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General Introduction and Literature Review 

 Cover cropping is the practice of planting a sacrificial crop with the intention of covering 

the soil surface throughout an otherwise fallow period. Unlike dual-cropping, cover crops are not 

intended to be harvested; instead, they are terminated either chemically or mechanically. The 

practice of cover cropping has been well-known to provide an array of environmental benefits 

that are universal across locations, climates, and cropping systems. Such benefits include 

decreased erosion (Mamo and Bubenzer, 2001; Labrière, et al., 2015), reduced soil compaction 

(Chen and Weil, 2010), improved weed control (Teasdale and Daughtry, 1993; Smith et al., 

2011), reduced nutrient runoff and leaching (Kaspar and Singer, 2011; Kaye et al., 2019), 

increased soil nitrogen (N) content by growing legume cover crops (Sainju et al., 2005), 

increased soil carbon (C) sequestration (Chahal et al., 2020), increased macro- and microfauna 

activity (Reddy et al., 2003), and increased microbial activity (Blanco-Canqui et al., 2013). Some 

note-worthy drawbacks of growing cover crops are the associated planting and termination cost, 

water usage in drought-prone areas such as the high plains (Debaeke & Aboudrare, 2004), and 

their potential impact on available N in the following cash crop season due to the nitrogen-

scavenging nature of some species (Kaye et al., 2019; Marcillo & Miguez, 2017). 

Cover crop species selection is important to obtain desired benefits. Increased erosion 

control and weed suppression are more easily achieved using a species that produces dense 

biomass such as cereal rye (Secale cereale) or winter wheat (Triticum aestivum); however, these 

cereal species can potentially lower crop yield if fertilizer application rates do not compensate 

for slow decomposition and release of N scavenged by these cover crops during the overwinter 

growing season (Pantoja et al., 2015) as well as the immobilization of biomass N during the 

decomposition process due to the high carbon content of residues (Trinsoutrot et al., 2000). 
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Nitrogen (N) scavenging and alleviation of soil compaction are also achieved by cover crops in 

the Brassicas group such as daikon radish (Raphanus sativus var. Longipinnatus) or by cereals 

with large root systems such as annual rye grass (Lolium multiflorum) (Weil and Kremen, 2007). 

Cash crops grown after these cover crop species have also been shown to have increased 

phosphorus (P) uptake (Pavinato et al., 2017). Leguminous cover crops such as crimson clover 

(Trifolium incarnatum) or hairy vetch (Vicia villosa) are effective candidate species for 

achieving N credit benefits and reduced fertilizer inputs; however, legume monocultures 

typically produce relatively low biomass compared to cereals, making them less effective for 

weed suppression, erosion control, and C accumulation (Finney et al., 2016).  

Leguminous cover crops provide additional N to cash crops through biological N 

fixation. Quantities of N fixed in the soil ranges from 8-350 kg ha-1 based on cover crop species 

and growing conditions (Tonitto et al., 2006). Ketterings et al. (2015) reported that up to 82% of 

N fixed by leguminous cover crops became available to other plants, with the remaining being 

lost to the environment. Cover crop species such as red clover (Trifolium pratense L.) and pea 

(Pisum sativum L.) increased corn (Zea mays) N uptake by 40 kg ha-1. Hairy vetch (Vicia villosa) 

monocultures have been found to fix as much as 181 kg N ha-1 with succeeding corn yields being 

comparable to traditionally fertilized fields (Poffenbarger et al., 2015; Marcillo and Miguez, 

2017). Thus, planting legume cover crops, either in monoculture or as a mixture, could provide 

substantial economic benefit, regardless of species. 

There are also environmentally-conscious reasons for planting cover crops. If reducing 

nutrient pollution in waterways through reduced erosion and increased N retention in the soil is 

the primary goal, high biomass, thorough soil coverage, and efficient N scavenging are the most 

important considerations for species selection. These characteristics of cover crops result in a net 
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effect of reducing N and P contamination in waterways and thus decrease the algal blooms. Algal 

blooms in waterways increase concentrations of toxic metabolic by-products such as 

cyanotoxins, reduce available dissolved oxygen over large areas known as the hypoxic zone, thus 

disrupting the aquatic ecosystem population dynamics. The Gulf of Mexico hypoxic zone is such 

an area of low- to no-dissolved oxygen levels, located in the Gulf of Mexico stretching from 

eastern Texas to western Florida. The primary contributing factor to algal blooms and the 

resulting hypoxic zone in this region is nutrient runoff from agricultural sources in the 

Mississippi River Basin, leading to eutrophication in the Gulf of Mexico (United States 

Environmental Protection Agency (USEPA), 2016). 

In a well-known study performed in several small man-made lakes sourced from Lake 

Ontario, phosphate was found to be the primary driver of algal blooms leading to eutrophication, 

even in the presence of elevated C and N sources (Schindler, 1974). High levels of N in aquatic 

environments were attributed to nitrate leaching from non-point sources, in addition to some 

supplemental N fixed by cyanobacteria, whereas sources of soluble P were difficult to assess due 

to its rapid binding to other minerals. Nonetheless, P in waterbodies primarily originate from 

decomposing plant or animal materials, fecal contamination, or the dissolution of inorganic 

phosphorus from mineral sources. Phosphates exposed to soil surfaces are rapidly mineralized 

into iron phosphates, silica phosphates, or calcium phosphates depending on soil pH, leaving 

minimal soluble phosphate available for leaching or runoff. However, phosphates bound to soil 

particles that were then washed into waterbodies begin to dissociate from mineralized forms 

based on solubility equilibriums (Froelich, 1988). Areas in which drainage tiles are common 

practice are particularly vulnerable to P contamination from mineral sources (Sharpley et al., 

1981). 
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In order to reduce the influence of agricultural practices on the size of the hypoxic zone, 

measures to reduce both N and P runoff are needed. One way to achieve a reduction in non-point 

source pollution of nutrients is through the use of winter cover crops in agricultural systems. 

Specifically, 1) growing leguminous cover crops to fix atmospheric N potentially reduces 

dependence of synthetic N inputs; 2) growing high-biomass cover crops to scavenge nutrients 

left in the soil at the end of the growing season and improve erosion control; and 3) growing 

some specific cover crop species such as daikon radish or cereal rye increase the P uptake 

efficiency of cash crops. A single cover crop species that can achieve multiple benefits such as 

reducing environmental loss of nutrients, providing supplemental N in significant amounts, as 

well as improving plant nutrient uptake efficiency is yet to be identified (; Kaye et al., 2019). 

This makes multispecies cover crop mixtures more attractive, despite increased seed cost and 

difficulty in planting uniformly. 

Soil erosion control is one of the most versatile ecosystem services offered by growing 

winter cover crops. Cereals such as perennial rye grass (Lolium perenne) and cereal rye were 

more effective at reducing soil loss during concentrated flow erosion scenarios, such as during 

rill and sheet erosions, than legumes or brassicas due to their fine-branching root systems 

(DeBaets et al., 2011). When planted as a soil cover for an olive orchard, a 10-species cover crop 

mix and a monoculture cereal species reduced soil loss by 38.8 Mg soil ha-1 yr-1 and 40.2 Mg soil 

ha-1 yr-1, respectively, compared to 46.7 Mg soil ha-1 yr-1 by fallow and tilled orchard (Gómez et 

al., 2017). Another study reported that live plant roots of cover crops reduced soil particle 

detachment rates by 50% and increased shear strength of aggregates by 20% compared to bare 

soils (Mamo and Bubenzer, 2001). 
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In an effort to combat herbicide-resistant weeds, more attention is being drawn to cover 

crops as a preventative measure of weed control. Fall planted cover crops with sufficient biomass 

production have been shown to dramatically reduce weed biomass (Karlen & Doran, 1991; Vyn, 

et al., 2000; Finney et al., 2016). Early-season weed suppression is crucial for cash crop growth 

because germination and early growth stages are when cash crops are most vulnerable to weed 

competition (Osipitan et al., 2018). Thus, limiting early weed pressure preserves cash crop yield 

and reduces competition for soil water and fertilizer inputs (Gallandt et al., 1999). Some cover 

crops, such as winter wheat and hairy vetch, provide extended protection through allelopathic 

exudates that inhibit the germination or growth of target weed species. Beyond simple sunlight 

and soil surface competition, cover crops can also directly suppress the germination and growth 

of other plants, including both weeds and cash crops, through the release of allelochemicals. 

Allelopathic action can account for up to a 28% reduction in weed biomass (Sturm et al., 2018). 

Allelochemicals have been observed from both winter wheat, which produces benzoxazinones 

and can impact cotton germination, and hairy vetch, which produces cyanomides which can 

impact corn germination. Both of these can potentially persist in the soil, making careful 

selection of cover crop species used in rotations vital (Koehler-Cole et al., 2020).  

Finally, there are long term soil health and climate resilience benefits from planting cover 

crops which also gain traction as governments consider a C credit system for offsetting 

commercial C emissions. Of the 3170 Pg of C estimated to exist in terrestrial ecosystems, 

approximately 80% (2500 Pg) is stored in the soil (Kayler et al., 2017). Agricultural 

mismanagement of soil such as intensive tillage has led to a considerable loss of C from soils. 

Including cover crops in cropping systems is an excellent option to increase net input of C in 

soil. Over a 9-year study period on the effects of cover crops on andisol soils in Kanto, Japan, 
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cover crops cumulatively increased soil organic carbon (SOC) by 8 and 3.2 Mg ha-1 for cereal 

rye and hairy vetch, respectively, above fallow plot levels (Higashi et al., 2014). Soil organic 

carbon (SOC) is closely related to the amount and quality of plant biomass, thus cereal type 

cover crops that produce high amount of slow-decomposing biomass would be more effective in 

increasing SOC. In another study, decomposition of cover crop residues in-situ increased SOC 

by 0.1 Mg ha-1 versus removal of cover crops for use as forage (Chahal et al., 2022). Whether or 

not residues were removed, growing cover crops increased SOC by 10-20 Mg ha-1 over a 9 year 

period. This study suggests that even if cover crop residues were removed, their inclusion in 

seasonal rotation increases soil C, potentially through the contribution of root biomass; however, 

maximum benefit is achieved by allowing the residues to decompose in-situ (Chahal et al., 

2020). A study conducted in Nebraska found that growing cover crops increased SOC stocks by 

0.1-1.0 Mg ha-1 yr-1 based on the amount of biomass produced (Blanco-Canqui et al., 2015). 

Another study estimated that approximately 6,232,158 ha of American croplands are planted 

with cover crops (Wallander, 2021), which covers only 5.1% of total croplands. With a 

conservative C sequestration rate estimate of 0.1 Mg C ha-1 yr-1, approximately 623,213 Mg C yr-

1 is sequestered in cover crop grown croplands in the US. While this amount of sequestered C is 

not enough to counteract agricultural impacts on atmospheric C emissions, it has shown enough 

promise to motivate some private companies to pay farmers to include cover crops in their 

management practices and begin creating a C market to offset the impacts of industrial emissions 

(Economic and Environment Risk Coalition, 2019). 

 Planting diverse mixtures of cover crops is a potential solution to some of the limitations 

of growing monocultures of either legumes or non-legumes, but the body of research on species 

selection in mixtures and their benefits is still in the early stages and the results are region-
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specific. The minimum number of species needed to achieve the benefits of a diverse mixture 

and how these benefits compare to an effective monoculture are areas of particular interest. From 

a producer’s perspective, a highly diverse mixture may not provide enough economic benefit to 

offset the additional seed costs and difficulty in planting a multispecies mixture. If agronomic 

and ecological results of a highly diverse mixture can be achieved with only two species, the 

seed costs become less prohibitive while still providing some of the benefits of a diverse blend of 

species. This study seeks to examine whether a minimum species diversity, such as a grass-

legume bi-culture, offers the same benefits as more diverse mixtures and whether diverse 

mixtures improve performance over the individual monocultures of legume or grass species. To 

address these questions, this study considers total biomass production, weed suppression, soil 

coverage, nitrogen recovery, phosphorus solubility, and cash crop yield impacts in response to a 

suite of cover crop species diversity treatments, as well as how these performance parameters 

change in response to decreased N availability. 

 

Rationale and Significance 

The above-mentioned ecological benefits of including winter cover crops in agricultural 

systems are widely observed and highly desirable for the conservation of soil and water 

resources. However, environmental health alone is not enough to guarantee cover crop adoption 

as profitability is vital to adoption success. Cover crop seed cost is an important challenge to 

producer adoption of the practice. Therefore, this study seeks to also evaluate agronomic and 

financial benefits from cover crop adoption and compare expenses and yield impacts of several 

species selections to identify the most cost-effective option, and whether there is additional 

benefit provided by the high-diversity mixture compared to the bi-culture which would justify its 
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larger seed cost. The benefits that can be easily translated to economic terms include weed 

suppression, nutrient release (e.g., N and P), and crop yield. These benefits can vary depending 

on cover crop species types and geographic location. Understanding how multi-species cover 

crop mixtures impact these benefits will be vital in justifying increased seed costs and planting 

difficulty associated with growing multi-species cover crops. Thus, this project attempts to 

analyze the cost-benefits of a suite of cover crop types through the lens of weed suppression, 

nutrient release, and yield changes.  
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Chapter 1: Cover crop diversity and soil nitrogen status on agronomic characteristics of cover 

crops and weed suppression potential 
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1.1 Abstract 

Sufficient cover crop biomass production is pivotal in achieving any agronomic or 

ecological benefit from winter cover cropping practice, thus strategies to maximize cover crop 

biomass are of great interest. Increased species diversity has the potential to increase biomass 

through both the synergistic effects of planting complementary species as well as maximizing 

space and soil resources utilization through improved functional diversity. This study 

investigated the agronomic characteristics of a suite of cover crop treatments, ranging from 

single species to 5-species mixture at two sites in Tennessee (Milan and Spring Hill) that varied 

in inherent soil mineral N content. A randomized complete block experimental design was 

followed at each site using four N rates (0, 112, 164, and 224 kg N ha-1) sub-divided into five 

cover crop treatments: fallow, winter wheat, crimson clover, wheat-clover bi-culture (Wht+Clvr), 

and a 5 species “soil health mix” (SHM) comprised of wheat, oats, clover, hairy vetch and radish 

with four replications of all N-cover treatment. We measured total cover crop biomass 

production, cover crop species distribution, soil coverage, and weed biomass content in 2021 and 

2022 just prior to cover crop termination. The increased cover crop species diversity did not 

consistently produce additional biomass compared to monoculture but reduced biomass loss due 

to less favorable growing conditions, resulting in better stand stability. The weed suppression 

trend was similar to biomass in that increased diversity provided more consistent weed 

suppression instead of greater overall reductions. Soil coverage, however, was greatly improved 

with greater diversity. There was no additional benefit to the SHM over the wheat-clover bi-

culture (Wht+Clvr), suggesting that two species provide sufficient diversity to receive the 

benefits of planting multiple species. 
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1.2 Introduction 

Cover crops provide a multitude of environmental benefits as discussed in above; 

however, the efficacy of cover crops to provide those benefits is reliant on sufficient biomass 

production. Without sufficient biomass, soil coverage and resource scavenging abilities of cover 

crops are reduced, allowing more space and nutrients available for weed incursion. Planting and 

termination dates are important factors in biomass production (Clark et al., 1994); however, the 

ability to alter these dates is limited by weather conditions and the planting and harvesting 

timings of previous and subsequent cash crops. An alternative way to influence biomass 

production is increasing cover crop functional diversity (MacLaren et al., 2019). Functionally 

diverse crops exhibit different growth habits and resource acquisition strategies, making more 

efficient use of physical space and resources. Redundancy in growth habit and ecosystem 

function are reduced by focusing on cover crop functional diversity, as opposed to number of 

species.  

Cereal cover crops are generally selected for their aggressive N scavenging and high 

biomass production. Legumes are selected as a source of supplemental N, but a legume 

monoculture tends to produce significantly lower biomass than a cereal monoculture 

(Poffenbarger et al., 2015). Due to differences in plant morphology, cereal-legume bi-culture 

reduces competition for sunlight and water (Keating and Carberry, 1993), allowing both species 

to thrive within the same growing environment. By planting grass-legume mixtures in synergistic 

proportions, biomass production remains comparable to grass monoculture (Poffenbarger et al., 

2015; Finney et al., 2016) while also providing N directly from the legume to the companion 

grass through rhizosphere interactions which improve legume root nodulation and increase N 

fixation rates (Wang et al., 2020). The result is a high biomass-producing cover crop that still 
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scavenges residual N and provides weed and erosion control, while providing supplemental N 

later in the cover crop season and to the succeeding cash crops. Further increasing diversity by 

including brassicas in the grass-legume mixtures provide additional benefit of alleviation of soil 

compaction (De Baets et al., 2011; Blanco-Canqui et al., 2015;; Finney et al., 2016; Florence et 

al., 2019). In addition, incorporating species with better phosphorus (P) uptake efficiency, such 

as forage radish (Raphanus sativus L.) or black oats (Avena strigosa Schreb.), could improve P 

availability to following cash crops (Pavinato et al., 2017). Although cover crop mixtures have 

these theoretical benefits, results from diverse mixtures are often inconsistent and mixture-or 

site-specific, or do not outperform their relevant component monocultures (Florence & McGuire, 

2020). The reason/reasons why producers decided to grow cover crops should be taken into 

account during species selection. Careful consideration must be given to component species 

because arbitrarily selecting species combinations without sufficient functional diversity can 

negatively impact biomass production due to competition among included species, reducing the 

overall effectiveness of the cover crops (MacLaren et al., 2019). 

The premise of increased functional diversity implies that more efficient use of growing 

space will provide more effective soil coverage. Improved soil coverage with plants is important 

for reducing erosion (Kaspar, 2011) as well as for improving weed suppression (Blanco-Canqui 

et al., 2015), provided that sufficient biomass is produced in the fall to have an established cover 

crop stand prior to spring weed emergence. Additionally, some cover crop species, such as 

winter wheat and hairy vetch, also produce allelopathic root exudates that inhibit weed seed 

germination (Fujii, 2001; Ercoli et al., 2007); however, this effect tends to be species-specific for 

both cover crops and target weeds (Sturm et al., 2018). Available soil N content is another factor 

impacting weed pressure. For some weed species, biomass production is independent of N 
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availability while for others, growth correlates strongly with soil N availability (Blackshaw and 

Brandt, 2017). Therefore, scavenging available N by winter cover crops can decrease N-sensitive 

weed populations emerging in early spring. Under the same premise, increased N availability 

from legume cover crops can hypothetically increase N-sensitive weed pressure, particularly if 

there is not sufficient cover crop biomass and ground coverage to limit access to light and bare 

ground for weed populations.  

 

1.3 Objectives and Hypotheses 

This study examined how cover crop functional diversity influenced cover crop biomass 

production and species distribution, as well as weed suppression ability under different soil N 

levels.  

Objective 1: Examine the effect of cover crop species diversity and residual soil N levels 

on cover crop biomass production and species distributions. 

Hypothesis 1.1: More diverse cover crop treatments will produce greater biomass 

than their individual species. 

Hypothesis 1.2: Increased residual soil N content will increase total cover crop 

biomass and the proportion of cereal biomass in diverse mixes. 

Objective 2: Determine the effect of cover crop soil coverage and species diversity. 

Hypothesis 2.1: Increased diversity will increase soil coverage through more 

efficient use of available space and soil nutrients 

Hypothesis 2.1: Increased cover crop diversity will reduce weed biomass due to 

increased soil coverage compared to monoculture cover crops.  
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1.4 Materials and Methods 

1.4.1 Site description and cover crop growing conditions 

Field experiments were initiated in October 2019 at two locations: University of 

Tennessee’s AgResearch and Education Center at Milan, TN (called Milan hereafter) and the 

Middle Tennessee AgResearch and Education Center, Spring Hill, TN (called Spring Hill 

hereafter) fields were established as a corn-soybean rotation system under no-till management. 

Corn was planted in 2020 and 2022, and soybeans were planted in 2021. The soil at the Milan 

site (35.9334701, -88.7221380) is a Providence Silt Loam (fine-silty, mixed, active, thermic 

Oxyaquic Fragiudalfs) on a 2% slope. This soil is moderately well-drained, moderately 

permeable, and formed from silty alluvium (USDA NRCS, 2021). The soil at the Spring Hill site 

(35.7207398, -86.9648227) is a Maury Silt Loam (Fine, mixed, active, mesic Typic Paleudalfs) 

on a 2% slope. This soil is well-drained, moderately permeable, and formed from glacial 

alluvium deposited over phosphatic bedrock (USDA NRCS, 2021). Other site-related differences 

include soil pH, bulk density, extractable P, and soil organic carbon are listed in Table 1.3. While 

none of these properties are explicitly explored in this chapter, they could potentially impact 

cover crop growth and are thus worth noting. 

Before planting cover crops at Milan in 2020, a shallow vertical-tillage was done to 

redistribute corn stalk residues across the plots. This was not performed at Spring Hill. The 

average daily minimum and maximum temperatures, monthly cumulative precipitation, and 

accumulated growing degree days (>10°C) for both sites in the 2021 and 2022 cover crop 

growing seasons are included in Table 1.2. Growing degree days were measured from the date of 

cover crop planting to the date of termination. The Spring Hill site had more growing degree 
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Fig. 1.4. Linear regression of soil residual N and cereal biomass of wheat monoculture, 

Wht+Clvr bi-culture, and SHM in both 2021 and 2022 for a) Milan 2021 and b) Spring Hill 

2021 (c) Milan 2022 and (d) Spring Hill 2022.  
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Fig. 1.5. Cover crop species treatments and Spring soil coverage at (a) Milan 2021, (b) Spring 

Hill 2021, (c) Milan 2022, and (d) Spring Hill 2022. Error bars represent standard error of 

mean (n=16). Different letters indicate significant difference in mean values within each 

inorganic N species based on Tukey’s HSD test at p < 0.05. 
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Fig. 1.6. Weed biomass averaged across nitrogen rates for each cover crop treatment for (a) 

Milan 2021, (b) Spring Hill 2021, (c) Milan 2022, and (d) Spring Hill 2022. Error bars 

represent standard error of mean (n=16). Different letters indicate significant difference in 

mean values within each inorganic N species based on Tukey’s HSD test at p < 0.05. 
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and erosion may immobilize a large amount of N from the soil, which in turn can impact corn 

yield in the subsequent growing season. Negative impacts on plant uptake efficiency may reduce 

crop yields without necessitating changes to the economically optimal nitrogen rate (EONR) 

(Pantoja et al., 2015).  

Nitrogen is the most important limiting nutrient for plant growth, but since the invention 

of the Haber-Bosch process, synthetic N fertilizers are readily available. Demand for agricultural 

phosphate (HxPO4
x-), another important plant nutrient, has quadrupled in recent decades (Cordell 

& White, 2014); however, the phosphate rock from which it is derived is a non-renewable 

resource (Brinck, 1977; Lavelle et al., 2005). Approximately 18 megatons (Mt) of rock 

phosphate are mined per year for use as phosphate fertilizer (Prud’homme, 2010; Potash Corp, 

2011; Cordell and White, 2013). However, only 15-30% of applied PO4
3- is actually taken up by 

plants, allowing approximately 12 Mt of the remaining application to either be immobilized in 

the soil as legacy P or lost to aquatic systems, leading to extensive damage in the form of 

eutrophication (Seyers et al., 2008). Legacy P describes the accumulation of PO4
3- associated 

iron, aluminum, and calcium complexes into pools of unavailable P, leading to a reduction in 

plant uptake efficiency (McLaughlin et al., 2011). Growing certain cover crops are shown to 

increase the availability of P to the following cash crop either through the promotion of 

arbuscular mycorrhizal fungi (AMF) colonization of cash crop roots or through increasing 

solubility of legacy PO4
3-. Cover crops such as Italian ryegrass (Lolium multiflorum) and hairy 

vetch are associated with increased AMF colonization (Higo et al., 2018), and cover crops such 

as forage radish, ryegrass, and black oat (Avena strigosa) are known to increase the solubility of 

legacy P (Maltais-Landry & Frossard, 2015; Varela et al., 2017). These cover crop residues can 

contribute 20-40% of cash crop P uptake and be comparable to water-soluble mineral fertilizer P 
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pool present in the soil (Maltais-Landry & Frossard, 2015). Regardless of the mechanism, the 

increased P content of cover crop species increases the pool of available P in soil, primarily in 

the form of inorganic P, as the residues decay. Varela et al. (2017) found that inorganic P release 

reached agriculturally significant levels of 2-16 kg P ha-1 for the species studied with the levels plateauing 

by 150 days post termination.  

2.2.2 Release rate of N and P from decomposing cover crop residues  

The release of N from cover crops was closely related to C: N ratio of cover crops. 

Legumes with lower C: N ratios (e.g., clover, hairy vetch, and pea) release N more rapidly and in 

higher quantities than non-legumes (e.g., cereal rye, wheat, and oats) with higher C: N ratio. In a 

2-year study in Pennsylvania, cereal rye, clover, and pea monocultures accumulated 39, 77, and 

118 kg N ha-1, respectively (Kaye et al., 2019). In another study, hairy vetch monoculture 

released 60 kg N ha-1 over a 10-week period with 80% of that release occurring during the first 2 

weeks following termination while cereal rye monoculture released 28 kg N ha-1 over the same 

10-week period with release rate peaking at 5 weeks post termination; the overall percent of total 

plant N content lost from the residue decomposition was 75% and 22% for hairy vetch and cereal 

rye, respectively (Singh et al., 2020). These studies indicate that significant amounts of cover 

crop residue N are returned to the soil following their termination; however, care must be taken 

to synchronize cover crop termination dates with following cash crop planting dates to maximize 

N release from cover crops during peak cash crop uptake to reduce environmental losses and 

weed growth as well as provide fertilizer credit. 

The fate of P from cover crop residue decomposition is partially determined by the 

concentration of P present in the plant material wherein concentrations below 2.4 g P kg-1 tend to 

be immobilized while concentrations above 3.0 g P kg-1 tend to encourage soluble P release 
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found most commonly in the form of orthophosphate (Alamgir et al., 2012; Damon et al., 2014; 

McLaughlin et al., 2011). The stage of the cover crop at termination is also an important 

consideration: more mature plants tend to have lower overall P concentrations and proportionally 

higher organic P (as opposed to inorganic P) than younger plants. Organic forms of P, such as 

nucleic acids and phospholipids, must be mineralized prior to being available for plant uptake 

(Noack et al., 2012). In a study by Varela et al. (2017) on P release rate from oat (Avena sativa 

L), cereal rye (Secale cereale L.), and ryegrass cover crop residues, rates peaked for all three 

species at about 120 days post termination. The release of P throughout the cash crop growing 

season ranged from 2-15.9 kg P ha-1 with 53-100% being inorganic P. This amount is 

agronomically significant as it would meet approximately 67% of the P requirement for the 

following soybeans (Varela et al., 2017). Release of P from cover crops presents a viable option 

for supplementing fertilizer inputs but is generally insufficient in quantity to replace P fertilizer 

sources completely. The release of inorganic P from residues also tends to be rapid, allowing P 

recovery by cash crops to be possible within the growing season; however, the conversion of 

organic P to plant-available form takes additional time. Nonetheless, cover crops can reduce the 

amount of chemical fertilizer application as well as increase the nutrient uptake efficiency of 

succeeding cash crops. More studies are needed to understand how different cover crop species 

impact soil P dynamics in order to optimize species selection for maximum environmental and 

agronomic benefits. 

 

2.3 Objectives and hypotheses 

The objective of this study is to quantify nitrate and phosphate inputs in soil from 

decomposing winter cover crop residues to better understand the ability of different cover crop 
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species to supplement these nutrients to the following cash crops. The specific objectives of this 

study are as follows: 

Objective 1: Determine cover crop species effects on soil NO3-N and PO4-P contents 

over cover crop growing season 

Hypothesis: The presence of cereal cover crop species will decrease soil NO3-N 

and PO4-P contents during the cover crop growing season due to increased crop 

uptake 

Objective 2: Determine the release rate and amounts of NO3-N and PO4-P from each 

cover crop treatment 

Hypothesis: Cover crop treatments with a higher proportional legume content will 

have a faster rate and greater amount of N release, while treatments with a higher 

proportion of grasses will have a greater release of PO4-P. 

 

2.4 Materials and Methods 

2.4.1 Soil sampling to determine changes in nutrient content 

From all plots at both study locations, soil samples were collected twice a year: prior to 

planting the cash crop in April and following cash crop harvest in October-November. Samples 

were collected from 0-5 and 5-15 cm depths from 10 random locations within each plot and 

composited into a single sample per depth in each plot. Fresh samples were transported to the 

laboratory in coolers with ice and subsamples were immediately analyzed for gravimetric 

moisture content. Samples were then air-dried and sieved through 2.0 mm for the analysis of 

multiple physio-chemical properties. Total organic carbon and total nitrogen concentrations were 

determined using dry combustion method (Nelson and Sommers 1996) using a CN analyzer 
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(Elementar vaioMax CN analyzer). Soil inorganic N was determined using a Skalar continuous 

flow analyzer after extracting soils with 2.0 M KCl. Other macro and micronutrients were 

measured using ICP-OES following Mehlich-1 extraction. Data will be compared to baseline 

data established in October 2019 (Table 2.2).  

2.4.2 Determination of cover crop decomposition rates in-situ 

All Spring Hill and Milan cover crop plots receiving 224 kg N ha-1 were utilized for a 

residue decomposition study. Nylon mesh bags measuring 10 cm by 15 cm with a pore size of 

1.0 mm were used for this study. At the week 0 time point (on the day of cover crop 

termination), the nylon bags were filled with each of the five cover crop types. For no cover 

treatment, bags were filled with weed species from the fallow plots. Bags contained 

approximately 50 g and 25 g of fresh biomass for Milan and Spring Hill plots, respectively. The 

difference in starting biomass weights was due to the difference in total biomass production at 

the two locations. A total of 12 bags were prepared per plot per site and were placed on the soil 

surface on April 18 and April 20 for Milan and Spring Hill, respectively. Two bags were 

retrieved at time points 0, 1, 2, 4, 8, and 12 weeks. Upon collection, litterbags were placed in an 

oven at 60°C until mass stabilized and then weighed to determine dry weight. C: N ratios were 

determined in October 2021 using CN Analyzer.  

2.4.3 Use of anion exchange membranes (AEM) to determine nitrate and phosphate release 

 AEMs (ResinTech AMB-SS, ResinTech INC., West Berlin, NJ) were prepared by cutting 

into 10 cm x 2 cm size strips with a hole punched at the top of the strip (adapted from Jasrotia 

and McSwiney, 2009). Strips were placed in a jar containing 0.5 M HCl and shaken at 80 rpm 

for 2 hours. Jars were then opened, the HCl removed and replaced by 0.5 M NaHCO3, and set 

upright on the shaker with the lid vented to allow gas to escape for 1 hour. 0.5 M NaHCO3 
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solution was poured off, replaced with fresh solution, and the rinsing was repeated four more 

times. After finishing all five 0.5 M NaHCO3 rinses, the strips were placed in jars containing 

MilliQ water, and the jars were stored in the refrigerator for future use.  

 AEMs were deployed only to the Spring Hill location in all cover crop treatments that 

received 0, 112, or 224 kg N ha-1 for both years. Just before field deployment, a zip tie was 

looped through the punched hole at the top of the strip to aid easy retrieval. The first set of 

AEMs was placed one week before cover crop termination and collected approximately 24 hours 

prior to termination. The remaining AEM’s retrieval times matched with 1-, 2-, 4-, 8-, and 12-

weeks post-termination in year 1, with an additional collection at 16 weeks post-termination in 

year 2. For each placement, a putty knife was inserted into the soil at a 15-20° angle, and the soil 

was gently pried upward. Two AEMs were placed in each opening at 2 cm depth, leaving the zip 

tie loops exposed. The putty knife was then removed, lowered the soil back into place, and 

pressed gently from the top to increase the soil contact of AEMs. A flag marker was then placed 

through the exposed loops. To retrieve the strips, the flag was removed, the zip tie loops grasped 

firmly and the putty knife reinserted into the soil at the same angle. The soil was pried upward 

and the resin membranes were firmly but gently removed from the soil and replaced by new 

membranes. Removed membranes were gently cleaned of any attached soil and plant residues 

and placed in a Ziploc bag labeled with the plot number and retrieval date.  

 In the lab, the strips were rinsed of remaining soil and debris using MilliQ water, the zip 

tie was removed, and the two strips were separated. One strip was extracted using 2.0 M KCl and 

the other using Mehlich-1 solution. Strips were soaked in 30 mL of respective extractants and 

shaken at 80 rpm for 1 hour. Both extracts were filtered through Whatman No. 1 filter paper into 

15 mL tubes. Mehlich-1 extracts were stored in the refrigerator prior to being submitted for P 
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analysis using Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). KCl 

extracts were stored in the freezer prior to NO3-N analysis using a Skalar continuous flow 

analyzer (Skalar Analytical B.V., Breda, Netherlands). 

The cumulative nutrient release was calculated from the AEM daily rate data as the area 

under the curve (AUC). The trapezoidal rule for integral approximations was applied to the daily 

release graph for each measured time point, the sum of which makes up the cumulative 

membrane-captured value as described in the formula:  

AUC = S[ (ya + yb) / 2 * (xb – xa)] 

where “a” represents the earlier and “b” represents the later collection point, y represents the 

daily release rate value, and x represents the days post-termination. 

 

2.5 Statistical analysis 

For statistical analysis, analysis of variance was done using PROC GLIMMIX procedure 

in SAS v9.4 (SAS Institute Inc., Cary, NC, USA). Tukey method of mean separation was used to 

determine the statistical significance of treatments at p<0.05. 

 

2.6 Results 

2.6.1 Soil NO3-N, extractable P, and cover crop biomass N 

Fall NO3-N content was generally higher at Spring Hill than in Milan in both years (Fig. 

2.1). However, there were no significant differences in fall NO3-N content among cover crop 

treatments regardless of the sites and years. Mean NO3-N values across all cover crop treatments 

in fall 2020 were 16.9 kg N ha-1 at Milan and 22.2 kg N ha-1 at Spring Hill and in fall 2021 were 

9.3 kg N ha-1 at Milan and 18 kg N ha-1 at Spring Hill. In the following spring, soil NO3-N 
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decreased considerably compared to fall levels in all site-years with a larger decrease observed at 

Spring Hill compared to Milan in both years. In addition, the fall to spring NO3-N decrease was 

much greater in 2021 compared to 2022 at both sites. However, cover crop treatments had a 

significant effect on spring NO3-N only in one site-year (Milan 2021), with wheat monoculture 

and SHM treatments resulting in the greatest decrease in NO3-N compared to clover monoculture 

and fallow treatments. 

Overwinter P was measured as the differences in fall and spring extractable P for Fall 

2020 to Spring 2021 (labeled 2021) and Fall 2021 to Spring 2022 (labeled 2022). Extractable P 

decreased for all treatments from Fall 2020 to Spring 2021 by 12 kg ha-1 and 5 kg ha-1 at Milan 

and Spring Hill, respectively. Extractable increased for all treatments from Fall 2021 to Spring 

2022 by 25 kg ha-1 and 30 kg ha-1 at Milan and Spring Hill, respectively. There were no 

significant differences in soil extractable P among cover crop and N rate treatments in all four 

site-years.  

2.6.2 Biomass N content 

In site-years with a well-established clover monoculture (Milan 2021 and Spring Hill 

2022), the monoculture produced the largest amount of biomass N, followed by the clover-

containing mixtures (Fig. 2.2a and 2.2d). In site-years where the monoculture produced lower 

biomass (Milan 2022 and Spring Hill 2021), biomass N was higher in the diverse mixtures (Fig 

2.2b and 2.2c). Wheat and fallow biomass N content were generally lower than clover-containing 

treatments except at Spring Hill in 2021 where fallow showed the highest biomass N content, 

which is attributed to the abundance of white clover (Trifolium repens) as a major weed species 

in the fallow plots. 
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2.6.3 Cover crop residue in-situ decomposition 

 The mass loss of cover crop residues over the course of the decomposition, as a 

proportion of the initial mass (week 0), for all site-years is shown in Fig. 2.3. At Milan, cover 

crop decomposition followed a generally asymptotic curve, with wheat monoculture mass loss 

being the slowest and having the greatest remaining biomass. The Milan clover monoculture did 

not have the least remaining biomass, as was originally hypothesized, but the SHM that includes 

two legume species had the least mass remaining and decomposed more rapidly than the clover 

monoculture in both years. The Wht+Clvr behaved more similarly to SHM in 2021 and Wheat 

monoculture in 2022. In both years at Spring Hill, clover monoculture decomposed rapidly in the 

first two weeks before slowing drastically and leaving the greatest proportion of residue 

undecomposed in Week 12 except in 2022. When Wht+Clvr had more residues left than clover 

monoculture. The decomposition curves of both mixtures (Wht+Clovr and SHM) more closely 

resembled that of wheat monoculture in both years except that Wht+Clvr decomposition almost 

stopped at Week 8.  

2.6.4 Biomass N released through residue decomposition 

Mass remaining and tissue N concentration of each litterbag were compared to initial 

mass and N content used in litterbag collected at Week 0. These values were used to calculate the 

rate of N released from decomposing cover crop residues (Fig. 2.4). The N release curve was 

impacted by cover crop biomass quantity, total %N of residues, and decomposition time. At 

Milan in 2021 where biomass production was the greatest among the four site-years, clover-

containing treatments released the greatest N throughout the decomposition period compared to 

wheat and fallow. At Milan in 2022, Wht+Clvr and SHM released the greatest N despite lower 

total biomass compared to 2021. At Spring Hill where the biomass was very low in both years, N 
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release varied a lot by decomposition period. Nonetheless, SHM and clover monoculture showed 

more N released in most time points than other treatments. 

 The cumulative N released over 12 weeks varied by site-years (Fig. 2.5). At Milan in 

2021, clover-containing treatments released the greatest amount of N (39 to 50 kg N ha-1) 

compared to monoculture wheat (27 kg N ha-1), and the fallow plots produced very little 

biomass, and thus released the least N (2 kg N ha-1). In 2022, clover-containing treatments also 

had larger quantities of N release than wheat monoculture. At Spring Hill, clover monoculture 

had lower than expected N release, particularly in 2022 when clover biomass was improved 

compared to 2021. Wheat monoculture also did not behave as expected and had a higher N loss 

than initially anticipated despite the lower biomass production in 2022 compared to 2021. 

2.6.5 Soil near-surface NO3-N and PO4-P release captured in resin membranes 

 The rate of NO3-N release was measured following cover crop termination and continued 

for 2-3 months at the Spring Hill site (Fig. 2.6). In 2021, the daily release rate continued to 

increase beyond the pre-determined period of 12 weeks (84 days) post-termination (Fig. 2.6a). 

Therefore, the data collection was extended to 16 weeks (112 days) post-termination in 2022 

(Fig 2.6b). In 2021, the SHM and clover monoculture had the highest increase in daily NO3-N 

release. Both diverse mixtures followed NO3-N release trends with time similar to wheat 

monoculture but at greater quantities. In 2021, the clover monoculture NO3-N daily rate began to 

plateau at approximately 56 days post-termination, while the other treatments continued to 

increase. In 2022, the NO3-N daily rate of all treatments increased earlier and more drastically 

than in 2021, with the most rapid availability for all treatments being from 28 to 56 days post-

termination. From day 56 to day 84, the NO3-N release rate decreased rapidly. By 112 days post-

termination, soil NO3-N levels had returned to baseline observations. The SHM, clover 
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monoculture, and fallow had the greatest NO3-N daily rate at 28 days post-termination, while the 

wheat monoculture and Wht+Clvr peaked later at 56 days post-termination.  

The estimated cumulative membrane-captured NO3-N for 84 days was significant among 

cover crops in 2021 (Fig. 2.7). In this year, data collected from three N fertilizer rate treatments 

(0, 112, and 224 kg ha-1 N) were combined because there was no significant interaction effect of 

cover and N application rate. The clover monoculture and SHM treatments released the greatest 

amount of NO3-N in 84 days (43 kg N ha-1) and wheat released the least (32 kg N ha-1) (Fig. 

2.7a). In 2022, cover crops did not show a significant effect in 2022 (Fig. 2.7b). In both years, 

increased N rates showed a significant positive effect with higher fertilizer rates having increased 

NO3-N release, despite 2021 being unfertilized (Fig. 2.7c and 2.7d).  

 The daily PO4-P release rate was highest in wheat monoculture and the SHM for both 

years with the SHM showing greater PO4-P release later in the season in both years (Fig. 2.8). 

Wht+Clvr followed a trend more similar to wheat monoculture in 2021 and SHM in 2022. In 

both years, the clover monoculture showed a rapid release peak early in the decomposition time 

frame followed by a steadily decreasing trend. Membrane-captured PO4-P release from fallow 

treatment for both years peaked at different dates, but the quantity of released PO4-P did not 

increase from 2021 to 2022 as it did for all other cover treatments.  

 The calculated cumulative membrane-captured PO4-P is shown in Fig. 2.9. In 2021, to 

isolate the effect of cover crops, 0, 112, and 224 kg ha-1 N fertilizer plots were combined (Fig. 

2.9a) because there was no significant interaction between cover crop and N application rate. 

However, there was a significant effect of N rate alone (p = 0.022) (Fig. 2.9c). The PO4-P release 

was highest in the wheat monoculture and SHM in 2021 (p = 0.024). In 2022, the membrane-

captured PO4-P at the 224 kg ha-1 N application rate treatment was significantly affected by 
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cover crop treatment (p = 0.002), with all wheat-containing treatments again having similar total 

membrane-captured PO4-P values and being greater than clover monoculture or fallow (Fig. 

2.9b). The cover and N rate interaction effect was also significant (p = 0.01) (Fig. 2.9d) with 

higher N fertilizer application again tended to have higher membrane-captured PO4-P, with the 

only exception being fallow plots. The difference between 224 kg ha-1 membrane-captured PO4-

P and other fertilizer rates was larger in wheat-containing treatments.  

 

2.7 Discussion 

2.7.1 Residual soil NO3-N and biomass N contents 

 Regardless of sites and years, soil NO3-N content decreased from fall (before planting 

cover crop) to spring (after terminating cover crop) (Fig. 2.1). However, due to large variability 

among field replicates, cover crop species effect on NO3-N decrease was largely non-significant 

except at Milan in 2021, where wheat monoculture and SHM reduced soil NO3-N compared to 

other treatments. At this site-year, clover monoculture and fallow had the greatest amount of 

NO3-N left at the end of the cover crop season, meaning that growing a legume cover crop as 

monoculture poses the same NO3-N leaching loss risk as keeping the field fallow between cash 

crop seasons. In all other site-years, NO3-N scavenging was not impacted by cover crop species. 

The higher biomass production at Milan in 2021 may have been responsible for the greater 

species effect on fall to spring NO3-N changes at this site-year (Fig. 1.2 in Chapter 1). Cover 

crops’ ability to prevent N leaching and by storing N in biomass is greatly dependent on the 

production of sufficient biomass, however, the biomass production is greatly dependent on the 

cover crop planting and termination dates (Komatsuzaki & Wagger, 2015). In a previous study, 
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delaying planting until mid-October decreased cover crop biomass by up to 40% as compared to 

early-September planting (Akbari et al., 2019). 

Insufficient cover crop biomass production is found to be associated with increased net 

soil NO3-N loss as well as reduced spring recovery (Hashemi et al, 2013). The link between 

cover crop biomass amount and soil N conservation was best demonstrated at Milan in 2021 

where there was a greater reduction in residual soil NO3-N compared to other site-years (Fig. 

2.1) which was also reflected in the increased cover crop biomass N (Fig. 2.2a), particularly in 

cereal-containing treatments. Comparatively, Spring Hill in 2021 also experienced a large 

reduction in soil NO3-N (Fig. 2.1b), but poor cover crop establishment (Fig. 1.2b in Chapter 1) 

resulted in very low biomass N (Fig. 2.2b), suggesting that sufficient biomass production is vital 

to N retention and recovery. Increased species diversity improved biomass N in years when 

clover monoculture did not grow well (Fig. 2.2b, Fig. 2.2c), but the diverse treatments somewhat 

reduced biomass N when clover monoculture grew well (Fig. 2.2a, Fig. 2.2d). Similar 

observations were observed in a study by Smith et al. (2014), in which the multispecies mixes 

over-yielded and retained more N compared to some monocultures, but not more than a well-

established, high biomass monoculture. We did not measure biomass N and soil NO3-N contents 

mid-winter to accurately assess cover crop establishment in the fall and its effect on potential 

NO3-N leaching losses at the height of the vulnerable period. If cover crops are not well-

established prior to the drop in growing degree days, even cold hardy varieties would not be able 

to take up available soil NO3-N until the return of warmer days in the early spring (Dabney et al., 

2001). 
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2.7.2 Biomass N returns to the soil through residue decomposition 

 For all cover crop treatments, the biomass C: N ratios were significantly higher with 

larger differences between treatments in 2021 compared to 2022 due to the increased maturity of 

the cover crops at the time of their collection in 2021. This should have resulted in less uniform 

decomposition in 2021 compared to 2022, but this was not what was observed (Fig. 2.3). 

However, we found that cover crop decomposition rates were more rapid in 2022 compared to 

2021 (Fig. 2.3). Residue decomposition rates were heavily influenced by rainfall throughout the 

decomposition study period for both years. The decreased total precipitation and rainfall 

frequency heavily impacted decomposition rates for all treatments. In addition to the total rainfall 

amounts, the timing of the rainfall events was also important. There was minimal rainfall starting 

from early June and extending into July for both years, with rainfall returning in early July at 

Milan and Spring Hill in 2021. At Milan in 2022, a similar but elongated rainfall pattern was 

observed, with the return of rainfall being delayed until the end of July 2022 in Milan only, 

resulting in a slowdown in decomposition after week 8 at Milan. In contrast, Spring Hill in 2022 

experienced a decrease in rainfall from late May through the end of June, followed by ample 

rainfall from early July through August, leading to a plateaued decomposition curve for weeks 4-

6 followed by a rapid increase in mass loss rates from weeks 8-12 (Fig. 2.3d). Due to the 

similarity in total rainfall for the two years, the undecomposed residue amount was very similar 

across all treatments in 2021 at Milan and all but Wht+Clvr in 2022 at Spring Hill, despite the 

greater differences in residue C: N ratios between the site-years. Residue decomposition 

dependency on moisture availability was also observed in another study (Singh et al., 2020) in 

which C: N ratio only impacted the decomposition rate and N loss when moisture was a limiting 

factor. Milan 2022 residues generally reflected expected mass loss on a C: N basis, but Spring 
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Hill in 2021 did not. In fact, the Spring Hill residue mass loss result was against our expectations 

that cereal content would decrease both decomposition rate and total mass loss; however, the 

overall trend was similar in both years, suggesting that some other factor is influencing 

decomposition at this site that was outside of the scope of this study.  

The impact of cover crops on decomposition rate and final mass remaining is also reflected 

in the biomass N release (Fig. 2.5). Contrary to the expectation, biomass N release was not 

higher in legume monoculture compared to diverse mixtures. This is attributed to the rapid 

decomposition rate and increased total biomass of the SHM compared to clover monoculture 

(Fig. 1.2 from Chapter 1). Wht+Clvr biomass production and total mass loss were similar to the 

SHM (Fig. 1.2 in Chapter 1, Fig. 2.4), but the biomass percent N content tended to be lower than 

the clover monoculture and SHM, resulting in Wht+Clvr releasing slightly less N from biomass 

than the clover monoculture and SHM. The decreased decomposition rate and therefore greater 

final mass remaining of wheat monoculture, in general, reduced the total N release from biomass 

compared to other treatments, with exception of Spring Hill in 2022, which experienced rapid 

decomposition of wheat with little remaining biomass. The wheat at this site was in the early 

maturity stage when biomass was collected for the decomposition study, with a C: N ratio of 15, 

due to the late planting and slow overwinter growth.  As observed by several studies (e.g., 

Hashemi et al., 2013 and Tiffin and Hesterman, 1998), cover crop maturity at termination plays a 

vital role in N recovery upon residue decomposition and such effect is mostly seen in cereal 

cover crops such as wheat due to its greater C: N ratio, which further increases with maturity. 

Less mature wheat residues at Spring Hill decomposed rapidly and released a greater amount of 

N than expected compared to other treatments.  
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2.7.3 Membrane captured soil NO3-N and PO4-P content 

 The in-situ anion resin membrane experiment was only conducted at the Spring Hill 

location, and only performed on plots receiving 0, 112, and 224 kg N ha-1 fertilizer (corn-year) 

applications. The total amount of NO3-N captured via the membranes exceeded the biomass N 

release calculated from the residue decomposition experiment. From the unfertilized plots, the 

membrane captured 32-43 and 40-45 kg NO3-N ha-1 in 2021 and 2022 (Fig. 2.7), respectively 

compared to the biomass N release values of 12-26 and 21-38 kg ha-1 (Fig. 2.5). One potential 

reason for this discrepancy is that the litterbags did not account for cash crop residues which 

were also allowed to decompose in place and would have provided an additional source of N, 

particularly following a soybean year. The AER would also be sensitive to N fertilizer 

application performed in 2022. By using buried resin membranes to estimate available N in the 

top 20 cm of the soil following a red clover cover crop, Hill et al. (2016) found that red clover 

increased soil NO3-N by approximately 55 kg ha-1. Given that neither of our observed cover crop 

years produced a high biomass clover stand at Spring Hill, our values seem comparable to these 

findings. We also found that there was a time delay between biomass N release from residue 

decomposition and soil NO3-N increase captured in anion resin membranes placed just below the 

soil surface. 

Significant N release from residue began around 2-4 weeks post-termination, but 

available N captured by the membranes did not begin until after 6 (2021) and 4 (2022) weeks 

post-termination, peaking after 12 weeks (2021) and 8 weeks (2022) post-termination and 

returned to near-baseline values by 16 weeks post-termination. While our N loss findings are in 

agreeance with other decomposition papers (Singh et al., 2020), the unique aspect of our study is 

in examining the time delay between N loss from biomass and the increase in soil inorganic N, 
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making comparisons to other studies difficult. However, it should be noted that the wheat cover 

crop in Spring Hill, particularly in 2022, was less mature and had a lower C: N than is typically 

observed and had a much shorter decomposition time than we originally expected, resulting in 

cereal-containing treatments releasing N much more rapidly and being more readily converted to 

NO3-N. The delay between biomass N loss and membrane-captured NO3-N availability suggests 

that the bulk of N availability falls within corn uptake windows, particularly in years when the 

cover crop is more mature (2021). Having a less mature and lower biomass cover crop stand 

shortens the timeline and decreases the total amount of N recovery, potentially reducing the 

amount of N available at the corn’s optimal uptake growth stages (Fig. 2.6) again highlighting 

the importance of early planting and good establishment. In 2022, the cover crop species effect, 

if any, on cumulative NO3-N captured by the membranes was masked by the application of N 

fertilizer for corn, demonstrating that soil NO3-N levels were more directly driven by the 

availability of N in inorganic form from synthetic fertilizers than in organic form from residue 

decomposition.  

 In both years, membrane-captured soil PO4-P level showed peak availability within the 

first four weeks of termination for all treatments and steadily declined for the remainder of the 

cover crop decomposition study period, with the exception of the SHM, which resulted in a 

secondary peak at around 56 days in 2021. In 2022, there was a mid-season drop in PO4-P 

capture around day 56, which coincided with the drought conditions observed (Fig. 2.8), hinting 

that PO4-P capture membranes are more sensitive to soil moisture than the NO3-N capture 

membranes perhaps due to the limited mobility of PO4-P in soil. The second peak observed in 

2022 at 56 days was most pronounced in cereal-containing treatments and potentially linked to 

their continued decomposition with the resumed rainfall and was similar to that observed in 
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winter wheat C:P ratio observed in another study (Buchanan & King, 1993). The overall PO4-P 

membrane-captured values (Fig. 2.9) coincided with estimates from a study by Varela et al. 

(2017), which quantified 2-16 kg PO4-P ha-1 from cover crop residues using similar membranes. 

The cover crop treatment differences in membrane-captured PO4-P confirmed our hypothesis 

that cereal-containing treatments lead to a higher increase in soil PO4-P over the course of the 

decomposition compared to legume monoculture. It was contrary to our expectations that the 

SHM did not outperform the wheat monoculture due to the SHM inclusion of oats, which are a 

better-known source of P from residues. For example, a previous study found that approximately 

40% of the total P content in stem residues of winter wheat is in available orthophosphate form 

compared to nearly 65% in oat (Noack et al, 2012) and 12% in vetch (Maltais-Landry & 

Frossard, 2015). There was a significant increase in membrane-captured P with increased N 

fertilization rates, which coincided well with increased cereal biomass leading to increased 

residue P content as observed in other studies (Noack et al., 2012; Buchanan et al., 1993; 

Lupwayi et al., 2007). 

 

2.8 Conclusions 

The goal of this study was to understand the potential of cover crops to reduce the 

environmental losses of N and to supplement synthetic N and P needs for row crops. There was 

not a consistent trend in the effect of cover crop species on NO3-N left in the soil after cover crop 

termination when biomass production was less. However, sufficient biomass production showed 

a trend in which cereal-containing cover crop treatments decreased fall to spring NO3-N more 

than non-cereal treatments. As expected, legume-containing treatments increased both biomass N 

and soil NO3-N, compared to cereal-dominated treatments, while cereal-dominated treatments 
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provided more PO4-P than legume-dominated treatments. Decomposition was slower in cereal-

containing treatments at Milan, which was improved by the inclusion of additional species; 

however, increased precipitation frequency reduced any effect of cover crop treatments on 

residue decomposition. We also observed a time delay between biomass N release from residue 

decomposition and increased availability of soil NO3-N captured in resin membrane, with 

membrane uptake starting around 28 days post-termination, which was in alignment with our 

expectations based on the time needed for organic N to be converted to inorganic N. The delay 

between biomass N release and NO3-N availability in soil is an important observation as the 

increased NO3-N observed coincided with corn uptake needs, indicating that cover crops could 

potentially provide supplemental N directly to the following corn crop. Corn-year N fertilization 

had a larger positive effect on membrane-captured NO3-N than cover crop species. The SHM 

provided comparable amounts of N compared to clover monoculture and P compared to wheat 

monoculture, suggesting that it could provide both nutrients effectively and at higher quantities 

than the Wht+Clvr bi-culture. Weather anomalies in one of the two study years caused 

inconsistent findings, so long-term monitoring is needed for drawing more robust conclusions. In 

addition, studies should be repeated in more N and P-limited soil such as our Milan site to 

confirm if resource scarcity provides more cover crop benefits.  
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Appendix B 

  

 
 

Fig. 2.1. Soil NO3-N content before cover crop planting (Fall) and after cover crop termination 

(Spring) as affected by cover crop species for (a) Milan fall 2020 and spring 2021, (b) Spring 

Hill fall 2020 and spring 2021, (c) Milan fall 2021 and spring 2022, (d) Spring Hill fall 2021 and 

spring 2022. Total bar height represents fall NO3-N and darker interior bar represents soil NO3-

N remained in the following spring. Error bars indicate standard error of mean (n=16), different 

letters indicate Tukey’s HSD significance at p<0.05).  
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Fig. 2.2. Total N in cover crop biomass averaged across N fertilizer treatments for (a) Milan 

2021, (b) Spring Hill 2021, (c) Milan 2022, and (d) Spring Hill 2022. Error bars represent 

standard error of mean (n=16), different letters indicate Tukey’s HSD-based significance at p < 

0.05).  

 

D

C

A

B
B

0

10

20

30

40

50

60

70

80

B
io

m
as

s 
N

 (
k
g
 h

a-1
)

(a)

A

C C

BC

AB

0

10

20

30

40

50

60

70

80

B
io

m
as

s 
N

 (
k
g
 h

a-1
)

(b)

B
B B

A A

0

10

20

30

40

50

60

70

80

B
io

m
as

s 
N

 (
k
g
 h

a-1
)

(c)

B
A

A
A A

0

10

20

30

40

50

60

70

80

B
io

m
as

s 
N

 (
k
g
 h

a-1
)

(d)



68 

 

 

 

  

  

Fig. 2.3. Cover crop residue remaining for different cover crop species treatments (a) Milan 

2021, (b) Spring Hill 2021, (c) Milan 2022, (d) Spring Hill 2022Mass loss was calculated as 

mass change from Week 0 on a dry weight basis. Error bars represent the standard error of the 

mean (n=8). 
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Fig. 2.4. Nitrogen released from decomposing cover crop residues for (a) Milan 2021 (b) Spring 

Hill 2022 (c) Milan 2022 (d) Spring Hill 2022. Error bars represent standard error of mean (n=8). 
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Fig. 2.5. Potential total amount of N released from cover crop biomass residue decomposition 

over 12 weeks for (a) Milan 2021, (b) Spring Hill 2021, (c) Milan 2022, (d) Spring Hill 2022. 

Error bars represent standard error of mean (n=8), different letters indicate Tukey’s HSD-based 

significance at p < 0.05.  

 

C

B

A

AB

A

0

10

20

30

40

50

60

P
o
te

n
ti

al
 N

 R
el

ea
se

d
 f

ro
m

 C
o
v

er
 C

ro
p
 

B
io

m
as

s 
D

ec
o
m

p
o
si

ti
o
n
 (

k
g
 N

 h
a-1

)
(a)

B

AB
AB

AB

A

0

10

20

30

40

50

60

P
o
te

n
ti

al
 N

 R
el

ea
se

d
 f

ro
m

 C
o
v
er

 C
ro

p
 

B
io

m
as

s 
D

ec
o
m

p
o
si

ti
o
n
 (

k
g
 N

 h
a-1

)

(b)

AB

B

A
A

A

0

10

20

30

40

50

60

P
o
te

n
ti

al
 N

 R
el

ea
se

d
 f

ro
m

 C
o
v
er

 C
ro

p
 

B
io

m
as

s 
D

ec
o
m

p
o
si

ti
o
n
 (

k
g
 N

 h
a-1

)

(c)

AB A

B

AB AB

0

10

20

30

40

50

60

P
o
te

n
ti

al
 N

 R
el

ea
se

d
 f

ro
m

 C
o
v
er

 C
ro

p
 

B
io

m
as

s 
D

ec
o
m

p
o
si

ti
o
n
 (

k
g
 N

 h
a-1

)

(d)



71 

 

 

 

 
 

Fig. 2.6. Soil near-surface NO3-N release rate captured in resin membranes as a function of 

cover crop treatments after termination at Spring Hill in a) 2021 and b) 2022. Data was collected 

until day 84 post-termination in 2021 and until 112 days post-termination in 2022. Error bars 

represent standard error of mean (n=12) and is averaged across all N plots. The vertical dashed 

lines indicate estimated corn growth stages based on planting date with V6, V12, and V18 

indicating leaf stage and R1 indicating tasseling. 
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Fig. 2.7. Cumulative NO3-N released near soil surface that was captured on anion exchange 

membranes (AEM) averaged across 0, 112, and 224 kg ha-1 N fertilizer N rates over 84 days post-

termination in 2021 (a) and 112 days post-termination in 2022 (b), and for individual N 

application rates averaged across cover crop treatments in (c) 2021 and (d) 2022. Error bars 

represent standard error of mean (n=12), different letters indicate significance based on Tukey’s 

HSD at p < 0.05. There were no significant differences between cover crop treatments averaged 

across N rates in 2022. 
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Fig. 2.8. Near-surface PO4-P as a function of time since cover crop termination for Spring Hill in 

a) 2021 and b) 2022. Data was collected until day 84 post-termination in 2021 and until 112 days 

post-termination in 2022. In year 1, error bars represent standard error of mean (n=12) and is 

averaged across all N plots because N was not applied to soybean field. In year 2, data represents 

the sufficient fertilizer (224 kg N ha-1) and error bars represent standard error of the mean (n=4). 
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Fig. 2.9. Cumulative PO4-P captured on anion exchange membranes (AEM) calculated as Area 

Under the Curve (AUC) (a) 2021 AUC averaged across 0, 112, and 224 kg ha-1 N fertilizer N 

rates. Error bars represent standard error of mean (n=12), different letters indicate significance 

(ANOVA with Tukey’s HSD; p 0.0212). (b) 2022 averaged across all N rates. Error bars 

represent standard error of mean (n=16), different letters indicate significance (ANOVA with 

Tukey’s HSD; p 0.0021). (c) 2021 AUC cover x N rate interaction. Error bars represent standard 

error of mean (n=4), no significant differences found (ANOVA with Tukey’s HSD; p>0.05). (d) 

2021 AUC cover x N rate interaction. Error bars represent standard error of mean (n=4), 

different letters indicate significance (ANOVA with Tukey’s HSD; p 0.0394). 
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Fig. 2.10. Average temperature and precipitation throughout cover crop residue decomposition 

observation window. The blue bars represent daily precipitation (mm). The orange continous 

line represents average daily temperature (°C). (a) Milan 2021, (b) Spring Hill 2021, (c) Milan 

2022, (d) Spring Hill 2022 
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Chapter 3: Economic impact of adopting cover crops 
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3.1 Abstract 

Increased public interest in soil health and water quality protection have improved cover 

crop adoption rates, which have increased from 3.4% to 5.1% of cropland, nationally, from 2012 

to 2017 (Wallander et al., 2020). Potential yield impacts and initial input costs are the primary 

hurdles to cover crop adoption, and they have been best addressed through incentive programs 

such as the USDA NRCS Environmental Quality Incentive Program (EQIP) and through 

continued research on yield impacts on various cash crops. At two locations, one in western TN 

(Milan) and one in central TN (Spring Hill), this study used a randomized complete block with 

split plots of four nitrogen rates (0, 112, 168, and 224 kg N ha-1) subdivided into 5 cover crop 

treatments (fallow, wheat monoculture, crimson clover monoculture, Wht+Clvr bi-culture, and a 

5-species “Soil Health Mix” made up of wheat, clover, black oats, hairy vetch, and daikon 

radish). The purpose of this study was to compare the input costs, yield impacts, and financial 

benefits of cover crops to address producer concerns about cash crop yield and compare cover 

cropping strategies for cost-effectiveness. Two years of corn and one year of soybean harvest 

data were collected in plots receiving the same cover crop for three years and the same N 

application in corn years. The market prices for the relevant year’s inputs and revenues were 

used to evaluate financial investment and returns based on the soil nutrient retention and 

recovery previously addressed in chapter 2. Of the treatments examined, the Wht+Clvr bi-culture 

consistently incurred the lowest input costs while providing the greatest return on investment for 

all sites and years. More studies are needed to address optimal N fertilization rates for the two 

sites, with Spring Hill potentially benefitting from a site-wide reduction in N fertilizer 

application, and Milan potentially requiring additional N. For all site-years, cover crop biomass 

production was a key parameter in maximizing cover crop benefits. 
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3.2 Introduction 

 Despite the numerous environmental benefits of cover crops, the estimated national 

adoption rate in 2017 was only 5.1% of agricultural acreage (Wallander et al., 2021). The 

primary barrier to the adoption of the practice is the relative prohibitive costs. Reduction in 

runoff, leaching, and soil loss (Kaye et al., 2019; Langdale et al., 1991) and increase in soil 

carbon (Hubbard et al., 2013) are all proven benefits of cover crops adoption; however, such 

benefits come at a price. Direct investment inputs include cover crop seed, field labor, and 

machinery maintenance and fuel costs. Potential changes in fertilizer requirements and following 

cash crop yield should also be considered when discussing economic benefits. Previous studies 

reported several benefits from growing cover crops that directly contributed to farm profitability 

such as increased soil NO3-N when using legume cover crops (Marcillo & Miguez, 2017) and 

reduced abundance of herbicide-resistant weeds (Marochi et al., 2018). However, these costs and 

benefits can vary with cover crop types and soil N levels, among other factors. Understanding 

the costs and benefits of cover crop adoption is vital to the financial decisions producers must 

make. Demonstrating long-term decrease in fertilizer input needs, a sustained increase in 

productivity, or a reduction of the impact from less-than-ideal growing conditions on yield (risk 

reduction) could offset investment costs associated with cover crop adoption for enhanced 

environmental benefits. 

3.2.1 Economically optimum nitrogen rate (EONR) calculation and application 

 EONR is the threshold at which each monetary unit increase of fertilizer input no longer 

achieves at least one monetary unit of yield increase (Sawyer & Randall, 2008). Multiple 

fertilizer response curves relating monetary input over a specified area to fertilizer input of the 

same area are compared to calculate EONR. Several years may be required to accurately 
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establish EONR, and thus is often estimated by region rather than by specific location. It is 

unclear if significant differences in EONR can be identified within a short-term study due to 

variability in factors impacting EONR such as market prices of both fertilizer and agricultural 

products, soil type, precipitation, and management practices. Management practices impacting 

EONR primarily involve either providing other N pools to reduce the amount of synthetic 

fertilizer needed or reducing the amount of N leaving the system. Including leguminous crops 

(Fageria et al., 2005; Kaye et al., 2019; Murungu et al., 2011), increasing soil organic matter 

(Fortuna et al., 2003; Spargo et al., 2011), and allowing residues to decompose in the field 

(Chahalid & Van Eerd, 2020; Kuo & Jellum, 2002) all add N to the system. Soil coverage by 

growing winter cover crops and no tillage management contribute to reducing N loss (Kaye et 

al., 2019; Sharma et al., 2018; Tonitto et al., 2006). 

3.2.2 Cover crop species selection effects on fertilizer N credits 

As determined in Section 2.6.4 (Chapter 2), cover crop residue decomposition can 

provide significant amounts of supplemental N. Cereal monocultures such as cereal rye are better 

scavengers of available N from soil, reducing soil NO3-N in early spring by up to 40 kg N ha-1 

(Kaye et al., 2019); however, the slower decomposition of cereal residues reduces the amount of 

accumulated N recovered within the same growing season (Singh et al., 2020). In years with 

sufficient moisture to allow faster decomposition, mature cereals such as rye can provide 

approximately 30 kg N ha-1 compared to winter fallow (Snapp & Surapur, 2018). Conversely, 

leguminous monocultures such as hairy vetch provide much more N, (up to 60 kg ha-1) (Singh et 

al., 2020), but also decompose at rates 1.6-2.0 times that of cereal residues (Lacey et al., 2020), 

potentially releasing the majority of the biomass N too early and increasing the risk of weed 

growth or environmental losses. Recent studies examined the effect of increased cover crop 
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species diversity on N credits with mixed results. In some studies (e.g., Kaye et al., 2019; Smith 

et al., 2014), the species diversity reduced leaching but did not improve N availability compared 

to a legume monoculture. Conversely, in other studies, the increased diversity improved crop-

season N availability compared to legume monoculture (Wang et al., 2020; Fustec et al., 2011) 

due to the increased N fixation capacity of legumes grown in combination with cereals. Overall, 

the results tend to be mixture specific as well as being impacted by both environmental factors 

and management practices, highlighting the need for further research. 

3.2.3 Crop yield response to cover crop species 

 Cereal cover crops’ effects on corn yield are highly variable with some studies reporting 

a 6% decrease in corn yield following cereal rye (Pantoja et al., 2015) while others reported no 

change in corn yield over an 8 year study period (Snapp & Surapur, 2018). However, based on a 

meta-analysis of 50 years of data (1965-2015) across Canada and the United States, no 

significant impact on yield was found when various cereal cover crops were compared to no 

cover controls (Marcillo & Miguez, 2017). Potential reasons for observed yield decline range 

from decreased seedling emergence due to residues obstructing seed-soil contact (Kaspar & 

Bakker, 2015) to allelopathic effects that inhibit germination (Reberg-Horton et al., 2005). 

Marcillo and Miguez (2017) found that legume cover crops, however, increased corn yield by 

21% to 30% compared to no cover control. Yields of unfertilized cash crops following legume 

cover crops were not significantly different from N fertilizer application of 200 kg N ha-1, 

suggesting that legume cover crops could reduce or replace N fertilizer without negatively 

impacting yield. Additionally, cash crops grown following multiple legume species demonstrated 

a 2.3 Mg ha-1 increase in yield compared to fallow fields due to early season availability of N 

from both biological nitrogen fixation and cover crop decomposition (Sainju et al., 2005). The 
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meta-analysis by Marcillo and Miguez (2017) also compared mixtures containing both grasses 

and legumes and found that such mixtures produced approximately 13% higher yields compared 

to a fallow control. Yield increases from cover crop mixtures were generally attributed to 

increased biomass production, reduced nutrient leaching, and improved weed control (Kuo & 

Jellum, 2002; Marcillo & Miguez, 2017). 

3.2.4 Financial incentive programs to encourage cover crops adoption 

As the focus on sustainable practices and environmental stewardship increases, both 

government and private organizations have introduced programs to incentivize adoption of best 

management practices that focus on improving soil and water quality. For producers just 

beginning to adopt cover crops, Sawadgo & Plastina (2021) estimated that initial per hectare 

costs average $99 based on seed costs, additional herbicide use to terminate cover crops, as well 

as fuel and machinery costs; however, this estimate does not take into account cost-savings such 

as decreased fertilizer inputs or changes in cash crop yield. To reduce the economic impact of 

integrating cover crops into farm management, both publicly and privately funded cost-share 

programs act to incentivize producers. For first time cover crop adopters, the Natural Resources 

Conservation Service (NRCS) offers cost-share payments through the Environmental Quality 

Incentives Program (EQIP) for up to the first three years with the potential to extend up to five 

years under specific circumstances outlined under the 2018 Farm Bill. Once the initial EQIP 

incentive period expires, continued payments are available with increased participation levels 

through the Conservation Stewardship Program (CSP); however, payment amounts through CSP 

are lower and requirements are higher because the EQIP program is intended to offset higher 

costs associated with initial adoption, whereas the CSP is meant to incentivize maintenance 

without subsidizing costs entirely. EQIP applications are competitive, and the payment amounts 
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vary from state to state based on a multitude of factors such as potential impact, cover crop 

species composition, and applicant category (with special considerations given to traditionally 

underserved populations). In 2019, EQIP per acre payment amounts range from $16.89 - $54.16 

for single species, $26.48 - $61.25 for multispecies, and $33.83 - $80.72 for well-qualified 

applicants in high-risk areas adopting multiple best management practices (Economic and 

Environment Risk Coalition, 2019). CSP rates range from $6.78 – $8.94, $7.58 – $10.21, and 

$4.70 - $34.02 for single species cover crops, multiple species cover crops, and maximum 

benefit applicants adopting multiple best management practices in high-risk areas, respectively 

(Economic and Environment Risk Coalition, 2019). Both of these USDA programs require that 

the cover crops be planted no later than January 1, used for environmental benefit, and not be 

harvested for grain or seed; however, grazing and harvest for silage are permitted, as well as lot 

rental to grazing animals (Wallander et al., 2021). 

 Several private and non-government organizations have also begun to offer incentives for 

cover crop adoption (Economic and Environment Risk Coalition, 2019). Private organizations 

that offer direct per-acre financial incentives to producers for growing cover crops include but 

are not limited to PepsiCo ($10), Unilever ($10-$40 up to 160 acres or 10% of farmed acres), 

Cargill ($10), and Bayer ($6 for cover crops, $9 if no-till is included). Other companies such as 

the Walton Family Foundation, General Mills, and the Archer Daniels Midland Company have 

announced their own initiatives to provide education and preferred sourcing of materials (at 

varying percentages) from participating producers. DendriFund and Target seek to open new 

markets to sell cover crop products directly; however, the direct sale of cover crops as a 

commodity disqualifies the producer from USDA cost-sharing programs. The Ecosystems 

Services Market Consortium (ESMC) began work in 2017 to build a marketplace in which 
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producers could receive payments through voluntary participation in companies looking to 

decrease their environmental impact by monetary support of best management practices. Indigo 

and Bayer offer a related service in which producers are paid by the ton of carbon sequestered by 

conservation practices including cover cropping, as measured through soil carbon measurement 

and satellite imagery. Sequestered carbon credits are then sold to third party companies. While 

both Indigo and Bayer specify that the same acreage cannot be enrolled in additional carbon-

sequestration programs, these programs are stackable with publicly funded USDA programs. As 

conservation management practices gain traction, similar incentive programs will become more 

common and the market is likely to expand as demand for nitrate retention and carbon credits 

receive a market in which to sell them (Sawadgo & Plastina, 2021). These cost-sharing programs 

are estimated to increase producer participation by 54% above levels that would have existed 

without these programs, suggesting that these programs play a critical role for producers who are 

interested in implementing sustainable practices but are facing a financial barrier in doing so 

(Sawadgo & Plastina, 2021). Whether the investment cost significantly decreases with continued 

adoption is still an area of study. 

 

3.3 Objectives and Hypotheses 

The specific objectives of this study were to compare the input costs of seed, labor, and 

machinery to the direct financial benefits provided by cover crops, as well as any potential 

reductions in profitability due to yield or other performance impacts. 

 Objective 1: Convert the N released from cover crop biomass to N credits 
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Hypotheses 1.1: Legume monoculture will provide the largest N credit, followed 

by the diverse mixtures, and cereal monoculture will provide the smallest N 

credit. 

Hypothesis 1.2: N credits from all cover crops will be more than winter fallow. 

Objective 2: Compare cost-benefits of various cover crop treatments and identify the best 

cost-benefit treatment 

Hypothesis 1.1: Diverse cover crop mixtures will have a higher input cost than 

monoculture, but the increased benefits will improve profitability.  

Hypothesis 1.2: A cereal-legume bi-culture will be more cost-effective than 

multicultures with more than two species, as it provides similar benefits at lower 

cost compared to multicultures. 

 

3.4 Materials and Methods 

3.4.1 Site descriptions 

See Chapter 1 Section 1.4.1 for the detailed description of study site and treatment layout. 

The complete cover crop and N rate treatments at both sites were included in this study 

3.4.2 Calculating direct input costs of planting cover crops 

Direct input costs were calculated using seeding rate, bulk seed cost; fuel prices, 

machinery run time, and labor time needed to plant the designated cover crop treatment as well 

as perform routine field operations; chemical costs associated with pest management and pre-

planting termination of all plots. The costs of machine maintenance were estimated using run 

times versus maintenance schedules to identify the percentage of machine time dedicated to this 

study’s plots. Seed cost and total input cost of cover crop treatments are listed in Table 3.1. 
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3.4.3 Calculating cost-savings of fertilizer inputs 

The N credit was based on the predicted N released from biomass decomposition as 

explored in Chapter 2 section 2.6.4 and is based on the litterbag N loss. The estimated kg N ha-1 

contribution was converted to the relevant fertilizer source and amount along with the current 

market price. P credits were estimated using the difference from fallow in the AER captured 

PO4-P to estimate the amount of PO4-P supplied by cover crops while excluding native soil P. 

Additional N and P debits/credits were calculated based on the soil sampling data laid out in 

Chapter 2 section 2.4.1 to establish overwinter differences throughout the cover crop growing 

season from fall to spring. These values were then also converted to the applied fertilizer type 

and market value of the relevant site-year. 

3.4.4 USDA EQIP cost-share payments 

To qualify for EQIP cost-share subsidies, producers must apply for funding through the 

USDA website. Funding is limited, so preference is given to applicants who agree to multiple 

conservation practices, and cover cropping schemes utilizing multiple species. This study 

assumed that EQIP funds would be granted in each scenario investigated. Cover crop EQIP 

subsidies in this scenario were based on the cost-share schedule set out for the state of Tennessee 

with no credit awarded to fallow fields, $50.73 ha-1 offered for a single species cover crop, and 

$112.35 ha-1 offered for more than one cover crop species (Economic and Environment Risk 

Coalition, 2019).  

3.4.5 Corn and soybean harvest 

In mid- to late-April, herbicides were applied using a plot sprayer to terminate all cover 

crops and weeds. In early- to mid-May, all plots were planted using Wintersteiger drill planter at 

a rate of 36,000 kernels per acre for corn and 140,000 seeds per acre for soybean. For corn, N 
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fertilizers were split applied as four N rate treatments. In corn and soybean years, P and K 

fertilizers were applied pre-plant if soil test results indicate the need for application. Corn and 

soybean yields were determined by harvesting the middle two rows of all plots using Almaco 

combine with a calibrated bucket. Plots were harvested in October when grains reached 

approximately 15% moisture for both corn and soybean. Yields were adjusted to 15.5% and 13% 

moisture for standardized reporting for corn and soybean, respectively. Yields were converted to 

Mg ha-1 using harvest area size and then multiplied by market value per Mg to achieve USD ha-1. 

The market corn price was $66.75 Mg-1 ($4.19 bushel-1) and $110.08 Mg-1 ($6.91 bushel-1) for 

2021 and 2022, respectively, and the average dryland yield for the state of Tennessee was 10.7 

Mg ha-1 (170 bushels acre-1) in 2020 and 8.2 Mg ha-1 (130 bushels acre-1) in 2022 (Hutchins, 

2022). Market price for soybeans at time of harvest was $428.02 Mg-1 ($11.65 bushel-1) 

according to the USDA National Agricultural Statistics Service (USDA NASS, 2022). 

3.4.6 Calculating cost-benefits 

Total input costs, as described in Section 3.4.2, were calculated as follows: 

I = x(T+L) + sc + cr + sr + f 

Where I is the total input costs, x is the number of field applications within a growing season, T 

is the equipment/fuel/maintenance cost, L is the labor cost associated with field operations, sc is 

the seed costs for both cover crops, cr is the seed cost for the row crop, sr is the sum of cost of all 

chemical pesticide applications and f is the relevant N fertilizer application costs. Some 

assumptions of this equation are that, 1) the farm operates on a well and does not have to pay 

water usage for tank mixes and 2) all field applications require a similar amount of fuel and 

labor. Other expenses such as land rent/mortgage, insurances, etc. were not accounted for in this 

study. 
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The total returns including N and P credits outlined in Section 3.4.3 and row crop harvest 

as discussed in Section 3.4.5was calculated as follows: 

R = (Nr – Nw) + (Pr – Pw) + Y + E 

Where R is the net returns, Nr is the N released from residue decomposition, Nw is the estimated 

replacement cost of the changes in overwinter soil residual N), Pr is the P released from residue 

decomposition, Pw is the replacement cost of changes in the overwinter soil residual P, Y is the 

yield returns and E is the EQIP incentive payment. The assumptions of this equation are that, 1) 

the producer utilizes precision agriculture and adjusts N and P applications to reflect changes in 

soil N and P as described, 2) all N released from the residues was mineralized and retained in the 

soil, and 3) all differences from fallow for N and P was due to residue decomposition. 

The net profits were calculated as follows: 

N = R – I  

Where N is the net profit, R is the net returns (R) and I is the net input costs 

 The yield drag associated with cover crop treatments was calculated as follows: 

D = S[Yt - Yf] / n 

Where D is the yield drag, ∑ denotes sum, Yt is yield from each block’s treatment, Yf is the yield 

from fallow, and n is the number of blocks. A negative number indicated that yield was reduced 

by the treatment, while a positive number indicated that yield was improved by the treatment. All 

fallow-treatment pairs were of the same N application rate. The assumptions of this equation 

were that, 1) each block’s fallow captured differences in yield based on soil heterogeneity and, 2) 

any differences between treatment and fallow were related to the cover crop treatment in 

question.  

 Finally, the net cost of cover cropping was calculated as follows: 
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C = cs + (Nr – Nw) + (Pr – Pw) + D + E 

Where C is the net cost of a cover cropping strategy, cs is the cover crop seed cost, Nr-Nw is the 

N credit, Pr-Pw is the P credit, D is the yield drag (D), and E is the EQIP subsidy. 

 

3.5 Statistical analysis 

Yield, input costs, and EONR were compared across cover crop treatments using PROC 

GLIMMIX SAS v9.4 (SAS Institute Inc., Cary, NC, USA) analysis of variance to assess 

statistical significance using Tukey HSD adjustment (p<0.05). The statistical model was 

developed based on randomized complete block design with treatments arranged as split plots.  

 

3.6 Results 

3.6.1 N credit from cover crop biomass decomposition 

 For the purposes of this study, the N loss from cover crop biomass was converted to a 

comparable fertilizer value (Fig. 3.1). At Milan, the SHM consistently provided the largest N 

credit for all years, with the largest N credit being in 2021 at $60-72 ha-1 (Fig. 3.1a). Wht+Clvr 

and clover monoculture tended to perform similarly at Milan, but results were mixed as to 

whether the clover monoculture or the SHM provided more N based on the year and 

decomposition conditions (Fig 3.1). Fallow commonly returned the least amount of N to the 

system at Milan (Fig. 3.1a, c, and d); however, Spring Hill in 2020 and 2021 fallow performed 

similarly to other cover treatments (Fig. 3.1b and 3.1d). At Spring Hill, the SHM also commonly 

returned the most N of the cover treatments, returning $48 in 2021 and $38 in 2022, while results 

were also mixed for the other cover treatments. For all sites and years, the Wht+Clvr provided a 
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slightly lower N credit than the SHM, and had mixed results compared to the N credit of both 

monocultures.  

3.6.2 Yield impacts of cover crops and effects on EONR 

 In 2020, Milan exceeded the state average corn yield of 10.7 Mg ha-1 only at the 224 kg 

N ha-1 application rate, whereas Spring Hill exceeded this average with 112 kg N ha-1 

application. In 2022, Milan fell short of the state average of 8.2 Mg ha-1 for all treatments but 

was closest using the wheat monoculture at 224 kg N ha-1 (7.3 Mg ha-1) while Spring Hill did 

not achieve even a close amount, with its highest yield being in the clover monoculture at 0 kg N 

ha-1 application. Spring Hill was much more heavily impacted by weed pressure in 2022, which 

in combination with the drought conditions at the critical tasseling stage led to a less than desired 

harvest. Corn yields for the years 2020 and 2022 were compared between cover crop treatments, 

averaged across N application rates (Fig. 3.2a, 3.2b, 3.4a and 3.4b) as well as on individual N 

rate basis (Fig. 3.2c, 3.2d, 3.4c and 3.4d). At Milan in 2020, the clover monoculture was the only 

treatment to not negatively impact yield compared to the fallow while all cover treatments (Fig. 

3.2a). Yields responded in an apparently linear fashion to the observed increased N rates for all 

cover crop treatments (Fig. 3.2c). At Spring Hill in 2020, none of the cover crop treatments had 

any significant impact on yield (Fig. 3.2b). In addition, yields were improved with any N 

application above 0 kg ha-1, but there were no significant differences in yield between 112, 168, 

or 224 kg N ha-1 for any of the cover crop treatments (Fig. 3.2d). At Milan in 2022, all cover 

crop treatments positively impacted yield compared to fallow (Fig. 3.3a); all treatments were 

similar with 0 kg N ha-1 applied fertilizer, both intermediary N applications had significantly 

decreased yields compared to 0 kg N ha-1, but all cereal-containing treatments were improved 

with 224 kg N ha-1 fertilizer applications compared to both fallow and clover at 224 kg N ha-1 
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(Fig. 3.4c). Spring Hill in 2022 again did not demonstrate any difference in yield based on cover 

crop application (Fig. 3.4b); yield decreased for all cover treatments greater than 0 kg N ha-1 

except for the SHM, which remained approximately equivalent with increasing N while fallow 

performed best with 112 kg N ha-1 (Fig. 3.4d). Soybean yield was not impacted by cover crop 

treatment averaged across N rates (Fig. 3.3a and 3.3b) or by individual cover and N rates 

interactions for either location, although Spring Hill did show greater variability (Fig. 3.3c and 

3.3d).  

3.6.3 Producer costs of adopting cover crops 

The estimated net producer investment from both direct and indirect costs were described 

in the final equation of Section 3.4.6. Cost-benefits considered cover crop seed costs, fertilizer 

credits based on nutrient recovery from residue termination, changes in soil nutrients overwinter 

due to leaching or immobilization, yield impacts compared to fallow for the relevant year, and 

government cost-sharing subsidies through the USDA EQIP program (Fig. 3.5). Of the cover 

crop treatments, wheat monoculture had the lowest planting cost, but wheat monoculture also the 

smallest N credit and generally the largest impact on yield. Clover monoculture had a 

comparable N credit to the diverse mixtures but with lower planting costs and smaller yield 

impact. Between the two diverse mixtures, SHM had the larger N credit from residue 

decomposition and the smaller impact on yield compared to the Wht+Clvr bi-culture without any 

difference in the EQIP cost-share subsidy; however, these differences were not greater than the 

additional planting costs. Milan received greater benefits from the clover monoculture than 

Spring Hill in both years, whereas Spring Hill benefited more from the wheat monoculture than 

Milan in both years. In general, the cost of cover cropping for all treatments was generally 

greater than the financial benefits, meaning that even with government cost-sharing programs 



91 

 

included, there is a net loss in profitability when adopting cover crops, the severity of which 

largely depended on yield impacts. Yield impacts varied widely from year to year, but the SHM 

and clover monocultures generally had the smallest impact on yield. 

3.6.4 Producer net profits when including cover crops 

The equations for net profits are described in Section 3.4.6. At Milan, neither corn year 

produced sufficient yield to be profitable regardless of cover crop treatment (Fig 6a and 6e). In 

both 2020 and 2022 at both locations, all cover treatments were less profitable than fallow with 

the SHM being the least profitable option. There was not a significant effect from cover crops on 

soybean yield for either location (Fig. 3.3); however, there was a net negative effect on 

profitability for all cover treatments (Fig. 3.6c and 3.6d), with the SHM having the most negative 

impact on net profits. 

3.6.5 Considering EONR in conjunction with cover crop treatment 

Due to the difference in cover crop response to N application rate, as well as yield 

impacts of the different N application rates, it is important to consider both factors in deciding 

the most economical way to incorporate cover crops into a farm’s practices. At Milan in 2020, 

only the 224 kg N ha-1 fertilizer application resulted in a profitable yield, and only the fallow 

provided a net positive profit (Fig. 3.7a). At Spring Hill in 2020, all treatments were profitable, 

but the return on investment for all cover crop treatments began to decline above the 112 kg N 

ha-1 fertilizer application (Fig. 3.7b). Comparatively, in 2022, there were no profitable options at 

Milan (Fig. 3.7d) or Spring Hill (Fig. 3.7f). Corn profits were better at Spring Hill than Milan in 

both years, while soybeans were more profitable at Milan (Fig. 3.7c and 3.7d).  
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3.7 Discussion 

3.7.1 Corn yields from N-limited soils are more likely to be impacted by cover cropping 

 When weather conditions are favorable, yield is often N-limited. This was the case at 

Milan in 2020 where there was plentiful rainfall and no extraordinary weather conditions 

recorded, resulting in an apparently linear relationship between N fertilizer rates and yield (Fig. 

3.2c). Cereal-containing cover crop treatments, which are commonly associated with reduced 

yield due to their aggressive N scavenging nature (Kaspar & Bakker, 2015; Fageria et al., 2004), 

experienced decreased yield compared to fallow and clover monoculture. Co-cultivating with 

legumes was not enough to offset the N uptake by the high biomass producing cereal cover 

crops, despite generally providing a larger N credit compared to wheat monoculture or fallow 

(Fig. 3.1). In comparison, Spring Hill in the same year did not demonstrate a similar linear 

response to fertilizer N rates, as demonstrated by the yield plateau above 112 kg N ha-1 (Fig. 

3.2d), and subsequently no impact of cover crop treatments on yield (Fig. 3.2b). This trend is 

repeated at Spring Hill in 2022, where the drought conditions negatively affected the yield, thus 

masking the impact of N application and cover cropping (Fig. 3.3b). At Milan in 2022, the 

drought conditions were more severe than at Spring Hill, as Milan did not receive the mid-June 

rainfall event received in Spring Hill. Under drought conditions at Milan in 2022, there was a 

clear relationship between corn yield after cereal cover crop and that increased with N 

fertilization (Fig. 3.4c). This was unexpected because cover crops, and particularly cereal cover 

crops are generally accepted to reduce soil water stores and increase soil water potential (θ) 

(Gabriel et al., 2012; Debaeke & Aboudrare, 2004). Martens et al. (2001) attributed reductions in 

main crop yield to a reduction in soil moisture associated with a legume cover crop such as red 

clover (Trifolium pratense L.) which also agrees with our observed decreased yields from 



93 

 

legume containing cover crops compared to cereal cover crops. A study by McKenzie et al. 

(2009) that examined rooting depth and bio-pores on drought stress in cereal crops suggested that 

the increased bio-pore space created by cereal roots can improve access to subsoil water sources 

for following crops. Another study suggested that early termination of cereal cover crops can 

improve drought tolerance by reducing soil temperature and improving surface water retention 

by acting as a mulch (Alonso-Ayuso et al., 2014). Increased residual N promoted cereal growth, 

as discussed in Chapter 1, which could account for the more pronounced effect at the higher N 

rate. As found in previous chapters, increased residual soil N under higher N fertilizer 

application rates resulted in greater biomass from cereal cover crops in nearly all years. This is 

an important consideration when selecting cover crop and nitrogen combinations. Another 

potential explanation is the reduced weed content of the cereal-containing treatments, which 

would have reduced competition for soil water under drought conditions; however, no significant 

late-season weed pressure was reported at the time of harvest for any of the plots at Milan in 

2022, reducing the likelihood that the increase in yield is due to decreased weed pressure. 

Previous finding suggested that drought conditions limit the availability of N from organic 

sources such as urea-based N fertilizer used at both locations in 2022 (Hunter et al., 2021), but 

this explanation also seems unlikely based on the membrane captured NO3-N data. The N credit 

trends observed also do not explain the increased yield observed under cereal-containing 

treatments. More research is needed, but the potential for cereal cover crops to reduce drought 

stress by improving access to subsoil water could be vital in areas with lighter topsoil textures 

above slower-percolating, heavier textured subsoil layers.  

While Milan’s N-limited soils negatively impacted corn yields, they also potentially bolster 

soybean yields. Several studies have linked excess soil N to decreased legume nodulation 
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(Becana et al., 1989; Streeter, 1985a; Streeter, 1985b; Wang, 2020). The ability of soybean to fix 

N removes any N-based effect cover crops may have on soybean yield in a year with sufficient 

precipitation. As previously mentioned, cereal-containing cover crops may have potentially 

reduced drought stress on corn yield; however, drought conditions were not observed during the 

soybean year of this study. It is important to note that there was a need to replant soybeans at 

Milan in early July, shortening the growing season and potentially contributing to the yield 

discrepancy between sites. 

3.7.2 Bi-culture cover crops provided similar benefits and risk mitigation as multi-culture 

cover crops 

Cover crops provide the potential for multiple revenue considerations including, N 

fertilizer credits, and eligibility for government-funded incentive programs (Fig. 3.5). Fallow 

plots can provide some supplemental N through the decomposition of weed species (Fig. 3.1), 

but they do not qualify for the same revenue-related benefits. The primary hurdle to cover crop 

adoption is related to seed and planting costs, particularly in the case of diverse mixtures. To 

offset the increased planting costs of utilizing multiple species, the USDA EQIP provides higher 

incentives and priority to producers who plant more than one cover crop species, but there is no 

distinction between a bi-culture and a multi-species cost-share reimbursement amounts 

(Environmental and Economic Risk Coalition, 2019). This discrepancy is pivotal as the SHM 

seed cost ($187 ha-1) is more than double that of the Wht+Clvr bi-culture ($91 ha-1). This 

increased investment cost makes the SHM significantly less profitable than the Wht+Clvr, 

despite the SHM providing a larger N credit and having a less negative impact on yield. Other 

benefits of planting diverse mixtures such as improved cover crop biomass production and 

stability, decreased weed pressure, and improved soil coverage (as discussed in Chapter 1) were 
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not significantly different between the two diverse mixtures. The end result is that, of the diverse 

mixtures, the Wht+Clvr provided comparable benefits at a lower cost compared to the SHM. In 

addition, the Wht+Clvr bi-culture was similar in net expense to the two monocultures, allowing 

the producer to capitalize on the synergistic performance benefits of a diverse mixture at a price 

comparable to either monoculture. 

Participating in additional measures, such as selling residues as forage and enrolling in 

third party incentives programs, can improve the financial sustainability of cover cropping. 

Cover crops can be sold as either baled forage or as a rented grazing lot without being 

disqualified from EQIP funding, but they cannot be harvested and sold as a grain product 

(Wallander et al., 2020). The Tennessee Grazing Coalition (2011) suggested land rental prices of 

$233.91 ha-1 in Gibson County (Milan) and $118.39 ha-1 in Maury County (Spring Hill) (Bran & 

Flowers, 2011); however, more current prices and markets should be established to more 

accurately estimate the financial benefit and feasibility. Baling cover crop residues for sale as 

early spring forage is another alternative, but this strategy requires additional field time and 

labor, storage, and market research by the producer. The USDA Economics Research Service’s 

online query tool recommends a sale price ranging from $143 to $198 Mg-1 for “other” hay 

products. There is some tradeoff between selling residues as forage versus retaining them as a 

supplemental N source. Removing the aboveground biomass for sale purposes was demonstrated 

to reduce spring soil NO3-N availability of hairy vetch monocultures by 40-60% (Kuo & Jellum, 

2002) compared to fields with residues incorporated into the soil; however, the hairy vetch plots 

with the residues removed still provided approximately 45 kg N ha-1, suggesting that cover 

cropping with legumes could still provide supplemental N even when the residues are removed. 

However, in order for the N credit from residues to be fiscally applicable, producers would need 
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to participate in precision agriculture practices wherein N applications are adjusted to a specific 

plot’s N content. This is not practical for most producers, who apply a consistent amount of 

fertilizer to entire areas based on average N content, and thus selling forages for additional profit 

may pose a more realistic alternative despite lowering the supplemental N provided. 

Estimated costs of cover cropping as described in the equation in 4.4.6 were derived by 

four scenarios: 1) without any incentive, 2) with EQIP alone, 3) with EQIP and the residues 

being sold for forage hay, and 4) with EQIP and the residues being grazed (Table 3.1). While 

EQIP alone is not generally enough to offset expenses, when combined with either forage option, 

cover cropping can become a profitable venture. Realistically, higher diversity mixtures can be 

sold at a premium higher than that used for this estimation due to improved forage quality which 

would increase the returns on the SHM plots above that estimated. As calculated, the Wht+Clvr 

provides the most consistent and highest performing revenue source as a forage product. 

Additionally, several private companies have begun offering incentives to producers who 

agree to utilize cover crops, requiring only a signed contract and photographic proof of the 

practice. Incentives offers and terms vary from company to company, and most require 

producers to exclusively assign the cover cropping acreage to their company (not allowing 

contracts with multiple companies for the same plot area), but the average is a flat rate of $24.75 

ha-1 (the equivalent of $10 acre-1) for producers who agree to a combine cover crops with a no-

till practice.  

3.7.3 Choosing a cover crop and nitrogen fertilization rate combination 

 We suggest that there is a clear need to re-evaluate the EONR for both Milan and Spring 

Hill. At Milan, the EONR may be too low, especially with consistent cover cropping, as the net 

profits showed continued improvements in yield with increased N application up to the 
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recommended N rate (224 kg N ha-1) even during an drought-impacted yield year. The EONR 

should also be re-evaluated for inherently N-rich Spring Hill because in both corn years the yield 

plateaued at 112 kg N ha-1 rate, revealing the potential to reduce both the increased cost of 

additional fertilizer as well as the environmental ramifications of over-applying N fertilizer.  

Cover crop treatment impacts on net profitabilityWhile there was no significant difference in net 

profitability between the SHM and Wht+Clvr, the decreased upfront costs in combination with 

other benefits like consistent biomass, comparable soil coverage and weed suppression, and 

significant supply of both N and P suggest that the Wht+Clvr is the preferred option, despite 

providing smaller N and P credits than the SHM. 

 

3.8 Conclusion 

The EONR should be re-evaluated at both Milan and Spring Hill, potentially increasing 

the recommended N rate at Milan and reducing the recommended rate at Spring Hill. Any cereal-

containing cover crop treatment did reduce the corn yield at Milan in a non-drought year due to 

its impacts on N availability, but this trend was not seen at N-rich Spring Hill. Soybean yields 

were larger at Milan, while corn yields were larger at Spring Hill based on N-related limitations 

of the Milan site. The direct financial benefits of cover cropping were not enough to account for 

the additional input costs; however, additional revenue streams such as forage sales or grazing 

land rental are enough, in combination with the USDA EQIP, have the potential to make cover 

cropping quite profitable, particularly for the Wht+Clvr bi-culture. The lower input cost of the 

wheat monoculture was negatively compensated by its decreased N credit and increased N 

replacement cost; the opposite was true for the clover monoculture. Between the diverse 

mixtures, the decreased yield impact and higher N credit of the SHM was not sufficient to 
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overcome its increased seed costs compared to the Wht+Clvr. Of all of the cover options, the 

Wht+Clvr provided the most optimal cost-benefits based on N availability, yield impact, input 

cost, and revenue return potential.  
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Appendix C 

  

 

 

 

 

Fig. 3.1. N credit based on residue decomposition and relevant fertilizer values for (a) Milan 

2020, (b) Spring Hill 2020, (c) Milan 2021, (d) Spring Hill 2021, (e) Milan 2022, and (f) Spring 

Hill 2022. Milan 2020 and 2021 used ammonium nitrate ($0.22 kg-1) while all other sites and 

years used coated urea ($0.24 kg-1). Error bars represent standard error of the mean (n=16). 

Different letters indicate statistical significance (ANOVA with Tukey’s HSD, p < 0.05).  
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Fig. 3.2. Corn yield by cover crop treatment averaged across N inputs (n=16) for (a) Milan 2020 

(b) Spring Hill 2020 as well as by individual N rates (n=4) for (c) Milan 2020 (d) Spring Hill 

2020. Error bars represent the standard error of the mean. Different letters indicate statistical 

significance (ANOVA with Tukey’s HSD; p < 0.05) 
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Fig. 3.3. Soybean yield by cover crop treatment averaged across corn year N rates (n=16) for (a) 

Milan 2021 (b) Spring Hill 2021 as well as by individual N rates (n=4) for (c) Milan 2021 (d) 

Spring Hill 2021. Error bars represent the standard error of the mean. Different letters indicate 

statistical significance (ANOVA with Tukey’s HSD; p < 0.05) 
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Fig. 3.4. Corn yield by cover crop treatments averaged across N rates inputs (n=16) for (a) Milan 

2022 (b) Spring Hill 2022 as well as by individual N rates (n=4) for (c) Milan 2022 (d) Spring 

Hill 2022. Error bars represent the standard error of the mean. Different letters indicate statistical 

significance (ANOVA with Tukey’s HSD; p < 0.05) 
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Fig. 3.5. Costs and benefits associated with cover cropping for (a) Milan 2020, (b) Spring Hill  

2020, (c) Milan 2021, (d) Spring Hill 2021, (e) Milan 2022, and (f) Spring Hill 2022. Categories 

include overwinter nutrient loss replacement cost (OWN), residue decomposition N credit 

(residue), yield impacts compared to fallow (yield), cover crop seed and planting cost (planting),  

And USDA EQIP cost-share subsidy payment (EQIP).  
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Fig. 3.6. Total profit estimate by cover crop averaged across N treatments for 2020 – corn sale 

price $66.75 for (a) Milan and (b) Spring Hill, 2021 – soybeans sale price $395.21 Mg-1 for 

(c) Milan and (d) Spring Hill 2021, and 2022 – corn sale price $110.08 Mg-1 for (e) Milan and 

(f) Spring Hill. Error bars represent the standard error of the mean (n=16). Different letters 

indicate statistical significance (ANOVA with Tukey’s HSD, p < 0.05) 
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Fig. 3.7. Total profit estimate for individual cover and N treatment 2020 – corn sale price 

$66.75 for (a) Milan and (b) Spring Hill, 2021 – soybeans sale price $395.21 Mg-1 for (c) 

Milan and (d) Spring Hill 2021, and 2022 – corn sale price $110.08 Mg-1 for (e) Milan and (f) 

Spring Hill.Lighter to darker color indicate increased N fertilizer application in corn year of 0, 

112, 168, and 224 kg N ha-1. Error bars represent the standard error of the mean (n=4). 
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Table 3.1. Cover cropping net profits when alternative revenue streams are also considered 

Location: Milan 

Year Treatment 

Seed 

Cost 

Total 

Inputs ± 

St. 

Error + EQIP only 

+ EQIP + 

Hay 

+ EQIP + 

Grazing 

2020 

Fallow $0 -$13.87 ± $32.73 -$13.87 -$13.87 -$13.87 

Wheat $51.61 -$24.32 ± $33.87 -$74.49 -$680.92 -$308.49 

Clover $88.79 $86.63 ± $36.68 $36.46 -$292.94 -$197.54 

Wht+Clvr $91.35 $25.44 ± $38.57 -$86.91 -$648.73 -$320.91 

SHM $187.00 $106.78 ± $39.01 -$5.57 -$568.32 -$239.57 

2021 

Fallow $0 $31.22 ± $5.15 $31.22 $31.22 $31.22 

Wheat $51.61 $178.06 ± $8.42 $127.89 -$188.68 -$106.11 

Clover $88.79 $216.16 ± $12.42 $165.99 -$203.67 -$68.01 

Wht+Clvr $91.35 $213.87 ± $8.80 $101.52 -$337.67 -$132.48 

SHM $187.00 $382.60 ± $8.49 $270.25 -$164.47 $36.25 

2022 

Fallow $0 -$23.39 ± $28.03 -$23.39 -$23.39 -$23.39 

Wheat $51.61 $192.91 ± $22.74 $142.74 -$11.85 -$91.26 

Clover $88.79 $149.02 ± $26.58 $98.85 $11.26 -$135.15 

Wht+Clvr $91.35 $181.95 ± $23.81 $69.60 -$133.13 -$164.40 

SHM $187.00 $251.65 ± $25.34 $139.30 -$80.92 -$94.70 

 

Location: Spring Hill 

Year Treatment 

Seed 

Cost 

Total 

Inputs ± 

St. 

Error + EQIP only 

+ EQIP + 

Hay 

+ EQIP + 

Grazing 

2020 

Fallow $0 -$31.97 ± $27.32 -$31.97 -$31.97 -$31.97 

Wheat $51.61 $185.13 ± $26.64 $134.96 -$290.00 $16.96 

Clover $88.79 $232.98 ± $27.29 $182.81 -$148.53 $64.81 

Wht+Clvr $91.35 $270.20 ± $31.27 $157.85 -$309.45 $39.85 

SHM $187.00 $317.05 ± $30.75 $204.70 -$205.19 $86.70 

2021 

Fallow $0 $69.67 ± $8.97 $69.67 $69.67 $69.67 

Wheat $51.61 -$36.11 ± $6.53 -$86.28 -$235.12 -$204.28 

Clover $88.79 $252.41 ± $10.99 $202.24 $140.39 $84.24 

Wht+Clvr $91.35 $23.52 ± $8.20 -$88.83 -$229.15 -$206.83 

SHM $187.00 $172.81 ± $9.80 $60.46 -$99.34 -$57.54 

2022 

Fallow $0 -$38.55 ± $28.58 -$38.55 -$38.55 -$38.55 

Wheat $51.61 $81.75 ± $26.20 $31.58 -$30.30 -$86.42 

Clover $88.79 $116.31 ± $27.89 $66.14 -$57.16 -$51.86 

Wht+Clvr $91.35 $127.39 ± $23.90 $15.04 -$111.16 -$102.96 

SHM $187.00 $169.09 ± $28.08 $56.74 -$92.98 -$61.26 

All prices given as USD ha-1. Negative numbers indicate a net profit. 

Hay prices assume sale price of $143 Mg-1 multiplied by the cover crop biomass production for 

that treatment and year averaged across all N fertilizer rates. Cover crop biomass data can be 

found in Chapter 1. 

Grazing prices presume a flat rate of $234 ha-1 for Milan and $118 ha-1 for Spring Hill based on 

the Tennessee Grazing Coalition recommended rental prices for grazing cropland plots. 
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Conclusions and Future Work 

Conclusions 

 This study sought to answer whether a bi-culture cover crop mixture was sufficient to 

provide the benefits of a multispecies mixture and how the performance of these diverse 

mixtures compared to component monocultures of cereal and legume. To answer these questions, 

we collected two years of data about the performance of a bi-culture and a high diversity mixture 

against two component cereal and legume monocultures on soil coverage, total biomass, N and P 

recovery, and agronomic impact. In Chapter 1, we evaluated soil coverage, total biomass, and 

corn year N application rate impacts of cover crops. In Chapter 2, we evaluated the conservation 

of residual soil N over the course of the fall to spring cover crop growing season and the 

recovery of N and P from decomposing residues throughout the cash crop growing season. In 

Chapter 3, we estimated the total agronomic impact based on cash crop yield, input costs, 

fertilizer credits, and financial benefits to the producer. Overall, differences between the two 

diverse mixtures were minimal, suggesting that two species mixture is enough to achieve the 

benefits of growing multi-species mixture, and both the two-species and five-species mixtures 

tended to have similar or greater overall performance compared to the more effective component 

monoculture; however, which monoculture was considered to be the more effective was not 

consistent across sites, years, or variables studies. The main benefits of diverse mixtures 

compared to monocultures were decreased variability in performance based on environmental 

conditions and more consistent performance across years and sites, as well as achieving both the 

N benefit of the legume monoculture and P benefit associated with the cereal monoculture. 

 In Chapter 1, we found that increased cover crop species diversity provided more stable 

biomass production in more adverse climatic conditions but did not increase overall biomass 
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production compared a well-established monoculture. This observation was also extended to soil 

coverage and weed suppression results. The primary factor impacting cover crop performance 

was planting date, a trend observed in many other studies. Despite observed results being similar 

between a well-established monoculture and the two diverse mixtures, which monoculture 

performed well was not consistent across either sites or years, suggesting that the improved 

stability in performance was the primary benefit of increased cover crop diversity. There was no 

significant difference between the highly diverse SHM and the Wht+Clvr bi-culture for any of 

the parameters investigated, suggesting that two species are sufficient for our study regions.  

 In Chapter 2, cereal-dominated treatments negatively impacted residual soil N retention 

from fall to spring, particularly in the wheat monoculture. However, no treatment impacted fall-

to-spring extractable soil P. Legume-dominated treatments provided a larger N release to soil 

from residue decomposition, while cereal-dominated treatments provided a larger P availability. 

The clover monoculture and SHM performed similarly in releasing a greater amount of N. The 

delay between N loss from cover crop residues and the beginning of soil NO3-N increases 

indicated the time needed to convert organic N to inorganic N. Also, the period of peak soil NO3-

N levels coincided with the growth stages of corn that require maximum N uptake. The amount 

of PO4-P supplied by cover crops was only enough to be supplemental, but not enough to reduce 

P fertilization, underlining the difference between scientifically and practically significant in that 

the economic impact was minimal despite its statistical significance. The amount of NO3-N 

captured by the anion resin membranes was much greater than the estimated N release from 

cover crop residue decomposition, but the membranes did not exclude N from either applied 

fertilizer or recovered cash crop residue decomposition which may have impacted the cumulative 

N captured. The amount of NO3-N captured via the membranes was not significantly different 
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among cover crops in the N fertilized plots, suggesting that fertilizer-supplied N was more 

important than organic N sources provided by cover crop residues. Differences in both N and P 

recovery were influenced by biomass production, which in turn was impacted by cover crop 

planting date and residual N levels, as demonstrated by the decreased treatment differences when 

biomass was reduced. 

 Chapter 3 compares the overall investment costs and agronomic benefits for all 

treatments to identify the most cost-effective N fertilizer rate and cover crop combinations. 

Based on corn yield response to N application, the economically optimized N rate (EONR) 

should be re-evaluated for both sites, but for opposing reasons. At Spring Hill, there was no 

additional yield increase beyond 112 kg N ha-1 (50% EONR) in either corn year. Conversely, at 

Milan in a high corn yield year like 2020, yield continued to increase with increased N rate up to 

the maximum at 100% of recommended application rate (224 kg N ha-1). Of the evaluated cover 

crop treatments, the Wht+Clv provided the lowest input cost and greatest benefit when fall to 

spring N retention, N and P fertilizer credits, government subsidy qualifications, and 

seed/planting costs were evaluated. The P credits provided by cereal-containing treatments were 

statistically higher than legume monoculture, but the differences among cover crop treatments 

were not large enough to heavily impact species selection. Conversely, the species selection 

based on N credit was relevant, particularly at Milan which is more N limited than Spring Hill. 

While the previous chapters demonstrated that the SHM provided slightly higher N and P credits 

than the Wht+Clvr bi-culture, these differences were not enough to offset the additional seed 

costs of the SHM compared to the bi-culture. Many of these benefits were dependent upon the 

amount of biomass produced, which was more reliable in the diverse mixtures compared to the 

monoculture. In addition, the cost-share subsidy for including multiple species was the same for 
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both diverse mixtures but much larger than the one provided for a single species cover crop, 

making the Wht+Clvr bi-culture the best option for subsidy qualification. Based on our findings, 

regardless of EONR differences between sites, the Wht+Clvr bi-culture was the most cost-

efficient cover crop treatment. 

 Based on this study, there was no clear advantage to including more than two species in a 

cover crop treatment, but there were several clear advantages of the Wht+Clvr bi-culture over 

either monoculture to justify the increased financial costs of adding more species in the mixture. 

These findings are significant because the benefits to producers from increased cover crop 

diversity are available at a lower input cost than originally expected due to the similarity in 

performance between the two diverse mixes. While there were some yield impacts from the 

Wht+Clvr bi-culture under N-limited growth conditions, these sufficiently offset through 

improved N retention and N and P credits, as well as through increased government subsidies 

and other cover-crop-related revenue streams available to producers to not negatively impact the 

producer. The Wht+Clvr bi-culture provided the most cost-benefits of all treatments observed, 

and the 50% EONR at Spring Hill and 100% EONR were the most effective N application rates 

observed. 

 

Future Work 

In future studies, the membrane-capture of plant available N and P should be observed in 

a more nutrient-limited site such as Milan to examine how cover crops behave in a more 

competitive environment and whether this increased competition alters decomposition and 

nutrient recovery. Greater efforts should also be made to ensure cover crops are planted earlier in 



115 

 

the fall to ensure an effective biomass stand. Further exploration is also needed to investigate the 

role of cereal treatments in preserving corn yield under drought conditions.   
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Appendix D 

Table 4.1. Soil Residual NO3-N at the 15 cm depth in the Fall following cash crop harvest and 

Spring just prior to cover crop termination. 

Fall NO3-N  Milan 2021 Milan 2022 Spring Hill 2021 Spring Hill 2022 

(kg N ha-1) Avg ± Error Avg ± Error Avg ± Error Avg ± Error 

Fallow 17.2 ± 1.5 9.4 ± 1.4 20.2 ± 2.4 15.9 ± 1.2 

Wheat 18.1 ± 1.3 8.8 ± 0.7 20.5 ± 2.3 18.7 ± 2.3 

Clover 17.7 ± 0.7 8.6 ± 0.5 26.0 ± 2.9 18.3 ± 1.6 

Wht+Clvr 13.9 ± 0.9 9.3 ± 0.8 21.6 ± 2.6 17.9 ± 1.5 

SHM 17.8 ± 1.0 10.3 ± 0.7 22.5 ± 2.7 19.0 ± 1.3 

Spring NO3-N Milan 2021 Milan 2022 Spring Hill 2021 Spring Hill 2022 

(kg N ha-1) Avg ± Error Avg ± Error Avg ± Error Avg ± Error 

Fallow 7.5 ± 1.2 6.3 ± 0.8 6.4 ± 0.9 13.5 ± 2.5 

Wheat 8.7 ± 1.6 5.6 ± 1.0 6.2 ± 0.9 12.7 ± 1.3 

Clover 9.2 ± 1.4 4.8 ± 0.8 6.6 ± 0.8 10.5 ± 0.6 

Wht+Clvr 5.1 ± 0.9 4.9 ± 1.0 6.1 ± 0.6 12.7 ± 1.0 

SHM 7.7 ± 2.1 6.1 ± 0.8 6.7 ± 0.8 11.1 ± 1.0 

Fall NH4-N  Milan 2021 Milan 2022 Spring Hill 2021 Spring Hill 2022 

(kg N ha-1) Avg ± Error Avg ± Error Avg ± Error Avg ± Error 

Fallow 6.1 ± 0.4 8.5 ± 0.8 9.2 ± 1.6 4.3 ± 0.5 

Wheat 5.9 ± 0.2 5.0 ± 0.5 8.9 ± 1.3 5.7 ± 0.8 

Clover 6.2 ± 0.4 4.3 ± 0.4 6.1 ± 1.6 5.9 ± 0.9 

Wht+Clvr 4.3 ± 0.3 3.1 ± 0.3 9.1 ± 1.3 5.0 ± 0.6 

SHM 4.6 ± 0.2 4.0 ± 0.6 6.8 ± 1.4 6.2 ± 0.9 

Spring NH4-N Milan 2021 Milan 2022 Spring Hill 2021 Spring Hill 2022 

(kg N ha-1) Avg ± Error Avg ± Error Avg ± Error Avg ± Error 

Fallow 3.3 ± 0.2 1.3 ± 0.4 5.6 ± 0.4 5.7 ± 0.7 

Wheat 2.8 ± 0.1 2.7 ± 0.4 6.1 ± 0.5 6.1 ± 0.9 

Clover 3.0 ± 0.2 2.1 ± 0.4 6.8 ± 1.0 5.2 ± 0.5 

Wht+Clvr 4.0 ± 0.5 1.4 ± 0.3 5.6 ± 0.7 4.6 ± 0.4 

SHM 2.7 ± 0.2 3.3 ± 0.5 5.7 ± 0.5 4.6 ± 0.4 

Wht+Clvr represents a bi-culture of winter wheat and crimson clover, SHM represents “Soil 

Health Mix” of winter wheat, crimson clover, hairy vetch, oats, and daikon radish. 
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