al., 2007; Mulvaney et al., 2009). In a system
dependent on decomposition for nutrient cycling, there may be negative consequences if
synthetic N fertilizer application in early spring retards microbial growth and reduces the
rate of N release.
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While we did not see consistent differences in sweet corn response to N fertilizer
following cover crop mixtures, Griffin et al. (2000) found that following a rye cover crop,
sweet corn responded to supplemental N fertilizer while no yield response was detected
following either alfalfa or a mixture of hairy vetch and winter rye. The inclusion of
legumes and high residue cover crops likely plays a major role in subsequent crop
response to N fertilizer. Our results support the reduction or elimination of start-up N
fertilizer following these winter-killed cover crops, assuming that sidedress N fertilizer
will be applied appropriately.
Post-Harvest N Sufficiency Assessment
The cost of nitrogen fertilizer is an important consideration in most vegetable
production systems. While PSNT can be used in-season to determine if sidedress N is
required for optimal yield, growers can use the corn stalk nitrate test (CSNT) as a post
facto method to evaluate if N fertilizer has been applied adequately or in excess.
Information can be used in subsequent years to adjust N application rates.
Nitrogen concentrations are measured in the corn stalk at 15 cm to 35 cm
aboveground. According to Heckman et al. (2002), sweet corn CSNT values are larger
than those in grain or silage corn because of the physiological stage of the ears at earlier
fresh ear harvest compared to senescing corn plants at grain or 50% milk line in silage
harvest. A range of 11.0 to 14.0 g kg-1 NO3-N was reported to be optimal (Figure 11),
indicating that sweet corn yield was not limited by nitrogen, nor was excess N applied
and wasted. Values above 21.0 g kg-1 NO3-N indicate that surplus N accumulated in the
corn stalks without contributing to improved yield and thus should be considered wasted.
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Values below 6.0 g kg-1 indicate that sweet corn was likely under fertilized and could
have yielded more with supplemental N applied.

Figure 11. Proposed interpretations of the at-harvest stalk N test for sweet
corn excerpted from Heckman, et al., 2002.
CSNT value ranges were different from 2015 to 2016, although the trends were
identical (Figure 12). In both years, all values were below 2.8 g kg-1 indicating severely
N deficient sweet corn plants. Overall, corn stalk nitrate in 2016 was much higher than in
2015. This seemingly contradicts with lower overall sweet corn yield in 2016. This
incongruity is due to the serious drought in the summer of 2016 that severely restricted
plant growth and translocation of nutrients in corn plants.
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Figure 12. Corn stalk nitrate test values for cover crop treatments at each
level of N fertilizer treatment in 2015 (left) and 2016 (right).
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
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Corn stalks in plots following POFR and OFR cover crops contained 2-3 times as
much N compared to FR or NCC. In 2015, following the 0 N fertilizer treatment, corn
stalks harvested from FR plots contained over 3 times more nitrate than those from NCC
plots. Similarly, OFR plot corn stalks contained almost 3 times more, and POFR stalks
contained 2 times more nitrate than NCC. More accumulation of N in corn stalks after
cover crops illustrates the contribution of cover crop mediated N. Corn stalks that were
treated with sidedress N fertilizer at 28 kg N ha-1, we see a small increase in corn stalk
nitrate, but no significant differences among cover crop treatments. With a split
application of 28+28 kg N ha-1 at planting and sidedress, POFR and NCC plots produced
corn stalks with the highest nitrate concentrations, with 1.1 g kg-1 nitrate.
In 2016, overall the POFR and OFR treatments had higher CSNT values. At the
level of 0 N fertilizer, corn stalks following OFR had 3.5 times more nitrate than those in
NCC. Corn stalks from POFR plots had 3 times, and FR had 2 times, more nitrate than
the control. With only sidedress N fertilizer, 28 kg N ha-1, OFR and POFR had
approximately 7 times more nitrate than NCC. With a split application of 28+28 kg N ha1

at planting and sidedress, POFR and OFR plots produced corn stalks with the highest

nitrate concentrations, from 2.5 to 5 g kg-1 nitrate.
These trends indicate that the POFR and OFR cover crop treatments provided
sweet corn with more cover crop mediated N than FR. The highest level of supplemental
fertilizer increased CSNT somewhat, but not enough to approach the standard range of N
sufficiency. It is possible that this standard isn’t universally accurate, since overall sweet
corn yields were above the regional average.
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Nitrogen Use Efficiency
Nitrogen Use Efficiency (NUE) is calculated by comparing the yield of fertilized
plots with unfertilized control plots and contrasting that with the amount of fertilizer
applied (Figure 13). A higher NUE value indicates that the crop is more effectively
recovering N, which prevents economic loss and environmental pollution (Fageria and
Baligar, 2005). Teasdale et al. (2008) computed NUE with the following equation:
NUE= (fresh weight yield in N-treated cover crop-treated plots – yield in
untreated NCC control plots)/ kg applied N fertilizer
Sweet corn treated with supplemental sidedressed N fertilizer at 28 kg ha-1 had the
highest overall NUE (Figure 13). Plots that received a split application of 28+28 kg N
ha-1 at planting and sidedress had a lower NUE for POFR and OFR cover crop treatments.
The results clearly indicate no positive yield response from the additional N fertilizer at
planting. Sweet corn that received 28 kg ha-1 in plots that received the OFR treatment
had the highest NUE, 221% more than FR at the same N fertilizer treatment level.
Compared to FR, POFR had 111% higher NUE than FR. Sweet corn that received a split
application of 28+28 kg N ha-1 at planting and sidedress had a 13% and 28% higher NUE
for POFR and OFR treatments respectively, compared to FR. It must be noted that the
NUE equation used for comparing treatments did not take into account the N contribution
from cover crop residues. However, the N contribution in the fall cover crop biomass
was nearly the same in all cover crop treatments (Table 4).
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Figure 13. Nitrogen Use Efficiency (NUE) of sweet corn following cover crop
treatments. NUE= (fresh weight yield in N-treated cover crop plots – yield in
untreated NCC control plots)/ kg applied N fertilizer.
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish.
These results are similar to the CSNT data and deserve discussion. There are
several explanations of how the mixed-species cover crop treatments improved the NUE
of sweet corn plants, and these likely also affected CSNT and yield results.
One explanation could be there is a yield response to the timing of N release from
cover crop residue, and that mineralization of OFR, and to a lesser extent POFR, residues
are more synchronous with sweet corn N demand. Research in Massachusetts by
Jahanzad et al. (2016) showed that aboveground cover crop residue decomposes slower
than buried residue, therefore more slowly releasing N. This may also explain
differences in the timing of nitrate concentrations. Cover crop treatments OFR and
POFR have proportionally more aboveground biomass that decomposes at a slower rate
as compared to radish treatment with higher amounts of root biomass below ground.
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Another possible explanation is that OFR and POFR residues retain more N in dry
matter after winter-kill over the course of winter and spring resulting in more total N
delivered to the sweet corn plants (Stivers-Young, 1998). Physical size and shape of
cover crop residue affects decomposition rates, potentially affecting subsequent
availability to plants (Kruidhof et al., 2009). Furthermore, the cover crops possibly
enhanced some soil physical properties, such as aggregation or gravimetric water that
could have influenced subsequent sweet corn growth. Further experimentation will have
to be conducted to determine the influence of these cover crops on NUE in sweet corn.
Conclusion
Winter-killed cover crops selected for this experiment improved sweet corn
production compared with NCC. Overall, cover crops established well and provided
nitrate scavenging and soil cover. Originally, we hypothesized that cover crop mixtures
would produce more dry matter than FR monoculture or NCC. While this was not the
case for total biomass, the trend of mixtures out yielding the FR monoculture held true
for aboveground biomass. In spring, surface residue protected the soil without
suppressing temperature. This result is likely predicated on early cover crop planting, by
September 1, in order to achieve sufficient fall growth.
Sweet corn yields that followed cover crop treatments significantly increased
compared with the control. Averaged over the two years, POFR and OFR treatments
improved yields slightly more than FR. CSNT concentrations and NUE calculations
indicated higher N availability to sweet corn from POFR and OFR compared to FR and
NCC. Overall the sweet corn plants were under fertilized but yields still exceeded the
regional averages.
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All sweet corn benefitted from a small application of side-dressed supplemental
fertilizer (28 kg N ha-1). We observed successful N supply by cover crops early in the
season, as indicated by data that the low rates of sidedress fertilizer achieved yields
comparable to the split application of 28+28 kg N ha-1. By utilizing cover crop mediated
N, the need for N fertilizer at sweet corn planting could be eliminated. This would
significantly reduce fertilizer costs and potential spring nitrate leaching compared with
recommended rates (45 kg N ha-1). Supplemental and timely N fertilizer at sidedress is
critical in this system. Sidedress N can be calculated based on cover biomass N, PSNT
results, and baseline soil nutrient status.
While this experiment examined many aspects of integrating winter-killed cover
crops in no-till sweet corn production, it generated additional questions. Only one sweet
corn variety was used in this trial, and the literature indicates that varietal selections can
play a large role in N use (Heckman et al., 2002; Williams et al., 2009). Would other
varieties exhibit different responses? Also, data should have been collected to calculate
nitrogen fertilizer recovery rate and the concentration of N in sweet corn grain;
subsequent research should include this data. Additional insight might be generated by
trialing these treatments on a site with a longer no-till history (greater than 4 years),
and/or higher SOM.
In a long-term no-till study, Constantin et al. (2010) found that catch crop
frequency was positively correlated with reductions in nitrate leaching and increases in
soil C and N sequestration. By integrating these cover crop mixtures as catch crops it is
possible to increase sustainability in Northeast sweet corn production as related to N use
and soil conservation. Although there were not major significant differences amongst the
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three cover crop treatments, there may be practical and economic differences for
agricultural producers beyond the criteria of yield. Results and discussion of weed
suppression by cover crop treatments is in Chapter 3. Chapter 4 will discuss the
economic differences between cover crop treatment planting costs and N management
costs.
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CHAPTER 3
WEED SUPPRESSION IN WINTER-KILLED RADISH COVER CROP
MIXTURES
Cover crops are used globally to build healthy soil and suppress weeds in a wide
variety of cropping systems. Cover crops are select plant species grown for multiple
agronomic benefits: soil protection, compaction reduction, nitrate scavenging, nitrogen
fixation, soil organic matter, weed management, and beneficial insect habitat
(Sarrantonio and Gallandt, 2003). The term “cover crop” is used generally and can
include summer or winter crops grown with varying goals: green manures, nitrogen catch
crops, weed suppression, nitrogen-fixation, and mulch. In fact, the challenge of weed
control is one of the primary reasons that farmers choose to adopt cover cropping,
especially in conservation tillage systems (CTIC, 2017).
There are several potential mechanisms of weed suppression. Cover crop residue,
when left on the soil surface, contributes to a mulch effect that alters light transmission
and soil temperature (Teasdale and Mohler, 1993). Light transmission stimulates
phytochrome in seeds, which plays a role in the germination of most weed species
(Teasdale, 1996). Therefore crop biomass is a primary factor influencing the weed
suppressive effects of cover crops. Kruidhof et al. (2008) found that, in fall, fodder
radish (Raphanus sativus) was most weed-suppressive and had the fastest rate to reach
50% of maximum light interception compared to lucerne (Medicago sativa L.), lupine
(Lupinus angustifolius L., winter rye (Secale cereale), and oilseed rape (Brassica napus).
In grasses, aggressive establishment and early growth predict their effectiveness for weed
suppression (Baraibar et al., 2018; Dorn et al., 2015). Legumes establish slowly in the
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fall and consistently are least effective at controlling fall weeds compared to other cover
crop types (Fisk et al., 2001).
A second mechanism of weed control by cover crops is allelopathy–the effect of
plants via chemical compounds on other plants (Bhowmik and Inderjit, 2003; Jabran et
al., 2015; Kunz et al., 2016). The decomposition of some cover crop residues generates
phytotoxins that can selectively affect weed germination (Weston, 2005). Radishes
(Raphanus sativus L.), winter rye, and oats (Avena sativa L.) are counted among cover
crops potentially having allelopathic effects (Haramoto and Gallandt, 2004).
Forage Radish as a Cover Crop
While maximizing cover crop biomass is the primary goal for weed suppression,
there are some potential associated risks. High biomass cover crop residue left on the soil
surface can create cold, wet spring soil conditions that delay planting in spring (Dabney
et al., 2001). Additionally, large amounts of biomass, especially with a high C:N ratio,
can depress crop yield (Finney et al., 2016; Teasdale et al., 2008). A moderate level of
biomass, between 450 and 800 g m-2, may be sufficient for effective weed suppression
(Buchanan et al., 2016; Teasdale and Mohler, 1993).
Use of forage radish (Raphanus sativus L. var longipinnatus) as a fall cover crop
has become popular in a wide range of climates, from the mid-Atlantic to the Midwest,
because radishes establish quickly in fall, suppresses weeds, and scavenge soil nitrate and
other nutrients from deep in the soil profile (Lawley et al., 2012b; Weil and Kremen,
2007; Weil et al., 2009). The principal mechanism of spring weed suppression following
a forage radish cover crop is considered to be fall light interception and not allelopathy
(Lawley et al., 2012a). Forage radish reduced fall weed biomass by 89-97% compared to

72

a weedy fallow across a wide range of weed species (Hodgdon et al., 2016; Kruidhof et
al., 2008; Lounsbury and Weil, 2014). Kunz et al. (2016) reported that fall-planted
monoculture radish, and a mixture of radish/oats/vetch/berseem clover, decreased
unspecified weed species bioimass by 62 and 68% respectively. In the Netherlands,
fodder radish (Raphanus sativus L.) reduced fall weed biomass by 65-95% (Kruidhof et
al., 2008).
Spring Weed Suppression
Forage radish cover crops must be planted early enough in the fall to establish
quickly and develop a leaf canopy in order to provide effective spring weed suppression.
Lawley et al. (2011) observed that, in Maryland, forage radish planted prior to September
1 reduced the growth of annual weeds through the following April.
In Massachusetts, some vegetable growers have been experimenting with winterkilled cover crops as an alternative to high-residue winter rye (Secale cereale L.) or hairy
vetch (Vicia villosa L.). This includes oat, peas, forage radish, and most clover species.
In low-residue cover crops it is hypothesized that a mixture of species with
complementary traits (eg. growth habit or phenology) can enhance ecosystem services,
such as aggregate protection, nutrient uptake, and weed suppression (Finney et al., 2016).
Cover Crop Mixtures
Recent research has shown a relationship between multi-species cover crop
mixtures and increased weed suppression (Bybee-Finley et al., 2016; Finney et al., 2016;
Wendling et al., 2016). Creamer et al. (1997) found that a winter-hardy cover crop
mixture including rye, barley, crimson clover and hairy vetch improved C:N ratios and
reduced weed growth in no-till vegetable production.
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Baraibar et al. (2018) found that low seeding rates of aggressive grasses reduced
weeds in several cover crop mixtures. In that study, mixtures and grass-monocultures
(oats and rye) decreased weed growth more than brassicas (forage radish and canola) or
legumes (pea and red clover). This is part of the rationale to include grasses along with
brassicas in cover crop mixtures. It has been suggested that the inclusion of an
aggressive, early-establishing cover crop species in a mixture is more important than the
average ability for weed suppression across all included species (Baraibar et al., 2018;
Smith et al., 2014).
The duration of spring weed suppression is a concern if herbicide applications are
reduced. Lawley et al. (2011) observed that while forage radish cover crops reduced
weed biomass to near zero in early spring, this effect did not persist through the main
cropping season. In that experiment, forage radish was used in place of a preplant burn
down herbicide. As long as a post-emergence herbicide was applied, corn yield was not
reduced by the omission of pre-plant herbicide, despite weed presence at planting.
Conservation Tillage for Vegetable Production
Tillage can have a major effect on spring weed emergence. Spring tillage mixes
the soil and exposes dormant weed seeds to daylight and stimulates their germination.
Additionally, tillage creates a fine seedbed for weeds to establish. Reducing tillage
intensity is recommended for many reasons, such as erosion reduction, reducing the loss
of soil organic matter, labor and fuel savings, and weed control.
No-till planting can reduce spring weed emergence by eliminating soil
disturbance that brings up new seeds. No-till practices reduce the emergence of summer
annuals (Swanton et al., 1999), except in cases where tillage exposes seeds to effects of
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herbicide (Mohler, 1991). Peachey et al. (2004) found that no-till planting sweet corn
and snap beans significantly reduced the emergence of hairy nightshade (Solanum
sarrachoides) and powell amaranth (Amaranthus powellii).
Particular vegetable crops are well-suited to no-till production. Large-seeded
vegetable crops, like squash and sweet corn, have been successfully grown no-till, as well
as transplanted vegetable like cabbage, broccoli and tomatoes (Hoyt et al., 1994).
Management of weeds becomes critical in no-till systems because tillage cannot be used
as a backup management tool.
Sweet Corn in No-Till Production
Sweet corn (Zea mays L. rugosa) has been successfully grown using no-till
production (Galloway and Weston, 1996). It has been documented that cover crops can
improve sweet corn growth, not only by reducing weed competition, but also through
improving soil function and nutrient cycling (Burgos and Talbert, 1996; Carrera et al.,
2004; Cline and Silvernail, 2002; Griffin et al., 2000; Lawson et al., 2012; O'Reilly et al.,
2011).
Sweet corn is a popular fresh vegetable crop in the Northeast. In 2015, sweet
corn was planted on 11,590 acres across New England, which is about 10% of total
vegetable production (USDA-NASS, 2016). In this region sweet corn is commonly
grown without supplemental irrigation as long as soil texture is not excessively sandy
(Dicklow and McKeag, 2016). Early sweet corn in New England garners a price
premium and draws customers, but production involves the challenges of weed
management and high rates of fertilizer applications (Galloway and Weston, 1996).
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Weed Management in Sweet Corn
Sweet corn is highly sensitive to weed competition due to limited root system
(Williams, 2008). The critical period of weed control (CPWC) is the period of time when
a crop must be weed-free; beyond this point late-season weeds will not negatively impact
the crop. In sweet corn this ranges from 182 to 632 GDD (Tursun et al., 2016).
Practically, this equates to managing weeds while sweet corn is at V1 through V12 stages
in order to prevent yield losses greater than 5%.
Research has shown that cover crops can significantly reduce weed emergence in
sweet corn production (Galloway and Weston, 1996; Griffin et al., 2000; Peachey et al.,
2004). Carrera et al. (2004) found that that cover crops improved sweet corn yield, not
only by reducing weed pressure, but also by increasing competitiveness against growing
weeds. (Burgos and Talbert, 1996) found that cover crops of hairy vetch, wheat and rye
reduced the emergence and yield of no-till sweet corn. However, the use of cover crops
allowed the use of half rates of atrazine and metolachlor (1.1 + 1.1 kg ai ha-1) without
reducing sweet corn yields compared to full rate herbicide.
There are concerns about relying on cover crops for weed control, including
species-specific weed responses. The nitrate flush from residue decomposition can
increase germination rates of responsive weed species, such as common lambsquarters
(Chenopodium album) (Vincent and Roberts, 1977). Several studies have found that
while forage radish cover crops reduce weed biomass in fall and early spring, suppression
does not endure long enough in the cash crop growing season (Burgos and Talbert, 1996;
Lawley et al., 2011; O'Reilly et al., 2011).
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Employing cover crops for weed suppression can be successful depending on the
amount of biomass generated, cash crop, weed seed bank, and field conditions.
Additionally, cover crops contribute toward general ecosystem services and healthy soil.
The weed suppressive effects of certain cover crops under particular circumstances may
allow for reduced rates or frequency of herbicide application (Burgos and Talbert, 1996).
Rationale
Cover crop mixture research results can include highly variable and divergent
factors such as cover crop species, climate, cash crop, soil type, and growth season. Most
of the published research regarding forage radish has been conducted in the mid-Atlantic
region, where it does not always winter kill and where spring cash crops are often planted
in early March. The growing season is colder and shorter in the Northeast. Research is
needed to document the fall and spring weed suppression of forage radish, and multispecies mixtures including radish, in the Northeast region. Oats and forage radish were
selected for weed suppression and peas were included in a mixture for N-fixing and
biomass adjustment.
Objectives
The objective of this research was to identify evaluate low residue winter-killed
cover crop mixtures for no-till sweet corn production in the Northeast. Treatments
included forage radish (FR) (Raphanus sativus L. longipinnatus), a mixture of oats
(Avena sativa L.) and forage radish (OFR), a mixture of peas (Pisum sativum subsp
arvense L.), oats, and forage radish (POFR), and a control treatment of local weeds
(NCC). This experiment will assess sweet corn production without pre-emergence
herbicide following cover crop treatments.
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Hypotheses
We hypothesized that cover crop mixtures will reduce weed biomass and
population density compared with FR monoculture or NCC in both fall and spring.

Materials & Methods
Experimental Site
Two field experiments were conducted at the University of Massachusetts
Amherst Crop, Animal, Research and Education Farm in South Deerfield, MA (lat.
42°47’N, long. 72°58’W). Soils at the research farm are characterized as coarse-silty,
mixed, superactive, nonacid, mesic Typic Udifluvents (Hadley series). Mean annual
precipitation at this site ranges from 940-1300mm (37-51 inches). The mean annual
temperature is 3-10.5 ˚C (37-51˚F). The selected research site had previously been untilled for 3 years and planted with buckwheat the summer prior.
Cover crop treatments included forage radish, a mixture of oats and forage radish
(OFR), a mixture of peas, oats, and forage radish (POFR), and a no cover crop control
(NCC). Following the application of glyphosate to terminate summer weeds, cover crops
were planted the last week of August in 2014 and 2015 with a plot cone seeder (Vogel,
1978) (Table 6). Plots were 8.5 m by 9 m in order to accommodate succeeding 9 rows of
sweet corn with sufficient buffer area. Seeding rates were: forage radish (7.8 kg ha-1),
oats and forage radish (56.0 kg ha-1 and 3.4 kg ha-1, respectively), and peas, oats, and
forage radish (50.4 kg ha-1, 33.6 kg ha-1, and 2.2 kg ha-1, respectively). Control plots of
no cover crop (NCC) were not planted and the natural weed population was allowed to
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grow until winter-killed. In fall, prior to cover crop winter-kill, weed biomass was
measured at the same time as cover crop biomass. Plants were cut at the soil line and
then separated by cover crop species or weeds. Weed biomass was dried in a forced-air
oven at 60 °C until it reached constant mass for weighing.

Table 6. Field activity at UMass Crop and Animal Research Farm in S.
Deerfield, MA.
Field Activity
Site Year 1
Site Year 2
Cover crop planting

August 23, 2014

August 24, 2015

Cover crop biomass
sampling (just prior to
winter-kill)

November 10, 2014

November 20, 2015

Weed biomass sampling

November 10, 2014

November 20, 2015

April 26, 2015

April 29, 2016

n/a

June 20, 2016

n/a

August 3, 2016

n/a

May 12, 2016

Sweet corn planting

*Plots accidentally
terminated in April
Glyphosate application to
sweet corn plots
Sweet corn harvest

n/a

May 9, 2016

No yield data

No yield data

In April, prior to herbicide application and sweet corn planting, three weed
biomass samples were taken from each plot in 0.078 m2 quadrats. Number of plants and
species were recorded.
On May 9, 2016, just prior to corn planting, glyphosate at 864 g a.i. ha-1 was
applied to all plots. On May 12, 2016, when soil temperature averaged 16 °C, sweet corn
(var. ‘Trinity’) was no-till planted at an estimated population of 64,000 seeds ha-1. No
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preemergence herbicide was applied to these plots in order to determine late-season
weeds following cover crop treatments. Weed biomass samples were taken again June 20,
2016 using the same method, when corn was approximately 25 cm in height.
Statistical Analysis
Data were analyzed using the general linear model (GLM) procedure of SAS 9.4
(SAS Institute, Cary, NC) with cover crop as fixed effect and replicate as random effect.
Tukey’s HSD was used for means comparisons of cover crop effects.
Table 7: Precipitation and Growing Degree Days (GDD) for experimental
sites. GDD=Σ (Tmax-Tmin)-Tb where Tmax and Tmin are daily maximum and
minimum temperatures, respectively, and Tb is base temperature. For cover
crop mixtures Tb was set as 4°C and for sweet corn Tb was 10°C.
Growing Degree
Precipitation (mm)
Days
Cover
20 yr
(GDD40)
Crops
2014
2015
avg
2014
2015
875
975
Aug
103
95
90
Sep
29
167
106
682
805
Oct
126
58
107
416
310
71
183
Nov
77
47
77
Dec
96
104
84
11
76
Total
431
470
464
2055
2348
No Crop/
20 yr
Winter
2015
2016
avg
2015
2016
0
3
Jan
80
42
67
0
30
Feb
24
106
67
Mar
40
68
89
3
130
Apr
50
40
77
186
215
378
Total
194
256
300
189
Sweet
20 yr
(GDD50)
Corn
2015
2016
avg
2015
2016
May
418
270
35
57
84
Jun
189
27
112
451
499
Jul
121
43
90
659
706
Total
345
127
286
1527
1475
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Results and Discussion
Fall Weed and Cover Crop Biomass Production
Cover crop treatments established successfully in both years. Weed biomass was
significantly different in 2014 compared to 2015, so year data was analyzed separately
(Table 8). This is likely a result of different field history: the second site year was
planted in an area previously planted to perennial switchgrass.
In 2014, aboveground cover crop biomass was 11% greater than in 2015,
averaged over all cover crop treatments. Weather conditions in both years may have
significantly affected biomass production. In September and October 2014, precipitation
and rainfall were ideal for plant growth, with sufficient rain and moderate GDD (Table
7). In September 2015, greater than average rainfall and cloudy weather may have had a
negative impact on biomass production. During this time cover crops were establishing
and saturated soil conditions could have inhibited root growth. While seasonal GDD in
the fall of 2014 was similar to the norm for the location, calculated GDD for 2015 was
approximately 20% higher than the norm for the experimental site.
Measured prior to winter-kill in November 2014, cover crop treatments averaged
421 g m-2 while the weedy control plots (NCC) produced 98 g m-2 (Table 3). All cover
crop treatments caused a significant reduction in weed biomass compared to the control
(NCC) varying from 95% (POFR) to 94% (OFR) to 99% (FR) (Table 8). The most
frequent species were common lambsquarters (Chenopodium album L.)[CHEAL], and
horseweed (Conyza canadensis L.)[ERICA].
In November 2015 the weed biomass was higher than 2014; however, cover crop
treatments provided similar weed suppression (Table 8).
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Table 8. Aboveground biomass of cover crops, weeds, and respective N
content, in November 2014 and 2015. Cover crops planted August 23, 2014
and August 24, 2015. Year data analyzed separately. Treatments with
different letters indicate significant differences (Tukey’s HSD p<0.05).
No letter indicates no significant differences.
Cover crop
Weed
N in total
aboveground biomass
dry matter
biomass
(g m-2)
(kg ha-1)
-2
(g m )
November
POFR
419 ab
5a
102 a
2014
OFR
547 a
6a
108 a
FR
297 b
1a
58 ab
NCC
-98 b
23 b
November
2015

POFR
OFR
FR
NCC

400
392
328
--

8a
8a
10 a
246 b

75
65
67
57

POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
In November 2015, cover crop biomass averaged 373 g m-2 and NCC produced
246 g m-2. Compared to the control, POFR and OFR reduced weed biomass by 97%,
while FR reduced it by 96%. These findings are in agreement with Holmes et al. (2017)
that FR, while sometimes less productive than other cover crops, can effectively suppress
weeds in both monoculture and mixture. Weed biomass in weedy control plots can vary
widely by experimental site and year, from 10 to 360 g m-2 (Lawley et al., 2011).
In this study, the relationship between fall cover crop biomass and weed biomass
was different for each treatment and by year (Figure 14). Overall, as cover crop biomass
increased, weed biomass increased slightly, except for FR treatments where similar
amounts of cover crop biomass resulted in variable weed biomass. These results disagree
with findings that cover crop biomass and weed biomass are inversely related (Buchanan

82

et al., 2016; Dorn et al., 2015). The assumption that weed suppression is related to high
cover crop biomass production is likely based on comparisons of high residue winter rye
or vetch biomass with other species, or on studies of small-statured weed species.
Numerous publications support that this correlation is not universal (Baraibar et al., 2018;
Galloway and Weston, 1996).
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Figure 14. Relationship between cover crop dry matter and weed dry matter
by cover crop treatment just prior to winter-kill in November 2014 (left) and
November 2015 (right).
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish
Fall weed suppression is correlated with early light interception, especially in the
case of tall statured weeds like common lambsquarters (Kruidhof et al., 2008). Holmes et
al. (2017) found that species, like mustard or forage radish, with less biomass can
successfully suppress weed growth as long as they are densely sown, and establish
quickly and evenly. A very thorough experiment by Lawley et al. (2012a) identified
canopy competition as the mechanism for weed suppression in a fall forage radish cover
crop. Allelopathy by some Brassica species has been attributed to glucosinolate
hydrolysis products (Haramoto and Gallandt, 2004). However, this is not the mechanism

83

of fall season weed suppression because radish tissue must be lysed for catalysis of
glucosinolate hydrolysis in soil, and FR biomass is intact until winter-kill.
Spring Biomass Production
All fall weeds (primarily common lambsquarters and horseweed) and cover crop
plants were winter-killed. In spring, new annual weed seeds germinated as soil
temperatures increased and species were identified when biomass was sampled. In year
one of the weed experiment, weed biomass data was collected in November 2014 but the
plots were accidentally terminated in April 2015 by misplaced herbicide application.
Therefore, in-season weed biomass data was only collected for one year (Figure 15).
In April 2016, spring weed communities were dominated by yellow hawkweed
(Hieracium pratense Taush)[HIECA], white campion (Silene alba (Mill.))[MELAL], and
corn speedwell (Veronica arvensis)[VERAR]. At this point in early spring, the weed
suppressive effect of cover crop treatments was significant. The weedy control (NCC)
had already produced substantial weed biomass at this early date, averaging 199 g m-2
(Figure 15). Compared to NCC, the FR and OFR treatment reduced weed biomass by
95% and 92% respectively. Weeds biomass in POFR plots was reduced by 88%. The
weed density was lowest in OFR plots, averaging 11 plants m-2. Weed density in plots
following POFR and FR was 13 plants m-2, 50% less than NCC with 26 weeds m-2. The
results confirm the ability of low-residue fall-planted cover crops to reduce early spring
weed biomass and density compared to a weedy fallow. However, contrary to our
hypothesis, mixtures did not reduce weed biomass compared to FR monoculture. Weed
suppression by cover crops was not enough to eliminate the need for herbicide
application prior to sweet corn planting.
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Figure 15. Spring weed dry matter and weed density in plots following cover
crop treatment, prior to herbicide application, April 2016. Treatments with
different letters indicate significant differences (Tukey’s HSD p<0.05).
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
The relationship between November cover crop biomass and April weed biomass
showed significant differences between treatments (Figure 16). More biomass
production in November from OFR and FR treatments resulted in lower weed biomass
the following April, prior to sweet corn planting. There was no relationship (r2<0.05)
between November biomass of POFR and NCC treatments and the subsequent spring
weed biomass.
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Figure 16. Relationship between November cover crop biomass and April
weed biomass (prior to termination and sweet corn planting).
POFR=pea, oat and forage radish, OFR=oat and forage radish,
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Figure 17. Summer weed dry matter and weed density in plots following
cover crop treatment, June 2016. Treatments with different letters indicate
significant differences (Tukey’s HSD p<0.05). No significant differences
were observed in weed dry matter.
POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
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In June 2016, at 5 weeks after planting, sweet corn plants had reached an average
of 25 cm tall. Growing degree-day accumulations indicated that the critical weed free
period extended through mid-June. Up to this point, weed competition with sweet corn
plants will significantly reduce sweet corn yield. Most frequent weed species were
common lambsquarters, Shepherd’s-purse (Capsella bursa-pastoris L.)[CAPBP], and
various grass species (unidentified).
While there were no statistically significant differences in June weed biomass as
an effect of cover crop treatment, weed biomass ranged from 7% to 25% less than NCC
(Figure 17). The lowest weed biomass by dry weight was in OFR plots (69 g m-2), which
was 25% less than NCC. These values are similar to those observed in Galloway and
Weston (1996). Physical structure of cover crop residue may play a role in weed growth
and may result in suppression. Residue that decomposes slower or has large pieces, like
oats, provides more interference with weed growth (Teasdale and Mohler, 1993).
In June, OFR and POFR cover crop treatments had significantly fewer weed
plants m-2, 65% and 53%, respectively, less than NCC (Figure 17). The FR treatment
25% had fewer weeds than NCC, though the difference was not statistically different.
Weed species populations were analyzed for effects of cover crop treatment. The only
significant difference between weed species populations was in the number of grass
plants m-2. FR had significantly more grasses, an average of 7 plants compared with 1
plant in the NCC plots. With 2 and 4 plants m-2 respectively, OFR and POFR had an
intermediate number of grass weeds.
Cover crop effects on weeds can be contradictory, due to numerous influential
factors such as field history, cover crop species, planting date, weed seed bank and crop
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management. In a reduced tillage system in the Midwest, crimson clover (Trifolium
incarnatum L.), barley (Hordeum vulgarum L.) and a clover/barley mixture reduced
spring weed density by 50% but did not influence weed species diversity, or weed
biomass cover during the main cropping season (Buchanan et al., 2016). The mixture of
cover crop species did not suppress weeds more than the single species cover crops.
By August all plots were totally overtaken by weeds and did not yield any sweet
corn (data not shown). Weed biomass averaged 510 g m-2 with no significant difference
between cover crop treatments. These cover crops alone do not provide weed
suppression during the sweet corn growing season in no-till production (Gieske et al.,
2016; Lawley et al., 2011).

Conclusion
When planted in fall with enough time to establish, cover crops suppressed fall
weeds. In this study, all cover crop treatments effectively suppressed fall weeds
compared with NCC in November 2014 and 2015. However, weed suppression did carry
over to the growing season for sweet corn. While the cover crop treatments were not a
substitute for a residual herbicide during the growing season, they did show some weed
biomass and density reduction in April and June.
The reduction of fall weed biomass by these cover crops is valuable in
agricultural systems. Weed management is costly and increased weed germination or
growth leads to extra management costs or yield reductions. Cover crops have economic
and environmental benefits beyond weed suppression in terms of preventing nitrate
leaching and soil erosion during the fall and winter months. Sweet corn yields were
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significantly improved compared with no cover crop treatment (Chapter 2, Figures 9 and
10). The inclusion of low-residue winter-killed cover crops mixtures increases overall
sustainability in no-till sweet corn production in the Northeast. Further research should
be done to assess whether preemergence herbicide rate reduction might be possible under
some field conditions and with sufficient cover crop surface residue.
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CHAPTER 4
ECONOMIC ANALYSIS OF COVER CROP BENEFITS FOR NO-TILL SWEET
CORN PRODUCTION
The scientific literature provides extensive evidence that cover crops can improve
crop yields and soil health. Despite that, adoption of cover cropping practices has been
limited. Only 2.3% of farm acres in the Midwest region of the U.S. are cover cropped
(Roesch-McNally et al., 2017). The reasons behind this are complicated, and include a
lack of structural support, lack of locally relevant trials, and cultural and historical norms.
In order to invest in planting cover crops, growers need proof of successfully
implementation in their region. It is also important to quantify the benefits of cover crops
in a way that enables producers to calculate the cost opportunities and long-term benefits.
Roth et al. (2018) calculated the benefits from cover crops on improved subsurface
drainage N loading, soil erosion, and residue N mineralization, and they recovered only
61% of the costs, on average, of implementing a rye and forage radish cover crop in striptilled corn.
In this current study, cover crop costs are slightly lower both because it’s a no-till
system without tillage costs, and because it’s a winter-killed cover crop without
termination costs. The cost of cover crop seed ranged from $52 to $131 ha-1 for FR and
POFR, respectively (Table 9).
Table 9. Cover crop treatment seeding rates and seed costs.
Seed cost
Cover crop treatment
Seeding rate (kg ha-1)
($ ha-1)
FR: forage radish
7.8 kg ha-1
$52
OFR: oats and forage radish

50.4 kg ha-1 and 3.4 kg ha-1,
respectively
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$68

50.4 kg ha-1, 33.6 kg ha-1,
and 2.2 kg ha-1, respectively

POFR: peas, oats, and
forage radish

$131

We used results presented in Chapter 2 to calculate a simple estimate of the cost
to reach sweet corn nitrogen sufficiency using these cover crop treatments with
supplemental N fertilizer at sidedress. Using the concentration of nitrogen in fall cover
crop residue (Table 4), we calculated the potentially mineralizable nitrogen from cover
crop residue, which over two years averaged 97 kg N ha-1. It is estimated cover crop
tissue loses 30% to 50% of original N as a result of winter-kill and early spring
decomposition (Malpassi et al., 2000). We assumed that 50% of cover crop N is lost over
winter, therefore almost 50 kg N ha-1 remained available to sweet corn for the growing
season. Cover crop mediated N was valued at $0.91 kg, the same as the urea fertilizer
used for supplemental N. The cost of nitrogen fertilizer varies greatly depending on the
source and bulk rates, but for this research we assumed $0.91 kg-1 for bulk urea N.
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Figure 18. Average cost to achieve N sufficiency of 145 kg ha-1 utilizing cover
crop-mediated N residue and sidedressed synthetic N fertilizer.
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POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
In order to reach the N sufficiency rate of 145 kg N ha-1, POFR cover crop and
fertilizer costs are approximately $250 ha-1, and OFR and FR costs are less at $190 and
$175, respectively (Figure 18). For NCC, though there are no seed or planting costs, the
full rate of fertilizer must be applied to reach N sufficiency, which costs approximately
$132 ha-1.
Though there is no cost to a winter fallow of weeds (NCC), subsequent sweet
corn yields are significantly lower compared to yield following these cover crop
treatments. In Figure 14, the costs alone overemphasize the expense of the cover crop
treatments without including gains in yield and N cycling. To obtain a more accurate
valuation of the cover crop we included the yield benefit and cover crop mediated N
cycled by cover crops, then subtracted the seed cost and cost of fertilizer to meet
sufficiency (Table 10).
Table 10. The cover crop impact on overall sweet corn profit. Costs are
indicated by parentheses. Costs were subtracted from profits resulting from
cover crop treatments.
––––––Cover crop treatment––––––
-1

Profit gains ha
compared to NCC
Cost of cover crop
seed
Cost of cover crop
planting
Cost of supplemental
N fertilizer
Cover crop impact
on overall gains

NCC

POFR

OFR

FR

-

$1,971

$1,926

$1,434

-

$(131)

$(68)

$(52)

-

$(35)

$(35)

$(35)

$(132)

$(87)

$(88)

$(88)

$(132)

$1,718

$1,735

$1,259
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POFR=pea, oat and forage radish, OFR=oat and forage radish,
FR=forage radish, NCC=no cover crop control
The best value for cover crop mediated N was provided by OFR and POFR, a
possible increase of over $1,100 ha-1. Additionally, these cover crops provide other
benefits not taken into account, such as carbon contributions and weed biomass
suppression.
Cost is an important factor in selecting cover crops for any production system.
While these calculations are not comprehensive in terms of production costs, they do
explicate the costs and benefits that vary among treatments. Based on this research, the
value of POFR and OFR cover crop mixtures exceed NCC and FR in terms of value and
nitrogen cycling. The results of this research point to potential differences between cover
crop selections in terms of both cost to farmers and environmental benefits.
Conclusion
Our results indicate that cover crop treatments improved no-till sweet corn yield
and sustainability compared to no cover crop. Aboveground biomass in November was
highest in POFR and OFR, and as a result more N was recycled via decomposition to the
following sweet corn crop. As hypothesized, cover crop mixtures produced more
aboveground biomass than FR or NCC. Winter-killed cover crop species must be planted
with sufficient time for fall establishment, usually by September 1 in the Northeast.
Cover crop treatments did not reduce spring soil temperature, which fortunately
negates a potential concern in no-till production and in short-season climates. Following
POFR and OFR treatments, soil nitrate availability was better synchronized with sweet
corn N demand compared to FR or LW as indicated by CSNT and NUE results. Sweet
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corn yield was greater in POFR and OFR plots compared to FR and NCC, averaged over
two years. The highest yielding treatment was OFR with 28 kg N ha-1 at sidedress.
Pre-sidedress nitrate tests from all plots were below 21 ppm, indicating that sweet
corn yield would respond to supplemental N fertilizer. Plots that received 28 kg N ha-1
fertilizer at side-dress yielded as much as those that received 56 kg N ha-1 with split
application. This result indicates that cover crop mediated N during sweet corn
establishment was sufficient without added N fertilizer at planting.
Weed suppression in the fall cover crop was successful and similar among cover
crop treatments. Early spring weed biomass and density were reduced following cover
crop mixtures, but during the sweet corn growing season residual herbicide was needed to
assure sufficient weed suppression.
Analysis of the costs and yield benefits of these cover crop treatments in no-till
sweet corn show that despite higher seed costs, POFR and OFR have the potential to
increase revenue by $1,200 ha-1 as a result of yield increases.
Cover Crop Mixtures for the Future
POFR and OFR out-performed FR and NCC in terms of value, dry matter
production, nitrogen cycling and weed suppression. While this experiment examined
many aspects of integrating certain winter-killed cover crops in no-till sweet corn
production, it generates additional questions. Weather plays an important role in cover
crop establishment and non-irrigated crop production. In years of excess rainfall, crops
are more N-limited, and in years of drought crop yield in more limited by weed
competition than by N (Teasdale and Cavigelli, 2010). Long-term studies of cover crop
mixtures should examine the effect of weather conditions on cover crop mixture; weather
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has complicated effects of biomass production, species dominance and subsequent effects
on cash crops.
Only one sweet corn variety was used in this trial, and the literature indicates that
varietal selections can play a large role in N use (Heckman et al., 2002; Williams et al.,
2009). Stivers-Young (1998) found that over-winter losses of biomass and N were
greater in brassicas than in oats. Future studies should measure the spring residue
biomass of winter-killed cover crops to more accurately assess winter N and biomass
losses. It would also useful to test a range of sidedress N fertilizer rates to determine the
yield response with sufficient N.
This experiment was conducted on a new field each year at the research site.
Yearly use of cover crop my reveal even larger benefits. In a long-term study, Constantin
et al. (2010) found that main crop responded positivity to cover crop frequency.
Currently there is surge of research exploring the use of multi-species cover crop
mixtures (Finney and Kaye, 2017; Finney et al., 2017; Finney et al., 2016; Melkonian et
al., 2017; Murrell et al., 2017; Wendling et al., 2017; White et al., 2017; Wortman et al.,
2012). Most of these experiments focus on high residue cover crops for commodity
crops like field corn and soybeans, but there is much to be learned from the emerging
research. In terms of designing a cover crop mixture, it is important to select species with
matching rates of growth, in order to avoid competition (Bybee-Finley et al., 2016).
Also, species selected for mixtures should be individually weed-suppressive and thrive
under conditions of plant competition, as identified by pLER values of those species
when grown within mixtures (Holmes et al., 2017; Smith et al., 2014).

98

Research Implications
Results of this study indicate that mixtures POFR and OFR can most efficiently
cycle nutrients, suppress weeds, benefit sweet corn yield, and protect soil for sustainable
no-till sweet corn production in the Northeast. The knowledge gained from these
experiments can have a major impact in several ways. First, it demonstrates the
feasibility of an integrated full-season production system for no-till sweet corn using
winter-killed cover crops. A system with no spring residue management requirements
and planting delay might be appealing to growers who are considering cover crop
adoption. Second, this research indicates the feasibility of reducing nitrogen fertilizer
applications at sweet corn planting, which will reduce nitrate leaching into groundwater.
This is a concern for regulatory agencies as well as farmers who lose money when they
lose N. Third, reduced fertilizer requirements also save input costs for farmers. No-till
sweet corn production utilizing these types of winter cover crops could enhance
sustainability over 4,800 hectares of production in the Northeast.
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