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Abstract
Winter rye (WR; Secale cereale) can enhance farm profitability and mitigate nutrient

and soil loss during the fallow period of a corn (Zea mays L.)-soybean (Glycine max
L.) rotation by serving as a biofuel and forage crop. We conducted two trials in south-

ern Illinois to evaluate the effects of seeding rate and cultivar on WR yield, quality,

and economic benefits. Study A tested four seeding rates (34, 56, 84, and 112 kg

ha−1) with six replicates, while study B evaluated two cultivars (Guardian open-

pollinated rye vs. PROGAS hybrid rye) at two seeding rates (67 vs. 101 kg ha−1)

with four replicates. Results of study A showed that every 10 kg ha−1 increase in

seeding rate increased WR biomass yield by 0.07 Mg ha−1. However, higher seeding

rates reduced forage quality, decreasing crude protein, total digestible nutrients, and

relative forage quality (RFQ), while increasing cellulose, hemicellulose, and holo-

cellulose contents, which are desirable for biofuel production. In study B, PROGAS

(hybrid rye) generally outperformed Guardian (normal rye) in yield, particularly in

2021, across seeding rates with taller plants exhibiting higher lignin, cellulose, hemi-

cellulose, and holocellulose but lower RFQ. Hybrid rye was less cost-effective for

forage production compared to normal rye. We recommend lower seeding rates of

normal rye for forage production to optimize quality and hybrid rye at higher seeding

rates for biofuel production to maximize biomass yield. These findings highlight the

trade-offs between yield and quality in WR management, offering producers tailored

strategies to enhance the profitability of their operation.

Abbreviations: ADF, acid detergent fiber; CP, crude protein; DM, dry matter; DMI, dry matter intake; GDD, growing degree day; HF, high forage value;

HH, hybrid rye at high seeding rate; HL, hybrid rye at low seeding rate; HS, high seeding costs; IVDMD, in vitro dry matter digestibility; LAI, leaf area index;

LO, low operation costs; LS, low seeding costs; ME, metabolizable energy; MF, medium forage value; MO, medium operation costs; MS, medium seeding

costs; NDF, neutral detergent fiber; NDFD, neutral detergent fiber digestibility; NDVI, normalized difference vegetation index; NEG, net energy gain; NEL,

net energy lactation; NEM, net energy maintenance; NH, normal rye at high seeding rate; NL, normal rye at low seeding rate; RFQ, relative forage quality;

RFV, relative feed value; TDN, total digestible nutrients; WR, winter rye.
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Plain Language Summary
Winter rye is a crop that farmers can grow between corn and soybean seasons to

improve soil and reduce erosion. This study tested different rye seed amounts and

two types of rye to see how they affect crop growth, quality, and profit. We found that

planting more seeds increased the total crop produced, but the quality for animal feed

went down. One type of rye, called hybrid rye, grew more than the regular kind, but

it was more expensive and did not always produce better quality. For farmers seeking

improved animal feed, using fewer seeds of regular rye may be the best option. For

those interested in producing biofuel, planting more seeds of hybrid rye can increase

fuel potential. These findings help farmers choose the right planting method to get

better results and make more money, depending on whether they want to use the crop

for feeding animals or making fuel.

1 INTRODUCTION

Winter rye (WR) is a widely used winter cereal in temper-
ate regions due to its cold tolerance, adaptability to diverse
soils, and rapid fall growth (Hashemi et al., 2013; Kaspar &
Bakker, 2015). When included in corn-soybean rotations, WR
offers multiple agronomic and environmental advantages: it
helps reduce erosion (Kaspar et al., 2001), scavenges left-
over nutrients (Burkett et al., 2024; Poffenbarger et al., 2015),
suppresses weeds (Sadeghpour et al., 2014), improves nutri-
ent cycling (Jahanzad et al., 2016; Lacey et al., 2020), and
contributes to the buildup of soil organic matter (Bhogal
et al., 2009; Franzluebbers, 2010). However, despite these
well-documented benefits, WR remains underutilized in the
Midwest, primarily due to concerns over seed costs, limited
planting windows, and the potential for interference with sub-
sequent crop planting (Sadeghpour et al., 2021; Sener Guzel
et al., 2026; Singh et al., 2020).

Recently, interest has been growing in harvesting WR not
just as a cover crop but as a source of forage or biomass for bio-
fuel, offering a way to make cover crops more economically
attractive while still maintaining many of their environmental
benefits (Baker et al., 2024; Ketterings et al., 2015; Mal-
one et al., 2023; Sadeghpour et al., 2022). Research suggests
that removing the aboveground biomass does not eliminate
WR’s positive effects on the soil, thanks to the substan-
tial contribution of root biomass and remaining aboveground
residue to carbon inputs (Austin et al., 2017; Glaze-Corcoran
et al., 2022; Kong & Six, 2012). This dual-purpose poten-
tial makes WR a compelling option for systems that seek
both ecological services and economic returns (West et al.,
2020).

Seeding rate of WR influences its biomass yield, forage
quality, and biofuel potential. Recommended rates typically
range from 67 to 135 kg ha−1 when drilled, though higher

rates are used for broadcasting (Boyd et al., 2009; Haramoto,
2019; Huddell et al., 2024; Mirsky et al., 2011; Reed &
Karsten, 2022; Sadeghpour et al., 2022). While some stud-
ies suggest that higher seeding rates can increase WR biomass
before maturity (Brennan & Boyd, 2012), they can also lead to
a decline in forage quality, particularly in crude protein (CP),
total digestible nutrients (TDN), and relative forage quality
(RFQ), as this could lead to lower leaf-to-stem ratio in WR
(Baker et al., 2024; Brockmueller et al., 2023). On the other
hand, lower seeding rates may enhance quality but limit total
biomass, thereby reducing the potential value as forage or
biofuel feedstock.

Hybrid rye cultivars, bred for greater yield and improved
biomass traits, have shown decent performance in northern
regions (Darby & Bruce, 2024). However, their potential in
the southern parts of the Midwest remains less understood,
especially when it comes to performance across different
seeding rates. Few studies have evaluated how cultivar and
seeding rate interactions affect forage and bioenergy out-
comes or their economic impacts (Herbstritt et al., 2022).
This study investigates the combined effects of the cultivar
(the open-pollinated Guardian [normal rye] and the hybrid
PROGAS [hybrid rye]) and seeding rate on WR grown in a
corn-soybean rotation in southern Illinois.

We evaluated biomass production, forage and biofuel qual-
ity traits, and potential economic return. We hypothesized
that increasing the seeding rate would enhance biomass and
lignocellulosic content, beneficial for biofuel applications,
while potentially compromising forage quality. Additionally,
we predicted that the hybrid rye would yield more biomass
than the normal rye, although it might not necessarily provide
better forage quality (e.g., higher CP, TDN, or RFQ) or prof-
itability. Our findings aim to guide cultivar and seeding rate
decisions for farmers pursuing dual-purpose rye systems in
the lower Midwest.
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2 MATERIALS AND METHODS

2.1 Experimental site

Two separate trials (referred to as studies A and B) were con-
ducted in 2020–2021 (Year 1) and replicated in 2021–2022
(Year 2) at the Agronomy Research Center (ARC) in Carbon-
dale, IL (37˚42′10.3968″ N, 89˚14′25.3314″ W). The soil in
study A was a silty loam (fine-silty, mixed, superactive, mesic
Fragiaquic Hapludalfs) in both 2020 and 2021. The research
site in 2020 had slopes of 0–2 and 2%–5%, whereas in 2021,
the soil slope was 2%–5% (Soil Survey Staff, 2019). The soil
in study B was also a silty loam (fine-silty, mixed, superac-
tive, mesic Fragiaquic Hapludalfs) with slopes of 0%–2% and
2%–5% in both 2020 and 2021. Before trial initiation, com-
posite soil samples (24 cores per trial) were taken via a soil
probe from 0- to 15-cm soil depth at each site to ensure there
was no nutrient limitation.

In study A in 2020 the soil pH (1:1 soil:water) was 6.2,
the organic matter content (loss on ignition at 360˚C) was 21 g
kg−1, the Bray-1 P content (Bray & Kurtz, 1945) was 28 mg
kg−1, and the Mehlich-3 K value (Mehlich, 1984) was 124 mg
kg−1. Soil N (sum of nitrate-N and ammonium-N) was 8.6 mg
kg−1. In 2021, the soil pH was 6.6, the organic matter content
was 19 g kg−1, the Bray-1 P content was 24 mg kg−1, and
the Mehlich-3 K content was 122 mg kg−1. Soil N (sum of
nitrate-N and ammonium-N) was 11.9 mg kg−1. In study B in
2020, the soil pH (1:1 soil:water) was 7.0, the organic matter
content (loss on ignition at 360˚C) was 19 g kg−1, the Bray-
1 P content was 34 mg kg−1, and the Mehlich-3 K content
was 86 mg kg−1. Soil N (sum of nitrate-N and ammonium-N)
was 15.8 mg kg−1. In 2021, the soil pH was 7.0, the organic
matter content was 21 g kg−1, the Bray-1 P content was 46 mg
kg−1, and the Mehlich-3 K content was 179 mg kg−1. Soil N
(sum of nitrate-N and ammonium-N) was 8.4 mg kg−1. In all
years and in both studies, the P and K contents in the soil were
optimal except for the K content in study B in 2020, which was
low according to Illinois Agronomy Handbook. We broadcast
250 kg ha−1 of potash (KCl) to ensure no K deficiency at WR
planting.

In Year 1, study A accumulated 606 growing degree days
(GDDs), whereas study B recorded 745 GDDs (Figure S1).
In Year 2, both studies reached 954 GDD during the growing
season. Precipitation during WR growth varied between stud-
ies. Precipitation was 417 mm in Year 1 and 508 mm in Year
2 for study A. Study B had a higher precipitation in Year 1 at
464 mm, 47 mm higher than study A in Year 1. In Year 2, pre-
cipitation in study B was 508 mm, the same as study A. The
mean air temperatures in Year 1 ranged from −2˚C to 13˚C in
study A, aligning closely with the 30-year average, and study
B showed similar temperature patterns. In Year 2, tempera-
tures were generally consistent with historical data, although
December was notably warmer than average (Figure 1A,B).

Core Ideas
∙ Hybrid rye yielded more biomass than the open-

pollinated cultivar.
∙ High seeding rates increased biomass but reduced

forage quality.
∙ Low seeding rates improved crude protein and

relative forage quality.
∙ Cellulose and holocellulose contents increased

with seeding rate, ideal for biofuel.
∙ Optimizing cultivar and seeding rate can enhance

farm profit and sustainability.

2.2 Experimental design, treatments, and
cultural management practices

2.2.1 Study A: WR seeding rate

Study A utilized a randomized complete block design
(RCBD) with six replicates in both years to assess the effects
of various seeding rates of WR. The treatments included four
different seeding rates: 34, 56, 84, and 112 kg ha−1. Each
treatment plot was 25.9 m long and 3.1 m wide. In Year 1, WR
(Guardian) was planted with a John Deere 450 series grain
drill (John Deere) on November 18, 2020, and harvested for
aboveground biomass on April 30, 2021. In Year 2, the same
cultivar was planted on October 18, 2021, and harvested on
May 5, 2022. WR was physiologically staged between 51 and
55 at each site-year at harvest (Zadoks et al., 1974). The row
spacing for the WR was set at 19 cm.

2.2.2 Study B: Cultivars by seeding rate

Study B used an RCBD with four replications in a facto-
rial arrangement of treatments in both years. The treatments
included two WR cultivars: “PROGAS,” a hybrid rye from
KWS Seeds, LLC, and “Guardian,” an open-pollinated culti-
var that is widely utilized in the US Midwest. These cultivars
are referred to as “hybrid rye” and “normal rye” in this study,
respectively. Each cultivar was planted at two different seed-
ing rates, 67 kg ha−1 (low) and 101 kg ha−1 (high), to create
four distinct treatment combinations: (1) normal rye low seed-
ing rate (NL), (2) normal rye at high seeding rate (NH), (3)
hybrid rye at low seeding rate (HL), and (4) hybrid rye at high
seeding rate (HH).

Each plot was 6.1 m long and 3.1 m wide. In Year 1,
WR was planted on October 30, 2020, and harvested for
aboveground biomass on April 30, 2021. In Year 2, planting
occurred on October 18, 2021, with harvesting occurring on
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F I G U R E 1 Monthly mean temperature (˚C) (A) and precipitation (B) in Carbondale, IL, during 2021 (year 1) and 2022 (Year 2) in comparison

with the 30-year average.

May 5, 2022. At the time of harvest, both cultivars across all
seeding rate treatments were at similar physiological matu-
rity (Zadoks stages 51–55; Zadoks et al., 1974). Throughout
the WR growth periods, no herbicides were applied. The
same planter (John Deere) in study A was used in study B,
maintaining a row spacing of 19 cm for the WR.

2.3 Data collection

2.3.1 WR biomass harvest

At each sampling date, aboveground biomass was harvested
by hand via grass shears (GS model 700; Black and Decker
Inc.) within a frame measuring 0.21 m2. This process was
replicated to achieve a total composite harvest area of 0.42 m2.
The samples were allowed to air dry for approximately 24 h to
minimize variations in moisture loss before their wet weights
were recorded. The biomass samples were subsequently oven-
dried at 60˚C until a constant dry weight was obtained,
enabling the determination of dry matter (DM) biomass.
Before the aboveground biomass was sampled, the heights of
nine plants per plot were measured from the ground to the
top of the canopy via a yardstick. Each year, a GreenSeeker
handheld crop sensor (HCS 100, Trimble Ltd.) was employed
to assess canopy reflectance, and the normalized difference
vegetation index (NDVI) was calculated by scanning the two
center rows of each plot. This cost-effective sensor utilizes
an active light source (660 nm red and 780 nm near-infrared)
and displays NDVI values approximately every 0.5 s while
the trigger is held down. Upon release, measurements taken
over the last 60 s are averaged to provide a reliable read-
ing (Sadeghpour et al., 2021; White et al., 2019). Leaf area
index (LAI) measurements were collected via an AccuPAR
ceptometer (LP-80, METER Group). This device estimates
photosynthetically active radiation both above and below the

canopy, calculating the fractional beam radiation and the solar
zenith angle on the basis of the operator’s settings and current
time data. This comprehensive approach allowed for a detailed
assessment of plant growth and biomass accumulation across
the different treatments in the study. All canopy measurements
(LAI, plant height, and NDVI) were taken at the same physi-
ological stage as biomass sampling, corresponding to Zadoks
growth stages 51–55 (early to mid-heading). This ensured
that measurements were collected at comparable maturity
levels across all treatments and cultivars. The LAI is deter-
mined through a radiative transfer model, incorporating the
leaf angle distribution (LAD, χ) parameter, following the
methodology of Rahman et al. (2019). The canopy extinction
coefficient (K) was derived via the formula from Campbell
(1986).

𝐾 =
√
𝑥2 + tan 𝜃2

𝑥 + 1.744(𝑥 + 1.182)−0.733

where 𝑥 is a LAD parameter and 𝜃 is the solar zenith angle.

2.3.2 WR biofuel and forage quality

Biomass samples were dried in a forced-air oven at 60˚C
until they reached a constant weight. The samples were sub-
sequently ground via a Wiley Mill with a 1 mm screen size
and then further refined through a 0.6 mm screen to reduce
variability in analysis (Weidhuner et al., 2019). To ensure that
any remaining moisture was removed, the ground plant tis-
sue was redried in a forced-air oven at 60˚C for 72 h. For
quality assessment, we evaluated several parameters, includ-
ing CP, acid detergent fiber (ADF), neutral detergent fiber
(NDF), neutral detergent fiber digestibility (NDFD), and ash,
fat, and lignin contents. These parameters were analyzed via
near-infrared reflectance spectroscopy.
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Additionally, we calculated the concentration of hemicel-
lulose by subtracting NDF from ADF, whereas the cellulose
concentration was determined by subtracting lignin from
ADF. The total holocellulose concentration was then obtained
by adding the values of cellulose and hemicellulose together
(Javier-Astete et al., 2021). This thorough analysis provides
insight into the nutritional quality and composition of the
biomass, which is critical for evaluating its potential use as
forage or biofuel. The TDN, digestible dry matter (DMD),
in vitro dry matter digestibility (IVDMD), dry matter intake
(DMI), RFQ, and net energy lactation (NEL) were estimated
via the following formulas (National Research Council, 2001;
Moore & Undersander, 2002):

TDN = (−1.291 × ADF) + 101.35,

DMI = 120∕%NDF dry matter basis,

DMD = 88.9 − (0.779 × %ADF; dry matter basis) ,

IVDMD = (Initial dry matter weight

− Final undigested residue weight)

∕ (Initial dry matter weight) × 100

RFQ = (DMI, % of body weight for dairy cattle)

× (TDN, % of dry matter) ∕1.23

NEL = [1.044 − (0.0119 × %ADF)] × 2.205.

NEM = 1.37ME − 0.138ME2 + 0.0105ME3 − 1.12

NEG = 1.42ME − 0.174ME2 + 0.0122ME3 − 1.65

2.4 Calculations and statistical analysis

The number of GDDs was calculated as follows:

GDD =
∑ 𝑇max + 𝑇min

2
− 𝑇base

where GDD is equal to the sum, from planting to harvest,
of the average temperature max (Tmax) plus temperature min
(Tmin) subtracted from the base temperature for plant growth
(Tbase), which is set at 4˚C for WR. For mean temperatures
less than Tbase, GDD were assumed to be zero (Mirsky et al.,
2011).

An economic sensitivity analysis of both trials was run
(Tables S1 and S2) considering forage yield and quality in
response to the seeding rate and WR cultivar. Additionally,
the analysis considered operation costs, fixed costs, and for-
age value on the basis of RFQ. The seeding rates were 34,
56, 84, and 112 kg ha−1 in study A and 67 and 101 kg ha−1 in
study B. Guardian (normal rye) was the cultivar used for study
A, while Guardian (normal rye) and KWS PROGAS (hybrid
rye) were used for study B. The price for seeds was obtained
from local seed companies, with the average estimated value
being $0.17 kg−1 for normal rye seeds and $0.45 kg−1 for the
hybrid seeds. In the sensitivity analysis, we considered lower
and higher than average costs for seed prices of $0.08 and
$0.25 kg−1 for normal rye seeds and $0.22 and $0.68 kg−1

for hybrid rye seeds. Planting and harvesting operation costs,
excluding seed expenses and fertilization, were based on Uni-
versity of Wisconsin extension forum reports at $259.46 ha−1

(Shelley, 2022) as reported in Vaughn et al. (2024). The sen-
sitivity analysis included operation costs below $129.73 ha−1

and above $389.18 ha−1. Forage prices were also determined
from a Wisconsin extension forum report (Brathal & Cava-
dini, 2025). Forage prices were classified on the basis of RFQ
values ranging from > 151, 125-150, and 103-124. The prices
reported for these ranges were $0.11, $0.08, and $0.06 kg−1,
respectively. The sensitivity analysis included forage prices at
80% and 120% of the average prices determined per the RFQ
range above. The input costs were the planting and harvesting
operation costs, cost of seeds, and fixed costs (operation costs
excluding planting/harvesting and fertilization), and the out-
put was the price of forage (or the gross gain of forage yield
and its price on the basis of quality).

In study A, the data for the WR aboveground DM biomass
and all the quality parameters were first evaluated for normal-
ity of the residuals via the PROC univariate and Shapiro‒Wilk
tests in SAS (SAS version 9.4; SAS Institute,2015). To evalu-
ate the differences between the treatments, data were analyzed
using PROC Mixed in SAS with site-year (Years 1 and 2) and
WR seeding rates (34, 56, 84, and 112 kg ha−1) and their inter-
actions as fixed effects and blocks as random effects. When
the treatment results were significant (p ≤ 0.05), the least
square means and standard errors were determined via the
LSMEANS option in SAS PROC Mixed. In study A, regres-
sion analyses in JMP PRO16 (SAS Institute Inc., 2015) were
also used for continuous data (for example, the seeding rate
effect on the WR biomass, morphology, and quality param-
eters). In order of importance, three criteria used to choose
the best trend (model) were (a) p values (the lower the better),
(b) R2 values (the higher the better), and (c) root mean square
errors (RMSEs) (the lower the better).

In study B, all data were first evaluated for normality of
the residuals via the PROC univariate and Shapiro‒Wilk tests
in SAS. We used PROC Mixed to analyze the data with site-
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6 of 17 BAKER ET AL.

year (Years 1 and 2) and the combination of cultivar and
seeding rate (NL, NH, HL, and HH) as fixed effects, along
with their interactions. The block was a random effect. When
the treatment results were significant (p ≤ 0.05), the least
square means and standard errors were determined via the
LSMEANS option in SAS PROC Mixed. A contrast analysis
between selected treatments was run to test whether normal
versus hybrid rye or low versus high seeding rates differed.

3 RESULTS

3.1 Study A: Seeding rate

3.1.1 WR morphological traits and biomass
yield

The data collection for study A was harvested across all site-
years near the same physiological stage (stages 51–55; Zadoks
et al., 1974) to minimize maturity differences as a variable.
The WR NDVI was only affected by seeding rate treatment
(p ≤ 0.0128) and was highest at the 84 kg ha−1 seeding rate
(0.52). All other treatments had similar NDVI values (data not
shown). The LAI was similar among treatments (p ≤ 0.31),
ranging from 0.84 at the 34 kg ha−1 seeding rate to 1.01 at
the 112 kg ha−1 seeding rate (data not shown), indicating that
slight increases in LAI at higher seeding rates likely reflected
greater plant density and total biomass rather than larger indi-
vidual leaves. The plant height varied among treatments (p
≤ 0.0023); with every 10 kg increase in the seeding rate,
plant height increased by 1.16 cm (data not shown). WR DM
biomass was also only influenced by the seeding rate (p ≤

0.0095) but not by year (p ≤ 0.24) or the year × seeding rate
interaction (p ≤ 0.83). The seeding rate linearly increased the
WR biomass yield (Figure 2A). For every 10 kg increase in
the seeding rate, the DM biomass of WR increased by 0.07
Mg ha−1. Across site-years, DM yield ranged from 2.8 Mg
ha−1 at the lowest seeding rate (34 kg ha−1) to 3.4 Mg ha−1 at
the highest rate (112 kg ha−1) (Figure 2A). The consistent lin-
ear response across both years indicates that seeding rate was
the primary driver of biomass accumulation, with minimum
effect of environmental variability.

3.1.2 WR biofuel and forage quality

The WR forage and biofuel quality parameters were affected
by the seeding rate (Figure 2B,C; Tables 1 and 2). CP was
influenced by year (p ≤ 0.0114) and seeding rate (p ≤ 0.001)
but not by the interaction effect (p ≤ 0.27). The CP content
was higher in 2021 (80.6 g kg−1) than in 2022 (74.7 g kg−1).
Increasing the seeding rate linearly decreased CP, with the
34 kg ha−1 seeding rate resulting in the highest CP (85.7 g T
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F I G U R E 2 Effect of the rye seeding rate on dry matter yield (A), crude protein content (B), and in vitro dry matter digestibility (IVDMD) (C).

The dashed line indicates a linear model fitted to the mean value. The error bars represent the standard error.
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kg−1) and the 112 kg ha−1 seeding rate resulting in the low-
est CP (72.5 g kg−1). For every 10 kg increase in the seeding
rate, the CP decreased by 1.4 g kg−1. (Figure 2B). ADF (p
≤ 0.001), NDF (p ≤ 0.001), and NDFD (p ≤ 0.001) were
affected only by the seeding rate (Table 1). For every 10 kg
ha−1 increase in the seeding rate, ADF and NDF increased by
4.1 and 5.8 g kg−1, respectively, whereas NDFD decreased
by 0.6 g kg−1 (Table 1). The NEL (p ≤ 0.001), net energy
maintenance (NEM) (p ≤ 0.001), and net energy gain (NEG)
(p ≤ 0.001) were influenced only by the main effect of the
seeding rate, and all the values linearly decreased with an
increased seeding rate (Table 2). Every 10 kg ha−1 increase
in the seeding rate decreased the NEL, NEM, and NEG by
0.005, 0.007, and 0.006 Mcal kg−1, respectively (Table 2).
Unlike the net energy parameters, fat content was influenced
only by year (p ≤ 0.001) and not by the seeding rate (p ≤

0.35). The TDN (p ≤ 0.001), DMD (p ≤ 0.001), DMI (p ≤

0.001), and RFQ (p ≤ 0.001) were affected by the seeding
rate (Table 2). Increasing the seeding rate had a positive lin-
ear relationship with DMD, but a negative relationship with
TDN, DMI, and RFQ, suggesting that the quality of the forage
decreased with an increased seeding rate. Every 10 kg ha−1

increase in the seeding rate decreased DMD, TDN, DMI, and
RFQ by 0.32, 4.7, 0.2, and 2.8 g kg−1, respectively (Table
2).

Biofuel quality parameters, including lignin (p ≤ 0.001),
cellulose (p ≤ 0.001), hemicellulose (p ≤ 0.001), and holo-
cellulose (p ≤ 0.001), were influenced by the seeding rate,
whereas ash content was unaffected (p ≤ 0.26). The con-
tents of cellulose, hemicellulose, and holocellulose all linearly
increased with increasing seeding rate (Table 1). Every 10 kg
ha−1 increase in the seeding rate increased the cellulose, hemi-
cellulose, and holocellulose contents by 3.2, 1.7, and 4.9 g
kg−1, respectively (Table 1). Lignin also linearly increased
with an increasing seeding rate. Every 10 kg ha−1 increase
in the seeding rate increased lignin by 0.9 g kg−1 (Table 1).
Ash concentration in this study ranged from 32.2 g kg−1 at
the 56 kg ha−1 seeding rate to 38.1 g kg−1 at the 112 kg ha−1

seeding rate.
Among the nutrient concentrations, only P (p ≤ 0.0394)

was affected by the seeding rate. For every 10 kg ha−1 increase
in the seeding rate, the P concentration decreased by 0.01 g
kg−1 (Table S3). The concentrations of calcium (p ≤ 0.25),
K (p ≤ 0.43), and Mg (p ≤ 0.28) were similar among all
the treatments, indicating that seeding rate had no effect on
the concentrations of these nutrients in this study (Table
S3).

3.1.3 Economic analysis

In both years, lower seeding rates were generally more eco-
nomical, with the exception of the 56 kg ha−1 rate in Year
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BAKER ET AL. 9 of 17

2, which was slightly more profitable than the 34 kg ha−1 rate
(Table S1). For the 34 and 56 kg ha−1 seeding rates, high (HF)
and medium (MF) forage values under low operation costs
(LO) and all seeding cost scenarios were generally profitable.
The exceptions were MF, LO, and high seeding costs (HS) at
the 56 kg ha−1 seeding rate. The combination of HF-LO-low
seeding cost (LS) was the highest and MF-LO-HS was the
least profitable scenario. Under MF, medium operation costs
(MO), and medium seeding costs (MS), no seeding rate was
profitable for either year. As the seeding rate increased, the
seeding costs increased, and fewer scenarios were profitable.
At lower seeding rates operations had a greater negative effect
on profit, whereas at higher seeding rates the seeding cost
had a greater negative effect. In this study, ensuring LO and
seeding rates below 56 kg ha−1 provided maximum economic
benefit to growers.

3.2 Study B: Cultivar × seeding rate

3.2.1 WR morphological traits and biomass
yield

The WR NDVI was affected by year (p ≤ 0.0088) and cover
crop treatment (p ≤ 0.001) but not by their interaction (p ≤

0.17). NDVI was greater in 2021 (0.49) than in 2022 (0.40).
The normal rye plots at high and low seeding rates presented
greater NDVI values than the hybrid rye at high and low seed-
ing rates (Figure 3A). Plant height was influenced by year
(p ≤ 0.0101), cover crop treatment (p ≤ 0.001), and their
interaction (p ≤ 0.005). In 2021, hybrid rye (77.8 cm for HL
and 80.4 cm for HH) was taller than NL (60.7 cm) and NH
(66.0 cm) (Figure 3B). In 2022, all the treatments had similar
plant heights, with an average height of 55.1 cm, which was
shorter than that in 2021. LAI was similar among all the treat-
ments (p ≤ 0.45), with an average of 0.55 (data not shown).
DM biomass was affected by year (p ≤ 0.0394), cover crop
treatment (p ≤ 0.001), and year × cover crop treatment (p ≤

0.05). In 2021, HL (4.82 Mg ha−1) and HH (4.83 Mg ha−1)
had higher DM biomasses than did NH (3.68 Mg ha−1). In
2022, the DM yield of WR was similar among all the treat-
ments and ranged from 2.38 Mg ha−1 (NL) to 2.8 Mg ha−1

(HH) (Figure 3C).

3.2.2 WR biofuel and forage quality

Unlike in study A, most of the WR forage quality parameters
were not influenced by the cultivar or seeding rate (Tables
S4 and S5). ADF (p ≤ 0.047), NDF (p ≤ 0.0358), relative
feed value (RFV) (p ≤ 0.0312), RFQ (p ≤ 0.049), DMI (p ≤

0.0286), and DMD (p ≤ 0.0493) were affected by the inter-
action of year × treatment. In 2021, ADF was greater in the
hybrid rye treatments (318 g kg−1 for HL and 314 g kg−1 for

HH) than in NL (287 g kg−1) and NH (288 g kg−1). In 2022,
all treatments had similar ADF contents (Figure 4A). Simi-
larly, NDF was higher in HL (639 g kg−1) and HH (634 g
kg−1) than in NL (588 g kg−1) and NH (591 g kg−1) in
2021. Similar NDF was observed among treatments in 2022
(Figure 4B). In 2021, the RFV and RFQ were both higher in
NL (105 for RFV and 156 for RFQ) and NH (104 for RFV
and 153 for RFQ) than in HL and HH. Similar RFV and
RFQ values were recorded among the four treatments in 2022
(Figure 4C,D). In 2021, the DMI followed a similar trend as
the RFV and RFQ, with NL (20.4 g kg−1) and NH (20.3 g
kg−1) having higher DMI values than those of HL (18.8 g
kg−1) and HH (18.9 g kg−1). In 2022, all treatments had simi-
lar DMIs (Figure 4E). In 2021, DMD was lower in HL (641 g
kg−1) and HH (643 g kg−1) than in NL (665 g kg−1) and NH
(664 g kg−1). In 2022, the DMD values were similar among
all the treatments (Figure 4F).

Ash, an undesirable trait for biofuel production, was sim-
ilar among treatments (p ≤ 0.91). However, cellulose (p ≤

0.0472), hemicellulose (p ≤ 0.0481), and holocellulose (p ≤

0.0352) were influenced by the interaction of year × treat-
ment. The cellulose concentrations were higher in HL (289 g
kg−1) and HH (285 g kg−1) than in NL and NH (both 258 g
kg−1) in 2021. Similar cellulose concentrations were observed
among all treatments in 2022 (Figure 5A). Hemicellulose was
higher in HL (321 g kg−1) and HH (320 g kg−1) than in NL
(301 g kg−1) and NH (303 g kg−1) in 2021. In 2022, HL (315 g
kg−1), HH (309 g kg−1), and NH (315 g kg−1) had similar
hemicellulose concentrations that were higher than NL (300 g
kg−1) did (Figure 5B). Holocellulose was also higher in HL
(610 g kg−1) and HH (605 g kg−1) than in NL (560 g kg−1)
and NH (561 g kg−1) in 2021. In 2022, HL (618 g kg−1), HH
(605 g kg−1), and NH (615 g kg−1) had similar holocellulose
concentrations, which were higher than those of NL (596 g
kg−1) (Figure 5C). Lignin (p ≤ 0.78) was similar among treat-
ments and ranged from 29.3 g kg−1 in NL to 30.6 g kg−1 in HH
(Table S4). Nutrient concentrations, including those of Ca (p
≤ 0.11), P (p ≤ 0.77), K (p ≤ 0.77), and Mg (p ≤ 0.37), were
similar among treatments, indicating that the seeding rate or
cultivar had no effect on the concentration of these nutrients
in this study (Table S3).

3.2.3 Economic analysis

In both years (Table S2), the data indicated that normal
rye was more economical than hybrid rye was. Additionally,
lower seeding rates were more economical than higher seed-
ing rates were. For HF, LO, and LS, the HR at 67 kg ha−1

had a profit of $221.04 ha−1 and that at 101 kg ha−1 had a
profit of $185.19 ha−1, whereas normal rye at 67 kg ha−1 had
a profit of $340.87 ha−1 and that at 101 kg ha−1 had a profit of
$240.65 ha−1. In Year 1, hybrid rye yielded a profit for both
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10 of 17 BAKER ET AL.

F I G U R E 3 Effects of normal rye (NR) versus hybrid rye (HR), low (LOW), and high (HI) seeding rates on the normalized difference

vegetation index (NDVI) (A), plant height (B), and dry matter yield (C) in 2021 and 2022. The means with the same letter are not significantly

different (Tukey = 0.05).
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BAKER ET AL. 11 of 17

F I G U R E 4 Effects of normal rye (NR) versus hybrid rye (HR), low (LOW), and high (HI) seeding rates on acid detergent fiber (ADF) (A),

neutral detergent fiber (NDF) (B), relative feed value (RFV) (C), relative forage quality (RFQ) (D), dry matter intake (DMI) (E), and dry matter

digestibility (DMD) (F) in 2021 and 2022. The means with the same letter are not significantly different (Tukey = 0.05).

seeding rates if the operation cost and/or seeding rate was low
and the forage value was high. This was also true for some
medium forage values (MFs, LO, LS/MS/HS for normal rye;
MF, LO, LS/MS for hybrid; HF, MO, LS/MS/HS for normal;
and HF, MO, LS for hybrid). However, when either opera-
tion costs or seeding costs were high, profits were generally
negative. Additionally, when the seeding rates and operation
costs were average or high with only average forage value, the
profit was negative. For normal rye, there were higher prof-
its in many scenarios; however, when both the seeding rate
and operation were high or when the forage value was low
under other average or high conditions, the profits became
negative. For Year 2, it was not economical to use hybrid rye
under any scenario. For normal rye, profits were observed
under high or MFs with low operation and seeding costs or
under HF, low operation, and MS. The yield was lower in

Year 2, and the profit from the rye system declined substan-
tially with reduced yields. We suggest that forage producers
can use typical cultivars available to them to maximize their
profit.

4 DISCUSSION

4.1 Study A: Seeding rate

We hypothesized that increasing the seeding rate would
enhance biomass and lignocellulosic content, beneficial for
biofuel applications, while potentially compromising forage
quality.

Our results confirmed our hypotheses as an increase in
seeding rate linearly increased the WR aboveground biomass
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12 of 17 BAKER ET AL.

F I G U R E 5 Effects of normal rye (NR) versus hybrid rye (HR), low (LOW), and high (HI) seeding rates on cellulose (A), hemicellulose (B),

and holocellulose (C) contents in 2021 and 2022. The means with the same letter are not significantly different (Tukey = 0.05).
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production (Figure 2A). Across both site-years, seeding rate
was the primary driver of DM yield, indicating that stand
density rather than individual plant size determined total
biomass. Increasing the plant density also offers better canopy
closure, which results in efficient light interception, leading
to the production of more biomass per unit area. Although
not measured, the plants in the higher seeding rate treat-
ments (84 and 112 kg ha−1) were likely taller and perhaps
denser, while increased competition for resources such as
water, light, and nutrients pushed the plants to grow faster
and more vigorously, leading to increased biomass. Perhaps
this could be explained by the slightly later than usual plant-
ing dates (mid-October–mid-November). With less time for
WR to reach their maximum plant size, increasing the seed-
ing rate effectively increased the plant density (Mirsky et al.,
2011). Similarly, Essman et al. (2023) observed increased WR
biomass in 1 of 3 years when seeding rates were raised from 50
to 100 kg ha−1. They attributed this response to a later planting
date caused by excessive precipitation, which enhanced the
effect of higher seeding rates on biomass production. Over-
all, the literature shows variable responses of WR biomass
to increased seeding rates, highlighting the importance of
regional studies with site-specific implications. Some studies
have indicated that increasing the seeding rate could increase
the biomass of WR as a cover crop (Boyd et al., 2009; Bren-
nan & Boyd, 2012), whereas other studies have indicated that
increased rates may have little to no effect (Balkcom et al.,
2023; Crawley, 2007; Haramoto, 2019; Marcos et al., 2023;
Reed & Karsten, 2022; Ryan et al., 2011). Overall, the incon-
sistency in the response of biomass to seeding rates can often
be attributed to intraspecific competition among WR plants
(Reed & Karsten, 2022) or the inherent ability of plants to
tiller and compensate for lower seeding densities (Sadeghpour
et al., 2021). Our findings suggest a planting date–seeding
rate interaction, warranting further research on Alfisols with
claypan and fragic properties in the lower Midwest, where
such soils are understudied. Compared with the lower NDVI
readings at the 34 kg ha−1 seeding rate, the higher NDVI read-
ings at the 84 kg ha−1 seeding rate further confirmed that,
in our study, increasing the seeding rate resulted in increased
plant density and thus greater biomass. Contrary to our expec-
tations, LAI was similar across treatments, though slightly
higher at higher seeding rates, suggesting more stems than
leaves, which may reduce forage quality.

Increasing the seeding rate negatively affected the forage
quality of WR. Our results showed that CP decreased lin-
early as the seeding rate increased. This finding is supported
by the inverse relationship between biomass N concentration
in WR plants, which is consistent with results reported by
Brockmueller et al. (2023). They observed a decrease in WR
N concentration at higher seeding rates in line with our results
showing a slight decrease in N at our highest seeding rate of
112 kg ha−1 compared to lower seeding rates (34, 56, and

84 kg ha−1) (Table S3). The decline in CP is likely due to N
dilution within the WR forage (Hoogmoed & Sadras, 2018).
As biomass increases with higher seeding rates (Figure 2A),
the total N is distributed among a greater amount of plant tis-
sue, leading to a lower N concentration per unit of biomass
(Figure 2B), as previously also reported in Brockmueller et al.
(2023).

Additionally, higher seeding rates could lead to increased
plant density, which intensifies competition for light, water,
nutrients, and space (Crawley, 2007). This competition can
result in taller, thinner plants with less leaf area per plant
due to etiolation or stretching for light. This means that the
ratio of stems to leaves often increases (Poorter et al., 2012).
Compared with stems, leaves generally have greater CP and
digestibility. An increase in stem biomass at the expense
of leaf biomass leads to a lower overall quality of forage
because stems contain more lignin and cellulose, which are
less digestible (Brockmueller et al., 2023). All the desirable
forage quality parameters, including IVDMD, NDFD, NEL,
NEM, NEG, TDN, and DMI, and thus RFQ, decreased with
an increasing seeding rate because of the changes explained
above. Of particular interest is RFQ, which impacts the use of
forage for dairy farmers versus beef producers (Burkett et al.,
2024; Vaughn et al., 2022). It is often desirable to have higher
quality forage (RFQ > 151) for milking dairy cows, which
results in a higher premium price for the forage (Newman
et al., 2024; Vaughn et al., 2024). In our study, lowest seeding
rate yielded the highest RFQ at approximately 146 which is
slightly below the benchmark for high-premium quality for-
age. Perhaps slightly earlier planting in combination with N
fertilization could result in a higher leaf-to-stem ratio and thus
an RFQ higher than 151 at lower seeding rates. Similarly,
a slightly earlier harvesting date could significantly increase
RFQ but could come at the expense of losing biomass yield
(Sadeghpour et al., 2022).

Increasing the seeding rate positively influences biofuel
quality parameters, including cellulose, hemicellulose, and
holocellulose concentrations, suggesting that for biofuel pro-
duction, increasing the seeding rate is a win‒win strategy,
increasing both DM yield and quality for biofuel production
(Baker et al., 2024). These results also suggest trade-offs in
managing WR for forage to obtain maximum yield and RFQ
versus optimizing traits for biofuel production. Except for ash,
which was unaffected by the seeding rate, the other param-
eters were desirable for biofuel production. Increasing the
seeding rate could increase competition for resources, lead-
ing to a decreased leaf-to-stem ratio and resulting in increased
structural fibers (ADF and NDF), which are composed of cel-
lulose and hemicellulose. In our study, increasing the seeding
rate increased both cellulose and holocellulose concentra-
tions, which are associated with ethanol production (Huang
et al., 2009), suggesting that increasing the seeding rate offers
opportunities to increase ethanol production while increas-
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ing the biomass yield as well. However, this trend contrasts
with livestock forage objectives, where higher seeding rates
reduced CP and digestibility. Therefore, seeding rate rec-
ommendations should be aligned with end-use goals, lower
rates for livestock forage and higher rates for biofuel pro-
duction. Baker et al. (2024) reported that later seeding rates
incentivized WR to become more stem-dominated, which, in
combination with an increased seeding rate, could reduce the
forage quality but increase the cellulose concentration of the
plant. In other words, the optimization of WR as a cash crop
for biofuel or forage depends on the seeding density.

In study A, in both years, the lower seeding rates were more
economical for forage producers because, although the forage
yield was lower, they provided more desirable forage quali-
ties that had higher values, and production costs were lower
for lower seeding rates. These findings suggest that evaluat-
ing only biomass yield is not enough to make decisions on
determining the right seeding rate and that a combination of
production costs, forage yield, and quality is needed to select
the optimum seeding rate for forage production. For biofuel
quality, because increasing the seeding rate increased both
yield and quality, it could be assumed that it is worthwhile
to use higher seeding rates to ensure high yield and quality
for biofuel production.

4.2 Study B: Cultivar × seeding rate

A novel aspect of our study was to test the hypothesis that
a hybrid rye cultivar (PROGAS) would outperform an open-
pollinated WR (Guardian), which is commonly grown in the
lower US Midwest, in terms of biomass yield and forage
quality. We hypothesized that hybrid rye, due to its superior
growth characteristics such as great tillering capacity, ability
to create a dense stand, and high leaf-to-stem ratio, would
produce higher biomass with higher forage quality than the
normal rye. We also hypothesized that in soils with claypan
and fragic properties, hybrid rye could clearly outperform
normal rye due to its superior characteristics.

Studies on how hybrid rye performs in Alfisols with clay-
pans and fragic soil properties in the lower US Midwest, are
rare, making comparisons difficult with other studies. Our
results confirmed some of these hypotheses and refuted oth-
ers. We found that the performance of hybrid rye differed from
year to year compared with that of normal rye. In 2021, a
year in which planting was delayed, hybrid rye outperformed
normal rye, especially at higher seeding rates. We recorded a
lower NDVI but taller plants in hybrid rye than in normal rye,
which potentially indicates that hybrid rye grew more quickly
and established more effectively; thus, the period of hybrid
harvest in 2021 was a stage ahead of normal. This explained
the differences in forage yield, which was greater in HL and
HH than in NL, and the lower forage quality observed in that

year in HL and HH. In 2022, almost all biomass and quality
parameters were similar between the two cultivars, and while
lower seeding rates tended toward lower biomass but higher
quality, no major differences were found except for NH, which
had higher hemicellulose and holocellulose contents than NL
did, in line with the findings of study A.

Normal rye was generally more profitable, especially under
higher seeding rates and higher seeding costs. In year 2,
under lower yield conditions, rye systems were less profitable,
despite some higher forage quality indicators, and hybrid rye
was not economical. These results suggest that while hybrid
rye can buffer late planting stress, its higher seed cost limits
profitability when biomass yield or biofuel prices are modest.

4.3 Economic implications: Forage versus
biofuel systems

The profitability of WR systems ultimately depends on the
intended end-use, a pattern consistent with findings from pre-
vious reports (Baker et al., 2024; Blanco-Canqui et al., 2020;
Herbstritt et al., 2022). Due to lower input costs and better
forage quality, specifically higher CP and RFQ, which pro-
vide premium market prices, normal rye at lower seeding rates
(≤56 kg ha−1) produced the maximum economic returns for
animal forage. Higher hybrid rye seeding rates (≥84 kg ha−1)
were more advantageous for biofuel generation, as lignocellu-
losic constituents (cellulose + hemicellulose + holocellulose)
and dry-matter output increased with plant density. Although
these characteristics increased the possibility for ethanol con-
version, they also increased the cost of seeds and the reliance
on favorable feedstock prices or conversion efficiency (Igos
et al., 2016). Overall, producing WR for forage offered
consistent returns with less economic risk and was more con-
sistently lucrative under the study’s conditions. This was in
contrast with a previous report by Shao et al. (2015) who
indicated stability in economic return for WR mainly came
from ethanol production. Although producing rye for bio-
fuel can produce higher quality biomass and bioenergy, it is
more sensitive to market fluctuations and has higher input
costs as previously also reported by Igos et al. (2016). The
producer’s main goal, either producing premium feed for live-
stock systems or high-yield feedstock for biofuel businesses,
should guide management choices for cultivar and seeding
rate.

5 CONCLUSIONS

The results indicate that the seeding rate and cultivar play
important roles in maximizing farm profit for growers. For
forage production, a lower seeding rate is desirable because
it generally has higher CP and RFQ values, especially for
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dairy producers, which then compensate for potentially lower
yields. For biofuel production, increasing the seeding rate
resulted in higher yields and greater cellulose, hemicellulose,
and holocellulose concentrations with no impact on ash con-
centrations. The hybrid rye was more resilient to later planting
dates (in 2021) and outperformed the normal rye. Hybrid
rye was consistent with high production of biomass in both
years but was not superior with earlier planting (Year 2022),
indicating that if growers are able to plant early, using a typi-
cal cultivar potentially provides more net return due to lower
seed costs. Our results support that the optimal seeding rate
and cultivar selection should be purpose-specific, lower rates
(34 kg ha−1) for forage profitability and higher rates (84–
112 kg ha−1) allowing producers to balance economic and
environmental goals in WR production systems of the lower
Midwest.
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