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Abstract  Cover crops provide important agro-
ecosystem services that include reducing soil ero-
sion and nutrient losses, improving soil structure, 
and enhancing nutrient cycling. While considerable 
research has investigated biomass decomposition and 
nitrogen (N) release from cover crop residues, sig-
nificant knowledge gaps still exist, particularly related 
to the amounts and temporal release of other essen-
tial macronutrients such as phosphorus (P), potas-
sium (K), and sulfur (S). This study aimed to deter-
mine, under field conditions, the release dynamics 
of carbon (C), N, P, K, and S from cereal rye (CR, 
Secale cereale L.) residue. Preliminary results 
showed important insights regarding the rate and 
timing of nutrient release following CR termina-
tion: (i) K exhibited the fastest release (k = 0.0057), 
with ~ 68% (32.6 kg K  ha−1) of the initial K content 
released within 16 days, followed by P (k = 0.0051), 
with ~ 47% (3.1  kg P ha−1) released over the same 
period; (ii) S release rate (k = 0.0014) followed a 
similar pattern to that of C (k = 0.0014), with ~ 30% 
(1.0  kg S ha−1) released within 30  days; and (iii) C 
release was slightly faster than that of N (k = 0.0010), 

consistent with previous findings in this region. These 
findings highlight that CR could release agronomi-
cally significant quantities of K during early decom-
position, but not for P and S. Future research should 
evaluate how cover crop nutrient cycling influences 
soil nutrient availability and plant uptake, with the 
goal of informing more sustainable and site-specific 
fertilizer management strategies.
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Introduction

Cover crops are increasingly adopted in the U.S. Mid-
west as a strategy to reduce nutrient losses from tile-
drained agricultural systems (e.g., EPA et  al. 2015; 
IDALS et al. 2013; Kladivko et al. 2014). Cereal rye 
(CR, Secale cereale L.) is the most commonly grown 
cover crop in this region because of its ability to over-
winter and scavenge nutrients (Kladivko et al. 2014). 
More recently, there has been a growing interest in 
their potential to increase nutrient cycling. Cover 
crops can take up residual nutrients during the fal-
low period and release them later near the soil surface 
as their residue decomposes. This process has been 
shown to increase soil nutrient availability for cash 
crops, and therefore, has been suggested as a poten-
tial means to reduce the need for synthetic fertilizer 
application (Fageria et al. 2005; Marcillo et al. 2024). 
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While previous studies have investigated nitrogen (N) 
dynamics in cover crop systems, findings indicate that 
CR did not accumulate agronomically meaningful 
amounts of N and decomposed slowly (Lacey et  al. 
2020; Singh et  al. 2020; Sievers and Cook 2018). 
Moreover, although previous studies have reported 
nutrient release dynamics of macronutrients such as 
phosphorus (P), potassium (K), and sulfur (S) from 
other cover crop species (e.g., Dantas et  al. 2023; 
Hansen et  al. 2021; Rodríguez-Lizana et  al. 2020), 
there is little empirical evidence on the amount and 
temporal release of such macronutrients from CR res-
idue measured simultaneously under field conditions. 
This limits our overall understanding of nutrient 
cycling and constrains our ability to predict its mag-
nitude in CR cover crop-based systems in the U.S. 
Midwest. Understanding these processes is critical for 
optimizing nutrient management and improving the 
sustainability of cropping systems in this region.

To address this gap, we conducted a field experi-
ment to determine the release dynamics of carbon 
(C), N, P, K, and S from CR residue. The experi-
ment was conducted during the 2023 growing sea-
son at the University of Illinois Dudley Smith Farm 
in Christian County, Illinois, U.S. (39°27’ N, 89°6’ 
W). A detailed site description is available in Preza 
Fontes et al. (2019). Briefly, the region has a temper-
ate climate with a 30-year (1991–2020) average tem-
perature of 12.3 °C and average cumulative rainfall of 
1,083 mm. The predominant soil is a Virden silty clay 
loam (fine, smectitic, mesic Vertic Argiaquolls) (Web 
Soil Survey, 2018). Weather data was recorded using 
an on-site meteorological station (HOBO® RX3000, 
Onset Computer Co.).

The site was in a strip-till continuous corn (Zea 
mays L.) cropping system between 2018 and 2021 
and was converted to a corn-soybean (Glycine max L. 
Merr) rotation in 2022. Three cover crop treatments 
were imposed after soybean harvest in the fall of 2022 
and arranged in a randomized complete block design 
with four replications. Treatments included CR as a 

winter grass, balansa clover (Trifolium michelianum), 
and bayou kale (Brassica oleracea) + balansa clover 
mixture, plus a no cover crop control. Cover crops 
were no-till drilled on 9 November 2022 in 19-cm 
rows at a 67 kg ha−1 for CR and 12 kg ha−1 for each 
of the other cover crops. However, the combination 
of cold temperatures and late planting prevented the 
establishment of the balansa clover and bayou kale. 
Only CR produced biomass in spring of 2023, and 
thus, the focus of this study.

The CR was chemically terminated with glypho-
sate (1.29 kg a.i. ha−1) on 24 April 2023. Prior to ter-
mination, aboveground biomass (AB) was randomly 
collected from a 1-m2 area at five locations in each 
plot. Samples were dried at 50 °C, ground (< 2 mm), 
and analyzed for C, N, P, K, and S concentrations by 
A&L Great Lakes Laboratories (Fort Wayne, IN, US). 
Additional AB for litterbag creation was collected 
from each plot, mixed, and a target weigh of 40 g of 
fresh AB was placed into each mesh bag (20 × 30 cm, 
1-mm nylon mesh). Forty grams of material was the 
estimated amount to ensure enough biomass samples 
were present until the last sampling date (144  days; 
before corn harvest). This amount corresponded to 
1,829  kg  ha⁻1 of AB dry matter (Table  1). Sixteen 
bags were laid on the soil surface where the AB was 
removed, and stacked in duplicates between two corn 
rows in each CR plot. Two bags per plot were col-
lected at each of eight sampling times: 0, 16, 30, 50, 
73, 91, 130, and 144 (corn harvest) days after CR ter-
mination. The samples were gently rinsed with deion-
ized water and processed and analyzed as described 
above. The corn was planted with 76-cm row spacing 
at a rate of 86,500 seeds ha−1 on 1 May 2023.

The percentage of biomass (BR) and nutrient 
remaining (NR) was calculated as:

where Xt is the BR or NR at time t, and X0 is the 
initial amount at termination. The proportions of 

(1)BRorNR = 100 × Xt∕X0

Table 1   Average cereal rye cover crop aboveground biomass (± standard error of the mean) and nutrient composition (concentration 
and content) in the initial litterbags in 2023. C = carbon; N = nitrogen; P = phosphorus; K = potassium; S = sulfur

Biomass
kg ha−1

C N P K S C N P K S C/N ratio C/S ratio
g kg−1 kg ha−1

1,829 (59) 400 22.4 3.6 26.3 1.8 731 (25) 40.7 (1.1) 6.7 (0.3) 48.0 (1.4) 3.3 (0.1) 18:1 222:1
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CR biomass and NR were modeled as a function of 
decomposition degree days (DDD), calculated by 
summing the daily mean temperatures above 0 °C 
(Honeycutt et  al. 1988; Ruffo & Bollero 2003). The 
BR and NR were analyzed by fitting a three-parame-
ter single exponential decay model in SigmaPlot v15 
(Grafiti LLC):

where M(t) is the percent biomass or nutrient content 
remaining at time t (expressed in DDD) as a func-
tion of the estimated asymptote (M0), the y-intercept 
(a), and the  decay constant (k). Model fit was evalu-
ated using the coefficient of determination (R2) and 
root-mean square error (RMSE). Overall, exponential 
decay models provided an excellent fit to the pro-
portions of BR and NR as a function of  cumulative 
DDD, with R2 > 0.88 and RMSE < 8.22% (Table 2).

It is well documented that biomass decomposition 
rates are largely influenced by soil moisture, temper-
ature, and the quantity and quality of plant residues 
(i.e., C/N ratio) (Berg & McClaugherty 2014; Thapa 
et al. 2022). During the 2023 growing season, weather 
conditions were drier and warmer than normal. From 
May to September, average air temperatures were 0.3 
to 1.6  °C above normal, and total precipitation was 
320 mm compared to the 30-year average of 486 mm. 
The CR biomass had an initial C/N ratio of 18:1, 
resulting in a decay constant of k = 0.0018 (Table 2). 
The model predicted that 69% of AB remained at 510 
DDD (30  days after termination) (Fig.  1A). By the 
end of the growing season (144  days after termina-
tion), 49% (846 kg ha⁻1) of the CR biomass remained 
undecomposed. Similar to our study, Singh et  al. 
(2020) found that 30–40% of CR biomass remained 

(2)M(t) = M
0
+ a × exp−kt

undecomposed after 70  days in a 2-year field trial 
in southern Illinois, while Poffenbarger et  al. (2015) 
reported 35–65% residue remaining after 115-125 
days in Iowa trials, highlighting the persistence of CR 
residues under varying environmental conditions.

Our results provide important insights regarding 
the rate and timing of nutrient release following CR 
termination. First, we found that K exhibited the fast-
est rate of nutrient release (k = 0.0057), followed by P 
(k = 0.0051) (Table 2; Fig. 1C). The models predicted 
that ~ 68% (32.6 kg K ha−1) of the initial K and ~ 47% 
(3.1 kg P ha−1) of the initial P were released at 239 
DDD (16  days) (Fig.  1D). By the end of the sea-
son, ~ 9% of the K and 33% of the P remained in the 
residue (Fig. 1C). These findings are consistent with 
Dantas et al. (2023), who reported a faster K release 
than P from legume cover crop species. Oltmans & 
Mallarino (2015) also observed fast K release from 
soybean residue after physiological maturity. This 
rapid release of K can be attributed to its nature in 
plant tissue, which remains as an ion (K+) rather than 
being metabolized into organic forms, and thus easily 
leaches from decomposing tissue (Jones et al. 1979).

Second, our results showed that S release followed 
a similar pattern to that of C, and to a lesser extent, 
to N (Table  2; Fig.  1C). The model predicted that 
only ~ 56% (1.8 kg S ha−1) of the initial S content was 
released by the end of the growing season (144 days), 
with ~ 30% (1.0  kg S ha−1) released within 30  days 
(510 DDD) (Fig.  1D). Given that N and S metabo-
lism in plants are closely linked—S is required for 
amino acid synthesis, which are building blocks for 
protein—the similar release patterns are not surpris-
ing (Ingenbleek & Young 2004). Our findings provide 
essential field-level evidence of S release from cover 

Table 2   Parameter 
estimates and model 
fitness for the proportion 
of biomass and nutrient 
remaining of cereal rye 
during the 2023 growing 
season at the University of 
Illinois Dudley Smith Farm, 
Christian County, Illinois, 
U.S. (n = 8)
† Adjusted R2; RMSE = root 
mean square error; 
*Unitless

Biomass and 
nutrient remain-
ing

Model parameter estimates and standard error (SE) Model fit†

M0 SE a SE k SE R2 RMSE

Biomass 48.86 3.20 50.41 5.36 0.0018 0.0005 0.9252 5.19
C 23.88 2.91 74.53 4.07 0.0014 0.0002 0.9796 3.93
N 38.14 4.86 62.08 5.20 0.0010 0.0002 0.9590 4.55
P 32.95 3.68 66.16 8.90 0.0051 0.0018 0.8843 8.22
K 8.81 2.16 90.72 5.32 0.0057 0.0009 0.9763 4.91
S 43.29 2.73 55.09 3.86 0.0014 0.0003 0.9666 3.73
C/N ratio* 10.07 0.80 7.52 0.87 0.0010 0.0003 0.9238 0.76
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crops,which is rarely measured or reported in litter-
bag experiments.

Third, C was released slightly faster than N, with 
decay constants of k = 0.0014 for C and k = 0.0010 for 
N (Table 2; Fig. 1C). This pattern is consistent with 
Lacey et al. (2020), who reported similar trends under 
no-till systems in this region. The faster C release is 
likely driven by microbial stoichiometry and metabo-
lism, as microbes require more C than N for respira-
tion and biomass synthesis (Berg & McClaugherty 
2014). Consequently, microbes rapidly consume 
available C early in the decomposition process, result-
ing in an initial spike in nutrient release (Zhang et al. 
2008).

As noted above, many factors interact to influence 
biomass decomposition, including biomass quantity 

and quality, and soil and weather conditions, and 
thus different locations and years would have differ-
ent impacts on nutrient release than those reported 
here, We also acknowledge that definitive conclusions 
cannot be drawn based on one year of data, and thus, 
our preliminary data are interpreted with the goal of 
providing novel insights into nutrient release dynam-
ics from CR residue, highlighting its potential role in 
nutrient cycling and management. Specifically, we 
found that CR could supply agronomically meaning-
ful amounts of K to subsequent cash crops, whereas 
the quantities of P and S released were minimal and 
likely insufficient to meet crop demands. This dis-
tinction is particularly relevant given the volatility in 
fertilizer prices after the 2020 global COVID-19 pan-
demic, which is driving interest in alternative nutrient 

Fig. 1   Percentage of aboveground biomass (A), carbon to 
nitrogen (C/N) ratio (B), and nutrient (C) remaining in litterb-
ags during the 2023 growing season. Each point represents the 
mean of eight replicates; error bars indicate the standard error 

of the mean. Panel D shows the cumulative release of nutrients 
over the same period. Numbers in panels A and B indicate the 
number of days after cereal rye termination (DAT)
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sources. Still, it is important to highlight that not 
all nutrient released from the CR cover crop will be 
available or taken up by the next cash crop, given the 
complexity of nutrient cycling in the soil. Building on 
this work, future research should evaluate how cover 
crop nutrient cycling influences soil nutrient avail-
ability and plant uptake, with the goal of informing 
more sustainable and site-specific fertilizer manage-
ment strategies.
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