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Abstract: Cover crops (CCs) offer ecosystem benefits, yet their impact on subsequent crop yields varies

with climate, soil, and management practices. Using the Decision Support System for Agrotechnology

Transfer (DSSAT) at the University of Nebraska-Lincoln’s Eastern Nebraska Research, Education,

and Extension Center (ENREEC), we identified optimal cereal rye management strategies focusing

on planting, termination, and the intervals between CC termination and corn planting. Results

showed minimal impact of CC management variations on corn yield, underscoring corn’s resilience to

management changes. Delayed planting notably decreased CC biomass, nitrogen uptake, and biomass

nitrogen content on average by 8.8%, 11%, and 9.2% for every five-day delay from 25 September.

Every 5-day increase in the interval between CC termination and corn planting reduced biomass by

19.3%. Conversely, each 5-day delay in CC termination from 10 September to 10 October increased

biomass by 30%, enhancing SOC accumulation. SOC changes over the 30-year simulation ranged

from 5.8% to 7.7%, peaking with late May terminations. The earliest termination showed the highest

nitrogen content in biomass (3.4%), with the lowest (0.69%) in mid-May. Our results demonstrate that

strategic CC management supports soil health without negatively impacting corn yield in Eastern

Nebraska, providing valuable insights for farmers and practitioners aiming to implement sustainable

CC practices while preserving crop productivity.

Keywords: crop modeling; cover crops; cereal rye; DSSAT; ecosystem services

1. Introduction

In the pursuit of sustainable and resilient agricultural systems, the integration of
cover crops has become increasingly recognized for its potential to enhance soil health and
optimize crop productivity [1–6]. Cereal rye (Secale cereale L.), due to its robust adaptability,
has emerged as a popular choice within Nebraska’s corn production framework, prized
for its straightforward fall establishment, resilience over winter, and vigorous growth in
early spring [7,8]. However, to harness the full spectrum of benefits from cereal rye and
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minimize the negative impact on main crop yield, it is crucial to understand and apply
management practices specifically tailored to local conditions.

The impact of CC planting date is one such critical aspect under examination. Sev-
eral studies (e.g., [9–13]) have demonstrated how planting dates can influence biomass
accumulation and the subsequent soil water and nitrogen dynamics, thereby affecting the
following main crop’s performance. By optimizing planting dates, farmers can maximize
the ecological benefits rendered by CCs without compromising the yield of subsequent
main crops. Equally important is the determination of the optimal CC termination date
that directly influences the amount of biomass produced and its subsequent effects on
soil properties and main crop yields. Several studies (e.g., [14–16]) have underscored the
balance between maximizing CC growth for soil benefits while ensuring THAT it does
not adversely impact the subsequent main crop through excessive soil moisture depletion
or nutrient competition with delayed termination. Similarly, the interval between CC
termination and main crop planting is another critical element shaping the effectiveness
of cover cropping approaches and their influence on the subsequent crop’s yield. The
length of this interval not only affects the availability of soil moisture, essential for the
germination and early growth of the main crop, but also impacts key agricultural factors
such as nutrient cycling, the regulation of soil temperature, and the management of pests
and weed populations [17].

Although the cited studies underscore the significance of CC planting date, termina-
tion date, and termination-planting interval on cover cropping outcomes and their impact
on the main crop, it is noteworthy that their findings exhibit variability, underscoring
the premise that optimal CC management practices necessarily differ across contrasting
environments influenced by distinct climate, soil, and related factors [15]. This variability
highlights the critical need for region-specific research to tailor CC management strategies
that accommodate the unique environmental conditions of a given area. Although field ex-
periments stand as the gold standard for agricultural research, they are not always feasible
for exploring all potential scenarios due to constraints such as high costs, extensive time
requirements, and the practical challenges of replicating diverse environmental conditions.
In this context, integrating field experiments with crop simulation models serves as an
effective tool to optimize CC management strategies. By simulating diverse environmental
and management scenarios, this approach not only aims to maximize the benefits of CCs
but also minimizes their impact on main crop productivity. Furthermore, crop simulation
models are particularly useful, as they facilitate the understanding of mechanistic pathways
in cover cropping outcomes by simulating intermediate variables that are typically difficult
to measure in field experiments. These experiments often focus only on final variables such
as cash crop yield and cover crop biomass, thereby limiting mechanistic insights.

Several studies (e.g., [15,18–22]) have validated the potential use of crop simulation
models to dissect the dynamics between CCs and main crops. However, these studies
are very few and limited in both technical (i.e., covering only specific aspects of cover
cropping) and geographic scope. Thus, much remains to be researched to fully understand
and optimize these systems to be an integral part of CC decision-making. Consequently,
this study employs the Decision Support System for Agrotechnology Transfer (DSSAT, [23])
crop modeling system to explore three key areas within CC management: the planting
date, termination date, and the interval between CC termination and corn planting. This
investigation is conducted at ENREEC (Figure 1). Furthermore, this study aims to demon-
strate how crop simulation modeling can ideally complement traditional field experiments,
providing a robust method for identifying optimal management practices for cereal rye CC
within corn production systems.
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Figure 1. (a) Location of the study site, and (b) monthly climatology of rainfall (mm), minimum and

maximum temperature (◦C) climatology at the site based on 30-year (1991–2020) data from Mead

station (Station ID: MEAD 4S; 41◦10′12′′ N, 96◦28′12′′ W).

2. Data and Methods

2.1. Crop Models (and Cultivars)

The CERES-Maize and CERES-Wheat crop models in DSSAT version 4.7 were used to
simulate corn and cereal rye growth, respectively. These models are dynamic simulation
models that operate on a daily time step to predict crop growth in response to weather,
soil, and management strategies. In this study, previously calibrated and validated cultivar-
specific parameters for 111-day maturity corn hybrid (i.e., P1197) and Elbon cereal rye
variety were used [18]. Model calibration/validation for P1197 was undertaken using
grain yield, unit kernel weight, kernel number, and emergence date, while for the Elbon
cereal rye variety, biomass and biomass N content data collected from 10 sites across the
United States were used. For further details on calibration/validation statistics and final
cultivar-specific parameters for P1197 corn hybrid and Elbon cereal variety, see [18].

DSSAT generates simulation outputs for crop growth and dynamic soil parameters
on daily timescales as well as aggregated values at the season’s end for both CC and the
main crop. This study focused on a select subset of parameters to evaluate the effects of
management practices on crop outcomes and soil health. For cover crops, we examined
biomass at termination, biomass nitrogen content, and growth stage; these parameters
were critical in assessing the impacts of delayed termination on nitrogen dynamics in the
soil, including total soil net mineralization and immobilization during the corn growing
season. Furthermore, CC growth stage and canopy height at termination were used to
assess termination efficiency, which is strongly influenced by these parameters. For corn,
yield at harvest maturity was considered alongside determinants such as unit kernel weight,
kernel number per cob, and the duration of the grain-filling phase, which are crucial for
understanding the implications of shifts in climatic conditions due to delayed cover crop
termination. Total SOC changes were analyzed over a 30-year simulation period to capture
the long-term effects of different termination dates on SOC accumulation. Soil moisture
within the top 56 cm at corn planting was also studied to understand the impact of the
intervals between CC termination and corn planting on soil moisture availability.

2.2. Crop Model Input Data

The crop model simulations were conducted under a rainfed continuous corn cropping
system with (CC) and without (NCC) winter cereal rye cover crop at ENREEC, Mead, NE.
The simulations cover the period 1991–2020. Soil profile data for the site were collected from
the National Cooperative Soil Survey Soil Characterization database (https://ncsslabdat
amart.sc.egov.usda.gov/ (accessed on 10 May 2023)). The soil series at the site was Tomek
silt loam (fine, smectitic, mesic Pachic Argiudolls), and data were available to a depth of 140
cm. Historical daily weather data for an on-site station (Figure 1) at ENREEC were acquired
from the Nebraska State Climate Office’s Nebraska Mesonet (https://mesonet.unl.edu/
(accessed on 10 May 2023)). The weather data include daily records of total solar radiation
incident on the top of the crop canopy (SRAD), maximum (TMAX) and minimum (TMIN)
air temperature, precipitation (PREC), wind speed, and relative humidity.

https://ncsslabdatamart.sc.egov.usda.gov/
https://ncsslabdatamart.sc.egov.usda.gov/
https://mesonet.unl.edu/
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2.3. Agronomic Management Scenarios

For all simulations, corn was planted using a “no-till planter” at a depth of 5 cm,
76 cm row spacing, and at a rate of 6.5 plants m−2. Corn was fertilized using equally split
applications of 75 N kg ha−1 anhydrous ammonia at planting and 75 N kg ha−1 30 days
after planting (i.e., an approximate time when corn is at the V8 stage) at a depth of 10 cm.
Cereal rye was planted after corn harvest using a “no-till drill” at a depth of 3 cm and a
rate of 300 seeds m−2. No fertilizer was applied to the CC.

2.3.1. Cover Crop Planting Date

To assess the impact of fall planting date on CC performance and corn yield, simu-
lations were run for six planting dates immediately after corn harvest (i.e., 25 September,
30 September, 5 October, 10 October, 15 October, and 20 October). All six simulations
had the same CC termination date (i.e., 1 May), corn planting date (i.e., 11 May), and
other agronomic management, such as seeding rate, planting depth, fertilizer amount, and
application time.

2.3.2. Cover Crop Termination-Corn Planting Interval

The impact of the length of the interval between CC termination and corn planting
was assessed for the 11 May corn planting. The intervals considered were 1-, 5-, 10-,15-, and
20-days before 11 May (i.e., 21 April, 26 April, 1 May, 6 May, and 10 May termination dates).

2.3.3. Cover Crop Termination Date

We tested 15 different termination dates with 5-day intervals starting on 22 March and
ending on 31 May. Corn planting for these 15 termination dates was moved accordingly
while keeping the 10-day intervals between termination and respective corn planting dates.
Termination dates were compared and evaluated based on corn yield, CC biomass, CC
growth stage, and CC biomass nitrogen content averaged over a 30-year simulation period
(1991–2020).

2.4. Statistical Analysis

To determine if the differences in corn yield, cover crop biomass, and other parameters
across the six CC planting dates, fifteen termination dates, and five termination-planting
intervals were statistically significant, a one-way Analysis of Variance (ANOVA) was
initially conducted. ANOVA is suitable for comparing means across multiple groups
simultaneously and is appropriate for identifying if at least one group mean significantly
differs from the others in scenarios involving more than two groups. Upon obtaining a
significant result from the ANOVA, a Tukey’s Honestly Significant Difference (HSD) test
was performed as a post hoc analysis. Tukey’s HSD test was used to conduct pairwise
comparisons between group means to specifically identify which means differ from each
other while controlling for the Type I error rate associated with multiple comparisons. To
assess the impact of CC on subsequent corn yield, paired t-tests were conducted for each
interval (i.e., 1 day, 5 days, 10 days, 15 days, 20 days) comparing yields between fields with
(CC) and without a cover crop (NCC). This approach was chosen to isolate the effect of the
cover crop on corn yield by directly comparing the treated and control conditions at each
specified termination interval.

3. Result and Discussion

3.1. Cover Crop Planting Date

The overall performance and winter survival of fall-established CCs is strongly af-
fected by the planting date [24]. Planting cereal rye early in the fall led to increased biomass
production, primarily attributed to a longer growing period, allowing for better estab-
lishment before winter dormancy (Figure 2). The earliest (latest) CC planting date of 25
September (20 October) resulted in the highest (lowest) simulated biomass of 1.92 Mg ha−1

(1.202 Mg ha−1), a 37.4% reduction in biomass with 25-day delay in planting date (p < 0.05).
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For every 5-day delay in planting, CC biomass was reduced on average by 8.8%, with
reductions being more pronounced for later planting dates. Several studies (e.g., [24–27])
have documented the impact of different fall planting dates on CC biomass production.
For example, in Michigan, [26] found that planting hairy vetch (Vicia villosa L.)—a cereal
rye CC mix—in late August to early September increased biomass production by 54–65%
compared to planting in mid-September. Similar increases in biomass production were
observed by [24,27]. Ref. [28] found 29, 51, 69, and 79% declines in cereal rye biomass for
1-, 2-, 3-, and 4-week delays from the critical planting date (mid-August to early October)
in Massachusetts.

Figure 2. Corn yield (Mg[Dry] ha−1), CC biomass (Mg[Dry] ha−1), CC N uptake (kg[N] ha−1), and

CC biomass N content (kg ha−1) for six different planting dates. The bars represent mean values with

standard error bars indicating variability within each planting date. Letters above the bars denote

significant differences between dates as determined by Tukey’s HSD test, where different letters

indicate statistically significant differences (p < 0.05).

The reduction in CC biomass due to delayed planting was associated with a signif-
icant reduction in N uptake and biomass N content (Figure 2), which in turn will affect
N lost through leaching and N availability for the following crop from the decomposing
cover crop [10]. Total N uptake by CC showed a gradual reduction with delayed planting
with an average reduction of 11% (2.2 Kg N ha−1) for every 5-day delay in planting date
starting from 25 September. The earliest planting date (i.e., 25 September) resulted in
24.3 kg N ha−1, while the latest date had an average N uptake of 13.4 kg N ha−1. Conse-
quently, above ground biomass N content at termination followed a similar pattern to N
uptake. The earliest (latest) planting date had the highest biomass N content of 17.3 kg
(10.6 kg) with an average reduction of 9.2% for every 5-day delay in planting date.

Compared to the effects on CC biomass, the impact of the CC planting date on
subsequent corn yield was marginal and did not achieve statistical significance (p > 0.05)
(Figure 2). The maximum yield difference noted across varied planting dates, particularly
between 25 September and 20 October, was 0.238 Mg ha−1. Additionally, each five-day
postponement in CC planting correlated with a modest average yield increase of 0.65%.
This minimal yield fluctuation for earlier planting dates could potentially be attributed to
premature harvest instances. Specifically, simulation data indicated that corn harvested
prematurely—before attaining full maturity—occurred in 6, 4, and 2 out of 30 years for
25 September, 30 September, and 5 October planting dates respectively, compared to only
once across 30 years for planting dates of 10, 15, and 20 October. This indicates that while
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yield differences were not statistically significant, early harvesting due to earlier cover crop
planting can pose a risk to corn yield.

3.2. Termination-Planting Interval

Corn Yield

The impact of different termination-planting intervals on corn yield and CC biomass is
illustrated in Figure 3 for the 11 May corn planting date. There was a significant reduction
in CC biomass with increasing the termination-planting interval, with 0.952 Mg ha−1

and 2.256 Mg ha−1 for 20- and 1-day intervals, respectively. For every 5-day increase in
the interval, CC biomass was reduced by an average of 19.3% (0.33 Mg ha−1). This was
expected, as longer intervals between CC termination and corn planting resulted in earlier
termination of the rye, allowing less time for rye growth and biomass accumulation.

Figure 3. Corn yield (kg[Dry]/ha) and cover crop biomass (kg[Dry]/ha) for five different intervals

between cover crop termination and corn planting dates (NCC-corn yield for simulations without

cover crop).

However, differences in yield between intervals were minimal. Although the long-
term average corn yield exhibited a slight progressive increase from 1- to 20-day intervals,
these differences were not statistically significant (p < 0.05). The largest difference between
intervals (i.e., 20-day vs. 1-day) was only 0.325 Mg ha−1. This is in agreement with the
USDA Natural Resources Conservation Service (NRCS) Cover Crop Termination Guidelines
([29]) that recommend terminating CC at or before planting the main crop. Similarly, other
studies (e.g., [30,31]) on termination-planting interval have also found little to no negative
effect on corn productivity with shorter intervals. However, [30] reported an increased
risk of root disease with shorter intervals, which is beyond the capabilities of the modeling
system used in this study. The minimal differences in yield suggest that the timing of
termination, within the range of days studied, was not a critical factor for corn yield under
the conditions simulated.

The rate of increase in yield changed with the intervals, starting at 1.45% when moving
from a 1-day to a 5-day interval, then slightly decreasing to 1.43% from a 5-day to a 10-day
interval. This increasing rate diminished further to 0.69% from a 10-day to a 15-day interval
and slightly rose again to 0.86% from a 15-day to a 20-day interval. The diminishing rate of
yield gain could suggest that while there are benefits to extending the termination interval,
these benefits may have diminishing returns as the interval lengthens. This might be due to
a plateauing effect where the initial changes in termination timing have a more pronounced
impact on yield, but as the CC is terminated earlier and earlier, the additional benefits to
the corn yield become less significant.

We conducted a regression analysis to quantitatively assess the relationship between
yield changes at specified intervals using annual percentage changes in yield between
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intervals of 1 day and 5 days, 5 days and 10 days, 10 days and 15 days, and 15 days and
20 days over a 30-year period. The analysis aimed to determine the statistical significance
and strength of relationships between earlier interval changes and their impacts on sub-
sequent intervals. The regression model (R² = 0.614) revealed that approximately 61.4%
of the variability in the yield changes between the 15-day and 20-day intervals could be
explained by the changes in earlier intervals. Specifically, changes between the 10-day and
15-day intervals demonstrated a strong and statistically significant positive relationship
with changes between the 15-day and 20-day intervals (coefficient = 0.912, p < 0.001), indi-
cating a robust influence on yield outcomes. Visual inspection of the scatter plots (Figure 4)
reinforced these findings, with changes between the 10-day and 15-day intervals showing
a clear positive trend, suggesting that increases in this interval significantly impact the
yield changes in the subsequent interval. In contrast, changes between the 1-day and 5-day
intervals did not show a significant influence on the yield changes in the 15-day to 20-day
interval, consistent with its non-significant statistical indicator in the regression analysis.
The results underscore the importance of strategic CC termination timing, particularly
highlighting the interval between 10 days and 15 days as critical for influencing subsequent
yield outcomes. These insights suggest that management practices should focus on op-
timizing conditions during this interval to potentially enhance yields. Additionally, the
variability in yield responses across different intervals indicates that adaptive management
strategies, responsive to annual and situational conditions, may be necessary to maximize
the yield benefits.

Figure 4. Relationship between CC termination corn planting interval changes and subsequent corn

yield changes, (a) change from 1-day to 5-day vs. 15-day to 20-day yield change, (b) change from

5-day to 10-day vs. 15-day to 20-day yield change, and (c) change from 10-day to 15-day vs. 15-day

to 20-day yield change.

The corn yields for the five intervals were further compared with respective simula-
tions without cover crop (NCC). The NCC yield was consistently higher than CC across all
intervals, with differences increasing in magnitude with the shortening of the termination-
planting interval (Figure 3). However, the differences between CC and NCC yields were
small (ranging from 0.23 Mg ha−1 (3%) for the 20-day interval to 0.56 Mg ha−1 (7.2%) for
the 1-day interval) and statistically insignificant (p < 0.05), suggesting that the use of CC,
regardless of termination timing, has a minimal negative impact on corn yield. This could
be interpreted as evidence of the successful integration of cover cropping into the corn
production system with negligible yield penalties at the study site.

The evaluation of corn yield in relation to the interval between CC termination and
corn planting, stratified by seasonal rainfall conditions, presents nuanced insights. The
division of the 30-year seasonal rainfall into three categories, below normal (BN), near
normal (NN), and above normal (AN), helps contextualize yield responses under varying
moisture regimes (Figure 5). Contrary to initial assumptions, the analysis revealed a non-
linear relationship between the intervals and corn yield across different rainfall scenarios.
Under BN conditions, yield did not consistently decrease with shorter intervals, challenging
the expectation that reduced intervals would exacerbate moisture deficits. Notably, the
20-day interval under NN conditions demonstrated the highest yield, which diminishes
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progressively towards the shorter intervals, a trend aligning with the conventional wisdom
that adequate moisture availability coupled with longer intervals may enhance yield.
However, this pattern does not hold uniformly across all scenarios, indicating that other
factors beyond soil moisture may influence yield outcomes. In AN years, the interval length
had minimal impact on yields, suggesting that in periods of ample rainfall, the CC water
consumption has negligible effects on the subsequent corn crop. These findings suggest
a degree of flexibility in the timing of CC termination, which could prove beneficial for
farmers navigating variable weather conditions. Importantly, while the intervals appear to
have some effect on yield, particularly in NN conditions, the overall minimal differences
across intervals and rainfall categories underscore that the strategic length interval can
be balanced with other agronomic and environmental benefits provided by CCs without
resulting in significant yield penalties.

Figure 5. Corn yield (kg/ha) for five different intervals disaggregated by rainfall during the cover

crop growing season.

The lack of significant yield differences between termination-planting intervals could
be related to several factors such as soil moisture, availability of nitrogen, and soil tempera-
ture directly or indirectly related to CC management practices [32]. To explore the minor
variations in corn yield between different intervals, we analyzed the volumetric water
content at corn planting within the top 56 cm of the soil profile (Figure 6). The simulation re-
sults confirmed our initial hypothesis: soil moisture declines as the termination-to-planting
interval decreases. Notably, the 20-day interval displayed the highest moisture at all depths,
diminishing as intervals reduced to 1 day, suggesting decreased moisture is a consequence
of shorter intervals due to continued water uptake by an active CC. Although these differ-
ences in soil moisture were not statistically significant, they highlight an important trend
that longer intervals may be beneficial for maintaining soil moisture at the time of corn
planting, particularly during relatively drier years.

On the other hand, the lack of a statistically significant difference in soil moisture
between intervals might be explained by the increased organic matter from greater biomass
accumulation in shorter intervals. The considerable biomass generated when the CC
is terminated closer to corn planting can improve soil structure, increase porosity, and
enhance moisture retention, offsetting potential moisture deficits from shorter termination
intervals. Therefore, the similar soil moisture levels across intervals may result from
the beneficial effects of organic matter on soil hydrological properties, mitigating the
expected differences due to CC water usage. Several studies, (e.g., [33–35]) underscore
the transformative role of soil organic carbon (SOC) from cover crops in enhancing soil
physical properties. These studies have documented how increases in SOC improve
macroaggregation, reduce soil compaction risks, and elevate water retention capabilities.
Consequently, these improvements stabilize soil moisture levels across different cover crop
management practices, despite variations in biomass. This is particularly relevant, as our
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findings suggest that considerable biomass generated when the CC is terminated closer to
corn planting can enhance soil structure, increase porosity, and boost moisture retention,
effectively mitigating potential moisture deficits from shorter termination intervals. These
enhancements contribute to maintaining consistent soil moisture levels, supporting the
notion that strategic cover crop management can profoundly influence the soil hydrological
properties without adversely affecting corn yield. This insight aligns with the concept
that while soil moisture is crucial for corn growth, specific management practices of cover
crops can significantly influence these dynamics without adversely affecting corn yield. By
enhancing soil physical properties through increased SOC as demonstrated in these studies,
the optimal management of cover crops can ensure effective soil moisture conservation.
These results provide valuable guidance on the management of cover crops to enhance soil
health and water dynamics, thereby supporting sustainable agricultural practices without
compromising yield.

Figure 6. Volumetric water content at corn planting for top 56 cm of soil profile for five different

intervals between cover crop termination and corn planting.

3.3. Cover Crop Termination Date

3.3.1. Corn Yield

The comprehensive evaluation of long-term average corn yields across 15 distinct
CC termination dates reveals a yield spectrum ranging from 6.86 Mg ha−1 for a 31 May
termination to a peak of 7.49 Mg ha−1 for an 26 April termination (Figure 7). This variation
underscores a critical insight: the timing of CC termination exerts a minimal influence on
corn yield, with the most notable yield discrepancy among simulations being a modest
0.64 Mg ha−1. Contrary to initial expectations, early termination dates did not uniformly
translate to enhanced yields. Instead, yields exhibit relative stability across early termina-
tion dates (22 March to 16 April), peak around 26 April, and then demonstrated a mild
decline thereafter. This observed variation in yields, with notable increases for terminations
in late April, can likely be linked to the favorable climatic conditions prevalent in May. This
period is marked by warmer temperatures and higher levels of rainfall, conditions that are
advantageous for the early growth stages of corn and facilitate the replenishment of soil
moisture that may have been depleted by the cover crop. However, corn yields began to
decline for terminations after 6 May.

The yield pattern was partly the result of the complex interaction between CC termi-
nation and corn yield determinants such as unit kernel weight, kernel number per cob, and
grain-filling duration, which are tied to climatic conditions. The delay in CC termination
resulted in a significant shift in the average onset of the corn grain-filling period from
19 July for the earliest termination gradually to 27 August for the latest termination date.
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The long-maturing corn variety used in this study (with a CRM of 111 days) and the local
climatology characterized by decreasing rainfall from June to October and a temperature
peak in July (Figure 1) suggest a narrowing window for optimal grain development with
a delayed corn planting date. The shift to cooler temperatures and reduced rainfall in
September and October can potentially stress the plants, resulting in altering the duration
of the grain-filling period and the kernel number and weight. The length of the grain-filling
period increased significantly from 37.3 to 45.8 days; the number of kernels per cob de-
creased from 425 to 372, while the unit kernel weight increased from 0.245 g to 0.302 g for
the earliest and latest termination dates, respectively.

Figure 7. Long-term average (1991–2020) CC biomass, CC biomass N content, and corn yield for

different CC termination dates. Yield CC and Yield NCC represent corn yield with and without a

cover crop, respectively. For all simulations, corn was planted 10 days after CC termination.

Despite the above observed pattern, yield differences among the termination dates
studied did not reach statistical significance (p < 0.05), affirming the minimal impact of CC
termination timing on corn yield. However, a comparative analysis between cover crop
(CC) and no cover crop (NCC) simulations indicated a slight yield decrement attributable
to CC, ranging from approximately 0.11 Mg ha−1 (1.5%) for 1 April termination to about
0.48 Mg ha−1 (6.4%) for 16 May termination date (p < 0.05). This reduction in yield remained
below 0.15 Mg ha−1 until 16 April and became more pronounced (>0.4 Mg ha−1) after
the 1 May termination date. This may suggest the increased negative impacts of CCs as
they progressed to later growth stages, potentially depleting critical resources such as soil
moisture and nitrogen to a degree that adversely affected corn yield.

Choosing a termination date based solely on corn yield considerations, the 26 April
termination with a yield of 7.5 Mg ha−1 might seem marginally preferable. Nonetheless,
the yield advantage over the 1 and 6 May was very small (<0.25 Mg ha−1), while CC
biomass increased by 0.30 Mg ha−1 and 0.64 Mg ha−1 for these dates compared to 26 April.
The observed increase in CC biomass with similar grain yield indicated that extending the
termination date to 1 May or 6 May may offer an optimal balance, maximizing both yield
efficiency and biomass accumulation.

To optimize cover cropping with an emphasis on maximizing biomass, it is crucial to
tailor management strategies that address the potential reductions in corn yield stemming
from delayed development, especially when grain filling occurs under less than ideal
conditions. For instance, in scenarios where the CC termination date is 31 May, postponing
the corn harvest date by ten and twenty days from 10 October, has been observed to enhance
corn yield by 5.5% and 6.9%. Nevertheless, these increases in yield come at a significant
cost of respective 13.4% and 25.6% reductions in CC biomass. Thus, while extending the
harvest period can bolster yield, it requires a careful consideration of the trade-off with CC
biomass production.
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3.3.2. Cover Crop Biomass

The long-term average CC biomass, as expected, showed a steady rise from 0.113 Mg ha−1

for 22 March termination to 3.9 Mg ha−1 by the 31 May termination, a trend that was
statistically significant (p < 0.05) (Figure 7). Notably, biomass accumulation accelerated by
an average of 30% with each five-day postponement in termination, exhibiting pronounced
surges of approximately 50% in late March and moderating to about 10% by the end of May.
This pattern reflects a rapid uptick in biomass growth from the end of February into early
March, likely spurred by the transition to warmer and more humid conditions following
winter dormancy.

The accumulation of CC biomass is intrinsically linked to its ecological benefits, with
increased biomass from delayed termination poised to influence various environmental
parameters. Chief among these is the build-up of Soil Organic Carbon (SOC)—a cornerstone
of soil health and fertility. The total SOC at the end of the 30-year simulation period showed
a clear trend: as CC biomass increased, there was a corresponding build-up in SOC,
reaching its zenith when the termination date was set at May 16. The change in total
SOC ranged from 5.8% for late march termination to 7.7% for late May termination dates
(Figure 8). The highest SOC was recorded for the May 16 termination despite the total
biomass (sum of corn and CC biomass) reaching its peak for the May 31 termination date
suggests plateauing effect as the season progresses. This might indicate that while CC
biomass contributes to SOC, the interplay with corn biomass and its residue as well as
climate factors such as rainfall and temperature also play a crucial role in carbon dynamics.
Adequate moisture and favorable temperatures not only enhance biomass production
through improved photosynthesis and growth rates but also influence the decomposition
rate of plant residues, which in turn affects SOC accumulation. The growth stage of the
cereal rye at termination is equally important. As rye matures, the carbon to nitrogen
ratio of its biomass increases, potentially slowing down the decomposition process and
extending the period over which carbon is sequestered in the soil.

Therefore, while the 16 May termination leverages the vigorous growth phase of cereal
rye, maximizing nitrogen content and contributing to SOC, the subsequent slight declines in
SOC despite increased total biomass could be attributed to shifts in the C:N ratio and altered
residue decomposition rates under evolving late-spring climatic conditions. This interplay
suggests that the maximum SOC build-up is achieved not merely by biomass quantity but
also by the quality and decomposition characteristics of the biomass, modulated by the
growth stage and prevailing weather patterns [36,37].

Figure 8. Total soil organic carbon (SOC) in soil profile at the end of 30-year simulation period (bars),

30-year average cover crop (dashed line with square marker), and corn (circle markers) and total

biomass (dashed line) for 15 termination dates.
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3.3.3. Cover Crop Biomass Quality

The timing of CC termination influences the amount of nitrogen uptake by cereal
rye, as well as the subsequent nitrogen released through CC decomposition, which in
turn determines nitrogen uptake by the cash crop. Analysis of the CC growth stage for
each termination date showed that CC progressed further into its later growth stages with
each 5-day delay in termination (Figure 9). The CC growth stage ranged from “beginning
of tillering stage” (20 in zodok scale) for 22 March to “past early dough stage” (84 in
zodok scale) for 31 May termination. Consequently, CC biomass N content decreased
consistently with each successive 5-day delay in termination. The earliest termination date,
22 March, yielded the highest N content of 3.35% in CC biomass, while the lowest N content,
0.69%, corresponded to a mid-May termination date (Figure 7). This trend, a decrease in N
concentration with advancing shoot growth and maturity, corroborates the findings from
other research on winter cereal crops [3,38]. As a consequence, later termination dates result
in a higher carbon to nitrogen (C:N) ratio, influencing the rate at which nitrogen is released
from decomposing CC residues and subsequently available for corn uptake.

Seasonal patterns of cumulative net nitrogen mineralization, examined from cover crop
termination through to corn harvest, reveal the implications of the diminishing nitrogen
content (increasing C:N ratio) in CC biomass (Figure 10). Interestingly, despite a marginal
uptick in biomass N percentage for late-May termination dates, net mineralization exhibited a
marked increase, suggesting that abiotic factors such as soil temperature and moisture, perhaps
coupled with the heightened microbial activity associated with warmer conditions, can
enhance nitrogen mineralization, offsetting the effects of lower biomass nitrogen content [39].

Figure 9. Cover crop growth stage (Zadoks scale) and canopy height (cm) for different termina-

tion dates.

Figure 10. Cover crop above ground biomass N content (%) at termination and net mineralization in

a season (kg N/ha).
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3.4. Termination Efficiency

In this analysis, our exploration into the dynamics of cover crop termination in no-till
systems is primarily informed by secondary data sources. The crop simulation modeling
system applied in our study does not directly offer metrics related to termination efficiency.
Consequently, we rely on secondary datasets, particularly those detailing growth stage and
canopy height at various termination dates, alongside established recommended practices,
to infer termination efficiency across different scenarios. The efficiency of herbicide termi-
nation—the most common technique in no-till systems—is significantly influenced by the
growth stage of the CC at the time of herbicide application [40].

In this simulation study, average growth stage by the time of termination showed that
on average, for 6 May and subsequent termination dates, CC has consistently reached or
surpassed the heading (≥50 Zadoks stage) or flowering stages (≥60 Zadoks stage). For
optimal control, it is generally recommended to apply herbicides before the CC begins its
reproductive growth, as mature CCs present a greater challenge for herbicidal control [41].
Consequently, termination dates beyond early May might be less suitable due to the
increased risk of diminished herbicide efficiency and potential regrowth.

Despite the conventional consensus that terminating cereal rye before the end of the
boot stage is the best practice, there are instances where high herbicide efficiency has been
observed during the heading stage. For example, Ref. [42] found that cereal rye cover crops
could be controlled with 98% efficiency using glyphosate (N-(phosphonomethyl) glycine),
administered when the rye was approximately 99 cm tall and transitioning between the
boot and heading stages. Thus, while 1 May is typically recommended to avoid reduced
termination efficiency and prevent competition with the subsequent corn crop, on-field
studies suggest the 6 May termination, where the CC on average reached the early heading
stage, could still be viable, albeit with specific considerations.

3.5. Practical Considerations in the Use of Simulation Outputs

The employment of DSSAT models in our study highlights the critical need for a
nuanced approach to simulation-based research. While significant attention has been given
to the input data and management practices representative of the study site, it is essential
to consider both the limitations and the critical factors that enhance the reliability and
applicability of model outputs when using these simulations for decision-making.

3.5.1. Model Calibration and Validation

Our models were previously calibrated and validated using data collected from sev-
eral sites across the US, which included a diverse range of management practices, soil
characteristics, and historical weather patterns. However, further validation against a new
set of observed field data is crucial not only to affirm the models’ capability to simulate
realistic agricultural outcomes but also to continually update and refine model parameters
to maintain accuracy, thus bolstering their utility for strategic decision-making. It should
also be noted that this study only considered one long-maturing corn hybrid with a CRM
of 111 days (i.e., P1197) and one cereal rye variety (i.e., Elbon). Employing different corn
hybrids with varying CRMs or distinct genetic traits, as well as exploring different cover
crop species or cereal rye varieties other than Elbon, can significantly alter the outcomes
of cover cropping and its impacts on subsequent corn production. Thus, future research
should consider these variables to broaden the understanding of CC benefits across a wider
range of agricultural scenarios.

3.5.2. Addressing Uncertainties in Simulation Inputs

Accurate simulation outcomes depend heavily on the reliability of input data. Strate-
gies to mitigate uncertainties in key inputs such as soil characteristics, weather data, and
management practices are crucial for enhancing the validity of model predictions. Although
our study utilized the best available soil data with several parameters representing soil
physical and chemical properties at different depths, these datasets were collected several
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years ago. Some soil parameters are dynamic and may not accurately represent the actual
conditions at the time of simulation. Therefore, initiating models with the most recent
soil testing data whenever possible is advantageous. Moreover, incorporating sufficient
’spin-up’ time within the simulation process allows the model to reach equilibrium based
on the initial conditions, thus enhancing the reliability of the simulation outcomes. Another
significant source of variability in simulation models stems from the management practices.
Practices such as crop and variety selection, planting and harvest dates, and fertilizer
application rates introduce uncertainties. In this study, these management practices were
uniformly applied throughout the entire simulation period. However, in real-world sce-
narios, farmers often adjust these practices annually in response to climatic variability.
Recognizing the implications of such static assumptions is crucial for interpreting the
outcomes of cover cropping strategies. Simulating a range of management scenarios can
help identify robust outcomes across different strategies and highlight sensitive parameters
crucial for informing adaptive and resilient agricultural practices.

3.5.3. Integration with Other Data Sources

To enhance decision-making, model outputs should be integrated with other reliable
data sources, such as local weather forecasts, soil health assessments, and crop condition
reports. This holistic approach helps in forming a more accurate assessment of the situation
and planning appropriate management strategies.

4. Conclusions

Optimal cover crop management in Eastern Nebraska and elsewhere hinges on achiev-
ing a balance between maximizing cover crop benefits and minimizing negative impacts
on the subsequent cash crop. This study examined three crucial cover crop management
practices: CC planting date, CC termination-to-corn planting interval, and CC termination
date. Our findings indicate that variations in these management practices did not signifi-
cantly affect corn yield, demonstrating the adaptability of corn production under diverse
cover crop scenarios.

Specifically, delayed CC planting resulted in an average reduction in biomass of
8.8% for each five-day delay beyond 25 September, emphasizing the importance of timely
planting for optimal biomass production. Moreover, extending the interval between CC
termination and corn planting led to a noticeable average reduction in CC biomass by 19.3%
(0.33 Mg ha−1) for every five-day extension in the interval, suggesting that longer intervals
can significantly influence biomass dynamics while enhancing soil moisture conservation.
Testing 15 different CC termination dates from 22 March to 31 May indicated that the
optimal termination for balancing corn yield and soil benefits occurs approximately on
26 April. Extending CC growth slightly into early May proved to be a viable compromise,
effectively maintaining corn yield while enhancing soil benefits. This finding underscores
the significance of strategic termination timing, particularly in late April, for optimizing
both sustainability and productivity within the farming system.

The results of this study are particularly relevant for farmers and agronomists seek-
ing to optimize cover crop strategies in corn–soybean rotations. The early planting of
cover crops is crucial for maximizing biomass production, which in turn can improve
soil structure and fertility. The findings suggest that managing the timing of cover crop
termination can significantly impact soil moisture levels, with later terminations allow-
ing greater moisture retention which is beneficial during the planting of the subsequent
cash crop. By adhering to an optimal termination date around late April, practitioners
can ensure that soil health is bolstered without sacrificing the yield of the following corn
crop. Additionally, while these guidelines provide a strong foundation, local agronomists
should be consulted to tailor these strategies to specific field conditions, ensuring that
management practices align with local soil types, weather patterns, and specific farming
objectives. These strategies not only contribute to better crop performance but also enhance
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sustainable agricultural practices by improving soil organic matter and reducing the need
for additional water inputs.

Continued research is encouraged to explore the long-term effects of different cover
crop management strategies on both soil health and crop productivity across varied climatic
conditions. Advances in crop simulation models, like the DSSAT used in this study, will
continue to be crucial in predicting outcomes under different scenarios and can help in fine-
tuning cover crop management for various environmental settings. This study is part of a
larger initiative aimed at developing a cover crop decision support system designed to be
easily accessible and user friendly for farmers. Such a tool will integrate the insights gained
from our research and others, providing tailored recommendations that help farmers make
informed decisions about cover crop management based on specific local conditions.

Additionally, integrating economic analyses into future studies will assess the cost-
effectiveness of different cover crop strategies, ensuring that the recommended practices
are not only agronomically sound but also economically viable. By including farmer experi-
ences and field-level data, future research could offer a more comprehensive understanding
of the practical challenges and benefits associated with cover cropping. This holistic ap-
proach will continue to support the development of sustainable agricultural practices that
meet both ecological and production goals, ultimately benefiting farmers globally.
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