
Received: 6 July 2025 Accepted: 6 March 2026

DOI: 10.1002/agj2.70395

O R I G I N A L A R T I C L E

A g r o n o m y , S o i l s , a n d E n v i r o n m e n t a l Q u a l i t y

Winter rye seeding rate and cultivar impact corn yield and soil
nitrogen dynamics

Casey Kula1 Katherine Baker1 Yaser Samadi2 Reza Keshavarz Afshar3

Sowmya Koduru1 Moein Javid1 Amir Sadeghpour1

1School of Agricultural Sciences, Southern

Illinois University, Carbondale, Illinois,

USA

2School of Mathematical and Statistical

Sciences, Southern Illinois University,

Carbondale, Illinois, USA

3Dairy Management Incorporation,

Rosemount, Illinois, USA

Correspondence
Amir Sadeghpour, School of Agricultural

Sciences, Southern Illinois University,

Carbondale, IL 62901, USA.

Email: amir.sadeghpour@siu.edu

Assigned to Associate Editor Michael

Kaiser.

Funding information
Illinois Nutrient Research and Education

Council, Grant/Award Number:

NREC-2021-4-206150-303

Abstract
Winter cereal rye (Secale cereale) (WCR) is widely used in the US Midwest, to

reduce nitrate-N (NO3-N) and phosphorus losses. However, its adoption before corn

(Zea mays L.) has been limited by concerns over N immobilization and yield penalty.

This study evaluated the effects of WCR seeding rate (Study A) and cultivar by seed-

ing rate interaction (Study B) on biomass, composition, corn growth, yield, and soil N

dynamics. Study A included a no-cover crop control (NOCC) and four WCR seeding

rates (34, 56, 84, and 112 kg ha−1) in a randomized complete block design (RCBD)

with six replicates. Study B tested two WCR cultivars (Guardian [widely used culti-

var] vs. hybrid rye) at two seeding rates (67 and 101 kg ha−1) in a factorial RCBD

with four replicates. Results of Study A indicated that increasing seeding rate led

to greater WCR biomass and carbon:N ratio without affecting N uptake. However,

higher seeding rates (≥67 kg ha−1) reduced corn stand count and yield in one of 2

years. In Study B, hybrid rye produced more biomass than Guardian, while final corn

stand count declined in all WCR treatments compared to NOCC. Soil NO3-N with

WCR was lower than NOCC, suggesting reduced leaching potential during fallow

period. We conclude that seeding rates below 67 kg ha−1 minimized yield impacts,

with rates as low as 34 kg ha−1 provided similar agronomic benefits. Future research

should address tradeoffs in weed suppression, nitrous oxide emissions, and NO3-N

leaching at seeding rates of 20–60 kg ha−1.

Plain Language Summary
Cover crops like winter cereal rye (WCR) are grown to protect soil and reduce nutrient

loss into waterbodies, such as the Mississippi River Basin. However, farmers worry

that cereal rye planted before corn might tie up nitrogen (N), reducing corn growth

and production. We studied how different seeding rates of two cereal rye types (a

Abbreviations: CC, cover crop; CGN, corn grain nitrogen; CGY, corn grain yield; COB, cob weight; CSD, corn stand density; DM, dry matter; GDD,

growing degree days; HH, hybrid rye high; HL, hybrid rye low; NH, normal rye high; NL, normal rye low; NOCC, no-cover crop control; TKN, total kernel

number; TKW, total kernel weight; WCR, winter cereal rye.
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common variety and a hybrid) affect WCR, corn yield, and soil N in Illinois fields.

We found that the lower seeding rate (34 kg ha−1) produced similar WCR biomass,

resulting in similar nitrate-N reduction compared to higher rates, with less impact on

corn yield. The hybrid rye produced more biomass, but it did not reduce soil nitrate-N

more than the commonly used cultivar. Soil N was reduced in WCR plots compared to

fallow plots. Based on these results, we recommend farmers consider lower seeding

rates (20–60 kg ha−1) to save money while protecting soil and water quality.

1 INTRODUCTION

In the US Midwest, corn-soybean (Glycine max L.) is the pre-

dominant crop rotation (Weidhuner et al., 2026). Integrating

cover crops (CCs) into this crop rotation system has gained

significant attention due to CCs’ potential to enhance soil car-

bon (C), improve overall soil health, increase nutrient cycling,

and reduce nitrate-N (NO3-N) leaching (Blanco-Canqui &

Ruis, 2020; Hashemi et al., 2013; Liptzin et al., 2022; Nouri

et al., 2022). Winter cereal rye (WCR) is the most widely

used CC in the US Midwest due to its winter hardiness, vig-

orous early spring growth, effective weed suppression, and

ability to take up residual soil nutrients that might other-

wise be lost through leaching or denitrification (Baker et al.,

2024; Farsad et al., 2011; Krueger et al., 2011; Vaughn et al.,

2022; Wang et al., 2025). Despite these ecosystem benefits,

growers are less inclined to plant WCR prior to corn due to

challenges in planting corn into the WCR residue, risk of N

immobilization, allelopathic effects, and potential pest and

disease carryover, all of which could contribute to corn yield

reduction (Sadeghpour et al., 2021).

In Illinois, along with 11 other states in the Upper Missis-

sippi River Basin, the preference among growers is to plant a

legume CC prior to corn and WCR prior to soybean. However,

the majority of NO3-N loss occurs during the fallow season

following soybean harvest and prior to planting corn (Gentry

et al., 2024), and integrating a legume CC can have variable

effects on NO3-N leaching depending on their mineralization

and immobilization dynamics (Thilakarathne et al., 2025). As

a result, finding a solution to incorporate WCR after soybean

harvest and prior to corn cultivation is critical to maintain

the water quality of the Upper Mississippi River Basin. As

a result, winter cereal CCs, including WCR, have been rec-

ommended as the most effective in-field practice to reduce

NO3-N loss in corn-soybean cropping systems to waterbodies

in those states (Adeyemi et al., 2020; Lacey et al., 2020).

Two management practices that could potentially mini-

mize WCR’s impact on subsequent corn include (1) selecting

a WCR cultivar with low lignin concentration and, conse-

quently, a lower lignin-to-N (lignin:N) ratio, such as hybrid

rye, to facilitate decomposition and (2) reducing the seed-

ing rate to potentially leave less residue to interfere with corn

establishment and N immobilization (Boyd et al., 2009). It

is generally understood that the lignin:N ratio complements

the C:N ratio by capturing residue decomposition kinetics

rather than short-term net N immobilization or mineralization,

which is more directly inferred from C:N alone. While the

C:N ratio primarily reflects microbial N demand and thus gov-

erns the immediate balance between N immobilization and

mineralization following residue termination, the lignin:N

ratio provides additional information on the biochemical

accessibility of residue carbon. Higher lignin:N ratios indi-

cate greater structural complexity and physical protection

of polysaccharides, resulting in slower microbial degrada-

tion, prolonged residue persistence, and delayed N release.

Consequently, residues with similar C:N ratios may exhibit

markedly different decomposition rates and temporal patterns

of N availability depending on their lignin content. Including

both indices therefore allows a more mechanistic interpreta-

tion of both the magnitude and timing of CC effects on soil C

and N cycling (Adhikari et al., 2024; Thapa et al., 2023). Rec-

ommended small grain seeding rates vary depending on the

selected species (Haramoto, 2019). For WCR, seeding rates of

67–135 kg seed ha−1 are typically used by farmers in the US

Midwest when WCR is planted with a small grain drill (Boyd

et al., 2009; Huddell et al., 2024; Lacey et al., 2020; Mirsky

et al., 2011; Ryan et al., 2011; Sadeghpour et al., 2022; Sievers

& Cook, 2018; Singh et al., 2020). However, higher seed-

ing rates of WCR not only increase seed costs but may also

produce a denser residue that negatively impacts corn plant-

ing and seedling establishment (Sener Guzel et al., 2026).

High seeding rates (>67 kg ha−1) for WCR are often used to

suppress weeds, but limited studies have assessed the poten-

tial of reducing the WCR seeding rate for capturing nutrients

and also minimizing the effect on corn, especially in the US

Midwest. Haramoto (2019) reported more ground cover at a

high seeding rate of WCR (112 kg ha−1) than a low seeding

rate (34 kg ha−1) but indicated the greater amount of ground

cover did not influence either weed suppression or biomass

accumulation of WCR. In soybean production systems, Reed

and Karsten (2022) reported that a 34 kg ha−1 seeding rate

of WCR produced biomass comparable to high seeding rates
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(67and 134 kg ha−1) with no impact on soybean yield. In

another study in the Mid-Atlantic region, Ficks et al. (2022)

reported 51 kg ha−1 seeding rate of WCR provided accept-

able weed suppression, which was comparable to the 135 kg

ha−1 seeding rate. These studies focused on WCR seeding rate

performance on weed suppression and the impact on soybean.

Several studies (Adeyemi et al., 2020; Kaspar & Bakker, 2015;

Pantoja et al., 2015; Patel et al., 2019) have reported reduced

corn yields following the use of a grass CC. In a recent study

in the US Midwest, Marcos et al. (2023) reported that in two

out of the 3 site-years, WCR produced similar biomass among

seeding rates of 67, 46, and 21 kg ha−1 with no impact on the

corn stand density (CSD) and production. Lack of WCR effect

on the following corn was suggested to be due to low biomass

(0.75 Mg ha−1) of WCR (Marcos et al., 2023), which is in

line with Acharya et al. (2022), who also suggested the quan-

tity of WCR biomass plays an important role in the reduction

in corn grain yield (CGY). However, contrasting results have

been presented in other studies (Blanco-Canqui et al., 2017;

Dozier et al., 2017; Snapp & Surapur, 2018) where no signifi-

cant effect on corn productivity was observed due to the grass

CC.

Selecting a suitable cultivar of WCR could influence both

nutrient uptake and the following corn performance in the

rotation (Kaspar & Bakker, 2015; Tollenaar et al., 1993).

Some cultivars may produce more digestible biomass, such

as hybrid rye and therefore, could provide better synchrony of

N release with corn N demand (Nevins et al., 2020). Decrease

in corn yield following the WCR could be due to a reduction

in CSD, number of barren plants and N immobilization (Rosa

et al., 2021; Williams et al., 2018). However, literature also

indicates that these effects could be cultivar specific (Kas-

par & Bakker, 2015; Tollenaar et al., 1993). While the effect

of WCR on corn production is extensively studied, limited

research has examined the interactive effects of WCR seeding

rate and cultivar. Therefore, the objective of this study was to

evaluate the impact of seeding rate and cultivar of WCR on

subsequent corn yield in southern Illinois. Specifically, the

study aims to determine the effects of cultivar and seeding

rate of WCR on (i) its biomass production, N uptake, and C:N

ratio; (ii) soil NO3-N and ammonium-N (NH4-N) dynam-

ics during the corn growing season; and (iii) corn growth,

grain yield, yield components, and end-of-year N balance and

end-of-season soil N.

2 MATERIALS AND METHODS

2.1 Experimental site

Two separate trials (referred to as Study A and B) were con-

ducted in 2020–2021 (Year 1) and replicated in 2021–2022

(Year 2) at the Agronomy Research Center in Carbondale,

IL (37˚42′10.3968″ N, 89˚14′25.3314″ W). The soil at the

Core Ideas
∙ Higher winter cereal rye seeding rates (≥67 kg

ha−1) reduced corn plant populations.

∙ A winter cereal rye seeding rate of 34 kg ha−1

achieved optimum agronomic and economic ben-

efits for growers.

∙ Hybrid rye cultivars may be unsuitable for cover

cropping in corn production systems.

∙ Winter cereal rye cover crops decreased soil nitro-

gen availability during and at the end of corn

growing season.

Study A site was a Stoy silt loam (fine-silty, mixed, super-

active, mesic Fragiaquic Hapludalfs) in both 2020 and 2021.

The site in 2020 had a slope of 0%–2% and 2%–5%, whereas

in 2021, the soil slope was 2%–5% (Soil Survey Staff, 1999).

The soil in Study B was also a Stoy silt loam (fine-silty, mixed,

superactive, mesic Fragiaquic Hapludalfs) with a slope of 0%–

2% and 2%–5% in both 2020 and 2021. Before trial initiation,

composite soil samples (24 cores per trial) were taken by a

soil probe from 0- to 15-cm soil depth at each site to ensure

no nutrient limitation. Soil pH (1 soil:1 water), organic matter

(loss on ignition at 360˚C), Bray-1 P (Bray & Kurtz, 1945),

and Mehlich-3 K (Mehlich, 1984) for studies A and B in 2020

and 2021 are presented in Table 1. In all years, soil pH and

P levels were optimal, and no fertilizer addition was required.

To ensure no K deficiency at WCR planting, 250 kg ha−1 of

potash (KCl) was broadcasted in fall 2020 in Study B (Illi-

nois Agronomy Handbook). At corn planting time, in both

years and in each trial, a flat rate of 150 kg ha−1 K2O (in

form of KCl) was topdressed prior to planting to ensure no

K deficiency during the corn growing season.

2.2 Experimental design, treatments, and
cultural management practices

2.2.1 Study A: Cereal rye seeding rate

Study A was arranged in a randomized complete block design

(RCBD) with six replicates. Treatments consisted of a no-

cover crop control (NOCC) along with four seeding rates of

WCR at 34, 56, 84, and 112 kg ha−1. Each treatment plot was

25.9 m by 3.1 m. WCR (Guardian cultivar) was planted on

19-cm row spacing using a John Deere 450 series grain drill

(John Deere) on November 18 and October 18 in Years 1 and

2, respectively. Aboveground biomass was sampled on April

30, 2021, and May 5, 2022, and terminated with glyphosate

(0.87 kg a.e. ha−1).
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T A B L E 1 Initial soil pH, organic matter, Bray-1 P, and Mehlich-3 K for studies A and B in 2020 and 2021.

Study Year pH Organic matter (g kg−1) P (mg kg−1) K (mg kg−1)
A 2020 6.2 21 28 124

2021 6.6 19 24 122

B 2020 7.0 19 34 86

2021 7.0 21 46 179

2.2.2 Study B: Cultivar by seeding rate

Study B had five treatments arranged in an RCBD with four

replications. Treatments were a NOCC, two WCR cultivars,

“PROGAS” hybrid rye (KWS Seeds, LLC) and “Guardian,”

an open pollinated cultivar which is widely used in the

US Midwest, factorially combined with two different seed-

ing rates (67 and 101 kg ha−1). Cultivars were referred to

as “hybrid” or “normal,” respectively, and seeding rates as

“high” and “low,” respectively. This resulted in five treatment

combinations, NOCC, normal rye low (NL), normal rye high

(NH), hybrid rye low (HL), and hybrid rye high (HH). Each

plot was 6.1 m long and 3.1 m wide. In both years, WCR was

planted using the same planter described in Study A with a

row spacing of 19 cm. In Year 1, WCR was planted on October

30, 2020, and harvested (to measure aboveground biomass)

on April 30, 2021. In Year 2, WCR was planted on October

18, 2021, and harvested on May 5, 2022. No herbicide was

used during the fallow and CC growth period, and termina-

tion of CCs was done using glyphosate (0.87 kg a.e. ha−1) on

the same day as biomass sampling.

2.3 Corn planting and management

Corn (Dekalb DKC 64-35 RIB; relative maturity 114 days)

was planted using a no-till planter with a row spacing of

76 cm at 81,543 ha−1 plant population in both years. Corn was

planted on May 15, 2021 (Year 1) and on May 17, 2022 (Year

2). Each plot received a starter N fertilizer (2 × 2 × 2) in the

form of liquid urea ammonium nitrate (UAN; 32-0-0 N-P2O5-

K2O) at planting (45 kg N ha−1). A custom-built four-row

liquid applicator with Yetter No-till Coulters and knives was

used to apply sidedress N (168 kg N ha−1 using UAN; 32% N)

at V6 growth stage of corn (June 24, 2021, and June 23, 2022).

All weed and pest management practices followed Illinois

Agronomy Handbook recommendations (Nafziger, 2009).

2.4 Data collection

2.4.1 WCR biomass harvest

Samples of WCR biomass were hand harvested at the soil line

with grass shears within a 0.21 m2 quadrat. Two quadrats were

collected per plot, resulting in a total harvest area of 0.42 m2.

Biomass samples were oven-dried at 60˚C to a constant dry

weight, and the dry matter (DM) biomass was recorded.

2.4.2 WCR nutrient concentrations,
accumulation, and chemical composition

The oven-dried WCR biomass samples were initially ground

using a Wiley Mill (Arthur H. Thomas, Co.) to pass a 1-

mm screen and then further ground to pass a 0.6-mm screen.

Before analysis, the plant tissue samples were re-dried for

72 h at 60˚C. The dry combustion method (Flash 2000 Ele-

mental Analyzer, Thermo Scientific) was used to analyze

the samples for their N and C concentration as explained in

Weidhuner et al. (2019). Near infrared spectroscopy anal-

ysis was used at Ward Laboratory (Kearney, NE, USA)

to estimate lignin concentrations. For each treatment, the

mobilization/immobilization potential was determined by cal-

culating the lignin:N and C:N ratios. To determine the N

uptake, the above-ground biomass of the CC was multiplied

by the percentage of N measured for each CC treatment.

2.4.3 Corn growth metrics and population

Prior to the corn V6 growth stage (sidedress timing), normal-

ized difference vegetation index (NDVI) was recorded using

a Greenseeker (Trimble AG LLC.). Leaf area index (LAI)

was recorded using an LP-80 ceptometer (METER Group).

Measurements for LAI and plant height were initiated before

V6 and collected at 2-week intervals throughout the growing

season to determine LAI-max and plant height max. Tassel-

ing date were also recorded. Plant population for corn was

recorded for the middle two rows of each treatment before

harvest and was converted to plants per hectare.

2.4.4 Harvest, yield components, and N
balance

Yield components were determined by hand harvesting 10

ears per treatment in Study A and five ears per treatment

in Study B. These ears were arbitrarily selected from the
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middle rows to avoid edge effects. The length of each ear

was measured using a meter stick, and the diameter using a

caliper. Kernels were removed from cobs and passed through

an electronic seed counter (The Old Mill Company), and

weight was recorded for 400 kernels. The remaining kernels

were weighed, and total kernel number (TKN) was estimated.

Shortly after physiological maturity, corn was machine har-

vested (8-XP Plot Combine; Kincaid) from the middle two

rows of each plot. Yield was adjusted to 0% moisture con-

tent (100% DM basis) and converted into kg ha−1. Corn

in both Study A and Study B was harvested on October 7,

2021 (Year 1) and on September 18, 2022 (Year 2). Nitro-

gen balance calculation was based on Sadeghpour et al.

(2017), in which corn grain nitrogen (CGN) removed (CGY ×
CGN concentration) was subtracted from the total N fertilizer

applied.

2.4.5 Baseline soil fertility and soil NO3-N
and NH4-N

An initial soil sample was collected at corn planting using a

soil probe to a depth of 15 cm, where at least five cores were

collected at arbitrary locations from each plot and then com-

posited. At the laboratory, samples were air-dried and then

ground to pass through a 1-mm mesh using a Dynacrush Soil

Crusher (Custom Laboratory Equipment Inc.). Ground sam-

ples were sent to Brookside Laboratories to be analyzed for

general soil fertility analysis and total N, NO3-N, and NH4-N

(Brookside Laboratories Inc.).

During Year 1 in Study A, soil sampling was conducted on

April 30th (Week 0), June 13 (Week 6, PSNT), July 13 (Week

9), August 3 (Week 11), and September 1 (Week 15) at a depth

of 0–15 cm, with sampling at 15- to 30-cm depths conducted

during Weeks 6, 9, and 15. In Study B, sampling was con-

ducted on April 30 (Week 0), June 13 (Week 6, PSNT), June

28 (Week 8), and September 1 (Week 15) at depths 0–15 cm.

Sampling at depths 15–30 cm was conducted at Weeks 6, 8,

and 15. Year 2, in both studies, sampling was conducted on

May 5 (Week 0), May 19 (Week 2), June 6 (Week 4), June 20

(Week 6, PSNT), July 15 (Week 9), and August 15 (Week 15)

for 0- to 15-cm depths. Sampling at 15- to 30-cm depths was

conducted during Weeks 6, 9, and 15.

2.5 Calculations and statistical analysis

The growing degree days (GDD) were calculated as follows:

GDD =
∑ 𝑇max + 𝑇min

2
− 𝑇base

The base temperature for plant growth (Tbase), which is set

at 4˚C for cereal rye (Mirsky et al., 2011) and 10˚C for corn

(Hornbuckle et al., 2016). If the average of Tmin and Tmax is

less than Tbase, then GDD is set to 0.

Data for CC aboveground DM biomass, N and C con-

centrations, C:N, lignin:N ratios, and N and C uptake were

first evaluated for the normality of the residuals using PROC

Univariate and Shapiro–Wilk test in SAS (SAS version 9.4,

SAS Institute, 2017). In Study A, to evaluate the differences

between the treatments, data were analyzed with year (Years

1 and 2) and WCR planting rate (34, 56, 84, and 112 kg ha−1)

as a fixed effect and block as a random effect. In Study B, year

(Years 1 and 2) and combination of WCR cultivar and seed-

ing rate treatments (NOCC, NL, NH, HL, and HH) were fixed

effects, and block was a random effect. Where treatment was

significant (p ≤ 0.05), least square means and standard error

were withdrawn using the LSMEANS option in SAS PROC

Mixed. To test if normal versus hybrid rye or low versus

high seeding rates were different, we ran a contrast analy-

sis between these treatments. Similarly, data for corn growth,

CSD, LAI max, end of season N balance, and yield compo-

nents that were ear length, ear diameter, 1000 kernel weight

(1000KW), total kernel weight (TKW), and TKN, along with

CGY and CGN, were initially checked for the normality of

the residuals and then analyzed with PROC MIXED (SAS

version 9.4, SAS Institute, 2017). A principal component

analysis (PCA) was conducted using the principal compo-

nents option within the multivariate analysis option in JMP

and included components CSD, cob weight (COB), TKN,

LAI-max, corn ear length, corn ear diameter, and CGY. The

Pearson correlation matrix (r) was also examined to support

interpretation.

For measurements that occurred multiple times during the

growing season (NDVI, LAI, plant height, and soil N dynam-

ics), data were first evaluated for the normality of the residuals

and then analyzed using PROC MIXED in SAS. In Study A,

during Year 1 fixed effects were time (Weeks 0, 6, 9, 11, and

15), seeding rate treatments (0, 34, 56, 84, and 112 kg ha−1),

and their interaction. In Study B, during Year 1 fixed effects

were time (Weeks 0, 6, 8, and 15), CC treatments (NOCC,

NL, NH, HL, and HH), and their interaction. During Year 2,

in both studies, fixed effects were time (Weeks 0, 4, 6, 9, and

15), CC effect, and their interaction. In both studies, block

and treatment nested within block (indicating plots) were

considered as random effects, as explained in Sadeghpour

et al. (2017). Time was considered as a repeated statement,

and in addition, an autoregressive covariance structure (AR1)

was specified for the plots being repeatedly measured over

time to account for the artifact of significance from date of

sampling, and convergence criteria were met. If there was a

significant fixed effect (p ≤ 0.05), LSMEANS option in SAS

PROC Mixed was used for mean separations. Regression anal-

yses in JMP PRO16 (SAS Institute, Inc.) were also used for

continuous data (e.g. seeding rate effect on CC or corn param-

eters). In order of importance, three criteria used to choose

 14350645, 2026, 3, D
ow

nloaded from
 https://acsess.onlinelibrary.w

iley.com
/doi/10.1002/agj2.70395 by A

m
ir Sadeghpour - Southern Illinois U

niversity - C
arbondale (B

W
) , W

iley O
nline L

ibrary on [08/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 18 KULA ET AL.

T A B L E 2 Monthly mean precipitation (mm) and temperature (˚C) at Agronomy Research Center (ARC) for Years 1 and 2.

Month

Precipitation (mm) Temperature (˚C)
Year 1 Year 2 30-Year average Year 1 Year 2 30-Year average

September 26.16 17.53 76.07 19.80 20.28 20.34

October 140.21 132.84 88.71 12.94 16.72 14.18

November 91.95 46.74 96.11 10.11 6.89 7.63

December 55.37 137.16 81.49 3.00 8.89 2.83

January 84.84 84.58 71.37 1.67 −1.06 0.52

February 87.38 151.89 68.39 −2.05 2.06 2.36

March 197.61 131.57 110.76 10.61 9.28 7.97

April 76.45 83.06 137.25 13.33 13.39 13.52

May 101.60 96.01 124.26 17.33 20.17 18.98

June 112.52 41.66 111.36 24.39 24.28 23.91

July 136.14 113.03 94.32 24.61 26.33 25.60

August 48.01 69.85 78.92 24.89 24.22 24.56

the best trend (model) were (a) p values (the lower the better),

(b) R2 (the higher the better), and (c) RMSE (the lower the

better).

3 RESULTS

3.1 Weather conditions

For WCR, in Year 1, Study A had 604 and Study B had 745

cumulative GDD (Table 2). In Year 2, both studies had 943

cumulative GDD. Corn planting and harvesting occurred on

the same dates in both years for both studies, resulting in

GDD totals of 1951 and 1750, respectively (Figure S1). Dur-

ing the WCR phase, precipitation varied between studies. In

Year 1, Study A received 417 mm precipitation, and Study B

received 464 mm. In Year 2, both studies received the same

amount of precipitation, 508 mm. Study B had higher pre-

cipitation in Year 1 (464 mm), which was 47 mm greater

than Study A in Year 1. In Year 2, precipitation in Study B

was 508 mm, similar to that of Study A. Mean air tempera-

ture during Year 1 ranged from −1˚C to 13˚C in both studies

and closely matched the 30-year average. Year 2 tempera-

tures were consistent with the average except for December,

which was significantly warmer. Precipitation during the corn

growing phase was above average in Year 1 (495 mm) and

below in Year 2 (298 mm). May precipitation was slightly

below 30-year average in both years. June precipitation was

notably higher in Year 1 compared to Year 2, which received

only 37% of the 30-year average. August precipitation was

below average in both years. Mean temperatures during the

corn growing season closely followed the 30-year average

(Table 2).

3.2 Study A: Cereal rye seeding rate

3.2.1 WCR aboveground biomass, N, C,
C:N, and lignin:N

WCR biomass was influenced by seeding rate (p ≤ 0.009) but

not by year (p ≤ 0.24) or year × seeding rate interaction (p
≤ 0.89). WCR biomass linearly increased by 0.0072 Mg ha−1

(72 kg ha−1) with every kilogram increase in WCR seeding

rate (Figure 1A). Nitrogen concentration in WCR was influ-

enced by year (p ≤ 0.0114) and seeding rate (p ≤ 0.0015)

but not their interaction (p ≤ 0.27) (Figure 1B). There was a

negative linear trend in N concentration of WCR (R2 = 0.77)

with an increase in seeding rate treatments resulting in 0.02 g

kg−1 decrease in WCR N concentration with every kilogram

increase in the seeding rate. Lignin concentration was also

influenced by year (p ≤ 0.001) and the seeding rate (p ≤

0.001), in which lignin concentration was linearly increased

(0.09 g kg−1) with every kg of WCR seeding rate increase

(Figure 1C). Carbon (C):N ratio was influenced only by year

× seeding rate interaction (p ≤ 0.05) (Figure 1D). A quadratic

trend best explained the relation between seeding rates and

C:N ratio in Year 1 in which higher seeding rates (84 and

112 kg ha−1) had higher C:N ratio than the lower seeding rate

(34 kg ha−1). In Year 2, there were no differences among seed-

ing rates for C:N ratio. Lignin:N ratio was influenced by year

(p ≤ 0.001), seeding rate (p ≤ 0.001), and year × seeding rate

interaction (p ≤ 0.0202). In Year 1, 34 kg ha−1 seeding rate

had 38% lower lignin:N ratio compared to other treatments.

In Year 2, a positive linear trend best explained differences

among seeding rates for lignin:N ratio (Figure 1E). In this

study, N uptake was influenced only by year (p ≤ 0.0226), in

which Year 1 had greater N uptake (40.9 kg ha−1) than Year 2
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KULA ET AL. 7 of 18

F I G U R E 1 Effect of seeding rate on winter cereal rye (WCR) dry matter biomass (A), N concentration (B), and lignin concentration (C) and

the year × seeding rate interaction effect on C:N and lignin:N ratios (D–E). Bars represent error bars. Blue, yellow, orange, and red colors represent

34, 56, 84, and 112 kg ha−1, respectively. In (D) and (E), circles represent Year 1 and squares represent Year 2. ns, not significant.

(36.5 kg ha−1). Nitrogen uptake was not influenced by seeding

rate treatments (p ≤ 0.84).

3.2.2 Corn growth, yield, and yield
components

At corn V6 growth stage (PSNT sampling time), LAI and

plant height were not influenced by any of experimental fac-

tors, but NDVI was influenced by year (p ≤ 0.0001) and CC (p
≤ 0.05) treatment (Table 3). NDVI was 47% higher in Year 2

than in Year 1. Across seeding rates, NDVI was 4.4% higher

at lower seeding rates (NOCC, 34, and 56 kg ha−1) than at

higher seeding rates (84–112 kg ha−1) (Table 3). Plant height

at tasseling was not influenced by any of the main effects or

their interactions, but LAI Max was influenced by year (p ≤

0.0001) and the interaction of year × CC treatment (p ≤ 0.05).

Year 1 had an average LAI Max of 5.29, and Year 2 had an

average LAI Max of 5.95. Within Year 2, the NOCC treatment

(seeding rate treatment of 0 kg ha−1) had the greatest LAI Max

(6.33), which was different from treatments of 56 (5.87), 84

(5.71), and 112 (5.80) kg ha−1, but similar to that of 34 kg

ha−1 seeding rate (6.04). Final CSD was influenced by year

F I G U R E 2 Linear response of corn stand count ha−1 to winter

cereal rye (WCR) seeding rate averaged over both years of Study A

(R2 = 0.90). Numbers in legend indicate the respective seeding rates

(kg ha−1) of 0, 34, 56, 84, and 112. Different letters within each column

indicate statistical differences at p ≤ 0.05. Error bars indicate standard

error.

(p ≤ 0.01) and CC treatment (p ≤ 0.01), with Year 1 having

the greater average stand density (67,646 compared to 63,328

plants ha−1), in line with the recommendation for Southern
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8 of 18 KULA ET AL.

T A B L E 3 Corn grain yield, final stand density, morphology, yield components, and nitrogen (N) balance as influenced by year and seeding rate

treatments.

LAI NDVI
CSD
(ha−1)

Yield
(mg ha−1)

Lgth
(cm)

Diam
(mm)

1000KW
(g)

TKW
(g) TKN

CGN
(g ha−1)

N Bal
(kg ha−1)

Year 1 5.29b 0.51 67,646a 11.93a 19.11b 48.35b 356.83 1927.42b 643.16 11.14b 91.22

Year 2 5.95a 0.75 63,328b 10.53b 19.79a 50.06a 317.61 2156.97a 681.68 12.94a 88.37

SE 0.0989 0.0075 1393.71 0.3798 0.1504 0.2238 34.98 35.66 55.73 0.1996 3.748

0 5.81 0.64a 70,009a 11.57 19.16 48.76 324.29 1959.68 676.35 11.9333 86.4

34 5.56 0.63ab 65,796b 11.61 19.33 49.03 334.73 2033.27 661.79 11.8167 87.56

56 5.58 0.64a 64,847b 11.36 19.49 49.55 337.97 2038.19 648.07 11.7833 90.39

84 5.51 0.61b 64,231b 10.88 19.66 49.45 343.01 2079.08 670.24 12.2667 92.09

112 5.65 0.61b 62,552b 10.73 19.62 49.23 346.1 2100.75 655.66 12.3917 92.55

SE 0.13 0.0096 1740.8 0.4451 0.2287 0.3539 40 55.28 66.03 0.2651 5.08

aL (R2) 0.28 0.84 0.9 0.87 0.9 0.45 0.96 0.65 0.53 0.6 0.94

Q (R2) 0.92 0.87 0.96 0.93 0.96 0.84 0.99 0.65 0.89 0.85 0.94

Note: Treatment was only shown for corn stand density (CSD) and normalized difference vegetation index (NDVI) as they were the only variable that were significant at

the treatment level. SE represents standard error. Letters denote mean separation (p ≤ 0.05). No lettering indicates that data were non-significant for any effects. Leaf area

index (LAI) was recorded every 2 weeks throughout the growing period.

Abbreviations: 1000KW, 1000 kernel weight; CGN, corn grain nitrogen; Diam, ear diameter; Lgth, ear length; N Bal, nitrogen balance; TKN, total kernel number; TKW,

total kernel weight.
aL and Q represent linear and quadratic regression models, respectively, describing the response of each variable to cover crop seeding rate.

F I G U R E 3 Peak (max) leaf area index (LAIMax) in Year 1

(2021) and Year 2 (2022) in Study A. Letters denote difference among

seeding rate treatments within year. Year 1: no significant trend; Year 2:

Linear. Green, blue, yellow, orange, and red colors represent 0, 34, 56,

84, and 112 kg ha−1, respectively. Circles denote Year 1, and squares

denote Year 2. **Significant at ≤0.01 and ns: not significant at 0.05.

Illinois (61, 800–74,000 plants ha−1). Final CSD had a nega-

tive linear relationship with CC seeding rate (R2 = 0.90), and

every kg increase in rye CC seeding rate reduced corn final

stand density by 61 plants ha−1 (Figure 3).

CGY was significantly influenced by year (p ≤ 0.0001) and

the interaction between year and CC treatment (p ≤ 0.05).

CGY was 11% greater in Year 1 compared to Year 2 (Table 3).

Although CC treatments showed no significant differences in

corn yield in Year 1, differences emerged in Year 2. The two

highest WCR seeding rates (84 and 112 kg ha−1) produced

F I G U R E 4 Corn grain yield (Mg DM ha−1) as influenced by year

× seeding rate interaction. Letters denote mean separation, Fisher’s

Least Significant Difference p ≤ 0.05 within each year.

significantly lower CGYs (9.60 and 9.54 Mg ha−1, respec-

tively) than all other treatments (Figure 4). In contrast, the

NOCC (11.23 Mg ha−1) and the lower WCR seeding rates

of 34 kg ha−1 (11.28 Mg ha−1) and 56 kg ha−1 (11.01 Mg

ha−1) had statistically similar yields. On average, corn yields

from the NOCC, 34, and 56 kg ha−1 treatments were approx-

imately 14% greater than those from the 84 and 112 kg ha−1

treatments.

Corn yield components, including ear length, ear diame-

ter, CGN, and TKW, were primarily influenced by the year

(p ≤ 0.0001). In comparing the 2 years, Year 2 had longer

ears (19.79 cm) and larger diameter (50.05 mm) than Year 1

(19.11 cm and 48.35 mm, respectively) (Table 3). Addition-
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KULA ET AL. 9 of 18

F I G U R E 5 Principal component analysis (PCA) of Study A with yield components averaged over both years. PC1 and PC2 explained 46.5%

and 22.8% of variance in the dataset. Numbers in legend indicate the respective seeding rates (kg ha−1) of 0, 34, 56, 84, and 112. CSD: final corn

stand density; 1000KW: 1000 kernel weight; diam (mm): cob weight (COB) (ear) diameter; lgth (cm): COB (ear) length; TKW: total kernel weight;

TKN: total kernel number; LAI Max: maximum leaf area index.

ally, TKW in Year 2 was 12% higher than in Year 1 (2156.97 g

in Year 2 vs. 1927.42 g in Year 1). TKN was not signifi-

cantly affected by either the main effects or their interactions.

CGN content was also greater in Year 2 (12.94 g kg−1) com-

pared to Year 1 (11.14 g kg−1). End-of-year N balance was

not influenced by either the main effects or their interactions

(Table 3).

3.2.3 Principal component analysis

Yield components and yield were split up into two princi-

pal components which represented 69.3% of the variance in

the dataset (Figure 5). Principal component 1 (PC1) was pos-

itively correlated with ear length, ear diameter, TKW, LAI

Max, COB, and slightly correlated with TKN. Principal com-

ponent 2 (PC2) was positively correlated with CGY, CSD,

and 1000KW. Components that were most correlated with

CGY were CSD and 1000KW with correlations (r) of 0.77

and 0.39, respectively. Within PC1, ear length and TKW were

correlated (r) highest with a value of 0.75, followed by ear

length and diameter with a value of 0.68. The COB and length

were positively correlated (r = 0.64), as was COB and LAI

Max (r= 0.52). TKN and 1000KW were negatively correlated

(r =−0.91). Ear length, diameter, TKW, COB, and TKN were

all negatively correlated (r) with CSD ranging from −0.34 to

−0.64 (Figure 5). This is likely due to larger ears in stands

with reduced CSD where nutrients are more available.

3.2.4 Soil NO3-N and NH4-N dynamics

In Year 1, soil nitrate (NO3-N) was different only at Week 9

after sidedressing N fertilizer in both depths (0–15 and 15–

30 cm) (p ≤ 0.05) (Figure 6). Soil ammonium (NH4-N) was

affected only by CC treatments at 0- to 15-cm depths at Week

9 after sidedressing and end of season at 15- to 30-cm depths

(p ≤ 0.05) (Figure 6). There were no significant differences

among treatments at any other sampling dates at either depth

for soil NO3-N and NH4-N. In 2021, Year 1, sampling dur-

ing Week 9 after sidedressing N fertilizer showed the highest

levels of NO3 and NH4 down to 15 cm (Figure 6). At this

point, soil N levels were highest (p ≤ 0.05) in the 34 kg ha−1

treatment.

At both depths (0–15 and 15–30 cm), soil NO3-N was

greatly reduced (p ≤ 0.05) in Year 2 throughout the entire

growing phase except for at harvest, when the NOCC treat-

ment had the greatest surface NO3-N at 36 mg kg−1 compared

to Year 2 (Figure 7). While soil NO3-N was lower at harvest in

the seeding rate treatment of 84 kg ha−1 compared to NOCC,

NH4-N at the 15- to 30-cm depths was the greatest (p ≤ 0.05)

and was the only treatment that showed an increase in NH4-

N from Weeks 9–15. In Year 2, CCs influenced the end of

season soil N (NO3-N and NH4-N). Soil NO3-N was great-

est under the NOCC treatment, suggesting more potential for

leaching or denitrification losses. All seeding rate treatments

had similar end of season NO3-N levels in both depths. At the

0- to 15-cm depths, the 84 kg ha−1 seeding rate had greater
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10 of 18 KULA ET AL.

F I G U R E 6 Soil NO3-N and NH4-N dynamics at 0–15 (A–B) and 15- to 30-cm depths (C–D) in 2021 (Year 1). “Weeks after cover crop

termination” refer to number of weeks after winter cereal rye was terminated. Colors represent the different seeding rate treatments from 0, 34, 56,

84, and 112 kg ha−1. Letters denote mean separation, Fisher’s Least Significant Difference p ≤ 0.05.

NH4-N availability than the lower seeding rates (0, 34,

and 56 kg ha−1), whereas the 112 kg ha−1 treatment was

intermediate (Figure 7D).

3.3 Study B: Cultivar by seeding rate

3.3.1 WCR aboveground biomass, N, C,
C:N, and lignin:N

WCR DM biomass was influenced by year, treatment, and

year × treatment interaction. Total DM biomass was similar

among all treatments in Year 2. In Year 1, HH and HL had

greater DM biomass than NH, with totals of 4.83, 4.82, and

3.67 Mg ha−1, respectively, but similar to that of NL, 4.38

Mg ha−1 (Table 4). WCR N and C concentrations were only

influenced by year, while C:N ratio was influenced by CC in

Year 1. Averaged over treatments, N concentration was 12%

greater in Year 2 compared to Year 1. WCR N was more in

Year 2 for all treatments aside from NL. Carbon concentration

was greater in Year 2 for all treatments, and HL had a higher

C concentration than NH in Year 2 (p ≤ 0.05) (Table 4). This

higher C concentration led to a greater C:N in NL in Year 2,

38:1 compared to 34:1 in Year 1 (Table 4). Carbon:N ratio

was lower in normal rye (NL and NH) than in hybrid rye (HL

and HH) in Year 1. In Year 2, all treatments had a similar

C:N ratio (Table 4). Lignin:N ratio was not influenced by year,

treatment, and year × treatment interaction.

3.3.2 Corn growth, yield, and yield
components

CC treatments did not have a significant effect on corn plant

height and LAI. NDVI was influenced only by year (p ≤

0.0001) with values 30% higher in Year 2 than in Year 1

(Table 5). Final CSD (count) was influenced only by treat-

ment (p ≤ 0.01). The NOCC treatment had the highest final

stand count with 72,377 plants ha−1 averaged over the 2

years, followed by the NL and NH, with 71,985 and 70,618

plants ha1, respectively (Table 5). Hybrid rye CC at both

seeding rates caused a significant reduction in corn plant

stand at harvest compared to the NOCC treatment (p ≤ 0.05;

Table 5).

CC treatment did not affect CGY or its components. CGY,

ear length, ear diameter, TKW, and 1000 KW were all

affected by year, with greater average value recorded in Year

1 (Table 5).
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KULA ET AL. 11 of 18

F I G U R E 7 Soil NO3-N and NH4-N dynamics at 0–15 (A–B) and 15- to 30-cm depths (C–D) in 2022 (Year 2). “Weeks after cover crop

termination” refer to number of weeks after winter cereal rye was terminated. Colors represent the different seeding rate treatments from 0, 34, 56,

84, and 112 kg ha−1. Letters denote mean separation, Fisher’s Least Significant Difference p ≤ 0.05.

T A B L E 4 Effect of year and cover crop treatments on winter cereal rye dry matter (DM) biomass, N and C concentrations, along with C:N and

lignin:N ratios.

Year Treatments DM biomass (mg ha−1) N (g kg−1) C (g kg−1) C:N Lignin:N
Year 1 NL 4.38ab 12.56 427.51 34:1b 1.79

Year 1 NH 3.67b 11.97 428.43 36:1b 1.84

Year 1 HL 4.82a 10.53 428.92 42:1a 1.96

Year 1 HH 4.83a 10.16 427.54 42:1a 2.02

Year 2 NL 2.38 12.18 435.81AB 38:1 2.59

Year 2 NH 2.70 12.92 431.08B 35:1 2.68

Year 2 HL 2.63 13.13 437.25B 38:1 2.64

Year 2 HH 2.80 12.60 436.10AB 37:1 2.71

Note: Superscript lettering denotes Fisher’s Least Significant Difference (p ≤ 0.05), lowercase indicates year 1 and uppercase indicates Year 2.

Abbreviations: HH, hybrid rye high; HL, hybrid rye low; NH, normal rye high; NL, normal rye low.

3.3.3 Principal component analysis

Principal components were split up into two components rep-

resenting 54.4% of the variance in the data set with PC1 and

PC2 making up 35% and 19.4% of the variance, respectively

(Figure 8). Within PC1, COB was positively correlated (r)

with CGY at 0.45. Yield components that were most nega-

tively correlated (r) with yield were ear length and diameter

with values of −0.49 and −0.55. Ear length and diame-

ter were positively correlated (r) at a value of 0.60. The

strongest correlations (r) were associated with TKW, these

were 1000KW, TKN, and COB with values of 0.64, 0.63, and

0.66, respectively.
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12 of 18 KULA ET AL.

T A B L E 5 Corn grain yield, final stand density, morphology, yield components, and N balances as affected by year and cover crop treatments.

LAI
MAX NDVI

CSD
(ha−1)

Yield
(mg ha−1)

Lgth
(cm)

Diam
(mm)

1000KW
(g)

TKW
(g) TKN

CGN
(g kg−1)

N Bal
(kg ha−1)

Year 1 5.12 0.53b 70,518 10.85a 18.62b 46.62b 318.85a 1066.29a 670.28 11.84a 71.38b

Year 2 4.94 0.69a 70,832 9.46b 19.26a 49.68a 302.06b 993.90b 655.97 11.04b 119.82a

SE 0.1651 0.01 463.44 0.3198 0.2792 0.3067 7.41 31.28 14.78 0.019 4.59

NOCC 5.08 0.62a 72,377a 10.37 18.74 48.29 305.39 1014.88 664.75 11.45 93.14

NL 4.95 0.63a 71,985ab 10.41 18.95 48.27 303.00 1026.18 675.81 11.41 93.01

NH 5.07 0.62a 70,618b 10.29 18.64 47.41 311.62 1001.11 641.26 11.46 93.57

HL 5.05 0.61a 69,605bc 9.90 18.97 48.10 321.32 1044.78 651.07 11.24 95.96

HH 4.99 0.57b 68,791c 9.81 19.37 48.69 310.94 1063.53 682.73 11.23 102.34

SE 0.1901 0.01 816 0.38 0.3517 0.455 9.8104 40.8998 16.26 0.0228 5.50

Note: Cover crop totals for year. Treatment only shown for corn stand density (CSD) as it was the only variable that was significant. SE represents standard error. Letters

denote mean separation (p ≤ 0.05). No lettering indicates that data were non-significant for any effects. Leaf area index (LAI) was recorded every 2 weeks throughout the

growing period.

Abbreviations: 1000KW, 1000 kernel weight; CGN, corn grain nitrogen; Diam, ear diameter; HH, hybrid rye high; HL, hybrid rye low; Lgth, ear length; N Bal, nitrogen

balance; NDVI, normalized difference vegetation index; NH, normal rye high; NL, normal rye low; NOCC, no-cover crop; TKN, total kernel number; TKW, total kernel

weight.

F I G U R E 8 Principal component analysis (PCA) of Study B with yield component averages over both years. PC1 and PC2 explained 35% and

19.4% of variance in the dataset. CSD: final corn stand density; 1000KW: 1000 kernel weight; diam (mm): cob weight (COB) (ear) diameter; lgth

(cm): cob weight (COB) (ear) length; TKW: total kernel weight; TKN: total kernel number; LAI Max: maximum leaf area index. HH represents

“hybrid rye, high seeding rate,” HL represents “hybrid rye, low seeding rate,” NOCC represents “no-cover crop,” NH represents “Guardian cultivar,

high seeding rate,” and NL represents “Guardian cultivar, low seeding rate.”

3.3.4 Soil NO3-N and NH4-N dynamics

Soil NO3-N and NH4-N were influenced by time, CC, and

time × CC (p ≤ 0.05) in Year 1. Post sidedress N concentra-

tion was recorded as greatest during Year 1, with the NOCC

treatment having significantly higher (p ≤ 0.05) concentra-

tions of both NO3-N and NH4-N with 30.57 and 38.05 mg

kg−1, respectively. By Week 15, all treatments had similar

concentrations of NO3-N and NH4-N at 0- to 15-cm depths

(Figure 9). Deeper in the soil profile (15–30 cm), NO3-N

was not influenced by treatment or the interaction of time

and treatment, but there were differences at certain sampling
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F I G U R E 9 Soil N dynamics in 2021 (Year 1). Soil NO3-N and NH4-N dynamics at 0–15 (A–B) and 15- to 30-cm depths (C–D). “Weeks after

cover crop termination” refer to number of weeks after winter cereal rye was terminated. HH represents “hybrid rye, high seeding rate,” HL

represents “hybrid rye, low seeding rate,” NOCC represents “no-cover crop,” NH represents “Guardian cultivar, high seeding rate,” and NL

represents “Guardian cultivar, low seeding rate.” Letters denote mean separation, Fisher’s Least Significant Difference p ≤ 0.05.

dates. Nitrate-N was greatest in the NH treatment and differ-

ent from all other treatments aside from NOCC (p ≤ 0.05)

(Figure 9). By Week 15, NO3-N and NH4-N were greatest

in the NOCC treatment, with NO3-N significantly different

from NL (p ≤ 0.05). Ammonium-N at the 15- to 30-cm depths

was influenced by time, CC, and time × CC (p ≤ 0.05). At

Week 15, NH4-N recorded from the NOCC treatment was

12.38 mg kg−1 and different from all other treatments (p ≤

0.05) (Figure 9).

In Year 2, only sampling date affected the soil N. Sur-

face profile (0–15 cm) NO3-N and NH4-N were significantly

greater than all other treatments at Week 0 (p ≤ 0.05)

(Figure 10). All treatments had similar levels of NO3-N and

NH4-N between 0.5 and 4.2 mg kg−1 from Week 0 through

Week 11. Week 11 sampling recorded differences in soil

NO3-N and NH4-N. Soil NO3-N was greatest in HH and

NL which were 24.9 and 21.9 mg kg−1, respectively, and

were significantly different from the NOCC treatment (p ≤

0.05). Similarly, NH4-N was greatest in HH at 27.50 mg kg−1,

which was different from all other treatments (p ≤ 0.05). By

Week 15, all treatments had similar levels of soil NO3-N and

NH4-N. Throughout the growing season and after sidedress

fertilization, NO3-N and NH4-N increased deeper in the pro-

file (15–30 cm) (Figure 10). Over the 2-site years, there was

no consistent trend of the impact of WCR on the amount of

soil NO3-N or NH4-N.

4 DISCUSSION

4.1 WCR aboveground biomass, N, C, C:N,
and lignin:N

Our findings demonstrate that increasing WCR seeding rates

(34–112 kg ha−1) linearly increased biomass production

(Figure 1A), reflecting greater plant density and associated

changes in intra-specific competition. These results are con-

sistent with Haramoto (2019), who reported greater ground

cover at higher seeding rates (112 kg ha−1) compared to

34 kg ha−1. However, higher seeding rates led to a higher

C:N ratio and reduced N concentration in WCR biomass

(Figure 1B,D), which can limit N mineralization and pro-

mote immobilization of residual N, as noted by Jahanzad et al.

(2017) and McSwiney et al. (2010). Similarly, Krueger et al.

(2011) also found WCR biomass with high C:N ratios immo-

bilized soil N, reducing availability for subsequent crops.

Despite reduced N availability, N uptake by WCR remained

unaffected by seeding rate (p ≤ 0.84), suggesting that lower
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F I G U R E 1 0 Soil N dynamics in 2022 (Year 2). Soil NO3-N and NH4-N dynamics at 0–15 (A–B) and 15- to 30-cm depths (C–D). “Weeks

after cover crop termination” refer to number of weeks after winter cereal rye was terminated. HH represents “hybrid rye, high seeding rate,” HL

represents “hybrid rye, low seeding rate,” NOCC represents “no-cover crop,” NH represents “Guardian cultivar, high seeding rate,” and NL

represents “Guardian cultivar, low seeding rate.” Letters denote mean separation, Fisher’s Least Significant Difference p ≤ 0.05.

seeding rates (34 kg ha−1) sequestered similar amounts of

residual N as higher rates. This pattern is likely driven by

a dilution effect, in which increased biomass production at

higher seeding rates reduced tissue N concentration, while

C concentration remained largely unchanged across seeding

rates. In contrast, at lower seeding rates, compensatory tiller-

ing and leaf expansion may have enhanced N accumulation

per unit biomass, resulting in greater tissue N concentrations

(Figure 1B). At higher seeding rates, increased plant density

likely reduced the leaf to stem ratio, producing proportion-

ally more structural stem tissue with greater lignin content.

This shift toward more lignified tissue contributed to higher

C:N ratios observed at higher seeding rates (Figure 1C). Col-

lectively, these responses resulted in lower C:N ratios at lower

seeding rates compared with higher seeding rates (Figure 1D).

These findings are supported by Marcos et al. (2023), who

reported comparable biomass and N uptake at seeding rates

as low as 21 kg ha−1. These findings suggest a need for future

research on N loss reduction potential of WCR at different

seeding rates.

Limited studies were available to compare the results of

Study B with literature. Hybrid rye produced greater biomass

than the normal rye cultivar, indicating greater vegetative

growth (Table 4); however, this did not translate into increased

CGY and may increase seed costs (Table 5). The higher C:N

in year one for HL and HH compared to NL and NH indicates

greater biomass accumulation and dilution of tissue N concen-

tration (Table 4; Balkcom et al., 2023), potentially increasing

microbial N immobilization.

4.2 Corn growth, yield, and yield
components

Typically, it is expected that WCR affects the establishment of

corn (Kaspar & Bakker, 2015) the amount of available N in

the soil (Jahanzad et al., 2016; Otte et al., 2019) and reduces

the following CGY (Adeyemi et al., 2020; Kaspar & Bakker,

2015; Quinn et al., 2023). The reduction in final CSD with

higher seeding rates (Figure 2) resulted in a yield penalty in

Year 2 of Study A (Figure 4), likely due to increased residue

interference with corn planting and seedling establishment, as

described by Kaspar and Bakker (2015). In contrast, despite

similar reductions in final CSD, grain yield was not reduced

in Year 1, suggesting that corn plants were able to compen-

sate through increased per-plant productivity, as reflected by

greater ear size and kernel weight. Favorable precipitation

and growing conditions during the corn growing season in

Year 1 likely enhanced this compensatory response, whereas

drier conditions in Year 2 limited compensation and resulted

in reduced yield at higher WCR seeding rates. Pantoja et al.

(2015) reported consistent corn yield reductions following

WCR, pointing to site-specific factors such as soil type and

precipitation. Our study was planted on Alfisols, which have
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poor drainage and thus may have exacerbated residue-related

challenges compared to well-drained soils, where Dozier et al.

(2017) and Snapp and Surapur (2018) observed no significant

impact of CC residue on CGY. This discrepancy underscores

the need to tailor WCR management to soil and climatic con-

ditions. The PCA results further support these findings that

CGY was strongly associated with CSD (r = 0.77) (Figure 4).

In Study B, hybrid rye (PROGAS) produced higher

biomass than the Guardian cultivar (Table 4), but both cul-

tivars reduced final CSD compared to the NOCC control

(Table 5). Ear length and diameter were negatively corre-

lated with final CSD, indicating intraspecific competition

(Maddonni & Otegui, 2004; Zhai et al., 2021). We expected

that lower lignin:N ratio WCR could enhance decomposition

and N synchrony with corn demand, a benefit not observed

in our study due to similar lignin:N ratios across cultivars

(Table 4). These findings challenge the assumption that hybrid

rye universally improves corn performance, indicating that

cultivar selection must consider trade-offs between biomass

production and corn establishment.

4.3 Soil NO3-N dynamics and
environmental benefits

The reduction of soil NO3-N in WCR treatments compared to

NOCC (Figures 6, 7, 9, and 10) supports the environmental

goal of reducing NO3-N leaching in the Upper Mississippi

River Basin (Gentry et al., 2024; Lacey et al., 2020). Our data

align with Nouri et al. (2022), who reported CCs like WCR

reduce NO3-N leaching by 20%–50%. However, the lack of

consistent soil N trends across years in our study (Figures 9

and 10) suggests that precipitation and temperature variability

(Table 2) influence N dynamics, as suggested by Otte et al.

(2019). Overall, several studies agree that utilizing WCR as

a CC benefits NO3-N reduction to waterbodies (Gentry et al.,

2024; Nouri et al., 2022); however, finding strategies to ensure

farm profitability while achieving this outcome is critical for

adoption of WCR in corn cropping systems (Roesch-McNally

et al., 2017).

4.4 Economic implications

Adopting WCR at lower seeding rates (34 kg ha−1) offers

economic benefits by reducing seed costs without compro-

mising agronomic benefits, as supported by Reed and Karsten

(2022) in soybean systems. Decreasing WCR seeding rate

from 84–112 kg ha−1 (typical in the region) to 34 kg ha−1,

reduces seed cost by at least 30%–50% for growers. This

cost reduction could encourage adoption among cost-sensitive

growers, addressing barriers identified by Roesch-McNally

et al. (2017). However, our study did not conduct a full

economic analysis, including labor, equipment, or potential

carbon credit benefits, which could further incentivize WCR

use (Sadeghpour et al., 2022). Blanco-Canqui and Ruis (2020)

highlighted that CCs enhance C sequestration, potentially

qualifying growers for carbon markets, but quantifying these

benefits requires long-term studies beyond our 2-year scope.

The recommendation of a 34 kg ha−1 seeding rate assumes

consistent performance across diverse Midwest conditions,

which may not hold in regions with different soils or climates.

Ficks et al. (2022) found that 51 kg ha−1 provided ade-

quate weed suppression in the Mid-Atlantic, suggesting that

optimal seeding rates may vary by region and management

goals (e.g., weed control vs. N uptake). Growers prioritizing

weed suppression may require higher seeding rates, poten-

tially negating cost savings. Additionally, the lack of yield

penalty at 34 kg ha−1 in our study contrasts with Adeyemi

et al. (2020), who reported yield reductions even at mod-

erate seeding rates, emphasizing the need for site-specific

recommendations.

A key limitation of our study is the limited exploration

of weed suppression, a critical benefit of WCR (Ryan et al.,

2011). While our two studies complement each other and

both confirm that decreasing WCR seeding rate could reduce

growers costs and ensure corn yield, this research should be

expanded to different soil types to draw regional conclusions

and provide regional recommendations. Despite these limita-

tions, this study advances understanding of WCR cultivar and

seeding rate effects in corn-based systems, an area that has

received considerably less attention than soybean production

systems.

5 CONCLUSIONS

Our findings suggest that the seeding rate of WCR could be

lowered to 34 kg ha−1, yielding comparable N uptake ben-

efits with a potential for better nutrient cycling due to more

digestible traits (lower C:N and lignin:N). This adjustment

avoids the decrease in CSD that a higher seeding rate of WCR

might cause. Our results also indicated that hybrid rye pro-

duced similar biomass regardless of the seeding rate, while

Guardian rye (a widely used WCR cultivar) matched hybrid

rye at a low seeding rate. These results confirm that reduc-

ing the seeding rate could be a viable option for growers

in the Upper Mississippi River Basin states of the United

States to save costs associated with cover cropping and that

this practice is not cultivar specific. Since WCR decreased

soil N without affecting the CGY, it is a viable option for

potentially reducing NO3-N leaching. Future research should

focus on assessing NO3-N losses at different WCR seeding

rates. This ensures that reducing seeding rates offers both eco-

nomic and environmental benefits, aligning with the goals of

Illinois Nutrient Loss Reduction strategy. The effects of dif-
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ferent seeding rates on soil moisture and temperature and thus

soil nitrous oxide emissions could also be a future research

question. A complete economic analysis that also integrates

the potential for WCR C sequestration benefits for C credit-

ing could further aid in shaping market-policy decisions and

further reduce cost burden of CCs.
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