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ABSTRACT 

The research explored strategies to improve cover crop (CC) establishment and 

nitrogen (N) uptake in response to the time constraints commonly faced by Mid-Atlantic 

farmers. The first study examined whether broadcasting CCs at corn harvest—using 

various incorporation techniques—can reduce nitrate leaching and enhance biomass 

production, compared to broadcasting or drilling CCs 4-weeks post-harvest. Four seeding 

methods were tested across a range of CC species, including cereal rye (Secale cereale 

L.), hairy vetch (Vicia villosa Roth), rapeseed (Brassica napus L.), and their mixture. 

Over two years, data revealed that CCs planted at corn harvest achieved significantly 

higher fall biomass (721 to 846 kg ha-1) than those seeded four weeks later (134 to 200 kg 

ha-1). Year 2 data showed a reduction in fall soil nitrate levels with at-harvest planting 

(5.2 mg kg-1), compared to post-harvest CC planting (11.4 to 11.8 mg kg-1). Additionally, 

certain at-harvest treatments, particularly those with hairy vetch and the mix, increased 

aboveground N accumulation (181 to 208 kg ha-1) and, in Year 1, improved corn yield 

(10,113 to 11,586 kg ha-1). The second study focused on a combine-mounted seeder's 

capacity to address similar N management goals in corn-soybean systems, allowing for 

seeding CCs directly at harvest and bypassing the need for additional field passes. Results 

from one year demonstrated that the combine-mounted seeder produced equal or greater 

biomass and N accumulation compared to delayed drilling. Following corn, the combine 

seeded treatments increased fall biomass tenfold (205 kg ha-1 vs. 1116 to 1314 kg ha-1) 



 

 

and nearly doubled spring biomass (2345 kg ha-1 vs. 5867 to 6323 kg ha-1). The 

effectiveness of at-harvest broadcasting was also evident even in late-season drought 

conditions following soybean, showing comparable results to drilling two weeks post-

harvest (4528 kg ha-1 vs. 4434 kg ha-1). Both studies highlight that earlier CC 

establishment, whether by broadcast seeding with or without incorporation or utilizing 

combine-mounted seeders, offers a promising approach for enhancing biomass 

production and reducing fall nitrate leaching in Mid-Atlantic farming systems. 
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GENERAL AUDIENCE ABSTRACT 

This research examined ways to aid Mid-Atlantic farmers in establishing earlier 

cover crops (CCs) and improving CC nitrogen (N) uptake. The first part of the study 

compared broadcasting CCs at corn harvest with waiting four weeks to either broadcast 

or drill them after harvest. Four species of CCs were tested, including cereal rye, hairy 

vetch, rapeseed, and a mixture of these. Results over two years showed that broadcasting 

CCs at corn harvest resulted in significantly more biomass growth in the fall, with levels 

ranging from 721 to 846 kg per hectare (643 to 755 lb per acre), compared to just 134 to 

200 kg per hectare (120 to 178 lb per acre) with later planting. Additionally, soil nitrate 

levels were lower when CCs were planted at harvest—5.2 mg/kg, compared to 11.4 to 

11.8 mg/kg when planted later. Certain combinations, especially those including hairy 

vetch, led to higher N accumulation and improved corn yields. The second part of the 

study evaluated a new combine-mounted seeder that allows farmers to plant CCs during 

cash crop harvest, reducing the number of times they need to work the fields. Results 

after one year showed that the combine-seeded method produced similar or greater 

biomass and N accumulation than conventional post-harvest drilling. Following corn, fall 

biomass increased tenfold and spring biomass nearly doubled compared to delayed 

drilling. Even with drought conditions in soybeans, the combine-seeded method yielded 

results comparable to drilling CCs two weeks later. The second year of the study is still in 

progress. Overall, both studies suggest that starting cover crops earlier, whether by 



 

 

broadcasting or using the combine seeder, can significantly boost biomass growth while 

reducing nitrate leaching in farming systems throughout the Mid-Atlantic region. Future 

research is needed to test the effectiveness of the combine-mounted cover crop seeder in 

different soil types and climates.  
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1. Introduction and Literature Review 

1.1 The Chesapeake Bay Conservation Challenges 

The Chesapeake Bay is a vital U.S. resource, but water quality has declined due to non-

point source pollutants, like agriculture (Staver & Brinsfield, 1998). Despite efforts from federal, 

state, and local governments, and various stakeholders to reduce pollution, little progress had 

been made by 2010 (Trumbower, 2021). In response, the EPA established the Chesapeake Bay 

Total Maximum Daily Load (TMDL) under the Clean Water Act (CWA), the largest TMDL ever 

developed, to limit nitrogen (N), phosphorus (P), and sediment. Virginia was allocated 24.2 

million kg of N annually, with 594,000 kg for the Eastern Shore (U.S. EPA, 2010). To meet 

pollution reduction goals, Virginia plans to increase cover crop (CC) areas from 91,054 hectares 

in 2022 to 155,560 hectares by 2025 (Virginia Department of Environmental Quality (DEQ), 

2024). While Virginia has met its statewide 2023 sediment reduction target, targets for N and P 

remain off-track (U.S. EPA, 2024). The Chesapeake Assessment Scenario Tool (CAST) helps 

monitor progress and estimate pollutant reductions and costs (Chesapeake Bay Program, 2020). 

1.2 Current Best Management Practices (BPMs) Programs and Direction 

Since the Chesapeake Bay TMDL was established, point source pollution control has 

kept some states on track, but non-point source pollution remains a challenge due to its 

complexity (U.S. EPA, 2000). Best Management Practices (BMPs), written into the 1972 Federal 

Water Pollution Control Act Amendments, are the primary tool for minimizing non-point source 

pollution. However, as Ice (2004) notes, BMP implementation is costly and often difficult to 
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assess due to natural variability. In a 2017 workshop, USGS reported uneven nutrient loads in 

Chesapeake Bay streams, with the highest concentrations linked to intensive human activity. 

These loads have fluctuated over the last decade (Keisman, 2018). 

The USDA’s Environmental Quality Incentive Program (EQIP) and Conservation 

Stewardship Program (CSP) provide financial aid for BMP implementation. EQIP helps new 

adopters of BMPs with contracts for up to 10 years (USDA-NRCS, 2017), while CSP enhances 

existing stewardship efforts (Wallander et al., 2021). State programs like Virginia’s BMP Cost-

share Program through the Virginia Department of Conservation and Recreation (DCR) also 

support BMPs. On the Eastern Shore of Virginia, nearly $4 million in assistance was provided in 

2023 and 16,198 hectares of CCs were planted between both counties, with a significant portion 

being legume CCs (Eastern Shore Soil and Water Conservation District, 2023). 

1.3 BMPs Effectiveness  

The effectiveness of BMPs cannot be generalized, as their success depends on the land's 

specific conditions. BMPs work best when combined and tailored to the land and soil type, 

especially on the Eastern Shore of Virginia, where sandy soils have low adsorption capacity, 

making strategic BMP planning essential. 

The use of CCs as a BMP has many beneficial attributes including residual N scavenging, 

weed suppression, reduction in fertilizer costs for the following cash crop, moisture retention, 

and erosion control through soil stability (Blanco-Canqui, 2018; McCracken et al., 1994; Miner 

et al., 2020; Roesch-McNally et al., 2018; Sedghi & Weil, 2022; Snapp et al., 2005). CCs have 

been used by ancient civilizations through the present to enhance the soil and growth of crops 

(Groff, 2015). While they reduce erosion and N leaching, their impact on water quality is mixed. 
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In the Chesapeake Bay, winter CCs have reduced soil loss by over 70% and runoff volume by up 

to 96% (Dillaha, 1990). Legume CCs, in particular, can fix N and reduce the need for fertilizers. 

However, water quality improvements from CCs depend on factors such as the type of crop, time 

of establishment, and years of usage (Singh et al., 2018). 

Badon et al. (2022) found that CCs combined with minimal tillage had no significant 

impact on surface runoff nutrient loading. Still, they reduced sediment and nutrient 

concentrations of N and P in runoff suggesting that BMPs can reduce nutrient loads under certain 

conditions.  

The complex relationship between CCs and non-point source pollution is further 

highlighted by studies showing both positive and limited impacts on runoff and nutrient losses. 

Blanco-Canqui (2018) found runoff reductions of 10-98% and sediment loss reductions of up to 

100%, while Singh et al. (2018) noted that two years of cover cropping did not improve water 

quality. This complexity reinforces the need for site-specific BMPs, where timing and conditions 

play critical roles (Schipanski et al., 2014). Future research should prioritize areas with high 

nutrient loads and consider long-term nutrient turnover in watersheds (Keisman, 2018). 

1.4 Overview of Nitrogen Transformations 

After carbon, hydrogen, and oxygen, N is the most limiting nutrient for photosynthesis, 

plant growth, phytohormone production, and protein changes within the plant (Mengesha, 2021; 

White et al., 2015). Aside from being vital to biological processes, such as amino acids, 

chlorophyll, and ATP structure and function, N is also utilized by the plant to improve root 

growth and mass. This root growth allows for enhanced uptake of a broad range of other 
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essential nutrients. High biomass and yields are partially a result of adequate plant N (Anas et al., 

2020). 

Plants can take up N in one of two forms, which are ammonium (NH4
+) and nitrate (NO3

-

). Within the N cycle, N may be transformed by mineralization, which is the conversion of 

organic N to inorganic N, usually ammonium, and then followed by nitrification, which is the 

conversion of ammonium into nitrate. When there is a symbiotic legume/microorganism 

relationship, N gas (N2) is converted through N-fixation into ammonia, ammonium, or organic N 

forms (Douglas, 2009). In many cropping systems, ammonium fertilizers are advantageous 

because of the plants’ ability to easily assimilate ammonium. However, due to nitrifying bacteria 

in the soil, nitrification usually occurs rapidly, and plants will then utilize nitrates (Ward, 2008).  

Nitrate and ammonium serve the plant in different ways and should not be seen as 

interchangeable. Bryson et al. (2014) describes that it is generally seen that ammonium greens 

the plant, while nitrate grows the plant. Due to ammonium being a free radical and therefore a 

toxin inside the plant tissues, it is combined with carbon inside the root system to create a 

nontoxic form of organic N. If there is a sizable amount of ammonium present in the soil, 

regardless of whether it is from fertilizer or rapid organic matter decomposition, it will tie up 

available carbon. This could stunt plant growth, starting with reduced root growth.  

1.5 Factors Affecting Solubility of N Forms and Fate 

Availability of N for plants is dependent on the soil carbon:nitrogen (C:N) ratio because 

plants are competing with microbes for soil N (Kaye et al., 1997). Microorganisms, being more 

effective at accessing soil N due to their ability to spread throughout the soil and utilize organic 

matter, often outcompete plants. When the C:N ratio exceeds 30:1, microbes immobilize N 
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during decomposition, making it unavailable to plants (Brust, 2019; Okopi et al., 2024). N 

becomes available to plants when the C:N ratio is near or below 20:1, which is why N is 

frequently applied in cropping systems to lower this ratio.  

However, large N applications can alter soil pH. Urea and ammonium-based fertilizers 

acidify the soil, requiring liming to manage pH, while nitrate-based fertilizers cause a temporary 

rise in pH (Bryson et al., 2014). Nitrate, a highly soluble anion, moves easily through soil water 

without binding to soil particles, making it prone to leaching into groundwater, especially during 

rainfall or irrigation (Jury, 1989). Ammonium, a cation, can bind to cation exchange sites in the 

soil, but sandy soils with lower cation exchange capacity (CEC) are less able to retain nutrients. 

1.6 The Issue of N Leaching 

Nitrogen used in agricultural systems contributes to atmospheric pollution through 

volatilization and to water pollution by leaching, especially when used in excess. Agricultural N 

leaching has led to increased nitrate levels in groundwater and runoff, exceeding pre-industrial 

concentrations by over 100% (Ascott et al., 2017). Nitrogen losses from agricultural fields are 

particularly excessive in coarse-textured soils with low organic matter (OM), as nearly all soil N 

is associated with OM (Abdalla et al., 2019; Bryson et al., 2014). 

Corn production, which uses the most N fertilizer in the U.S., has a high potential for N 

leaching after plants begin to senesce, particularly under limited crop uptake in late-season 

periods (Morris et al., 2018). In the Mid-Atlantic, crop N uptake ceases about 4 weeks before 

corn maturity, leaving roughly 253 kg ha-1 of mineral N, including 115 kg ha-1 in the nitrate 

form, within the upper soil profile (Hirsh et al., 2021; Hirsh & Weil, 2019). Without CC uptake, 

this residual N readily leaches through the soil profile (Blanco-Canqui, 2018; Staver & 
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Brinsfield, 1998). Cover crops are thus most effective in mitigating leaching when planted as 

early as cash crop N uptake ceases, particularly on the Eastern Shore, where they can reduce 

annual nitrate leaching losses by up to 80% (Schipanski et al., 2014; Staver & Brinsfield, 1998). 

Though often studied in corn, significant nitrate leaching can also occur after soybean 

harvest, especially in corn-soybean rotations as shown by Blanco-Canqui (2018) and Hirsh and 

Weil (2019). Soybeans, as legumes, can leave more residual nitrate in the soil than corn due to N 

fixation and a lower C:N ratio, which accelerates residue decomposition and N release (Hirsh & 

Weil, 2019; Kaspar et al., 2001). Consequently, CCs planted after soybeans can effectively 

scavenge residual N, particularly since no synthetic N is typically added, meaning the control of 

excess N does not come from managing inputs as it can with corn (Kaspar et al., 2001; Staver & 

Brinsfield, 1998; Zhu et al., 1989). 

1.7 Corn and Soybean 

Corn, a major global staple, is grown in nearly every country, with the United States as 

the leading producer, consumer, and exporter, planting over 36 million hectares (90 million 

acres) annually (USDA-ERS, 2023). Other significant producers include Brazil, Mexico, 

Argentina, India, and Italy (Smith et al., 2004). Originally derived from the wild teosinte in 

central Mexico (Smith et al., 2004), corn cultivation has steadily increased in the U.S., where it is 

largely used for livestock feed, ethanol production, and various food and industrial products 

(USDA-ERS, 2023). The demand for bioethanol from 2000 to 2013 led to expanded corn 

acreage while soybean and wheat areas remained stable, encouraging monoculture and 

continuous corn rotations (Chatterjee, 2016; Plourde, 2013). Corn accounted for $87.1 billion in 
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U.S. cash crop receipts in 2022, over a quarter of total crop receipts, with Virginia ranking 25th 

at $325 million (USDA-ERS, 2024a; USDA-ERS, 2024b). 

Corn N requirements are relatively low early in the season, with just 10% needed by V6, 

after which 50% of total N uptake occurs through tasseling (Frazen, 2016). Therefore, split N 

applications, with a side-dress closer to peak uptake, can minimize leaching risks and enhance N 

use efficiency. 

Soybean, though smaller in scale than corn globally, is another major U.S. cash crop. 

Originating in China, soybean production spread, establishing the U.S. as the top producer in the 

1950s, followed by Brazil and Argentina (Singh, 2010). In 2022, soybeans contributed $61.4 

billion to U.S. crop receipts, second only to corn. In Virginia, soybean outpaces corn in acreage 

and revenue, ranking 20th among states at $351.7 million (USDA-ERS, 2024a; USDA-NASS, 

2024). High in protein and oil, soybeans are mainly processed for oil used in foods, inks, and 

biodiesel; the residual meal serves as a protein source in livestock feed (Singh, 2010). 

1.8 Benefits and Challenges of Chemical Fertilizer Use  

Since their introduction to agriculture, chemical fertilizers have contributed to at least a 

50% increase in crop yields (Stewart et al., 2005). Long-term studies indicate that N fertilizers 

can enhance soil microbial populations by 15% and soil organic carbon by 13% (Clay et al., 

2012; Geisseler & Scow, 2014). Chatterjee (2016) asserts that chemical fertilizers support soil 

health and nutrient balance, echoing the USDA-NRCS definition of soil health as the capacity of 

soil to sustain plants, animals, and humans (USDA-NRCS, 2018). While soil health practices 

often promote CCs, they do not exclude synthetic fertilizer use (Miner et al., 2020; Stewart et al., 

2018). 
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Despite the yield benefits and profitability of chemical fertilizers, rising costs, 

diminishing cropland, and environmental impacts challenge their long-term use (Chatterjee, 

2016; Schipanski et al., 2014). NPK fertilizer prices have tripled since 2000, largely due to their 

fossil fuel dependency, and high-grade phosphate reserves may be depleted within 50 to 150 

years (Chatterjee, 2016). These issues with synthetic fertilizers highlight the need to balance 

food production with ecological health through sustainable practices. 

CCs present a viable alternative by scavenging N and sulfur and mining P from the soil, 

reducing reliance on synthetic fertilizers (Hirsh & Weil, 2019; Roley et al., 2016; Schipanski et 

al., 2014; Sedghi & Weil, 2022). If fossil fuel prices continue to rise, the cost savings from 

legume CCs may offset their management expenses (Schipanski et al., 2014). 

1.9 Cover Crops 

As of 2014, the USDA defines CCs as “crops, including grasses, legumes, and forbs, for 

seasonal cover and other conservation purposes,” primarily used for erosion control, soil health, 

and water quality improvement (USDA-NRCS, 2014). Historically, CCs were described as 

protecting soil from erosion, leaching, and freezing without necessarily being incorporated into 

the soil (Soils and Men, 1938). 

According to Groff (2015), CCs were used by ancient civilizations worldwide and early 

American farmers, including George Washington, but declined after World War II with the rise 

of synthetic fertilizers and herbicides. By the mid-1960s, cover cropping was rare, except among 

organic farmers. The USDA’s Sustainable Agriculture Research and Education (SARE) program 

helped revive their use in the 1990s, promoting cereal rye (Secale cereale) for its flexibility and 

winter hardiness, alongside other species like legumes and brassicas. 
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The Chesapeake Bay region has been a key area for cover cropping efforts, with some 

success in reducing nutrient and sediment levels, though targets remain unmet (Groff, 2015). 

Nationally, CC adoption remains low, covering just 5% of U.S. cropland, though it grew 50% 

between 2012 and 2017 (Wallander et al., 2021). 

Adoption rates vary, with Maryland leading the way, followed by states like Virginia and 

Pennsylvania. In the Midwest, states like Missouri and Indiana show moderate adoption, likely 

due to shorter growing seasons, fertile soils, and fewer financial incentives (Blanco-Canqui, 

2018; Wallander et al., 2021). Meanwhile, states such as Colorado and New Mexico demonstrate 

declining use (Wallander et al., 2021). 

1.10 Tradeoffs of Cover Crops 

There are trade-offs with CC adoption, with both direct establishment and termination 

costs and indirect opportunity costs. Adoption requires altering management practices across 

both fall and spring, often countering the goal of minimizing production costs (Roesch-McNally 

et al., 2018). Direct costs in 2015 ranged from $119 to $198 ha-1, excluding potential chemical 

fertilizer savings (Roley et al., 2016). Additional challenges include potential yield impacts, 

managing CCs as potential weeds, competing with cash crops for resources, limited equipment 

access, and investing in rented land (Snapp et al., 2005). A common concern among farmers is 

the limited time in fall to establish CCs. Corn and soybean harvests sometimes extend into late 

November or even early December, reducing time to plant CCs (Roesch-McNally et al., 2018). 

Interseeding into standing crops using ground or aerial methods could extend the CC growth 

window (Schipanski et al., 2014). 
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Cover crops vary by type—legumes, brassicas, grasses, forbs, and mixes—each offering 

distinct benefits. Legumes, for example, fix N (Chatterjee, 2016), with the amount depending on 

species, termination timing, stand health, climate, and management. A Mississippi study showed 

a 65% yield increase after legume CCs, with 150 kg N ha-1 returned to the soil; however, N 

release timing may not align with cash crop needs (Zablotowicz et al., 2011). 

Termination date significantly affects CC biomass, N accumulation, and economic return 

(Blanco-Canqui, 2018). Duggar (1899) reported that terminating hairy vetch in late April yielded 

4,446 kg ha-1 of biomass and 62 kg of N, while terminating in May produced 7,701 kg ha-1 and 

92 kg of N. To maximize benefits, growers must balance termination timing to optimize N 

benefits without impacting cash crop stands, especially in cooler climates where CC residue can 

delay soil warming and cash crop establishment (Snapp et al., 2005). 

Yield response to CCs also depends on the region. Colder climates with shorter growing 

seasons, such as Canada and parts of the Northern U.S., often see no yield benefit from winter 

CCs; however, these growers may still use CCs for environmental benefits (Bich et al., 2014; 

Crandall et al., 2005; Kasper & Bakker, 2015). However, in Northeast and Southeast regions, 

winter CCs increased corn yields by mean ratios of 1.15 and 1.14, respectively (Marcillo & 

Miguez, 2017). 

Studies often report yield increases after legumes or legume mixes (Balkcom & Reeves, 

2005; Marcillo & Miguez, 2017; Zablotowicz et al., 2011), whereas grasses and brassicas, with 

higher C:N ratios, sometimes immobilize N and reduce yield (Brust, 2019; Okopi et al., 2024). 

Experiments in Georgia and Virginia revealed rye CCs reduced corn yields by 1.34% to 32%, 

depending on N availability and timing (Pieters & McKee, 1938). Conversely, continuous rye 
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cover cropping has shown no yield reduction in other studies (Ritter et al., 1998; Snapp & 

Surapur, 2018). 

1.11 Hairy Vetch  

Hairy vetch (Vicia villosa) is notable for its biomass production and N fixation capacity, 

reaching up to 300 kg N ha-1 under optimal conditions (Ledgard, 2001). Across 21 U.S. studies, 

monocultures of hairy vetch averaged 122 kg N ha-1 and 3.6 Mg ha⁻¹ aboveground biomass 

(Thapa et al., 2018b). Although it may establish slowly in the fall, it is winter-hardy to zone 3 

and grows vigorously in spring, reaching vine lengths up to 12 feet (Clark, 2008). 

A study on varying termination dates conducted on the Eastern Shore of Maryland 

showed terminating hairy vetch as late as May 15 (latest date for local planting period) enhanced 

following corn yield and production compared to the April 10th termination, and did not differ 

from the April 24th termination date, for all three years of the study (Clark et al., 1995). Hairy 

vetch has also been shown to reduce leachate nitrate concentrations compared to winter fallow 

(McCracken et al., 1994), conserve soil moisture, reduce weed pressure, scavenge phosphorus 

(Clark, 2008), be compatible in mixes, especially with cereal rye (Brainard et al., 2012), increase 

soil aggregation and porosity (Haruna et al., 2020), and decrease erosion and surface pooling 

(Folorunso et al., 1992).   

Seeding rates for hairy vetch range from 28 to 112 kg ha-1, though Clark (2016) 

recommends 17 to 22 kg ha-1 when drilled or 28 to 45 kg ha-1 when broadcast. Seeding depth 

should be 1.3 to 2.0 cm, with minimal tillage recommended if broadcasting. Planting should 

occur 15 to 45 days before the frost date and rhizobium inoculation is advised. Ideal germination 

temperatures range from 15 to 23°C, with an optimal soil pH of 5.0 to 7.5 (Chintala et al., 2023). 
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In the Mid-Atlantic, no-till termination methods include roller-crimping or herbicide 

burndown with glyphosate or a mix of other herbicides in late April or early May, ideally at the 

early bloom stage to maximize N benefits (Clark, 2008; Chintala et al., 2023). Hairy vetch's low 

C:N ratio (8:1 to 15:1) leads to fast decomposition and rapid N release, most of which occurs 

within two weeks after termination (Sievers & Cook, 2018). Pairing hairy vetch with cereal rye 

can moderate the N release to better match cash crop needs (Marcillo & Miguez, 2017). Further 

research could refine synchronization of cover crop nutrient release with cash crop uptake. 

1.12 Cereal Rye  

Cereal rye (Secale cereale) is one of the most widely used and resilient winter CCs in the 

U.S., valued for biomass production, erosion control, organic matter addition, and its ability to 

suppress weeds, pests, and scavenge N (Camargo Silva & Bagavathiannan, 2023; Clark, 2008). 

Known for nitrate leaching prevention, rye can reduce leaching by 50% compared to controls, 

while legumes generally do not reduce nitrate leaching as significantly (Thapa et al., 2018a). 

Studies show rye can uptake 50-112 kg N ha-1 per season depending on climate and growth 

(Clark, 2008; Brandi-Dohrn et al., 1997), and in some cases, nearly eliminate nitrate leaching 

(McCracken et al., 1994). 

Unlike legumes, rye has a high C:N ratio (35:1 in shoots, 40:1 in roots), slowing 

decomposition and releasing N gradually, with potential N immobilization about four weeks 

post-termination (Staver & Brinsfield, 1998). To manage N tie-up, rye should be terminated 

before flowering, although delaying until the milk to soft dough stage enhances weed 

suppression (Clark, 2008). For no-till systems, termination methods include roller-crimping or 
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herbicide applications, such as glyphosate or mixes with 2,4-D, dicamba, or saflufenacil 

(Cornelius & Bradley, 2017). 

In Zones 3-7, rye should be planted from late summer to mid-fall, with early planting 

enhancing N scavenging in the fall but complicating spring termination. Recommended seeding 

rates vary from 67 to 135 kg ha-1 when drilled to 100 to 180 kg ha-1 when broadcast, with 

seeding depths no deeper than 5 cm (Clark, 2008; Fisher et al., 2011). Rye germinates at 

temperatures as low as 1°C and requires 3°C or higher for vegetative growth (Clark, 2008). 

1.13 Rapeseed  

Brassica CCs, such as rapeseed (Brassica rapa), are valued for their rapid fall growth, 

deep-rooted nutrient scavenging, natural tillage effects, pest suppression, and high biomass 

(Gieske et al., 2016; Haramoto & Gallandt, 2004). Brassicas release glucosinolates, compounds 

toxic to various soil pathogens and pests, including nematodes, insects, bacteria, fungi, and 

weeds. For effective pest suppression, brassicas must be chopped and incorporated into the soil 

(Clark, 2008). 

Brassicas are gaining popularity in the mid-Atlantic due to their deep-rooting ability to 

access residual soil N unavailable to cash crops (Dean & Weil, 2009). Studies show that, if 

planted early, brassicas can match or exceed the N-scavenging capacity of cereal rye (Dean & 

Weil, 2009; Thapa et al., 2018a). Rapeseed, for instance, can capture up to 135 kg N ha -1 per 

season (Clark, 2008) and accumulate biomass of up to 6,726 kg ha-1, with an N content of 90 kg 

ha-1 (Rife & Zeinali, 2003). With a C:N ratio between 20 to 30 in roots and 10 to 20 in shoots, 

brassicas decompose faster than rye but slower than hairy vetch, releasing N at a moderate pace.  
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To realize full benefits, brassicas should be planted at least four weeks before the first 

killing frost (Clark, 2008), though this timing is challenging in corn-soybean rotations unless 

using aerial or broadcast seeding methods (Dean & Weil, 2009). Brassicas prefer well-drained 

soils, pH 5.5 to 8.5, and minimum germination temperatures of 7°C. Winter-hardy rapeseed can 

withstand temperatures as low as -12°C (Clark, 2008; Rife & Zeinali, 2003). 

For monocultures, recommended seeding rates are 6 to 11 kg ha-1 when drilled and 9 to 

16 kg ha-1 when broadcast, with a planting depth no deeper than 2 cm (Clark, 2008). No-till 

termination methods include roller crimping in flower or herbicide burndown; glyphosate 

combined with 2,4-D or Paraquat + atrazine + mesotrione are effective at later growth stages 

(Askew et al., 2019; Clark, 2008). 

1.14 Cover Crop Mixes  

Mixing multiple CC species can optimize both environmental and economic outcomes. 

Species selection for mixtures depends on the grower’s goals and the unique benefits of each 

species. For instance, legumes fix N but have a low C:N ratio, grasses scavenge N effectively but 

have a high C:N ratio, and brassicas, with deep taproots, access nutrients in lower soil horizons 

but may winter-kill. Mixtures improve winter survival, especially in colder regions like Michigan 

(Brainard et al., 2012), enhance biomass and weed suppression (Blanco-Canqui, 2018; Brainard 

et al., 2012; Thapa et al., 2018b; Wortman et al., 2012), boost cash crop yield (Marcillo & 

Miguez, 2017), and can accelerate flowering of CCs like hairy vetch (Brainard et al., 2012). 

They also facilitate N accumulation comparable to grasses and retention comparable to legumes 

(Thapa et al., 2018b; White et al., 2017). 
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A meta-analysis by Thapa et al. (2018a) found that, over 55 site years, hairy vetch-cereal 

rye mixtures accumulated as much N as hairy vetch alone and 150% more than cereal rye alone. 

Additionally, this mix balances N mineralization, avoiding the rapid release from vetch or 

immobilization from rye. Marcillo & Miguez (2017) confirmed that mixtures typically increase 

cash crop yield. However, Wortman et al. (2012) observed no yield benefit in Nebraska due to 

soil moisture depletion by CCs before cash crop planting, underscoring climate as a key factor. 

Contrastingly, Thapa et al. (2018b) found that hairy vetch-rye mixtures (6.0 Mg ha⁻¹) 

outperformed both hairy vetch (3.6 Mg ha⁻¹) and cereal rye (5.6 Mg ha⁻¹) monocultures in 

biomass by 63%. 

Ultimately, CC mixture efficacy depends on species choice, ratio, climate, and 

management, with trade-offs based on site-specific needs. For example, N leaching can be 

mitigated while adding N by incorporating low-seeding-rate, high-retention non-legumes and 

omitting winter-kill-prone legumes and brassicas (White et al., 2017). 

1.15 Importance of Early Planting 

Even though the benefits of cover cropping are clear, a serious limiting factor of adoption 

is the need for early planting. A study in Maryland discovered that for every 2-week delay in 

planting, there is a decrease of 160-300 growing degree days (GDD) available for CC growth 

and N capture drops drastically when there are fewer than 550 GDD before winter dormancy. 

This happens after mid-September in the mid-Atlantic region (Sedghi & Weil, 2022). Another 

study on the Delmarva peninsula showed that CCs should be planted by or before October 1 to 

maximize fall N uptake rates (Ritter et al., 1998). Thapa et al. (2018a) found that waiting until 

November to plant broadleaf CCs showed no reduction in nitrate leaching compared to the 
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control and for CCs to be effective at all, especially brassicas, planting early is critical (Dean & 

Weil, 2009). The classic drill is widely used for its ability to plant a range of seed sizes while 

ensuring the seed is placed at the appropriate depth and rate, protecting seeds from predation and 

improving access to soil moisture (Kientzy et al., 2023; Wofuru-Nyenke, 2023). However, 

waiting until after harvest to drill CCs can delay planting by weeks, which may be the difference 

between a good stand and a poor stand. Given this knowledge, a grower may be unwilling to 

sacrifice the cash crop for the success of a CC. Agricultural technology and machinery 

improvements that allow for earlier CC seeding are needed to create alternatives to a late drilled 

CC.  

1.16 Alternative Planting Methods  

Broadcasting or aerial seeding before cash crop harvest is an alternative to drilling CCs, 

with potential to increase biomass production and avoid planting later in the season (Dean & 

Weil, 2009; Fisher et al., 2011; Schipanski et al., 2014; Thapa et al., 2018a). Methods include 

aerial seeding by plane, drone, or helicopter, and ground broadcasting via combine-mounted 

seeders, air boom, pendulum, high-clearance or spinner spreaders, or row-based interseeders 

(Kientzy et al., 2023). Airplanes are commonly used for aerial seeding due to their large 

coverage, though this method is often costly, less precise, and limited by skilled pilot availability 

(Kientzy et al., 2023; Wilson et al., 2014; Wofuru-Nyenke, 2023). 

Ground broadcasting is generally more precise when spreaders are calibrated for seed 

weight, as heavier seeds (e.g., rye) spread further than lighter ones (e.g., rapeseed) (Wofuru-

Nyenke, 2023). Broadcast seeders vary in price from around $500 to $85,000, comparable to 

drill costs (Kientzy et al., 2023). Spreaders can use a blower and boom, spinner, or drop tubes. 
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High-clearance spreaders can be used in soybean fields anytime but are effective in corn only 

before the V10 growth stage (Kientzy et al., 2023). 

Combine-mounted seeders have advantages, including seed coverage with chaff that 

boosts germination by acting as mulch, reducing labor, fuel, and equipment costs, and soil 

compaction by eliminating extra field passes. This method is gaining traction in the Midwest 

(e.g., Iowa, Minnesota, Ohio, and Indiana) and slowly spreading to the mid-Atlantic region, 

including Virginia (Bechman, 2021; Klessig, 2020; Practical Farmers of Iowa, 2023; Sustainable 

Chesapeake, 2024). Some seeders blow seed from the combine header, while others distribute 

from the rear. However, research on combine-mounted seeders and their effectiveness compared 

to other planting methods is limited. 

1.17 Comparing Drill, Aerial, and Broadcast Planting Methods  

There are still many limitations and risks to aerial and broadcast planting methods and 

researchers have many conflicting views. Laying a seed on the top of the soil leaves it vulnerable 

to both abiotic and biotic factors, such as predation by insects, birds, and rodents as well as wind 

and sun exposure (Koehler-Cole & Elmore, 2020; Wilson et al., 2014). The success of aerial or 

broadcasting methods is also heavily dependent on rainfall for germination, as the seed does not 

have access to soil moisture (Collins & Fowler, 1992; Haramoto, 2019; Koehler-Cole & Elmore, 

2020; Wilson et al., 2014). A study in Minnesota reported the most important factor for success 

of aerially seeded crops was precipitation within one week of planting (Wilson et al., 2013).  

Due to the inconsistency of precipitation, it is commonly recommended to increase 

seeding rates when broadcasting CCs to enhance establishment success (Koehler-Cole & Elmore, 

2020). A California study on vegetable systems indicated that seeding rates would need to be 
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increased by 50-100% when broadcasting CCs on beds instead of drilling, although this increase 

was not considered cost-effective (Brennan & Leap, 2014). Conversely, research in Nebraska 

showed that while higher seeding rates for broadcasted CCs increased fall biomass, there was 

minimal effect on spring biomass (Koehler-Cole & Elmore, 2020). In South Carolina, biomass 

yield from hairy vetch was unaffected by the seeding method at either standard or elevated rates; 

however, results varied for crimson clover (St Aime et al., 2022). Additionally, Haramoto (2019) 

found that higher seeding rates for broadcast cereal rye in Kentucky did not impact either CC 

biomass or weed biomass, suggesting that current seeding recommendations may be sufficient 

for effective weed suppression. 

Studies in Maryland have demonstrated promising results for both broadcast and aerial 

seeding of CCs in terms of biomass accumulation and N content. For example, a three-year study 

on Maryland’s Eastern Shore found that aerially seeded CCs (planted by September 30) 

outperformed drilled CCs (planted by October 24) in wet years, with no differences observed 

under dry conditions. Although aerial seeding costs were higher ($148/ha vs. $139/ha for 

drilling), these costs were mitigated by Maryland’s CC subsidy program (Sedghi et al., 2023). In 

another Maryland study, Moore & Mirsky (2020) demonstrated that while drill-interseeded CCs 

planted prior to cash crop harvest produced more biomass than broadcasted CCs, broadcasting 

seed prior to harvest also yielded significantly more biomass than drilling after harvest. 

In Canada, studies on broadcasting CCs have highlighted some challenges. Collins & 

Fowler (1992) noted that the higher seeding rates, dependency on precipitation, and risk of 

failure outweighed the potential advantages of broadcasting. Yet, Edwards (1997) reported that 

under wetter conditions, broadcasting could be more beneficial as it avoids additional soil 

compaction. Ultimately, the optimal planting method appears to be context-dependent, 
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influenced by climate, weather, seeding rate, species, and incorporation practices (St Aime et al., 

2022). Increased cost-share options for broadcasting, particularly in regions like the Corn Belt 

and Western states where growing seasons are shorter, could further support CC adoption 

(Wilson et al., 2014). 
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2. Early Cover Crop Establishment by Broadcast Seeding Strategies for 

Reducing Nitrate Leaching and Increasing Biomass Production Following 

Corn in the Mid-Atlantic 

2.1 Abstract 

Mitigating nitrogen (N) leaching from agricultural fields remains a priority in the 

Chesapeake Bay Watershed. Mineralization of N continues after corn uptake ceases, making it 

possible for substantial N leaching after harvest and before cover crop (CC) establishment. This 

study aims to identify the best establishment method and cover crop combination for maximizing 

soil nitrogen uptake, biomass production, and reducing residual soil nitrate. Four seeding 

methods were tested: (1) broadcasting with incorporation at corn (Zea mays L.) harvest, (2) 

broadcasting without incorporation at corn harvest, (3) broadcasting with incorporation 4 weeks 

post-harvest, and (4) drilling 4 weeks post-harvest. Each method was repeated with cereal rye 

(Secale cereale L.), hairy vetch (Vicia villosa Roth), rapeseed (Brassica napus L.), and a mix of 

all three. While Year 1 indicated no difference between treatments, Year 2 showed fall soil 

nitrate levels more than double in 0 to 15 cm depth post-harvest treatments (11.4 to 11.8 mg kg-1) 

compared to at-harvest treatments (5.2 mg kg-1) and the at-harvest incorporated rye had the 

lowest winter soil nitrate levels (1.7 mg kg-1). Planting CCs at-harvest produced up to six times 

more fall biomass (721 to 846 kg ha-1) than CCs planted 4-weeks post-harvest (134 to 200 kg ha-

1) in both years. Most post-harvest treatments, especially post-harvest drilled treatments, showed 

comparable biomass to their at-harvest counterparts by the spring. More N was accumulated in 

aboveground biomass of hairy vetch and the mix, particularly when planted at corn harvest (181 
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to 208 kg ha-1), than any other treatment combination. Corn yield increased in the first year when 

at-harvest hairy vetch (10,113 to 11,382 kg ha-1) and at-harvest incorporated mix (11,586 kg ha-

1) were used compared to the control (8,894 kg ha-1). However, this effect was not observed in 

the second year. Incorporating broadcast CC seeds at corn harvest did not significantly affect any 

measured data outcomes when compared to non-incorporated treatments in either year. This 

study demonstrates that planting cover crops at corn harvest, particularly hairy vetch or a mix, 

maximizes nitrogen accumulation, biomass production, and fall soil nitrate reduction, 

highlighting its potential as a practical strategy for mitigating nitrogen leaching in the 

Chesapeake Bay Watershed. 

2.2 Introduction  

The Chesapeake Bay is one of the most valuable natural resources in the United States, 

but non-point source pollutants compromise water quality (Staver & Brinsfield, 1998). Nitrate 

leaching from agricultural soils is a key contributor to degraded water quality, as around 60% of 

global groundwater contamination is linked to agriculture (Ascott et al., 2017; Rawat et al., 

2022). N leaching is more pronounced in regions with coarse-textured soils, like the Eastern 

Shore of Virginia (Abdalla et al., 2019). Many soils on the Eastern Shore contain little organic 

matter, creating a situation where water remains oxic, causing nitrates to remain stable instead of 

denitrifying (Ator & Denver, 2015). Corn’s heavy reliance on nitrogen (N) fertilizers leads to 

significant nitrate losses, with up to 41% of applied N lost from fields and about 15% leaching 

into groundwater annually (Omara et al., 2019; Yadav, 1997). 

In the Mid-Atlantic, N uptake by crops ceases about four weeks before harvest maturity, 

leaving 253 kg ha-1 of mineral N, including 115 kg ha-1 in the NO₃-N form, in the top 2.1 meters 
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of soil (Hirsh et al., 2021; Hirsh & Weil, 2019). If not absorbed by a living plant, this N can 

leach from the soil profile during fall mineralization (Blanco-Canqui, 2018; Staver & Brinsfield, 

1998). Cover crops provide a solution by scavenging residual N, improving weed suppression, 

and reducing fertilizer costs by supplying nutrients to the following crop during decomposition 

(Blanco-Canqui, 2018; Roesch-McNally et al., 2018). Additionally, studies in Maryland and 

Pennsylvania found that CCs planted during the period when cash crop N uptake ceases can 

reduce nitrate leaching by up to 80% (Schipanski et al., 2014; Staver & Brinsfield, 1998).  

Timely planting is crucial for CC's success. Sedghi & Weil (2022) found that a two-week 

planting delay reduced growing degree days (GDD) by 160-to-300-degree days C°, lowering N 

capture potential. In the mid-Atlantic region, USA, planting CCs before October 1 is essential for 

optimal performance (Ritter et al., 1998). Mid-Atlantic studies indicated that delaying planting 

until November, particularly for brassicas, does not reduce nitrate leaching (Dean & Weil, 2009; 

Thapa et al., 2018a). 

As identified by 29 Iowa farmers, a primary concern is the limited time after harvest to 

establish a successful CC stand, especially in the Midwest where harvest can extend into 

November (Roesch-McNally et al., 2018). Mid-Atlantic farmers share this concern, particularly 

following soybean harvest.  

Traditional grain drills are valued for precision and seed placement but waiting until after 

harvest to drill CCs can delay planting by weeks, leading to poor stands (Kientzy et al., 2023; 

Wofuru-Nyenke, 2023). To address late planting challenges, alternative seeding methods, such 

as aerial or broadcast seeding, were proposed to establish CCs earlier (Dean & Weil, 2009; 

Fisher et al., 2011; Thapa et al., 2018a). Aerial seeding can be performed by planes, unmanned 

aerial vehicles (drones), or helicopters, and ground broadcasting by combine-mounted seeders, 
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air booms, pendulums, high-clearance spreaders, spinner spreaders, or row-based interseeders 

(Kientzy et al., 2023). Each seeding method has benefits and complications when used in our 

mid-Atlantic production systems.  

Our study aims to: (1) identify the most effective establishment method and CC species 

for N uptake and biomass production; (2) determine if planting CCs at harvest, rather than 

delaying by 4 weeks, enhances N scavenging; (3) evaluate fall and spring biomass under 

different planting timings; (4) assess whether seed incorporation improves success after 

broadcast seeding; and (5) examine how at-harvest CC planting affects cash crop yields.  

2.3 Materials and Methods 

2.3.1 Location and Experimental Design  

The experiment was conducted over two growing seasons: 2022–2023 (Year 1) and 

2023–2024 (Year 2) at the Eastern Shore Agricultural Research and Extension Center 

(ESAREC) in Painter, VA (37°35' N, 75°49' W). The soil was a Bojac sandy loam, which is 

classified as a coarse-loamy, mixed, semiactive, thermic Typic Hapludult (Soil Series Staff, 

2002). The field before the experiment was not tilled for over fifteen years and left fallow 

between 2015 to 2020. Soybean was planted in 2021 followed by a fallow winter field before 

planting corn in 2022, which received 224 kg N ha-1. The experiment, conducted in no-till field 

corn, was arranged as a randomized complete block design with sixteen treatments plus a 

control, replicated four times, with each plot measuring 4.7 m in width and 9.0 m in length with 

5.0 m alleys separating blocks. 
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2.3.2 Treatments and Cover Crop Seeding  

Four methods for CC establishment were: 1) broadcast seeding at corn harvest with 

incorporation (AHI), 2) broadcast seeding at corn harvest without incorporation (AHNI), 3) 

broadcast seeding 4-weeks post corn harvest with incorporation (PHI), and 4) drilling 4-weeks 

post corn harvest (PHD). The at-harvest methods were chosen to simulate the use of a combine-

mounted CC seeder, which is a relatively new form of CC establishment. The post-harvest 

methods were based on two common established methods and implemented four weeks after 

corn harvest, reflecting the average time needed by local farmers to return to the field for 

planting CCs and on USDA- Natural Resources Conservation Services (NRCS) guidelines for 

CC planting (Haramoto, 2019; USDA-NRCS, 2015; Wofuru-Nyenke, 2023). Four CC species 

used were: 1) cereal rye (Secale cereale L.), 2) hairy vetch (Vicia villosa Roth), 3) rapeseed 

(Brassica napus L.), and 4) a mix of cereal rye, hairy vetch, and rapeseed. These CCs were 

selected as they represent common winter CCs, all of which perform different ecosystem 

functions (Kühling et al., 2023). In addition to each combination of establishment method and 

CC species, there was a no CC control treatment.  

Cover crops planting dates are shown in Table 2.1. At corn harvest, treatments were 

broadcasted by hand directly before corn was combined to mimic corn fodder deposited on top 

of CC seed. Broadcast and drill seeding rates for single CC varieties and mix calculations were 

sourced from the Virginia USDA-NRCS office (Table 2.2), which uses these rates to establish 

specifications for the EQIP 340 Cover Crop Practice Standard (USDA-NRCS, 2015). 

Incorporation was done by light disking and all drilled treatments were planted using a no-till 

drill with 19 cm row spacing (Model 3P606NT, Great Plains Ag, Saline, KS).  
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2.3.3 Weather data  

Weather data were collected from an on-site weather station, which included maximum, 

minimum, and mean daily temperatures and precipitation. To assess growing conditions for each 

CC planting date, the number of growing degree days (GDD) was calculated with the formula: 

𝐺𝐷𝐷 =
(𝑇𝑚𝑎𝑥,40 + 𝑇𝑚𝑖𝑛)

2
− 𝑇𝑏𝑎𝑠𝑒 

Where, Tmax,40 represents the daily maximum air temperature, capped at 40 °C, Tmin 

denotes the daily minimum air temperature, and Tbase is the base temperature equal to 4 °C 

(Mirsky et al., 2017; Teasdale et al., 2004).  

2.3.4 Soil Sample Collection and Analysis  

Before the field trial, background soil samples were taken every 15 cm from 0 to 120 cm 

depth (Table 2.3). All samples were taken using a stainless-steel soil probe with a diameter of 

2.86 cm. Four cores per rep, per depth, were homogenized in a plastic bucket before adding to a 

soil sampling box and immediately added to a forced air dryer for 5 to 10 days. Soil samples 

were sieved through a 2 mm sieve. Background soil samples were analyzed for water pH (1:1), 

buffer pH, cation exchange capacity (CEC), organic matter, and Mehlich-1 extractable 

phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), sulfur (S), boron (B), zinc (Zn), 

manganese (Mn), iron (Fe), and copper (Cu) (Issac, 1983; McLean, 1983; Mehlich, 1953; 

Schulte & Hopkins, 1996; Storer, 1984). The Mehlich-1 extract was analyzed using an 

inductively coupled plasma-atomic emission spectrometer (ICP-AES) (Issac, 1983; Mehlich, 

1953). Organic matter was determined via loss-on-ignition (Storer, 1984; Schulte & Hopkins, 

1996), and soil texture was assessed at all depths for each block using the hydrometer method 

(Bouyoucos, 1936; Day, 1965). 
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Soil samples for nitrate extraction were taken from each plot from 0 to 15 cm and 15 to 

30 cm. Samples were collected in the fall (October 2022 and November 2023) and in winter 

(January 2023 and 2024). All samples were taken following the same methods as background 

soil. Four grams of soil were extracted with 40 ml KCL. Solutions were shaken at 180 

oscillations per minute for 30 minutes, followed by filtration through Whatman no. 42 filter 

paper. Extractions were analyzed on a Lachat Instruments QuickChem 8500 autoanalyzer for 

NO3
- -N using QuickChem Method 12-107-04-5-A at a wavelength of 530 nm (QuickChem 

8500 FIA Automated Ion Analyzer; Lachat Instruments, Hatch Company, Loveland, CO).  

2.3.5 Cover Crop Biomass Collection, Processing, and Termination  

A total of 0.5 m2 of aboveground CC biomass was destructively sampled by collecting all 

living, aboveground biomass from two 0.25 m2 quadrats randomly across the plot. Weed biomass 

was separated from CC treatment biomass. Samples were immediately dried at 55° C until 

reaching a constant weight. Samples were collected in winter and spring (Table 2.1). Dry 

biomass was weighed, then ground to pass a 1 mm screen with a Wiley Mill (Thomas Scientific, 

Swedesboro, NJ). Both CC and weed biomass samples were analyzed for total C and N by dry 

combustion (Bremner, 1996) using a Vario EL cube elemental analyzer (Elementar Americas 

Inc., New York). The CC and weed C:N ratio was calculated using the percent C and N in the 

plant tissue. CC nutrient accumulation was calculated by multiplying % of nutrient in tissue and 

the dry weight of CC biomass (kg ha-1). Each treatment's total biomass and nutrient content was 

calculated by combining the CC and weed biomass. One day before corn planting, CCs were 

chemically terminated with 1268 g ae ha⁻¹ glyphosate and 657 g ai ha⁻1 glufosinate, dates listed 

in Table 2.1. 
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2.3.6 Corn Planting, Collection, Processing, and Harvesting   

Corn planting dates varied by weather conditions (Table 2.1). A no-till planter (Monosem 

Inc., Edwardsville, KS) was used to plant Dekalb DKC59-81RIB corn, a variety with a 109-day 

relative maturity, in 4 rows per plot at a row spacing of 76 cm, with a target population density 

of 68,940 seeds per hectare. Corn received 56 kg N ha-1 with 300 g N kg urea-ammonium nitrate 

(UAN) broadcasted at planting. Due to poor establishment in Year 2 from planter issues, corn 

was terminated with 552.51 g ai/ha of paraquat dichloride and replanted three weeks after initial 

planting. Ten leaves per plot were collected from the first true leaf at V5 and corn ear leaf at R1 

for tissue samples (Bryson et al., 2014). Corn tissue analysis followed the same procedures as 

CC biomass analysis. Corn harvest dates were delayed due to rain in both seasons (Table 2.1). 

Corn yield was evaluated by harvesting the middle four rows with a Zürn 160 plot combine 

equipped with integrated weight and moisture monitoring systems (Zürn Harvesting GmbH and 

Co. KG, Schöntal-Westernhausen, Germany).  

2.3.7 Statistical Analysis 

Statistical analyses were performed using R version 4.4.1 (R Core Team, 2024). All 

significance was determined at alpha < 0.05. The design is a complete factorial and ran as a two-

way analysis of variance (ANOVA), with CC × establishment method as fixed effects and block 

as a random effect using the aov() function. To analyze the soil N data with depth included, a 

three-way ANOVA was run with CC × establishment method × depth as fixed effects and block 

as a random effect. When analyzing the soil N data with the no CC control treatment, the design 

becomes an incomplete factorial and is analyzed as a two-way ANOVA. Depth × treatment 

(which includes CC + control and establishment method combined) were run as fixed effects and 
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block as a random effect. A one-way ANOVA was used to analyze the inclusion of the control 

with biomass, corn tissue, and yield data, which combines CC species and establishment method. 

Comparisons were conducted using Fisher’s Least Significant Difference (LSD) test to identify 

which groups differed using the LSD.test() function in the agricolae package (Mendiburu, 2023). 

Graphical data visualizations were created using the ggplot2 package (Wickham, 2016).     

2.4 Results and Discussion 

2.4.1 Environmental Factors 

Cumulative GDD and cumulative precipitation were summarized for each CC growing 

season and compared to the timing of each establishment method (Figures 2.1, 2.2). Notably, in 

Year 1, there was 17.3 cm more rainfall for treatments planted at-harvest compared to those 

planted 4 weeks post-harvest. In contrast, the difference in precipitation between at-harvest and 

post-harvest planting dates in Year 2 was only 3.7 cm. Although Year 1 experienced steady 

rainfall throughout the CC growing season, the total precipitation (61.7 cm) was lower than in 

Year 2 (79.7 cm), which saw heavier rainfall events, particularly in December and March. 

Despite the higher overall rainfall in Year 2, both at-harvest and post-harvest planting dates were 

followed by a week of no precipitation, likely delaying germination and establishment, 

particularly affecting the broadcast-seeded post-harvest treatments. The success of broadcasting 

methods relies heavily on sufficient rainfall for germination (Collins & Fowler, 1992; Haramoto, 

2019; Koehler-Cole & Elmore, 2020; Wilson et al., 2014). Delayed post-harvest planting 

resulted in 338 fewer GDDs in Year 1 and 326 fewer GDDs in Year 2. 
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2.4.2 Soil Nitrate Levels 

There was a significant depth main effect with soil N concentrations significantly higher 

in the 0 to 15 cm depth than the 15 to 30 cm depth across all sampling dates (p < 0.001; Table 

2.4). Increased nitrate levels in topsoil as compared to subsoil were consistent with previous 

studies showing that the top 10 cm of soil tends to have higher N concentrations due to 

accumulation of plant residues, microbial biomass, and fertilizers across various ecosystems, 

including agricultural lands (Libby & Hernández, 2021; Yang et al., 2023). However, in Year 1 

fall, more soil nitrates were in the 15 to 30 cm depth (7.1 mg ha-1) than in Year 2 fall (3.0 mg ha-

1). Due to 13.6 cm more precipitation in Year 1 (Figure 2.2) between at-harvest planting and fall 

soil sampling date compared to Year 2, soil conditions might have been suitable for vertical 

movement of nitrates from deeper soil horizons by plant roots or capillarity as observed by Patel 

et al. (2001).   

In Year 1 fall, there was no significant establishment method or CC species main or 

interaction effect on soil nitrate concentrations (Table 2.4), suggesting that treatments did not 

have a discernible effect on soil nitrate levels. There were also higher overall nitrate levels in 

Year 1 compared to Year 2 (Table 2.4), which can be attributed to several factors, including 

previous field management practices and fall precipitation. Before study establishment at corn 

harvest in 2022, corn was managed for grain production, receiving 224 kg N ha⁻1 total. In 2023, 

no sidedress N was applied to corn, as the study focused on evaluating the impact of CCs on 

yield without supplemental N inputs. Higher soil nitrate levels observed in Year 1 were likely 

due to applied fertilizer, which may have been concentrated in the 0 to 30 cm soil profile by the 

significant rainfall in fall 2022. However, by Year 1 winter, a significant establishment method 
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main effect showed post-harvest drilled treatments exhibited significantly higher soil nitrate 

concentrations (4.5 mg kg-1) than other treatments (2.9 to 3.7 mg kg-1).  

In Year 2 fall, the significant establishment method × depth interaction (p < 0.001) found 

post-harvest treatments had over double the soil nitrate levels in the 0 to 15 cm depth (11.4 to 

11.8 mg kg-1) compared to at-harvest treatments (5.2 mg kg-1; Table 2.4). Post-harvest treatment 

planting date coincided with soil N sampling in Year 2 fall, which meant CCs were only present 

in the at-harvest treatments at that time (Table 2.1). In both years, fall soil N concentrations 

exceeded winter levels. This is important for farmers located in the Chesapeake Bay Watershed, 

as fall soil N can mineralize into October without the use of CCs since soil temperature remains 

warm enough for biological activity (Blanco-Canqui, 2018; Staver & Brinsfield, 1998). 

The pattern observed in Year 2 fall was less consistent by winter as CC biomass 

increased. The interaction effect between CC species × establishment method showed AHI Rye 

had the lowest soil nitrate concentrations (1.7 mg kg-1; Table 2.4), compared to any other 

treatment aside from the post-harvest planted rye, reinforcing the observations of other research 

studies on the effectiveness of cereal rye as a N scavenger (Brandi-Dohrn et al., 1997; 

McCracken et al., 1994; Thapa et al., 2018a).  

In Year 1, soil nitrates in treatments with CCs did not significantly differ from the control 

at either sampling date, based on a two-way ANOVA combining establishment method × CC 

species (p = 0.028 and p = 0.087; Table 2.4 footnote). In Year 2 fall, the no CC control showed 

lower soil nitrate concentrations (5.7 mg kg-1) compared to all post-harvest treatments within 0 to 

6 cm depth (9.4 to 12.6 mg kg-1; p < 0.001) but was not significantly different from at-harvest 

treatments. By Year 2 winter, the control treatment's nitrate concentration (2.2 mg kg-1) remained 

lower than or comparable to all CC treatments. The lower nitrate levels in the control plot likely 
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resulted from high fall weed biomass—1515 kg ha-1 in Year 1 and 2308 kg ha-1 in Year 2 (Table 

2.7, Table 2.8)—contributing to significant N uptake, which was also observed by Baraibar et al. 

(2021) and Ritter et al. (1998). While high weed biomass can contribute to N scavenging and 

other agroecological benefits, such as plant diversity (Jordan & Vatovec, 2004), it can also harm 

the productivity of subsequent cash crops, as demonstrated by Rouge et al. (2023), and 

exacerbate the buildup of the weed seed bank.   

The study found less conclusive results on the effects of CC species and establishment 

method on soil N scavenging compared to other studies (Hirsh & Weil, 2019; Schipanski et al., 

2014; Sedghi & Weil, 2022; Staver & Brinsfield, 1998), but our results still support the 

hypothesis that broadcasting CCs at corn harvest has the potential to reduce soil nitrate levels 

through plant uptake. 

2.4.3 Biomass Accumulation 

When CC species were averaged over CC establishment method in Year 1, all CC species 

produced comparable fall biomass (501 to 629 kg ha-1), except rapeseed, which only produced 

248 kg ha-1 (p < 0.001; Table 2.5). Establishment method averaged over CC species produced up 

to six times more fall aboveground biomass when established at-harvest (721 to 846 kg ha-1) as 

compared to those established post-harvest (134 to 200 kg ha-1) (p < 0.001; Table 2.5). The 

increase in fall biomass due to planting earlier date highlights the importance of early planting 

for maximizing biomass production as emphasized by multiple researchers (Akbari et al., 2019; 

Akbari et al., 2020; Hashemi et al., 2013; Mirsky et al., 2011). In Year 2, the CC species × 

establishment method interaction showed the AHI Vetch produced more fall biomass (1654 kg 

ha-1) than all treatments other than the at-harvest mixes (p = 0.001; Table 2.6). Our findings align 
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with Wortman et al. (2012), who found that CC mixtures did not produce more biomass than 

monocultures, with a mixture's effectiveness depending on establishment timing, climate, and 

species ratios. However, Brainard et al. (2012) found that a hairy vetch-cereal rye mix (6000 kg 

ha-1) can outperform both monoculture hairy vetch (3,600 kg ha-1) and monoculture cereal rye 

(5,600 kg ha-1) in biomass production by 63%.  

In Year 2, treatments containing cereal rye did not show significant fall biomass 

differences between at-harvest and post-harvest planting dates (Table 2.6), emphasizing rye's 

resilience in establishment with later planting, as previously noted by Duiker (2014) and Hayden 

et al. (2015). In contrast, hairy vetch, rapeseed, and mix treatments exhibited vast differences in 

fall biomass between the two planting dates. Delayed establishment of post-harvest vetch and 

mix treatments aligns with vetch’s slow fall growth pattern reported by Baraibar et al. (2018). 

The significantly higher biomass of at-harvest vetch treatments can likely be attributed to 

additional GGDs and sufficient autumn rainfall after seeding (Figure 2.1, Figure 2.2), which 

were trends also observed by Moore & Mirsky (2020) and Sedghi et al. (2023). 

Fall weed biomass did not differ significantly among treatments in Year 1 (p = 0.132), 

suggesting that weed pressure from the winter fallow field was too high for any CC treatment to 

suppress substantial weed growth effectively (Table 2.7). However, in Year 2, at-harvest cereal 

rye exhibited the highest weed suppression (342 to 370 kg ha-1 of weed biomass vs. 2308 kg ha-1 

in the control), with weeds making up only 27 to 31% of the total biomass (Table 2.8). The weed 

pressure in this study may have been higher than in a well-managed agricultural field due to 

fallow conditions in previous winters. Research indicated that 3 to 5 years of consistent cover 

cropping is needed to achieve significant weed suppression, depending on CC species, local 
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environmental conditions, and specific management practices (Pratt et al., 2023; Weisberger et 

al., 2023).  

In this experiment, incorporation after broadcast seeding was unnecessary to achieve 

similar fall and spring biomass when CCs were planted at corn harvest (Table 2.5 – Table 2.10). 

Regardless of incorporation, lack of significance between at-harvest treatments indicated no need 

for additional field passes during the busy fall harvest season. When planting CCs 4 weeks after 

corn harvest, there was no significant difference in fall biomass between drilled and broadcast 

seeded with incorporation treatments. However, this was not observed in spring biomass. During 

Year 1, the PHD Rye transitioned from being one of the lowest fall biomass producers (385 kg 

ha-1) (Table 2.7) to one of the highest spring biomass producers (6072 kg ha-1), like at-harvest 

vetch and mix treatments, with only 8% total biomass being attributed to weeds (Table 2.9). 

PHD treatments quickly caught up to at-harvest planted counterparts in spring biomass 

production across all CC species (p < 0.001). In contrast, the PHI treatments did not achieve the 

same spring biomass levels as the at-harvest treatments. The overall poor performance of PHI 

treatments compared to at-harvest treatments in Year 1 suggested that with post-harvest planting 

and 17.3 cm less precipitation (Figure 2.2), drilling is more effective than broadcast seeding due 

to improved seed-to-soil contact, showcased by Haramoto (2019), Koehler-Cole & Elmore 

(2020), and Wilson et al. (2014).  

In Year 2, unlike in Year 1, there were no significant differences in spring biomass across 

establishment methods for cereal rye (2817 to 3322 kg ha-1) treatments and only the AHNI Vetch 

treatment differed from the post-harvest vetch treatments (Table 2.6). The PHD Mix treatment 

produced significantly less spring biomass than all other mix treatments, but the PHI Mix did not  

differ from the at-harvest treatments. The lack of significant differences in spring biomass across 
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establishment methods in Year 2 may be due to only a 3.7 cm difference in precipitation between 

at-harvest and post-harvest planting, combined with more spring rainfall than in Year 1, 

regardless of increased GDDs (Figure 2.2). 

Treatments containing vetch, rye, or the mix had significantly less spring weed biomass 

than the control in both years (p < 0.001; Table 2.9 and 2.10). However, all rapeseed treatments 

were equal to the control in spring weed biomass except for the at-harvest rapeseed in Year 1 and 

AHI Rapeseed in Year 2 (p < 0.001). The small amount of fall CC biomass produced by PHI 

Rapeseed in Year 1 (83 kg ha-1) was outcompeted by weeds and the treatment produced no 

spring biomass. The poor performance of the post-harvest rapeseed treatments throughout the 

two-year study may be due to the sensitivity of brassicas to planting timing and their competitive 

disadvantage when planted late as observed by Clark (2008) and Wang & Weil (2018). Some 

studies reported success with both aerially seeding and drilling rapeseed in terms of weed 

suppression and N accumulation (Dean & Weil, 2009; Kristensen & Thorup-Kristensen, 2004; 

Thapa et al., 2018a), but that success was not observed in this study.  

2.4.4 Nitrogen Accumulation and C:N Ratio 

In both years, fall CC biomass N accumulation displayed a similar pattern to biomass 

production (Table 2.5, Table 2.6). The interaction of CC establishment method × CC species 

indicated at-harvest vetch and mix treatments had the greatest contrast between their post-harvest 

counterparts, with higher N accumulation in the at-harvest treatments. Furthermore, at-harvest 

vetch (39 to 73 kg N ha-1) and at-harvest mix (43 to 59 kg N ha-1) treatments displayed the 

greatest fall N accumulation (p = 0.019, p < 0.001).  
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Spring CC biomass N accumulation did not align with biomass production as strongly as 

the fall (Table 2.5, Table 2.6). Despite the CC establishment method × CC species showing PHD 

Rye as one of the top spring biomass producers in Year 1, N accumulation was significantly 

lower than at-harvest and drilled vetch and mix treatments (p = 0.046; Table 2.5), which had the 

highest N accumulation in Year 1, ranging from 143 to 208 kg N ha-1, and were significantly 

greater than all other treatments, ranging from 0 to 89 kg N ha-1 (p < 0.001). Similarly, in CC 

species main effect in Year 2, CC biomass N accumulation was higher in hairy vetch and mix 

treatments (175 kg N ha-1) compared to cereal rye (50 kg N ha-1) and rapeseed treatments (16 kg 

N ha-1) (p < 0.001; Table 2.6). Cover crop establishment method main effect showed AHI 

treatments were equal in N accumulation to AHNI treatments, but greater than both post-harvest 

treatments (p < 0.001; Table 2.6). In terms of high biomass production, substantial N 

accumulation, and significant weed suppression abilities, the success of hairy vetch and the hairy 

vetch-cereal rye-rapeseed mix in this study aligned with many other studies (Brainard et al., 

2012; Hayden et al., 2014; Ledgard, 2001; Norris et al., 2020; Marcillo & Miquez, 2017; Thapa 

et al., 2018b). 

In both years (Table 2.9 and Table 2.10), all cereal rye treatments– independent of 

establishment method– and AHI Rapeseed had the greatest total spring C:N ratio other than PHD 

Rapeseed and the control in Year 1 (p < 0.001). AHI Rye had a C:N ratio of 34:1 in Year 1 (26% 

of the total biomass was comprised of weeds) and 23:1 in Year 2 (14% weeds) (Tables 2.9 and 

2.10, respectively). Similarly, PHD Rye had a C:N ratio of 31:1 in Year 1 (8% weeds) and 21:1 

in Year 2 (17% weeds) (Tables 2.9 and 2.10). Even with the weed suppression capabilities of 

AHI and PHD Rye, there is a tradeoff as high C:N ratios cause N to be immobilized when CCs 

are terminated (Brust, 2019; Okopi et al., 2024; Pieters & McKee, 1938; Staver & Brinsfield, 
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1998) and N only becomes available for plants when the C:N ratio is around or less than 20:1 

(Bryson et al., 2014).  

2.4.5 Corn Yield and Tissue Nitrogen Concentration 

Corn stage V5 leaf tissue in Year 1 showed a significant CC species main effect with 

hairy vetch, rye, and mix treatments having significantly more N (47.1 to 50.5 g N kg plant 

tissue-1) than rapeseed treatments (46.8 g N kg plant tissue-1) (p = 0.011; Table 2.11). Cover crop 

establishment method main effect indicated that AHNI treatments (50.4 kg g N kg plant tissue -1) 

were significantly higher than post-harvest treatments (46.8 to 47.4 g N kg plant tissue-1) (p = 

0.018; Table 2.11). There was no significant difference between CC species main effect (29.5 kg 

g N kg plant tissue-1 average; p = 0.650) or establishment method main effect (29.4 kg g N kg 

plant tissue-1 average; p = 0.950) by the time corn reached R1. Sidedressing N on corn generally 

occurs between V6 and V8, targeting a key growth period where the plant utilizes large amounts 

of N beginning at V6 and lasting through V12 (Nleya et al., 2019). Early availability of N from 

hairy vetch treatments at V5 is critical compared to later stages like R1. No significant 

differences in N concentration were observed between CCs or establishment methods at V5 or 

R1 in Year 2. 

In Year 1, corn yield was increased following the PHD Vetch and at-harvest vetch 

treatments (10,113 to 11,382 kg ha-1) and AHI Mix (11,586 kg ha-1) compared to the control 

(8,894 kg ha-1) (p < 0.001; Table 2.12). In Year 2, no treatment increased yield compared to the 

control (p < 0.009). However, there was a significant CC species main effect (p < 0.001), with 

hairy vetch (9961 kg ha-1) and the mix (9538 kg ha-1) increasing yield compared to cereal rye 

(8499 kg ha-1), but the mix not differing from rapeseed (9011 kg ha-1; Table 2.13).  



53 

 

No CC species or establishment method decreased yield from the control in either year, 

except for AHNI Rye in Year 2 (Table 2.12). Many studies have shown that neither grass nor 

legume CCs decrease corn yield (Lotter et al., 2003; Snapp & Surapur, 2018; Zablotowicz et al., 

2011) while other studies showed a decrease in corn yield following cereal rye, especially when 

cereal rye is planted early and terminated late (Martinez-feria et al., 2016; Nielsen et al., 2016; 

Snapp et al., 2005).  

The inconsistency and lack of significance in Year 2 data for both corn tissue samples 

and yield were likely due to having to replant the corn in 2024 after poor stand establishment. A 

low C:N ratio, such as the mix and hairy vetch C:N ratio shown in Table 2.10, is associated with 

fast decomposition and N release into the soil after termination (Clark, 2008). Studies have 

indicated that most of the N release from hairy vetch residue happens in the first 2 weeks after 

CC termination (Sievers & Cook, 2018; Singh et al., 2020). Corn was re-planted 3 weeks after 

CC termination in Year 2, indicating much of the N release from hairy vetch was most likely not 

utilized by the re-planted corn. 

2.5 Conclusions 

In conclusion, broadcasting CCs, particularly cereal rye, at corn harvest has potential to 

reduce soil nitrates compared to delayed post-harvest planting, however, additional site years are 

needed to confirm these findings. High weed pressure can also effectively reduce soil nitrates, as 

seen in the control, although weeds do not possess as many ecosystem benefits as well-

established cover crops. Broadcasting CCs at corn harvest significantly increased fall biomass, 

particularly with hairy vetch and mixes, and produced equal or greater spring biomass compared 

to drilling 4-weeks post-harvest. Post-harvest broadcasting will likely result in significantly less 
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CC biomass than broadcasting at harvest or drilling. Hairy vetch or mixes with hairy vetch 

accumulate significant N, especially when planted during corn harvest, and this N can enhance 

corn yields when corn is planted shortly after CC termination. Incorporation after at-harvest 

broadcasting was unnecessary for biomass production and N accumulation over the study's two 

years, potentially eliminating the need for an additional field pass. However, further research is 

needed to assess the necessity of incorporation in varying precipitation and climate conditions. 

Rapeseed struggled to establish in this experiment, leading to higher soil nitrate concentrations 

and lower biomass, N accumulation, and corn yields, indicating a need for further research on 

rapeseed establishment methods. Overall, this study demonstrated the potential of at-harvest CC 

broadcast seeding to improve biomass production and increase corn yield while mitigating N 

leaching, with ongoing investigations needed to refine these practices for broader adoption and 

enhanced environmental sustainability.  
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2.7 Figures and Tables 

Figure 2.1 Cumulative cover crop growing degree days (GDDs) in a field trial conducted in 

Painter, VA in 2022-2024. 
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Figure 2.2 Monthly total precipitation (cm) during the cover crop growth period in a field trial 

conducted in Painter, VA in 2022-2024. 
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Table 2.1 Summary of cash crop and cover crop (CC) management practices and dates from 

September 2022 – September 2024. 

Field Operation Year 1 Year 2 

At-harvest broadcasted CC planting Sept. 23, 2022 Sept. 27, 2023 

Corn harvest Sept. 24, 2022 
Sept. 28, 2023 & 

Oct. 10, 2024 

At-harvest broadcasted CC incorporation Sept. 27, 2022 Sept. 29, 2023 

Post-harvest broadcasted CC planting Oct. 21, 2022 Oct. 24, 2023 

Post-harvest drilled CC planting Oct. 21, 2022 Oct. 24, 2023 

Background soil sampling Oct. 21, 2022 - 

Post-harvest CC incorporation a Oct. 31, 2022 Oct. 25, 2023 

Fall soil sampling Oct. 22, 2022 Nov. 7, 2023 

Winter soil sampling Jan. 5, 2023 Jan. 2, 2024 

Winter biomass sampling Jan. 4, 2023 Jan 3, 2024 

Spring biomass sampling Apr. 20, 2023 Apr. 23, 2024 

CC termination Apr. 25, 2023 Apr. 24, 2024 

Corn planting Apr. 26, 2023 
b Apr. 26, 2024 & 

May 17, 2024 

Starter N application May 5, 2023 May 5, 2024 

a Incorporation for late aerially seeded CC delayed due to miscommunication. 

b Initially planted corn on Apr. 26, 2024, replanted May 17, 2024, due to poor emergence. 
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Table 2.2 Winter cover crop (CC) treatment, functional group, species, and seeding rates planted 

in the Eastern Shore AREC small plot study for 2022-2024.  

†Cereal rye (Secale cereale), Hairy vetch (Vicia villosa), Rapeseed (Brassica napus).  

 

CC Treatment Species Broadcast Seeding Rate Drill Seeding Rate 

  ——————— kg ha-1 ——————— 

Cereal rye Cereal rye† 162.5 123.3 

Hairy vetch Hairy vetch 33.6 22.4 

Rapeseed Rapeseed 13.45 6.7 

Mix 

Cereal rye 

Hairy vetch 

Rapeseed 

40.4 

25.2 

3.4 

33.3 

16.8 

1.7 
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Table 2.3 Background soil physical and chemical properties for corn grown on sandy loam soil in Painter, VA on the Eastern Shore of 

Virginia in 2022.  

 

Depth pH CEC OM Sand Clay Silt P K Mg Ca S B Zn Mn Fe Cu 

cm  meq 100g-1 ———— g kg-1 ———— ————————————— mg kg-1 ————————————— 

0-15 5.9 6.5 15.0 67.9 17.4 14.7 84.5 141.8 74.8 582.5 6.4 0.2 1.3 22.2 18.6 1.0 

15-30 5.9 5.9 10.0 62.1 26.5 11.4 52.5 93.4 75.8 474.8 4.0 0.2 0.5 12.3 20.1 0.9 

30-45 5.7 7.5 12.0 60.2 28.6 11.3 11.1 98.6 123.1 538.4 11.9 0.2 0.4 7.9 18.0 0.4 

45-60 5.6 8.4 12.0 61.2 26.6 12.2 3.1 82.0 153.0 582.8 6.5 0.2 0.2 4.0 18.8 0.3 

60-75 5.7 7.6 9.0 66.3 23.7 10.0 4.1 64.3 135.3 547.8 9.1 0.2 0.2 3.6 18.5 0.3 

75-90 5.5 8.3 8.0 71.3 22.7 6.1 3.6 45.0 114.9 516.3 12.4 0.1 0.2 1.9 14.5 0.3 

90-105 5.4 7.7 7.0 77.3 13.5 9.2 3.6 39.8 104.6 508.1 6.9 0.1 0.2 1.5 12.4 0.3 

105-120 5.2 6.0 5.0 84.4 12.6 3.0 5.4 35.1 76.6 373.5 4.0 0.1 0.2 2.4 12.3 0.3 
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Table 2.4 Effect of depth, establishment method, cover crop species, and their interaction effects 

on soil nitrate concentrations across sampling dates on a sandy loam in Painter, VA. 

 Year 1 Year 2 

 Fall Winter Fall Winter 

Depth (cm) ——————— mg kg-1 ——————— 

0-15  9.1 a† 4.9 a 8.1⸙ 3.6 a 

15-30  7.1 b  2.3 b 3.0   1.7 b 

LSD0.05 1.1 0.6 - 0.3 

p-value 0.001 <0.001 <0.001 <0.001 

Establishment method (EM)     

At-harvest incorporated (AHI) 8.9⸹ 2.9 b 3.9 2.6 

At-harvest not incorporated (AHNI) 7.0 3.5 b  3.8  2.5 

Post-harvest incorporated (PHI) 8.0 3.7 b  7.8  2.9 

Post-harvest drilled (PHD) 8.7 4.5 a 7.4  2.7 

LSD0.05 -⁑ 0.8 - - 

p-value   0.082 0.003 <0.001 0.205 

Cover Crop (CC)     

Cereal rye 7.8 3.6 5.5 2.2 

Hairy vetch 7.7 3.4 6.1 3.0  

Rapeseed 8.6 4.0 5.4 2.9  

Mix 8.5 3.6 5.9 2.7  

LSD0.05 - - - - 

p-value 0.6124 0.585 0.288 <0.001 

EM × Depth (cm)      

AHI 0-15  10.0 4.0 5.2 b 3.7 

 15-30 7.8 1.8 2.6 cd 1.5 

AHNI 0-15  8.1 5.1 5.2 b 3.5 

 15-30 5.8 1.8 2.4 d 1.6 

PHI 0-15  8.5 4.5 11.8 a 3.8 

 15-30 7.6 2.8 3.7 c 2.0 

PHD 0-15  9.8 6.1 11.4 a 3.6 

 15-30 7.7 2.9 3.5 cd 1.7 

LSD0.05  - - 1.2 - 

p-value  0.803 0.139 <0.001 0.627 

CC × EM      

Cereal rye AHI 8.3 bc 3.1 3.1 1.7 f 

 AHNI 7.5 c 3.8 3.1 2.5 de 

 PHI 6.6 c 3.5 7.7 2.4 ef 

 PHD 9.1 a-c 3.8 8.0 2.2 ef 

Hairy vetch AHI 6.5 c 2.7 4.9  3.2 a-c 

 AHNI 7.2 c 3.4 4.4 2.5 c-e 

 PHI 7.8 bc 3.7 7.8 2.8 a-e 

 PHD 9.4 a-c 3.9 7.4 3.4 ab 
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Rapeseed AHI 9.2 a-c 2.8 3.7  2.8 a-e 

 AHNI 7.0 c 3.5 3.7 2.7 b-e 

 PHI 10.8 ab 3.7 8.0 3.4 a 

 PHD 7.5 c 5.8 6.2 2.7 b-e 

Mix AHI 11.6 a 3.1 3.9 2.7 a-e 

 AHNI 6.3 c 3.3 4.0 2.5 de 

 PHI 7.1 c 3.7 7.5 3.1 a-d 

 PHD 8.9 a-c 4.5 8.1 2.4 de 

LSD0.05  3.2 - - 0.7 

p-value  0.037 0.639 0.403 0.043 

Depth × CC  0.811 0.674 0.740 0.156 

EM x depth × CC  0.995 0.467 0.853 0.266 

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHI, post-

harvest incorporated; PHD, post-harvest drilled. 

†Means within a column followed by the same lowercase letter were not significantly different . 

⸹Means within a column lacking a letter were not significantly different . 

⁑Dashes indicate no LSD was run due to either no significance or a significance in the 

interaction effect. 

⸙Means within a column lacking a letter but with p < 0.05 had a significant interaction effect .  

Note: No CC control mean was 7.4 mg kg⁻¹, 3.44 mg kg⁻¹, 4.1 mg kg⁻¹, 2.2 mg kg⁻¹ for EM + 

CC × depth interaction in October 2022, January 2023, November 2023, and January 2024, 

respectively.  
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Table 2.5 Effect of establishment method and cover crop (CC) species on Year 1 CC 

aboveground biomass and nitrogen (N) accumulation on a sandy loam in Painter, VA. 

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHI, post-

harvest incorporated; PHD, post-harvest drilled. 

†Means within a column followed by the same lowercase letter were not significantly different. 

⸹Means within a column lacking a letter were not significantly different . 

⁑Dashes indicate no LSD was run due to either no significance or a significance in the 

interaction effect. 

⸙Means within a column lacking a letter but with p < 0.05 had a significant interaction effect . 

 Fall 

biomass 

Fall N 

accumulation 

Spring 

biomass 

Spring N 

accumulation 

CC —————–——— kg ha-1 ————————– 

Cereal rye 542 a† 18⸙ 3899 57 

Hairy vetch 501 a 23 3641 152 

Rapeseed 248 b 10 1194 27 

Mix 629 a 26 4531 154 

LSD0.05 167 - - - 

p-value <0.001 <0.001 <0.001 <0.001 

Establishment method     

AHI 846 a 35 3849 117 

AHNI 721 a 30 4201 131 

PHI 134 b 5 1368 43 

PHD 200 b 8 3846 100 

LSD0.05 167 - - - 

p-value   <0.001 <0.001 <0.001 <0.001 

CC × Establishment method       

Cereal rye AHI  844⸹ 30 b-d 3459 bc 44 c-e 

 AHNI 720 27 c-e 4469 ab 73 cd 

 PHI 120 3 g 1597 ef 24 de 

 PHD 385 15 e-g 6072 a 89 c 

Hairy vetch AHI 919 42 ab 4509 ab 190 ab 

 AHNI 858 39 a-c 4853 ab 208 a 

 PHI 166 7 g 1803 de 69 cd 

 PHD 114 5 g 3398 b-d 143 b 

Rapeseed AHI 543 21 d-f 1947 c-e 41 c-e 

 AHNI 313 13 e-g 1782 de 45 c-e 

 PHI 83 3 g 0 f 0 e 

 PHD 27 1 g 1049 ef 23 de 

Mix AHI 1079 46 a 5482 a 194 ab 

 AHNI 995 43 ab 5702 a 199 a 

 PHI 170 5 g 2073 c-e 78 c 

 PHD 274 10 fg 4866 ab 144 b 

LSD0.05  -⁑ 14 1636 53 

p-value 0.125 0.019 0.044 0.046 
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Table 2.6 Effect of establishment method and cover crop (CC) species on Year 2 CC 

aboveground biomass and nitrogen (N) accumulation on a sandy loam in Painter, VA. 

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHI, post-

harvest incorporated; PHD, post-harvest drilled. 

†Means within a column lacking a letter but with p < 0.05 had a significant interaction effect .  

⸹Dashes indicate no LSD was run due to either no significance or a significance in the 

interaction effect. 

⁑Means within a column followed by the same lowercase letter were not significantly different. 

⸙Means within a column for lacking a letter were not significantly different . 

 Fall 

biomass 

Fall N 

accumulation 

Spring 

biomass 

Spring N 

accumulation 

CC ————————— kg ha-1 ————————– 

Cereal rye 854† 19 4189 50 b 

Hairy vetch 772 34 874 175 a 

Rapeseed 501 11 5044 16 c 

Mix 1035 35 4186 175 a 

LSD0.05 -⸹ - - 16 

p-value   <0.001 <0.001 <0.001 <0.001 

Establishment method    

AHI 1295 43 3962 120 a 

AHNI 1039 34 3461 110 ab 

PHI 434 11 3076 99 bc 

PHD 394 9 2603 86 c 

LSD0.05 - - - 16 

p-value   <0.001 <0.001 <0.001 <0.001 

CC × Establishment method     

Cereal rye AHI  939 c-f⁑ 19 cd 3322 ef 54⸙ 

 AHNI 831 d-f 19 cd 3018 e-g 50 

 PHI 859 d-f 19 cd 2833 fg 45 

 PHD 789 d-f 19 cd 2817 fg 49 

Hairy vetch AHI 1654 a 73 a 4472 cd 188 

 AHNI 1144 b-d 51 b 4806 bc 190 

 PHI 193 gh 7 d-f 3648 d-f 157 

 PHD 96 h 4 ef 3817 de 165 

Rapeseed AHI 1097 b-e 22 c 2211 g 39 

 AHNI 833 d-f 19 cd 921 h 17 

 PHI 73 h 3 ef 276 h 5 

 PHD 0 h 0 f 90 h 2 

Mix AHI 1490 ab 59 b 5844 a 201 

 AHNI 1350 a-c 49 b 5099 a-c 181 

 PHI 611 fg 15 c-e 5549 ab 190 

 PHD 691 ef 15 c-e 3687 d-f 126 

LSD0.05  437 14 947 - 

p-value 0.001 <0.001 0.017 0.059 
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Table 2.7 One-way ANOVA of Year 1 fall cover crop (CC) aboveground biomass, nitrogen (N) accumulation, C:N ratio, and 

percentage weeds within total including no CC control on a sandy loam in Painter, VA. 

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHI, post-harvest incorporated; PHD, post-harvest 

drilled; wt., weight.  

†Means within a column lacking a letter were not significantly different. 

⸹Due to the PHI rapeseed treatment only having biomass in one replication, the treatment was dropped from C:N analysis . 

⁑Means within a column followed by the same lowercase letter were not significantly different .  

⸙Dashes indicate no LSD was run due to either no significance or a significance in the interaction effect.  

  CC biomass Weed biomass Total biomass 

  Dry wt. N C:N Dry wt. N C:N Dry wt. N C:N Weed dry wt. Weed N 

CC Establishment 

method 
—— kg ha-1 ——  —— kg ha-1 ——  —— kg ha-1 ——  ———— % ———— 

Cereal rye AHI 844 a-c† 30 b-d 12 bc 1664⁑ 35 16 2508 a 64 a-c 14 b-d 66 54 

 AHNI 720 bc 27 c-e 11 bc 879 21 15 1599 b-e 47 b-g 13 d-f 55 44 

 PHI 120 ef 3 g 14 a 1164 24 16 1284 c-e 27 gh 15 ab 91 88 

 PHD 385 de 15 e-g 11 c-e 1016 24 15 1400 c-e 39 e-h 13 c-f 73 62 

Hairy vetch AHI 919 ab 42 ab 9 ef 842 21 16 1762 b-e 62 a-d 11 f 48 33 

 AHNI 858 a-c 39 a-c 9 f 860 20 15 1718 b-e 59 a-e 11 f 50 34 

 PHI 166 ef 7 g 10 d-f 1268 28 15 1434 c-e 35 f-h 14 b-d 88 80 

 PHD 114 ef 5 g 9 f 946 20 17 1060 e 25 gh 15 a-c 89 80 

Rapeseed AHI 543 cd 21 d-f 11 cd 1415 33 16 1958 a-c 54 a-f 14 b-d 72 61 

 AHNI 313 d-f 13 e-g 10 def 1328 33 15 1640 b-e 46 b-g 14 b-e 81 72 

 PHI 83 ef 3 g -⸹ 1592 31 15 1675 b-e 34 f-h 15 a-d 95 90 

 PHD 27 f 1 g 9 f 1188 22 15 1215 de 23 h 15 a-d 98 94 

Mix AHI 1079 a 46 a 10 d-f 1134 26 16 2213 ab 72 a 12 ef 51 36 

 AHNI 995 ab 43 ab 10 d-f 902 22 15 1897 a-d 65 ab 12 f 48 34 

 PHI 170 ef 5 g 12 b 1014 20 17 1184 de 25 gh 16 a 86 80 

 PHD 274 d-f 10 fg 11 c-e 1258 33 15 1533 b-e 43 c-h 14 b-e 82 77 

Control  - - - 1515  41 14 1515 b-e 41 d-h 14 a-d 100 100 

LSD0.05  334 14 1 -⸙ - - 739 22 2   

p-value    <0.001 <0.001 <0.001 0.132 0.167 0.715 0.026 <0.001 <0.001   
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Table 2.8 One-way ANOVA of Year 2 fall cover crop (CC) aboveground biomass, nitrogen (N) accumulation, C:N ratio, and 

percentage weeds within total including no CC control on a sandy loam in Painter, VA.  

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHI, post-harvest incorporated; PHD, post-harvest 

drilled; wt., weight.  

†Means within a column followed by the same lowercase letter were not significantly different . 

⸹Due to the PHD rapeseed treatment only having biomass in one replication, the treatment was dropped from C:N analysis . 

⁑Means within a column lacking a letter were not significantly different. 

⸙Dashes indicate no LSD was run due to either no significance or a significance in the interaction effect.  

  CC Biomass Weed Biomass Total Biomass 

  Dry wt. N C:N Dry wt. N C:N Dry wt. N  C:N Weed dry wt. Weed N 

CC 
Establishment 

method 
—— kg ha-1 ——  —— kg ha-1 ——  —— kg ha-1 ——  ———— % ———— 

Cereal rye AHI 939 c-f† 19 cd 20 a 342 d 7 ef 20⁑ 1280 26 c 20 ab 27 25 

 AHNI 831 d-f 19 cd 19 ab 370 d 6 f 20 1201 25 c 19 ab 31 25 

 PHI 859 d-f 19 cd 16 c-e 705 cd 10 d-f 17 1564 29 c 16 cd 45 33 

 PHD 789 d-f 19 cd 16 cd 830 b-d 15 d-f 18 1618 33 c 18 a-c 51 44 

Hairy vetch AHI 1654 a 73 a 10 g 1026 b-d 22 b-d 18 2680 95 a 12 f 38 23 

 AHNI 1144 b-d 51 b 10 fg 1013 b-d 22 b-d 21 2156 73 b 13 ef 47 30 

 PHI 193 gh 7 d-f 11 fg 2154 a 31 ab 19 2346 38 c 16 cd 92 81 

 PHD 96 h 4 ef 11 fg 1533 a-c 29 a-c 21 1628 32 c 18 a-c 94 88 

Rapeseed AHI 1097 b-e 22 c 17 bc 931 b-d 17 c-f 19 2028 38 c 17 a-c 46 44 

 AHNI 833 d-f 19 cd 18 ab 1395 a-c 20 b-e 18 2228 39 c 20 ab 63 52 

 PHI 73 h 3 ef 11 fg 1673 ab 22 b-d 18 1746 25 c 17 bc 96 88 

 PHD 0 h 0 f -⸹ 2107 a 37 a 18 2107 37 c 20 ab 100 100 

Mix AHI 1490 ab 59 b 11 fg 831 b-d 16 c-f 16 2321 75 b 13 ef 36 22 

 AHNI 1350 a-c 49 b 12 f 760 b-d 14 d-f 20 2110 63 b 13 d-f 36 22 

 PHI 611 fg 15 c-e 14 e 784 b-d 11 d-f 19 1394 26 c 15 c-e 56 42 

 PHD 691 ef 15 c-e 15 de 1052 b-d 16 c-f 20 1742 31 c 18 a-c 60 51 

Control  - - - 2309 a 39 a 18 2308 39 c 20 a 100 100 

LSD0.05  437 14 2 955 14 -⸙ - 17 3   

p-value    <0.001 <0.001 <0.001 <0.001 <0.001 0.256 0.068 <0.001 <0.001   
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Table 2.9 One-way ANOVA of Year 1 spring cover crop (CC) aboveground biomass, nitrogen (N) accumulation, C:N ratio, and 

percentage weeds within total including no CC control on a sandy loam in Painter, VA. 

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHD, post-harvest drilled; PHI, post-harvest 

incorporated; wt., weight. 

†Means within a column lacking a letter were not significantly different.  

⸹Due to the PHI rapeseed treatment having no biomass, the treatment was dropped from C:N analysis . 

 

  CC Biomass Weed Biomass Total Biomass 

  Dry wt. N C:N Dry wt. N  C:N Dry wt. N  C:N Weed dry wt. Weed N  

CC 
Establishment 

method 
—— kg ha-1 ——  —— kg ha-1 ——  —— kg ha-1 ——  ––——— % ——–––— 

Cereal rye AHI 3459 cd† 44 c-e 35 a 1216 fg 18 e-g 30 a 4675 b-g 62 d 34 a 26 29 

 AHNI 4469 bc 73 cd 29 b 2640 cd 41 b-e 27 a-d 7109 a 114 cd 28 bc 37 36 

 PHI 1597 e 24 de 30 b 2307 c-f 40 b-e 25 a-e 3904 e-g 63 d 27 cd 59 63 

 PHD 6072 a 89 c 31 ab 541 g 8 g 29 ab 6613 ab 97 d 31 ab 8 8 

Hairy vetch AHI 4509 a-c 190 ab 10 g 1376 e-g 34 c-f 17 h 5884 a-e 224 ab 11 j 23 15 

 AHNI 4853 a-c 208 a 10 g 1162 fg 25 d-g 18 gh 6015 a-d 233 a 11 j 19 11 

 PHI 1803 e 69 cd 12 fg 1290 e-g 23 d-g 24 b-e 3093 g 92 d 15 g-j 42 25 

 PHD 3398 cd 143 b 10 g 1297 e-g 24 d-g 22 d-h 4695 b-g 167 bc 12 ij 28 14 

Rapeseed AHI 1947 de 41 c-e 21 c 2521 c-e 43 b-d 25 a-e 4468 c-g 84 d 23 de 56 51 

 AHNI 1782 e 45 c-e 17 de 2419 c-f 56 a-c 20 e-h 4200 d-g 101 d 19 fg 58 56 

 PHI 0 f 0 e -⸹ 3003 bc 59 ab 23 d-g 3003 g 59 d 23 ef 100 100 

 PHD 1049 ef 23 de 19 cd 4488 a 71 a 28 a-c 5536 a-f 95 d 26 c-e 81 75 

Mix AHI 5482 ab 194 ab 13 e-g 1174 fg 24 d-g 21 e-h 6656 ab 218 ab 14 h-j 18 11 

 AHNI 5702 ab 199 a 13 fg 649 g 15 fg 18 f-h 6351 a-c 213 ab 13 h-j 10 7 

 PHI 2073 de 78 c 15 d-f 1575 d-g 27 d-g 25 a-e 3648 fg 105 d 16 gh 43 26 

 PHD 4866 a-c 144 b 35 a 1242 fg 26 d-g 21 e-h 6108 a-d 170 bc 16 g-i 20 15 

Control  - - - 4202 ab 78 a 23 c-f 4202 d-g 78 d 23 de 100 100 

LSD0.05  1588 53 4 1260 25 5 1988 58 4   

p-value  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001   
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Table 2.10 One-way ANOVA of Year 2 spring cover crop (CC) aboveground biomass, nitrogen (N) accumulation, C:N ratio, and 

percent weeds within total including no CC control on a sandy loam in Painter, VA. 

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHI, post-harvest incorporated; PHD, post-harvest 

drilled; wt., weight.  

†Means within a column followed by the same lowercase letter were not significantly different . 

⸹Due to the AHI Mix treatment not having weed biomass, the treatment was dropped from C:N analysis.

  CC Biomass Weed Biomass Total Biomass 

  Dry wt. N C:N Dry wt. N  C:N Dry wt. N  C:N Weed dry wt. Weed N 

CC 
Establishment 

method 
—— kg ha-1 ——  —— kg ha-1 ——  —— kg ha-1 ——  ———— % ———— 

Cereal rye AHI 3322 ef 54 e 28 a 522 cd 23 c-e 10 e 3843 b-e 77 gh 23 a 14 30 

 AHNI 3018 e-g 50 e 27 ab 947 b-d 41 cd 11 e 3964 b-e 91 f-h 20 a 24 45 

 PHI 2833 fg 45 ef 29 a 737 b-d 31 c-e 17 c-e 3570 c-e 76 gh 23 a 21 40 

 PHD 2817 fg 49 e 26 a-c 574 cd 24 c-e 15 c-e 3391 de 74 gh 21 a 17 33 

Hairy vetch AHI 4472 cd 188 a-c 10 e 89 d 2 e 16 c-e 4561 a-d 191 ab 10 e 2 1 

 AHNI 4806 bc 190 ab 11 e 57 d 2 e 16 c-e 4863 a-c 192 ab 11 e 1 1 

 PHI 3648 d-f 157 cd 10 e 199 d 4 e 20 a-c 3846 b-e 161 a-d 11 e 5 2 

 PHD 3817 de 165 bc 10 e 266 d 7 de 18 b-d 4083 b-d 171 a-c 10 e 7 4 

Rapeseed AHI 2211 g 39 ef 25 b-d 1383 bc 47 c 15 c-e 3593 c-e 85 f-h 20 ab 38 55 

 AHNI 921 h 17 fg 25 b-d 2800 a 98 b 15 c-e 3721 c-e 115 d-g 16 bc 75 85 

 PHI 276 h 5 g 24 cd 1731 ab 56 c 14 c-e 2007 f 61 h 15 cd 86 92 

 PHD 90 h 2 g 23 d 2676 a 95 b 12 de 2766 ef 97 e-h 13 c-e 97 98 

Mix AHI 5844 a 201 a 13 e 4 d 0 e -⸹ 5848 a 201 a 13 c-e 0 0 

 AHNI 5099 a-c 181 a-c 12 e 53 d 1 e 15 c-e 5152 ab 182 ab 12 c-e 1 1 

 PHI 5549 ab 190 ab 13 e 66 d 1 e 25 a 5614 a 191 ab 13 c-e 1 1 

 PHD 3687 d-f 126 d 13 e 1426 bc 5 e 24 ab 5112 ab 131 c-f 13 c-e 28 4 

Control  - - - 2656 a 144 a 12 de 2656 ef 144 b-e 12 de 100 100 

LSD0.05  947 32 3 1101 35 7 1314 48 4   

p-value  <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001   
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Table 2.11 Effect of establishment method and cover crop (CC) species on nitrogen (N) 

concentration in corn crop following CC treatments at V5 and R1 on a sandy loam in Painter, 

VA. 

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHI, post-

harvest incorporated; PHD, post-harvest drilled.  

†Means within a column followed by the same lowercase letter were not significantly different . 

⸹Means within a column lacking a letter were not significantly different .  

⁑Dashes indicate no LSD was run due to either no significance or a significance in the 

interaction effect. 

Note: tissue samples were collected from the first true leaf at V5 and corn ear leaf at R1. 

 

  

 Year 1 Year 2 
 V5 R1  V5 R1 

CC ——–— g N kg plant tissue-1 ———— 

Cereal rye 47.1 a† 30.0⸹ 27.5 29.9 

Hairy vetch 50.5 a 29.1 27.9 29.4 

Rapeseed 46.8 b 28.5 28.5 29.6 

Mix 50.0 a 29.8 27.6 29.5 

LSD0.05 0.3 - - - 

p-value   0.011 0.650 0.720 0.868 

Establishment method  

AHI 50.0 ab 29.5 28.3 29.5 

AHNI 50.4 a 29.3 28.7 30.3 

PHI 46.8 bc 29.0 26.6 29.1 

PHD 47.4 c 29.8 27.9 29.5 

LSD0.05 0.3 -⁑ - - 

p-value   0.018 0.950 0.128 0.247 

CC × Establishment method  0.114 0.227 0.977 0.985 
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Table 2.12 One-way ANOVA of corn yield including no cover crop (CC) control over two years 

on a sandy loam in Painter, VA.  

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHI, post-

harvest incorporated; PHD, post-harvest drilled.  

†Means within a column for each treatment lacking a letter were not significantly different . 

 

  Year 1 Year 2 

  Yield 

CC Establishment Method ——— kg ha -1 ——— 

Cereal rye AHI  8143 fg† 8376 cd 

 AHNI  8263 fg 8157 d 

 PHI 8310 e-g 8430 cd 

 PHD  7893 g 9035 b-d 

Hairy vetch AHI  11021 a-c 10476 a 

 AHNI 11382 ab 9766 ab 

 PHI  9849 b-e 10006 ab 

 PHD  10113 a-d 9595 a-c 

Rapeseed AHI  7792 g 8376 cd 

 AHNI  7850 g 8157 b-d 

 PHI 9817 c-e 8430 ab 

 PHD  8067 fg 9035 b-d 

Mix AHI  11586 a 8940 b-d 

 AHNI  9485 c-f 9910 ab 

 PHI  9585 c-f 9786 ab 

 PHD  9249 d-g 9516 a-c 

Control   8894 d-g 9435 a-c 

LSD0.05  1543 1102 

p-value  <0.001 0.009 
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Table 2.13 Effects of establishment method and cover crop (CC) species on corn yield over two 

years on a sandy loam in Painter, VA.  

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 

 

 

 

Abbreviations: AHI, at-harvest incorporated; AHNI, at-harvest not incorporated; PHI, post-

harvest incorporated; PHD, post-harvest drilled.  

†Means within a column lacking a letter but with p < 0.05 had a significant interaction effect .  

⸹Dashes indicate no LSD was run due to either no significance or a significance in the 

interaction effect. 

⁑Means within a column lacking a letter were not significantly different . 

⸙Means within a column followed by the same lowercase letter were not significantly different . 

 Year 1 Year 2 
 Yield  

CC ———kg ha-1——— 

Cereal rye 8152† 8499 c 

Hairy vetch 10591 9961 a 

Rapeseed 8381 9011 bc 

Mix 9976 9538 ab 

LSD0.05 -⸹ 828 

p-value   <0.001 <0.001 

Establishment method   

AHI 9635⁑ 9043 

AHNI 9245 9205 

PHI 9390 9485 

PHD 8830 9276 

LSD0.05 - - 

p-value   0.218 0.531 

CC × Establishment method   

Cereal rye AHI  8143 fg⸙ 8376 

 AHNI 8263 fg 8157 

 PHI 8310 e-g 8430 

 PHD 7893 g 9035 

Hairy vetch AHI 11021 a-c 10476 

 AHNI 11382 ab 9766 

 PHI 9849 b-e 10006 

 PHD 10113 a-d 9595 

Rapeseed AHI 7792 g 8379 

 AHNI 7850 g 8988 

 PHI 9817 c-e 9718 

 PHD 8067 fg 8960 

Mix AHI 11586 a 8940 

 AHNI 9485 c-f 9910 

 PHI 9585 c-f 9786 

 PHD 9249 d-g 9516 

LSD0.05  1551 - 

p-value 0.021 0.329 



83 

 

3. New Technologies for an Old Solution: Utilizing a Combine-Mounted 

Cover Crop Seeder in a Corn-Soybean Rotation in the Mid-Atlantic 

Region 

3.1 Abstract 

Fall nitrate leaching is common after corn and soybean harvests, but well-established 

cover crops (CCs) offer an effective mitigation strategy. Many Mid-Atlantic farmers are 

challenged with limited time to establish CCs before winter, particularly after soybean harvest. 

Combine-mounted seeders provide a potential solution by enabling CC seeding at cash crop 

harvest. This study evaluated a combine-mounted seeder’s effectiveness compared to drilling 

CCs 2-4 weeks post-harvest regarding CC biomass production and CC nitrogen (N) 

accumulation and examined need for CC seed incorporation after broadcasting. Cover crop 

treatments included cereal rye (Secale cereale L.), hairy vetch (Vicia villosa Roth), a mix 

of both, and a no CC control. Results from one year demonstrated that the combine-mounted 

seeder produced equal or greater biomass and N accumulation compared to post-harvest drilling. 

After corn, there was a tenfold increase in fall biomass (1116 to 1314 kg ha -1) compared to post-

harvest drilled treatments (205 kg ha-1), and a doubling of spring biomass (5867 to 6323 kg ha-1 

vs. 2345 kg ha-1, respectively). Incorporated treatments after corn compared to non-incorporated 

treatments were not significantly different regarding biomass and N accumulation. Even under 

drought conditions, broadcasting at soybean harvest produced comparable results to drilling, 

with no statistical difference in establishment method. Findings suggested that combine-mounted 
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seeders can enhance N management and improve efficiency for growers by enabling earlier CC 

establishment. However, further multi-year research is needed to confirm these benefits.  

3.2 Introduction 

Winter CCs provide a wide range of agronomic and environmental advantages, such as 

nitrogen (N) scavenging, weed suppression, reduced fertilizer needs for subsequent crops, 

moisture retention, and enhanced soil stability for erosion control (Blanco-Canqui, 2018; Sedghi 

& Weil, 2022; Snapp et al., 2005). Research indicated that ancient civilizations used CCs, 

demonstrating their long-term role in improving soil fertility and crop growth (Groff, 2015). In 

the Chesapeake Bay region, cover cropping is critical for meeting Total Maximum Daily Load 

(TMDL) targets aimed at reducing nutrient and sediment pollution (EPA, 2010). Corn 

production, which receives the bulk of N fertilizer in the U.S., carries a higher potential for N 

leaching once plants begin to senesce, compared to other crops (Morris et al., 2018). Although 

discussions often focus on corn, research suggested that nitrate leaching from soybean fields can 

be equally or more significant, especially in corn-soybean rotations (Blanco-Canqui, 2018; Hirsh 

& Weil, 2019; Staver & Brinsfield, 1998).  

Research demonstrated that CCs effectively reduce N leaching in both corn and soybean 

systems (Schipanski et al., 2014; Kasper et al., 2001). To support these efforts, Virginia has set 

an ambitious goal to cover approximately 70% of cropland with CCs (Virginia Department of 

Environmental Quality, 2024), and the state’s General Assembly authorized record-high cost-

share funding in 2022 to facilitate adoption (Virginia Department of Conservation and 

Recreation, 2024).  
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However, many Virginia farmers, especially those managing soybean fields, face time 

constraints in planting CCs, limiting the extent of adoption (Innovative Roundtable farmer 

participants, personal communication, 2022). Climate change related weather patterns, such as 

increased hurricanes and tropical storms, exacerbate this challenge by pushing cash crop harvests 

sometimes into late November or early December, further shortening the planting window. A 

2017 national survey identified poor establishment as a primary barrier to widespread cover crop 

adoption, showing the issue extends beyond Virginia (Wayman et al., 2017). 

Planting CCs with a drill ensures proper seed placement but often delays planting until 

after harvest, which can compromise stand quality (Kientzy et al., 2023; Wofuru-Nyenke, 2023). 

To address poor stand quality, broadcasting or aerial seeding CCs before summer cash crop 

harvest is being explored as a strategy to maximize early CC growth (Dean & Weil, 2009; Thapa 

et al., 2018). Although broadcasting and aerial methods carry risks, such as seed predation and 

reliance on rainfall for germination (Koehler-Cole & Elmore, 2020), they offer the potential for 

improved biomass production and N content increases if grown with favorable conditions 

(Moore & Mirsky, 2020; Sedghi et al., 2023). 

Combine-mounted seeders are one way of broadcasting CCs, enhancing seed coverage 

with chaff to improve germination while reducing the need for additional field operations. 

Though a recently emerging solution for earlier planting, combine-mounted seeders show 

promise for reducing soil compaction and labor costs (Bechman, 2021; Practical Farmers of 

Iowa, 2023). However, more research is needed to assess the comparative effectiveness of 

combine-mounted CC seeders to drilling, particularly in Virginia and the broader mid-Atlantic 

region. 
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This study aims to (1) evaluate whether the use of a combine-mounted CC seeder can 

achieve biomass production and N accumulation comparable to post-harvest drilling after both 

corn and soybean; (2) assess whether incorporating seed into the soil is necessary when using a 

combine-mounted seeder at corn harvest; and (3) which combination of CC species and 

establishment method is most effective at biomass production in a no-till corn-soybean rotation.  

3.3 Materials and Methods 

3.3.1 Experimental location 

This study was conducted in 2023-2024 as the first of a two-year study on a farmer-

cooperator’s farm (N.S. Farms LLC) in Charles City, Virginia. Multiple fields were used for the 

experiment, one following corn and two following soybeans. All fields have been no-till for 15 

years, primarily in a corn-soybean rotation. 

3.3.2 Site Description and Experimental Design Following Corn  

Plots following corn were established on a 5.5 ha study area (37°27' N lat, 77°07' W 

long) mapped as 63.2% Altavista fine sandy loam, 0% to 3% slopes. Altavista soils are fine-

loamy, mixed, semiactive, thermic Aquic Hapludults. The rest of the field is occupied with 

19.8% Pamunkey loam (fine-loamy, mixed, semiactive, thermic Ultic Hapludalfs), 10.6% 

Augusta sandy loam (fine-loamy, mixed, semiactive, thermic Aeric Endoaquults), and 6.4% 

Craven-Remlik complex. Craven soils are fine, mixed, subactive, thermic Aquic Hapludults and 

Remlik soils are loamy, siliceous, subactive, thermic Arenic Hapludults (Soil Series Staff, 2002).  

Treatments were arranged in a split-plot design within a randomized complete block 

layout with four replications. Each plot measured 14 m wide by 61 m long. Main plot treatments 
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consisted of four CC species, while sub-plot treatments were three planting methods, randomly 

assigned within each main plot. The four CC treatments were: (1) cereal rye (Secale cereale L.), 

(2) hairy vetch (Vicia villosa Roth), (3) a mix of cereal rye and hairy vetch, and (4) no CC 

control. These CCs were selected as they represent common winter CCs used by Virginia 

producers. The three methods for establishing CCs were: (1) combine seeded CCs with 

incorporation (CSI), (2) combine seeded CCs with no incorporation (CSNI), and (3) drilled CCs 

4 weeks post corn harvest (PHD). The 4-week delay reflects the average time local farmers need 

to return to the field to plant CCs after corn.  

3.3.3 Site Description and Experimental Design Following Soybean 

Due to the limited availability of large uniform fields on-farm, plots following soybean 

were split between two fields, each field having two replications. Replications one and two were 

established on a 2 ha study area (37°25' N lat, 77°08' W long) mapped as 43.3% Craven-Caroline 

complex, 2% to 6% slopes, 37.9% Craven clay loam, 6% to 10% slopes, and 18.8% Slagle-

Emporia complex, 2% to 6% slopes. Caroline soils are fine, mixed, subactive, thermic Typic 

Paleudults. Slagle soils are fine-loamy, siliceous, subactive, thermic Aquic Hapludults and 

Emporia soils are fine-loamy, siliceous, subactive, thermic Typic Hapludults. Replications three 

and four were established on a 2-ha study area (37°25' N, 77°09' W) mapped as Craven loam, 

2% to 6% slopes (Soil Series Staff, 2002). 

Treatments followed a similar split-plot design as after-corn treatments, with plot sizes of 

15 m wide by 46 m long. Whole plot treatments used the same cover crop (CC) species as after-

corn treatments, while subplots consisted of two CC establishment methods: (1) combine-seeded 

CCs without incorporation (CSNI) and (2) drilled CCs, planted two weeks after soybean harvest 
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(PHD). The two-week delay aligns with local farmers' average time to return for CC planting 

after soybeans. Due to the limited field size after soybeans, a treatment incorporating CCs after 

combine seeding was not feasible. 

3.3.4 Weather Data  

Hourly weather data for each field’s specific latitude and longitude were obtained 

through the Precision Sustainable Agriculture (PSA) project's Application Programming 

Interface (API) (Kucek et al., 2024; Thapa et al., 2022) via 

https://api.precisionsustainableag.org/weather/. This API aggregates data from the North 

American Land Data Assimilation System Phase-2 (NLDAS-2) (Xia et al., 2012) and the Multi-

Radar Multi-Sensor System (MRMS) for rainfall (Zhang et al., 2016). Using R packages dplyr 

(Wickham et al., 2020) and dbplyr (Wickham & Ruiz, 2020), hourly data were processed to 

calculate daily rainfall and mean air temperature. Growing degree days (GDDs) were computed 

for each cover crop planting date using the formula: 

𝐺𝐷𝐷 =
(𝑇𝑚𝑎𝑥,40 + 𝑇𝑚𝑖𝑛)

2
− 𝑇𝑏𝑎𝑠𝑒 

Where, Tmax,40 is the maximum daily temperature, limited to 40 °C, Tmin is the daily 

minimum, and Tbase is 4 °C (Mirsky et al., 2017; Teasdale et al., 2004).  

3.3.5 Background Soil 

Before the field trial, background soil samples were collected from all three fields at 15 

cm intervals from depths of 0 to 60 cm (Table 3.3, Table 3.4) using a stainless-steel probe with a 

2.86 cm diameter. Four cores per replicate at each depth were combined for homogenization. 

Mixed samples were dried in a forced-air system for 5–10 days. Once dried, soil was sieved 
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through a 2 mm mesh in preparation for chemical analysis. Waters Agricultural Laboratories 

(Camilla, GA) performed the analyses, assessing soil pH (1:1 in water), cation exchange capacity 

(CEC), organic matter content, and Mehlich 1 extractable nutrients (Issac, 1983; McLean, 1983; 

Mehlich, 1953; Schulte & Hopkins, 1996; Storer, 1984). Mehlich 1 extracts were analyzed using 

an inductively coupled plasma-atomic emission spectrometer (ICP-AES) (Issac, 1983). Organic 

matter was measured through the loss-on-ignition method (Storer, 1984; Schulte & Hopkins, 

1996), while soil texture at all depths was determined by the hydrometer method (Bouyoucos, 

1936; Day, 1965). 

3.3.6 Cover Crop Seeding  

Cover crop, corn, and soybean planting dates can be seen in Table 3.1. A combine-

mounted CC seeder engineered by N.S. Farms was attached to a combine for treatments planted 

at corn and soybean harvest (Model 9760 STS, John Deere Manufacturing, Moline, IL). As the 

combine harvests cash crops, the CC seed drops from the hopper in a single gravity tube with an 

electronic flow meter onto the spreader, mixes with chaff and broadcasts the mixture out the 

combine’s rear. The chain powered by the hydraulic motor can be calibrated for differing 

seeding rates. After CC seed calibration, technology within the cab allows for accurate seeding 

rates as the combine moves through the field by monitoring the flow meter on the yield monitor. 

Seeding rates for single varieties and mix calculations are shown in Table 3.2. To load the 

seeder, a gas-powered vacuum tube blows the seed from ground level to the hopper behind the 

combine’s engine. Following corn, fields were mowed using a rotary cutter. Incorporation in this 

experiment was done by a Turbo-Till (Great Plains Ag, Saline, KS). All drilled treatments used a 

no-till drill (Model 750, John Deere Manufacturing, Moline, IL).  
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3.3.7 Cover Crop Biomass Collection, Processing, and Termination  

Aboveground CC biomass was sampled by collecting all living plant material from two 

randomly placed 0.25 m² quadrats per plot, combined into a single 0.5 m² sample. Weed biomass 

was separated from CC biomass in the field. Samples were immediately dried at 55°C until 

reaching a constant weight. Biomass collections were made in both winter and spring (Table 

3.1). Once dried, biomass was weighed, then ground to pass a 1 mm screen using a Wiley Mill 

(Thomas Scientific, Swedesboro, NJ). Both CC and weed biomass samples were then weighed to 

30 mg and analyzed for total carbon (C) and N via combustion (Bremner, 1996) using a Vario 

EL cube elemental analyzer (Elementar Americas Inc., New York). C:N ratio was calculated by 

dividing total C concentration by total N concentration. Nutrient accumulation in CCs was 

determined by multiplying tissue nutrient percentage by dry biomass (kg ha -1). Total biomass and 

nutrient content for each treatment were calculated by summing CC and weed biomass. CCs 

were chemically terminated right after corn planting, using 1471 g ae ha-1 of glyphosate, 451 g ai 

ha-1 of glufosinate, 392 g ae ha-1 of 2,4-D, 1008 g ai ha-1of acetochlor and 672 g ai ha-1 of 

atrazine. Just pier to soybean planting, CCs were chemically terminated using 1471 g ae ha-1 of 

glyphosate, 657 g ai ha-1 of glufosinate, 314 g ai ha-1 paraquat dichloride, 70 g ai ha-1 of 

flumioxazin and 89 g ai ha-1 of pyroxasulfone.  

3.3.8 Corn Planting, Collection, Processing, and Harvest  

Corn variety FS 6818V RIB, with a relative maturity of 118 days, was planted in the two 

fields that previously had soybeans (Table 3.1). Planting was done in 76 cm rows using a twelve-

row planter (Model 1760, John Deere Manufacturing, Moline, IL) equipped with Precision 

Planting row units, at a seeding rate of 74,132 plants ha-1. Corn received 59 kg N ha-1, 30 kg P 
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ha-1, 2.7 kg S ha-1, 0.28 kg B ha-1, and 1.0 kg Zn ha-1 on the same day. Corn was sidedressed with 

112 kg N ha-1 through 76 cm drop tubes on June 15, 2024. Corn ear leaf was randomly collected 

from 20 plants per plot at R1. Corn tissue analysis followed the same procedures as CC biomass 

analysis.  

3.3.9 Soybean Planting, Collection, Processing, and Harvest  

Soybean variety S45ES10 (4.5 relative maturity, DYNAGRO Seed) was planted in the 

field that previously had corn (Table 3.1). Planting was done in 76 cm rows using a twelve-row 

planter (Model 1760, John Deere Manufacturing, Moline, IL) equipped with Precision Planting 

row units, at a seeding rate of 308,881 plants ha-1. Soybeans received 12 kg N ha-1, 58 kg P ha-1, 

112 kg K ha-1 on May 05, 2024. The top trifoliate leaf was collected from 30 plants at R3, to 

assess N accumulation at peak requirement stage (Harper, 1974). Soybean tissue analysis 

followed the same procedures as CC biomass analysis.  

3.3.10 Statistical Analysis  

Statistical analyses were performed using R version 4.4.1 (R Core Team, 2024). All 

significance was determined at alpha < 0.05. A split-plot ANOVA was conducted to evaluate 

cover crop species and treatment effects on biomass production using the sp.plot() function in R. 

CC species was considered the main plot factor, establishment method the subplot factor, and 

biomass, N accumulation or N tissue content the response variable. The model accounted for 

variability within and between replicates and was structured to appropriately test the main plot 

and subplot effects, as well as the interaction. If applicable, post-hoc comparisons were 

conducted using Fisher’s Least Significant Difference (LSD) test to identify which groups 
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differed using the LSD.test() function in the agricolae package (Mendiburu, 2023). Graphical 

data visualizations were created using the ggplot2 package (Wickham, 2016).    

3.4 Results and Discussion 

3.4.1 Environmental Factors and Background Soil  

 Cumulative GDDs and total precipitation were analyzed for the CC growing season 

(Figures 3.1, 3.2). A notable difference in precipitation occurred between at-harvest and post-

harvest planting dates after corn, with 10.0 cm more rainfall for at-harvest plantings compared to 

those planted 4 weeks later. In contrast, the difference following soybean was only 1.3 cm within 

the 2 weeks. A moderate month-long drought from mid-October to mid-November weakened 

germination and establishment of all treatments planted after October 16th, including drilled 

treatments after soybean (United States Drought Monitor, 2024). Delayed post-harvest planting 

dates resulted in 407 fewer GDDs after corn and 175 fewer GDDs after soybean than at-harvest 

planting. 

For the cornfield, soil pH averaged 5.9 across reps from 0 to 60 cm (Table 3.3). Organic 

matter (OM) averaged 12.0 g kg-1 from 0 to 15 cm and 8.3 g kg-1 from 15 to 60 cm. For the 

soybean fields, soil pH averaged 5.8 across reps from 0 to 30 cm and 4.9 from 30 to 60 cm 

(Table 3.4). OM averaged 19.2 g kg-1 in the 0 to 15 cm horizon and 10.8 g kg-1 in 15 to 60 cm.  

3.4.2 Fall Biomass Accumulation Following Corn  

  The establishment method × CC interaction was not significant for fall CC biomass 

production (p = 0.168); however, the establishment main effect was important (Table 3.5; p < 

0.001). Both combine-seeded treatments produced significantly higher fall biomass (1116 to 
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1314 kg ha-1) compared to post-harvest drilled treatments (205 kg ha-1), but did not differ 

significantly from each other. Using a combine-mounted seeder after corn can increase fall CC 

biomass by more than sixfold compared to drilling 4-weeks post-harvest and incorporation was 

unnecessary. The success of early planted CCs combined with rainfall aligns with findings from 

Sedghi et al. (2023) who found that aerial interseeded CCs outperformed post-harvest drilled 

CCs in biomass (1,700 versus 294 kg ha-1) and N content (65.3 versus 9.9 kg N ha-1) when there 

was adequate rainfall. A better-established CC with higher biomass aids in its ability to scavenge 

N with more established roots and a greater N uptake (Finney et al., 2016; Ritter et al., 1998). 

Therefore, increased fall biomass produced by the early planting date of the combine-mounted 

seeder has significant potential to capture more soil N after corn harvest compared to post -

harvest drilling. 

When total biomass (CC + weed biomass) was analyzed, control weed biomass (2023 to 

2698 kg ha-1) was not significantly different from the combine-seeded treatments (1973 to 2996 

kg ha-1), although all combine-seeded treatments were greater in total fall biomass than post-

harvest counterparts (1028 to 1509 kg ha-1), demonstrating greater weed suppression (Table 3.5). 

Post-harvest drilled hairy vetch (1028 kg ha-1) produced the lowest total biomass, contrasting the 

combine-seeded hairy vetch (2817 to 2996 kg ha-1; LSD0.05 = 733 kg ha-1), indicating that hairy 

vetch is slow to establish in late fall under dry conditions, even when drilled, compared to the 

less drastic change in cereal rye (Baraibar et al., 2018; Clark, 2008). 

The establishment method × CC interaction for fall cover crop N accumulation was 

significant (p = 0.002) showing combine-seeded hairy vetch treatments had the highest fall N 

accumulation (104 to 106 kg N ha-1) and were significantly higher than all other treatments 

(Table 3.5). All post-harvest drilled treatments were significantly lower than any other CC and 
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establishment method treatment combinations with N accumulation ranging from 1 to 8 kg N ha-

1 (p = 0.002; LSD0.05 = 25 kg N ha-1). Seeding CC with the combine-mounted seeder increased N 

accumulation by 212 times in hairy vetch, 17 times in the mix, and 7 times in cereal rye 

compared to 4 weeks post-harvest drilling. Dramatic increases in N accumulation with earlier 

planting dates align with the findings of Cottney et al. (2022) who found early sowing date 

significantly increased N accumulation for all species, including the control. The increase in N 

accumulation from earlier planted CCs demonstrates substantial potential for cash crop yield 

increases and fertilizer cost savings according to Haymaker et al., 2024. The establishment 

method × CC interaction for total N accumulation showed that only combine-seeded hairy vetch 

had significantly more N accumulation than all control plots, equal to or greater than any post-

harvest drill treatment (Table 3.5; p < 0.001).  

3.4.3 Spring Biomass Accumulation Following Corn  

Similar to fall, analysis of spring CC biomass production showed a significant establishment 

method main effect (Table 3.6; p <0.001). Both combine-seeded treatments produced 

significantly higher spring biomass (5867 to 6323 kg ha-1) compared to post-harvest drilled 

treatments (2345 kg ha-1), but did not differ significantly from each other (LSD0.05 = 755 kg ha-1). 

Considering the total biomass establishment method × CC interaction (Table 3.6), all combine-

seeded treatments, regardless of CC, had higher spring biomass (5492 to 7017 kg ha -1) than all 

post-harvest drilled (2138 to 3377 kg ha-1) and no CC control treatments (1422 to 2101 kg ha-1; p 

< 0.001). The only post-harvest treatment that demonstrated more biomass than the no CC 

control treatments in total spring biomass was post-harvest drilled vetch (3377 kg ha-1), due to 

significantly more weed biomass (853 kg ha-1) than any other treatments containing CCs (17 to 
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340 kg ha-1; Table 3.6). All treatments containing CCs have significantly lower spring weed 

biomass than all no CC control treatments (p <0.001). Significant weed biomass in post-harvest 

vetch treatments indicated that poor fall establishment has a negative impact on hairy vetch, 

which was also observed by Teasdale et al. (2004).  

 In spring, as in the fall, combine-seeded hairy vetch treatments exhibited the highest N 

accumulation, along with combine-seeded incorporated mix (207 to 250 kg N ha-1), both 

of which were significantly greater than all other treatments (Table 3.6; p = 0.029). Unlike fall, 

all hairy vetch and mix treatments, except for the PHD mix, accumulated significantly more N 

(122 to 251 kg N ha-1) than the no CC control plots (29 to 46 kg N ha-1; Table 3.6). Hairy vetch 

and mix planted with the combine-seeder accumulated 2.4 and 2.6 times more N than post-

harvest drilled counterparts (p < 0.001). While cereal rye produced higher biomass than the 

control, it had equal or very similar N accumulation, as it relies solely on soil N and cannot fix 

atmospheric N like legumes, according to Finney et al. (2016).  

 Both establishment method and CC had significant main effects on spring C:N ratio for 

CC and total biomass (Table 3.6). Cereal rye had the highest CC biomass C:N ratio of 34:1 

compared to hairy vetch and mix, which were 10:1 and 17:1, respectively, with the mix being 

significantly higher than vetch (p < 0.001). Cereal rye total biomass C:N ratio was also 

significantly higher than the no CC control plots, which had a C:N of 22:1 and were similar to 

the total mix C:N ratio (18:1). For the establishment method main effect, combine-seeded not-

incorporated treatments had a significantly higher C:N ratio (24:1) than drilled treatments (18:1) 

but combine-seeded incorporated treatments did not differ from either (20:1) (Table 3.6; p = 

0.030). Cereal rye treatments with high C:N ratios may lead to N immobilization as shown by 

Brust (2019) and Okopi et al. (2024) which is almost always the case with early planted and late 
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terminated cereal rye. Nitrogen becomes available to plants only when the C:N ratio is around or 

below 20:1 (Bryson et al., 2014). Our findings demonstrate when paired, cereal rye and hairy 

vetch mixtures have a lower C:N ratio and faster N release than cereal rye alone, which aligns 

with studies by Ranells & Wagger (1996) and Sadra et al (2023). However, Lacey et al. (2020) 

found that hairy vetch and cereal rye mix did not release N any faster than cereal rye, although 

planting date was not factored into the study.  

Combine-seeded incorporated treatments showed no significant differences compared to 

non-incorporated combine-seeded treatments following corn. According to Licht (2019), 

incorporating broadcast CC seeds is typically recommended to improve seed-to-soil contact, 

however, this study suggested that additional field passes may not be necessary. Similarly, 

although increased seeding rates for broadcast seeding are commonly advised (Brennan & Leap, 

2014; USDA-NRCS, 2015), our findings, consistent with Koehler-Cole & Elmore (2020) and 

Haramoto (2019), suggest this adjustment may not be needed (Table 3.2). Balcom et al. (2023) 

found that planting dates impacted biomass production more than the seeding rate.  

3.4.4 Nitrogen Content in R3 soybeans Following Cover Crops 

The R3 soybean tissue samples following CCs planted behind corn showed a significant 

interaction effect for N (Table 3.7; p < 0.001). Soybeans following CSNI vetch had the highest N 

concentration within the plant (53 g N kg plant tissue-1). This N was significantly higher than 

that of combine-seeded cereal rye, combine-seeded not incorporated and drilled mix, and the 

incorporated control (47 to 50 g N kg plant tissue-1), but not significantly different than any other 

treatment. As the CSNI vetch treatment proved to accumulate some of the most N within the CC 

biomass planted before soybean (Table 3.6), the higher N within the soybean for CSNI vetch is 
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evidence that the soybean plant assimilated the N within the vetch. However, N concentration of 

35 to 55 g N kg plant tissue-1 is considered optimal for the R3 stage, meaning no treatments had 

N deficiencies at R3 (Bryson et al., 2014; Pal & Saxena, 1976). Overall, there was not a strong 

consistency in soybean tissue data, but due to soybean needing little to no additional N, soybean 

N demand and yield are not frequently affected by CCs (Liebl, et al., 1992; Yang et al., 2024).  

3.4.5 Fall Biomass Accumulation Following Soybean  

Neither CC species nor establishment method had a significant effect on fall CC, weed, or 

total biomass following soybean (Table 3.8). Total fall biomass (weeds + CC) ranged from 2051 

to 3444 kg ha-1, with weeds accounting for 74 to 97% of total biomass. Similarly, N 

accumulation in fall biomass showed no significant differences, ranging from 40 to 62 kg ha -1, 

with weeds contributing 63 to 95% of total N. 

No CC impact on total biomass or N assimilation is likely attributed to the extended 

drought, which persisted from at-harvest planting on October 17 through November 20 (Figure 

3.2). Combine-seeded treatments received only 1.3 cm of rainfall within 36 days, 4 days after 

planting, while drilled treatments received no rain until 21 days after planting. Although lack of 

precipitation limits broadcasted CC performance, especially late fall, as observed by Collins & 

Fowler (1992), Haramoto (2019), Koehler-Cole & Elmore (2020), and Wilson et al. (2014), this 

drought inhibited growth equally across all treatments, including drilled CCs. 

3.4.6 Spring Biomass Accumulation Following Soybean  

Similar to fall, spring CC biomass showed no significant differences due to establishment 

method or species and averaged 4,480 kg ha-1 (Table 3.9). However, unlike the fall, weed 

biomass in the control (2629 kg ha-1) was significantly higher than in CC treatments (465 to 1102 
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kg ha-1), indicating some weed suppression by CCs. In the establishment method × CC 

interaction, total biomass revealed that combine-seeded mix (6902 kg ha-1) was significantly 

higher than all other treatment combinations, followed by the drilled mix (5639 kg ha-1; Table 

3.9). All treatments containing CCs produced more total biomass than the control treatments 

(2379 to 2879 kg ha-1), though no significant differences were found between combine-seeded 

and drilled treatments, except for the mix. Previous research indicated that legume CCs must 

produce 4,000 to 4,500 kg ha-1 of dry biomass to meet the following corn crop’s demand (Parr et 

al., 2011; Teasdale et al., 2004). Despite the drought, hairy vetch treatments, regardless of 

establishment method, achieved this target biomass weight.  

Cover crop main effect, averaged over establishment method, indicated higher N with 

higher in hairy vetch (191 kg N ha-1) and mix (189 kg N ha-1) compared to cereal rye (67 kg N 

ha-1), but there was no significant establishment method effect (p = 0.619). The same 

significance was observed for total N accumulation, with the control being comparable to cereal 

rye (55 kg N ha-1).  

While not impacted by establishment method (p = 0.170), the C:N ratio was significantly 

higher (p < 0.001) in cereal rye (24:1) than in other species, with hairy vetch being the lowest 

(10:1), averaged across establishment method (Table 3.9). Total spring C:N ratio (CC + weeds) 

showed cereal rye remained the highest (24:1), followed by the control (20:1), compared to the 

mix and hairy vetch, which were 14:1 and 10:1, respectively. The C:N ratio of CCs at 

termination has a large influence on N release rates from the biomass according to Otte et al. 

(2019), Siever & Cook (2018) and Thapa et al. (2022). Cover crops after soybean did not 

accumulate as many GDDs as those following corn due to the late planting date, and therefore 
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had a lower overall C:N ratio when terminated, even in cereal rye, which may increase N 

mineralization across all treatments as seen in a study by Balkcom et al. (2023).  

3.4.7 Nitrogen Content in R1 Corn Following Cover Crops 

Growth stage R1 corn tissue samples following CCs planted behind soybeans showed no 

significant main or interaction effects (Table 3.7). Nitrogen concentration ranged from 25 to 28 g 

N kg plant tissue-1. Optimum range for the silking stage is 28 to 40 g N kg plant tissue-1 (Bryson 

et al., 2014), indicating the corn was slightly N deficient after CCs following soybeans, even 

though corn received 59 kg N ha-1 as a starter fertilizer and 112 kg N ha-1 at sidedress. The lack 

of any CC species or establishment method treatment effect is likely due to minimal differences 

in CC biomass and N accumulation across treatments. More research through varying 

precipitation is needed to draw any conclusions.  

3.5 Conclusions 

After one year, preliminary data indicated that planting CCs at cash crop harvest 

enhances both biomass production and N accumulation. Broadcasting seeds with the combine-

mounted seeder generated comparable or greater CC biomass than drilling seeds 2-4 weeks post-

harvest, following both corn and soybean. Due to adequate rainfall and added GDDs, CC 

biomass after corn increased tenfold when planted at harvest using the seeder, compared to 

drilling 4 weeks post-harvest, and more than doubled spring biomass. Nitrogen accumulation in 

fall CC biomass rose dramatically, increasing 212 times in hairy vetch, 17 times in the CC mix, 

and 7 times in cereal rye due to early planting. By spring, N accumulation more than doubled in 

combine-seeded mix and hairy vetch treatments relative to drilled treatments. These findings 
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underscore the negative effects of delayed planting on CC performance. Furthermore, 

broadcasting CCs at corn harvest without incorporation proved effective, eliminating the need 

for additional field operations. However, early planting increased C:N ratio, which could raise 

concerns about N immobilization, particularly in cereal rye CC. 

Even during a drought year, broadcasting at soybean harvest resulted in biomass 

production and N accumulation equivalent to post-harvest drilling. However, additional site 

years are required to solidify these findings and assess the treatments' impacts on cash crop yield.  

The combine-mounted seeder in the Mid-Atlantic region has the potential to significantly reduce 

N leaching after corn harvest by facilitating substantial fall biomass production, enabling earlier 

CC planting after soybeans, and reducing labor and costs for growers. 
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3.7 Figures & Tables 

Figure 3.1 Cumulative cover crop Growing Degree Days (GDDs) in a field trial conducted in 

Charles City, VA in 2023-2024. 
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Figure 3.2 Monthly total precipitation (cm) during cover crop growth period in a field trial 

conducted in Charles City, VA in 2023-2024. 
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Table 3.1 Cash crop and cover crop (CC) management practices summary and dates from 

September 2023 – May 2024. 

Field Operation Date  Date 

Following corn  Following soybean  

Combine-seeded CC planting Sept. 21, 2023 Combine-seeded CC planting Oct. 17, 2023 

Corn harvest Sept. 21, 2023 Soybean harvest Oct. 17, 2023 

Combine-seeded CC incorporation Sept. 21, 2023 Combine-seeded CC incorporation -† 

Post-harvest drilled CC planting Oct. 21, 2023 Post-harvest drilled CC planting Nov. 1, 2023 

Winter biomass sampling Jan. 8, 2024 Winter biomass sampling Jan. 11, 2024 

Spring biomass sampling May 1, 2024 Spring biomass sampling May 2, 2024 

CC termination May 7, 2024 Corn planting May 3, 2024 

Soybean planting May 15, 2024 CC termination May 7, 2024 

†There were no combine-seeded with incorporation treatments following soybean harvest. 
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Table 3.2 Winter cover crop (CC) treatment, species, and seeding rates planted on N.S. Farms in 

Charles City, VA in 2023-2024. 

†Cereal rye (Secale cereale), Hairy vetch (Vicia villosa). 

⸹USDA-NRCS. (2015). Virginia NRCS Cover Crop Planning Manual 1.0.  

 

 

  

CC 

Treatment 
Species Broadcast seeding rate Drill seeding rate 

VA NRCS 

recommended 

aerial seeding 

rate⸹ 

  ——————————— kg ha-1 ———————————— 

Cereal rye 
Cereal 

rye† 
84 84 163 

Hairy vetch 
Hairy 

vetch 
28 28 34 

Mix 

Cereal rye 

Hairy 

vetch 

45 

15 

45 

15 

81 

17 
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Table 3.3 Background soil physical and chemical properties in field following corn grown on 

sandy loam soil at N.S. Farms in Charles City, Virginia in 2023. 

  

Depth pH CEC OM P K Mg Ca S B Zn Mn Fe Cu 

cm  meq 100g-1 g kg-1 ———————————— mg kg-1 ———————————— 

0-15 5.9 4.5 12.0 26.4 49.9 60.4 453.8 7.9 0.2 4.1 7.9 43.3 0.6 

15-30 5.8 3.8 6.6 4.9 45.5 46.3 265.6 12.5 0.1 0.7 4.3 15.5 0.2 

30-45 6.0 5.0 8.8 3.5 50.8 101.1 391.8 2.5 0.1 0.6 2.3 14.8 0.2 

45-60 5.8 5.9 9.5 1.5 38.5 120.6 394.1 7.6 0.1 0.2 0.6 12.0 0.1 
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Table 3.4 Background soil physical and chemical properties in fields following soybean grown 

on sandy loam soil at N.S. Farms in Charles City, Virginia in 2023. 

Depth pH CEC OM P K Mg Ca S B Zn Mn Fe Cu 

cm  meq 100g-1 g kg-1 ———————————— mg kg-1 ———————————— 

0-15 6.0 8.1 19.2 41.8 41.7 136.1 774.0 2.4 0.3 3.3 3.8 41.1 2.3 

15-30 5.5 6.9 10.9 6.9 19.5 117.8 553.0 10.8 0.3 0.7 1.5 19.9 0.8 

30-45 5.0 7.6 10.8 3.6 15.9 87.4 409.9 15.3 0.2 0.5 0.9 19.5 0.4 

45-60 4.8 9.5 10.6 1.4 16.5 77.1 352.9 11.1 0.2 0.4 0.6 13.8 0.3 
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Table 3.5 Effect of establishment method and cover crop (CC) species on 2023 fall aboveground biomass, Nitrogen accumulation, and 

C:N ratio following corn on a sandy loam soil in Charles City, VA.  
 CC biomass Weed biomass Total biomass 
 Dry wt. N C:N Dry wt. N C:N Dry wt. N C:N 

CC —— kg ha-1 ——  —— kg ha-1 ——  —— kg ha-1 ——  

Cereal rye 1532† 34⸋ 20 337 4 24 a 1869 38 20 

Hairy vetch 1733 70 13 548 8 20 b 2280 77 15 

Mix 1370 35 18 607 7 25 a 1977 43 19 

Control -⸹ - - 2421 31 24 a 2421 31 24 

LSD0.05 -⁑ - - - - 4 - - - 

p-value   0.511 0.025 <0.001 <0.001 <0.001 0.035 0.356 0.006 <0.001 

Establishment method   

CSI 2115 a⸙ 64 16 734 9 23 2320 57 18 

CSNI 2314 a 71 15 773 11 23 2508 64 17 

PHD 205 b 4 20 1428 17 24 1582 20 23 

LSD0.05 386 - - - - - - - - 

p-value   <0.001 <0.001 <0.001 <0.001 <0.001 0.379 <0.001 <0.001 <0.001 

Establishment method × CC   

Cereal rye CSI 1859 36 b 21 a 115 f 1 f 26 1973 c-e 38 bc 21 c 

 CSNI 2321 57 b 18 b 66 f 1 f 23 2387 a-c 58 b 18 d 

 PHD 416 8 c 22 a 832 de 10 c-e 23 1248 ef 18 cd 22 bc 

Hairy vetch CSI 2560 106 a 11 c 436 ef 6 d-f 20 2996 a 112 a 11 e 

 CSNI 2618 104 a 11 c 199 f 3 ef 18 2817 ab 107 a 11 e 

 PHD 20 1 c 17 b 1008 cd 13 cd  22 1028 f 14 d 22 bc 

Mix CSI 1928 51 b 16 b 361 ef 4 ef 26 2289 a-c 56 b 17 d 

 CSNI 2003 51 b 16 b 130 f 2 f 26 2132 b-d 53 b 17 d 

 PHD 180 3 c 21 a 1329 c  16 c 24 1509 d-f 19 cd 24 ab 

Control CSI - - - 2023 b 25 b 23 2023 cd 25 cd 23 a-c 

 CSNI - - - 2698 a 38 a 23 2698 a-c 38 bc 23 a-c 

 PHD - - - 2542 a 31 b 25 2542 a-c 31 cd 25 a 

LSD0.05  - 25 3 488 7 - 732 22 3 

p-value  0.168 0.002 0.048 0.016 0.004 0.058 0.003 <0.001 <0.001 



118 

 

Abbreviations: CSI, combine-seeded incorporated; CSNI, combine-seeded not incorporated; PHD, post-harvest drilled; wt, weight. 

†Means within a column lacking a letter were not significantly different. 

⸹Dashes in the control row indicate there was no CC biomass to analyze. 

⁑Dashes in LSD row indicate no LSD was run due to either no significance or a significance in the interaction effect.  

⸙Means within a column followed by the same lowercase letter were not significantly different.  

⸋Means within a column lacking a letter but with p < 0.05 had a significant interaction effect. 
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Table 3.6 Effect of establishment method and cover crop (CC) species on 2024 spring aboveground biomass, Nitrogen accumulation, 

and C:N ratio following corn on a sandy loam soil in Charles City, VA.  

 CC biomass Weed biomass Total biomass 
 Dry wt. N C:N Dry wt. N C:N⸸ Dry wt. N C:N 

CC —— kg ha-1 ——  —— kg ha-1 ——  —— kg ha-1 ——  

Cereal rye 4625† 61⸋ 34 a 140 2 b 32  4765 63 34 a 

Hairy vetch 4507 195 10 c 311 7 b 19  4818 202 11 c 

Mix 5404 150 17 b 100 2 b 28  5504 151 18 b 

Control -⸹ - - 1755 36 a 22  1755 36 22 b 

LSD0.05 -⁑ - 7 - 14 - - - 7 

p-value 0.326 0.002 <0.001 <0.001 0.001 - <0.001 <0.001 <0.001 

Establishment method   

CSI 5867 a⸙ 178 20 ab 471 8 24 4872 141 21 ab 

CSNI 6323 a 158 24 a 560 12 26 5302 130 24 a 

PHD 2345 b 71 18 b 699 15 25 2458 68 18 b 

LSD0.05 755 - 4 - - - - - 4 

p-value   <0.001 <0.001 0.030 0.005 0.114 - <0.001 <0.001 0.022 

Establishment method × CC   

Cereal rye CSI 5495 75 cd 35 64 f 1 30 5558 b 76 e 35 

 CSNI 6584 79 c 39 17 f 0 35 6600 ab 80 e 39 

 PHD 1798 29 d 28 340 e 5 32 2138 de 34 f 28 

Hairy vetch CSI 5539 250 a 10 46 f 1 16 5585 b 251 a 10 

 CSNI 5457 232 a 10 35 f 1 18 5492 b 233 ab 10 

 PHD 2525 104 c 11 853 d 18 21 3377 c 122 cd 12 

Mix CSI 6568 207 ab 15 33 f 1 - 6601 ab 208 b 15 

 CSNI 6930 162 b 22 87 ef 2 - 7017 a 164 c 22 

 PHD 2714 79 c 15 181 ef 3 28 2895 cd 82 de 16 

Control CSI - - - 1743 b 29 25 1743 e 29 f 25 

 CSNI - - - 2101 a 46 24 2101 de 46 ef 24 

 PHD - - - 1422 c 33 18 1422 e 33 f 18 
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LSD0.05  - 46 - 257 - - 1130 42 - 

p-value  0.326 0.029 0.166 <0.001 0.088 - <0.001 <0.001 0.150 

Abbreviations: CSI, combine-seeded incorporated; CSNI, combine-seeded not incorporated; PHD, post-harvest drilled; wt, weight. 

†Means within a column lacking a letter were not significantly different. 

⸹Dashes in the control row indicate there was no CC biomass to analyze. 

⁑Dashes in LSD row indicate no LSD was run due to either no significance or a significance in the interaction effect.  

⸙Means within a column followed by the same lowercase letter were not significantly different.  

⸋Means within a column lacking a letter but with p < 0.05 had a significant interaction effect. 

⸸Due to only having weed biomass in one replication of CSI and CSNI mix treatments, statistical analysis was not performed on weed 

C:N ratio. 
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Table 3.7 Effect of establishment method and cover crop (CC) species on Nitrogen concentration 

in corn at R1 and soybean at R3 following CC treatments on a sandy loam soil in Charles City, 

Virginia. 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 

 

Abbreviations: CSI, combine-seeded incorporated; CSNI, combine-seeded not incorporated;  

PHD, post-harvest drilled. 

†Means within a column lacking a letter were not significantly different. 

⸹There was no CSI treatment following soybean. 

⁑Dashes in LSD row indicate no LSD was run due to either no significance or a significance in the 

interaction effect. 

⸙Means within a column followed by the same lowercase letter were not significantly different.  
 

 

 R1 corn  R3 soybean 

CC —— g N kg plant tissue-1   —— 

Cereal rye 27† 48 

Hairy vetch 25 52 

Mix 28 50 

Control 28 51 

p-value   0.269 0.089 

Establishment method  

CSI -⸹ 50 

CSNI 27 50 

PHD 27 50 

p-value   0.558 0.751 

Establishment method × CC  

Cereal rye CSI - 49 cd⸙ 

 CSNI 28 47 d 

 PHD 27 50 a-d 

Hairy vetch CSI - 52 ab 

 CSNI 23 53 a 

 PHD 26 50 a-d 

Mix CSI - 51 a-c 

 CSNI 28 50 b-d 

 PHD 29 48 cd 

Control CSI - 50 b-d 

 CSNI 28 52 ab 

 PHD 27 52 ab 

LSD0.05  -⁑ 0.2 

p-value  0.085 <0.001 
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Table 3.8 Effect of establishment method and cover crop (CC) species on 2023 fall aboveground biomass, Nitrogen accumulation, and 

C:N ratio following soybean on a sandy loam soil in Charles City, VA.  

 CC biomass Weed biomass Total biomass 
 Dry wt. N C:N Dry wt. N C:N Dry wt. N C:N 

CC —— kg ha-1 ——  —— kg ha-1 ——  —— kg ha-1 ——  

Cereal rye 596† 18 14 2372 37 18 2968 55 17 

Hairy vetch 82  2 12 2264 38 18 2346 40 17 

Mix 540 15 13 1511 25 18 2051 40 16 

Control -⸹ - - 3445 62 19 3445 62 19 

p-value   0.077 0.063 0.288 0.179 0.093 0.935 0.386 0.113 0.680 

Establishment method   

CSNI 515 15 13 2512 42 18 2899 54 17 

PHD 297 7 13 2284 38 18 2506 44 17 

p-value 0.059 0.050 0.531 0.537 0.512 0.939 0.253 0.522 0.763 

Establishment method × CC 0.203 0.274 0.884 0.392 0.494 0.451 0.386 0.522 0.394 

Abbreviations: CSI, combine-seeded incorporated; CSNI, combine-seeded not incorporated; PHD, post-harvest drilled; wt, weight. 

†Means within a column lacking a letter were not significantly different. 

⸹The no CC control plots contained only weed biomass. 
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Table 3.9 Effect of establishment method and cover crop (CC) species on 2024 spring aboveground biomass, Nitrogen accumulation, 

and C:N ratio following soybean on a sandy loam soil in Charles City, VA.  

Abbreviations: CSI, combine-seeded incorporated; CSNI, combine-seeded not incorporated; PHD, post-harvest drilled; wt, weight. 

†Means within a column lacking a letter were not significantly different. 

⸹Dashes in the control row indicate there was no CC biomass to analyze. 

⁑Dashes in LSD row indicate no LSD was run due to either no significance or a significance in the interaction effect.  

⸙Means within a column followed by the same lowercase letter were not significantly different.  

⸋Means within a column lacking a letter but with p < 0.05 had a significant interaction effect.  

 CC biomass Weed biomass Total biomass 
 Dry wt. N C:N Dry wt. N C:N Dry wt. N C:N 

CC —— kg ha-1 ——  —— kg ha-1 ——  —— kg ha-1 ——  

Cereal rye 3526† 67 b⸙ 24 a 1102 b 19 b 24 4628⸋ 86 b 24 a 

Hairy vetch 4276 191 a 10 c 465 b 10 b 21 4742 201 a 10 c  

Mix 5640 189 a 13 b 631 b 12 b 24 6270 201 a 14 c 

Control -⸹ - - 2629 a 56 a 20 2629 55 b 20 b 

LSD0.05 -⁑ 79 2 777 12 - - 64 4 

p-value 0.288 0.013 <0.001 <0.001 <0.001 0.213 0.029 <0.001 <0.001 

Establishment method   

CSNI 4528 145 16 1308  25 22 4704 134 18 

PHD 4434 153 15 1105 23 22 4431 137  17 

p-value   0.773 0.619 0.170 0.212 0.448 0.862 0.180 0.771 0.197 

Establishment method × CC   

Cereal rye CSNI 3525 66 25 1032 17 25 4557 c 83 25 

 PHD 3528 70 23 1172 21 23 4699 c 90 23 

Hairy vetch CSNI 3909 165 10 568 13 20 4477 c 178 11 

 PHD 4644 217 9 363 7 21 5006 bc 224 10 

Mix CSNI 6149 205 13 754 14 23 6902 a 220 14 

 PHD 5131 173 13 508 9 24 5639 b 181 14 

Control CSNI - - - 2879 57 21 2879 d 57 21 

 PHD - - - 2379 54 19 2379 d 54 20 

LSD0.05  - - - - - - 835 - - 

p-value  0.128 0.108 0.554 0.554 0.716 0.753 0.030 0.078 0.923 
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4. Conclusions 

This study demonstrated that early CC establishment through broadcasting at cash crop 

harvest, regardless of seed incorporation, offers a promising strategy for reducing nitrate 

leaching and improving both CC biomass production and N accumulation in Mid-Atlantic 

farming systems. Broadcasting CCs, especially using the mix, vetch, or rye, at corn harvest 

consistently yielded greater fall biomass than delayed post-harvest planting. However, depending 

on precipitation, post-harvest drilled CCs showed potential to produce similar spring biomass to 

at-harvest planted CCs. Preliminary data also supports the effectiveness of using a combine-

mounted seeder to broadcast CCs at cash crop harvest, generating comparable or greater CC 

biomass and N accumulation than drilling several weeks later, following both corn and soybeans. 

Hairy vetch and the mix accumulated particularly high N, especially when planted at-harvest, 

leading to potential yield benefits for subsequent corn crops. However, at-harvest establishment 

increased the C:N ratio at CC termination, which could have impacted N availability for the 

following corn, particularly with cereal rye. While rapeseed establishment challenges resulted in 

lower biomass and N accumulation, continued research on optimal seeding methods for rapeseed 

could address this gap. These findings underscore that at-harvest CC establishment through 

broadcast seeding can effectively mitigate nitrate leaching, enhance biomass production, and 

increase corn yields comparable to or greater than those achieved with post-harvest drilling in a 

corn-soybean rotation. Further multi-year research is essential to confirm these results across 

varied climate and soil conditions, refine seeding strategies, and fully assess their long-term 

impacts on cash crop yields. 

 


