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Abstract: Cover cropping is vital for soil health. Timing and method of termination are major factors
influencing the agroecological benefits of cover crops. Delay in the termination of cover crops results
in greater biomass production. Likewise, incorporation of cover crops during termination often
speeds residue mineralization compared to no-till systems. We used four termination strategies for a
late-terminated winter rye–legume mix (in tilled and no-till systems) and four N application rates in
the succeeding sweet corn crop to examine how cover crop termination affected N response in sweet
corn as well as the independent effects of N application rate and cover crop termination method.
The experiment was conducted using a randomized complete block design with four replications.
Increasing N fertilization up to 144 kg N ha−1 promoted yield and quality in sweet corn as well as
summer weed growth. The cover crop termination method did not affect sweet corn response to N
fertilizer. This suggests that when rye is terminated late in the spring before planting cash crops, the
incorporation of its residues may not greatly affect the soil N dynamics. This indicates that decisions
to incorporate rye residues may be taken by farmers with an eye mainly towards management issues
such as weed control, environmental impacts, and soil health.

Keywords: cover crop termination; sweet corn; winter rye; N management; no-till production; ear
quality indices; residue management; weed biomass

1. Introduction

Integrating cover cropping into farming systems is vital for soil health and often
contributes to agricultural productivity. Depending on species and time of planting, cover
crops can provide a variety of agroecological benefits, including enhanced biodiversity,
protecting the soil from erosion, and improving soil structure [1,2]. Agronomically, cover
crops increase N availability, nutrient cycling, and overall productivity [3,4].

Timing and method of termination of cover crops are major factors influencing the
agroecological benefits of cover crops [5]. Termination timing of cover crops not only affects
the amount of biomass but also influences the nutrient content of the residues [6]. This
is especially true for fast-growing cover crops in late spring. When winter grain cover
crops are terminated early, their residues decompose faster due to lower C:N ratios [7,8].
However, early termination limits the amount of biomass and thus ecological services of
cover crops. Conversely, delaying termination results in higher cover crop biomass, but
the residues have a higher C:N ratio which slows down the decomposition of residues and
promotes competition between the succeeding plant roots and microbial community for
acquiring N from the soil. [9–11].

Traditionally, cover crops are terminated either by tillage, herbicides, or their combina-
tion, which can be detrimental to soil health [12,13]. The physical disturbance of soil ruins
the channels created by cover crop roots, breaks the soil aggregates, increases soil erosion,
disturbs the soil microbial ecosystem, and increases C loss to the atmosphere [14–16]. Miner-
alization of incorporated cover crop residue is often faster in comparison to no-till systems
where cover crop residues are left on the soil surface [4,17]. The slower decomposition may
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support the soil microbial community over a longer timescale [18] and may provide a better
synchrony between the N needs of crops and their growth stage [19]. In late termination,
cover crops continue absorbing N from the soil, thus reducing the N availability to the
following crops [20,21].

In selecting cover crop termination method, weed control should also be considered.
In conventional tillage systems and cover crop termination, weeds are often controlled
chemically or with multiple rototilling. However, significant barriers exist to weed control
in no-till systems and more so in organic operations [22]. More recently, roller crimpers
have been used for the termination of cover crops, especially winter grains, in no-till
systems. This controls the weed populations because it creates a thick and even residue
mulch [23–25].

The rate of cover crop decomposition is influenced by cover crop maturity, particle
size, C:N, and its placement in the soil [10,26]. Higher reactive surface area leads to
higher microbial activity and decomposition rate. Mowing and tillage break up cover crop
residues and incorporate them in the soil. This could increase the microbial accessibility
of the residues, the rate of decomposition, and subsequent mineralization of nutrients.
Conversely, in no-till systems, the residues remain on the soil as a surface mulch, potentially
slowing down the rate of decomposition and nutrient mineralization [26].

Sweet corn (Zea mays convar. saccharata var. rugosa) is one of the major vegetables
grown in New England, generating more than 23 million dollars annually [27]. However,
traditional production of sweet corn requires using large amounts of herbicides and appli-
cation of relatively high amount of N fertilizer [28]. Furthermore, the quality of a sweet
corn ear is highly sensitive to N availability; thus, a winter rye (Secale cereale L.) cover
crop is typically terminated early with residues incorporated into the soil to promote N
availability. We hypothesized that the late termination of a winter rye–legume cover crop
by using roller crimper or mowing and leaving residues on the surface can reduce the N
application need of the succeeding sweet corn and the use of herbicides.

To address this hypothesis, this study sought to quantify the effect of different cover
crop termination strategies on subsequent sweet corn growth and ear quality. Different
N application rates were used as a way to investigate the impact of these termination
strategies on N availability during the cash crop growing season. The results of the current
study will provide a more thorough understanding of the effect of late terminated rye
management on N availability of subsequent cash crops and could allow farmers to better
match their N fertilizer inputs to cash crop needs.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted at the University of Massachusetts Research Farm in
South Deerfield (4230.7524′28◦′′ N and 7210.4892′35◦′′ W) from fall 2019 to summer 2021.
The soil at the farm is characterized as Winooski silt loam (coarse-silty, mixed, superactive,
mesic Fluvaquentic Dystrudepts) [29]. An initial base soil test for the current nutrient
level was taken on late summer 2019 prior to cover crop planting. The top 15 cm of soil
was analyzed and amended with mineral nutrients as recommended by the University of
Massachusetts Soil and Plant Nutrient Testing Laboratory (Amherst, MA, USA) for sweet
corn. Following tillage and mineral amendment, two seasons of winter rye/legume cover
crop followed by summer sweet corn were grown. During the course of the experiment,
irrigation was only used during sweet corn transplantation and was not used to counteract
periods of drought during the growing season.

2.2. Field Management and Measurements

In this experiment, we used four termination strategies for the winter rye–legume mix
and application of four N fertilization rates in the succeeding sweet corn to examine the
weed status, N uptake, ear yield, and ear quality grown after a late terminated winter rye.
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On 9 September 2019, 112 kg ha−1 Aroostook winter rye and 11.2 kg ha−1 Marathon
red clover (Trifolium pratense L.) were planted across the entire field site using a 3P606NT
Great Plains no-till drill with 19 cm between rows. The following spring, the field was
divided into a split-plot randomized complete block design with four replications. Cover
crop termination was the main plot, and N fertilizer rate was the subplot. Main plots were
24.4 m by 2.28 m and consisted of four 6.1 m by 2.28 m subplots.

The cover crop termination treatments were: (1) cultivation and disk tillage (CDT):
termination of cover crops mechanically and in-season mechanical cultivation for weed
control; (2) herbicide application and disk tillage (HDT): termination of cover crops by
glyphosate, incorporating residues into the soil, and using herbicides for in-season weed
control; (3) herbicide application and no-till (HNT): termination by glyphosate, no residue
incorporation but mowing the standing cover crop residues, and no further herbicide for
weed control; (4) use of roller crimper no-till (RCNT): termination by roller crimper, no
residue incorporation, and no herbicide application for in-season weed control.

The N fertilizer application rates were proportional reductions from the recommended
rate of 144 kg ha−1 for the region [30]. The N application rates to sweet corn included
0, 33, 67, and 100 percent of the recommended rates corresponding to 0, 48, 96, and
144 kg ha−1, respectively. The source of N was urea (46% N). Plots were maintained in
the same locations for the duration of the experiment in both 2020 and 2021, and all plots
received even application of P and K fertilizers to meet sweet corn needs. The source of
P was triple superphosphate (45% P2O5), while K was supplied as potassium chloride
(60% K2O).

The cover crops were terminated on 28 May 2020 and 27 May 2021 when rye was
at 50% flowering stage. CDT plots were mowed and rototilled; RCNT plots were roller
crimped; HDT and HNT plots were sprayed with glyphosate (1.12 kg a.i. ha−1). On 4 June
2020 and 3 June 2021, HNT plots were mowed, and HDT and CDT plots were tilled to
complete field preparation for planting.

The intention had been to plant sweet corn immediately following field preparation.
Unfortunately, there were two complications in June of 2020 which led to delay in corn
planting. Initially, sweet corn was directly seeded on 8 June 2020 as planned. However,
drought conditions led to the almost complete death of corn seedlings throughout the
experiment. Since a short-season sweet corn variety (Xtra-Tender 20173) was used, the sweet
corn was replanted on 7 July 2020 from seedlings started in the greenhouse. CDT and HDT
plots were rototilled before transplanting to eliminate weeds which had sprouted during
the month of June. The second complication was that the red clover was inadequately
controlled by the roller crimper termination treatment. The sweet corn seedlings were not
able to compete with vigorously growing red clover, and these plots were abandoned in
2020 in the interest of suppressing the red clover ahead of the 2021 sweet corn season. The
red clover was killed using glyphosate (1.12 kg a.i. ha−1) on 11 August 2020. Thus, in 2020,
only three termination treatments (CDT, HDT, and HNT) were included in this study with
RCNT added in 2021.

To account for the issue of red clover persistence, the cover crop mixture was changed
from rye and red clover planted in 2019 to rye and field peas (Pisum sativum L.), and
123 kg ha−1 Aroostook rye and 73 kg ha−1 4010 forage peas were planted on 22 September
2020, using the same 3P606NT Great Plains no-till drill with 19 cm between the rows. Due
to these differences between the production in years 2020 and 2021, the data from each year
were statistically analyzed separately.

The delay in transplanting in 2020 means that the dates associated with the sweet corn
production were offset between 2020 and 2021 since the management activities depended
on sweet corn growth and development rather than calendar date. Sweet corn was started
in the greenhouse on 30 June 2020 and 27 May 2021 and transplanted on 7 July 2020 and
7 June 2021. The sweet corn was transplanted in rows 76 cm apart with 15 cm between
plants in each row. Starter N fertilizer was applied several days after transplanting; a
sidedress N fertilizer was applied at the V5 growth stage on 28 July 2020 and 30 June 2021.
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The sweet corn harvest was conducted on 16 September 2020 and 20 August 2021 at the
milk stage. All measurements were taken from a 3 m section of the center (of three) rows in
each plot, corresponding to 2.3 m2 area.

During the season SPAD chlorophyll was measured before side-dressing fertilization,
during flowering, and immediately before harvest on 27 July, 18 August, and 15 September
2020 and 29 June, 24 July, and 18 August 2021. SPAD readings were measured halfway be-
tween the tip and collar of the uppermost exposed leaf and an average from three randomly
selected plants per plot was recorded [31,32].

Soil samples from the top 30 cm were collected before sidedress fertilization fertilizer.
Additionally, soil samples from the top 30 cm were collected after harvest in 2021 on
27 August.

In season weed control was performed before sidedress fertilization on 27 July 2020
and 6 July 2021. A multivator was used to cultivate between corn rows in CDT plots,
and 2, 4–Dichlorophenoxyacetic acid (0.53 kg a.i. ha−1) was sprayed on HDT plots. No
weed control was performed in either RCNT or HNT plots, as weed control in these
treatments relied solely on mulching from cover crop residue. Weed biomass was measured
immediately after sweet corn harvest on 18 September 2020 and 24 August 2021.

At harvest, all corn plants were cut at ground level from the 3 m row section in each
plot. The fresh biomass of whole sweet corn plants and marketable ears was measured,
and two randomly selected plants and ears were dried to calculate dry sweet corn biomass.
Agronomic N use efficiency was calculated as the difference between each plot’s dry ear
biomass and the corresponding 0 N plot divided by the amount of N fertilizer added. Mean
ear fresh weight was calculated from the total fresh weight and the number of ears per plot.

Before setting aside ears for drying as part of both the whole plant and ear samples,
the quality metrics of the fresh sweet corn, including ear length, circumference, and grain
fill (as a percentage of total ear length) were measured.

2.3. Laboratory Analysis

Soil samples from before sidedress fertilization and after harvest in 2021 were dried
for lab analysis. The extractable inorganic nitrate was measured from all treatments
using the Flow Injection Analysis (FIA) method where soil samples were extracted with
calcium chloride solution for colorimetric determination of nitrate [33]. The extracts were
analyzed for nitrite using cadmium reduction using an Auto-analyzer with Flow Injection
Analysis, [34]. Dried samples of whole corn plant and cover crop samples were ground to
1 mm and analyzed for N content with near infrared reflectance (NIR) spectroscopy using
InfoStar Software version 3.10.0 on a Model 2400 RTW SpectraStar from Unity Scientific,
LLC. (Milford, MA, USA).

2.4. Statistical Analysis

The data were analyzed using the lme4 [35], emmeans [36], and MuMIn [37] packages
of the R statistical software [38]. Each year was analyzed separately with explanatory effects
of block as a random variable, cover crop termination as a discrete fixed variable, and N
fertilization rate as a continuous fixed variable. The response variables were analyzed
using linear mixed effect models with both main effects and their interaction tested at a
significance level of p ≤ 0.05. Where the overall effects were significant, Tukey’s HSD
adjusted t tests were used to make pairwise comparisons between cover crop termination
methods, and orthogonal polynomial regression was used for analyzing the effect of N
fertilization and the interaction between termination and N rate.

3. Results
3.1. Weather Conditions

The temperature during the course of the experiment was fairly typical for the norm
of the area (Table 1). Precipitation was more variable with the summer of 2020 being dryer
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than normal and the summer of 2021 being wetter. In each season, the total departure from
the norm was approximately ten percent of annual total precipitation (Table 1).

Table 1. Weather Data for the University of Massachusetts Agricultural Research Farm, South
Deerfield, MA.

Year Month Avg Temp
(◦C)

Departure
from avg.*

Max Temp
(◦C)

Departure
from avg.

Min Temp
(◦C)

Departure
from avg.

Total
Precipitation

(cm)

Departure
from avg.

2019 September 16.5 −0.9 31.3 −0.1 3.5 0.7 4.2 −7.1
October 11.3 0.7 25.3 −0.9 −0.4 3.5 13.6 0.6

November 2.2 −2.3 21.0 0.2 −9.5 0.0 6.7 −1.4
December −1.5 −0.6 10.6 −4.4 −15.7 0.1 12.1 1.4

2020 January −0.6 3.7 20.6 7.8 −16.2 4.8 5.8 −1.7
February −0.4 2.8 16.0 1.9 −15.3 3.9 8.5 0.5

March 4.9 3.4 22.6 4.1 −9.4 4.7 9.5 1.3
April 7.2 −1.1 18.8 −8.9 −3.7 1.3 12.4 2.6
May 14.5 0.1 29.4 −1.7 −0.7 0.0 5.6 −3.7
June 20.9 1.7 33.3 0.4 3.5 −1.7 4.4 −7.9
July 23.9 1.5 34.5 0.2 14.9 4.6 6.9 −3.5

August 22.1 0.6 34.8 1.8 9.1 0.8 9.1 −1.1
September 17.4 0.0 28.7 −2.7 1.7 −1.0 7.6 −3.8

October 11.0 0.4 25.3 −0.9 −4.0 0.0 12.7 −0.3
November 6.3 1.8 24.8 3.9 −6.8 2.7 12.6 4.6
December 0.7 1.6 16.8 1.7 −16.9 −1.0 8.2 −2.5

2021 January −2.3 2.0 6.7 −6.1 −18.6 2.4 5.1 −2.4
February −2.5 0.7 11.8 −2.4 −15.1 4.1 4.8 −3.3

March 4.0 2.4 23.9 5.4 −11.5 2.6 5.1 −3.2
April 9.6 1.4 25.5 −2.2 −4.5 0.5 13.0 3.2
May 14.7 0.3 33.5 2.4 3.0 3.7 11.8 2.5
June 21.6 2.4 35.9 3.0 7.7 2.6 5.5 −6.7
July 20.9 −1.5 32.0 −2.3 9.5 −0.8 27.5 17.0

August 22.8 1.4 34.2 1.2 11.6 3.3 10.3 0.1

* Weather averages are based on the years 2001–2020 in Amherst MA, 11 km from the research site.

3.2. 2020 Yield and Weed Growth

The cover crop termination method influenced total biomass, ear dry weight, and weed
biomass in sweet corn (Table 2, Figure 1). In 2020, the highest total biomass was obtained
in plots where cover crops were terminated chemically, and the no-till system was used for
planting sweet corn (HNT). The no-till system chemically terminated cover crop treatment
(HNT) produced approximately 28% higher ear dry weight than the tilled chemical system
(HDT). Interestingly, the late season weedy condition in the no-till chemical terminated
cover crops plots had no effect on final ear weight (Table 2, Figure 2).

Averaged over cover crop termination methods, sweet corn biomass, total ear dry and
fresh yield (Figure 3), and the number of ears per unit area (Figure 4) increased linearly
as the N application rate in sweet corn increased (Table 2). For each kg N applied, whole
plant dry biomass increased by 15 kg ha−1 while fresh ear yield increased by 51 kg ha−1,
and dry ear biomass increased by 14 kg ha−1 (Figure 3).

In 2020, ear characteristics, including average ear weight, ear length, ear diameter,
and percent ear tip fill (as an indication of ear quality) were not significantly affected by
cover crop termination methods (Table 3). However, ear components of sweet corn were
improved linearly as the N application rate increased (Table 3). For example, average ear
length and ear diameter increased by 15% and 13%, respectively when N was applied at
the recommended application rate. Meanwhile, ears that received the recommended N rate
had 22% fewer unfilled ear tips (Figure 5). Weed biomass increased with N application in
glyphosate terminated methods (HNT and HDT) but not following conventional tillage
and cultivation to control weeds (CDT) (Table 2, Figure 6).
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Table 2. Mean sweet corn yield and weed biomass following different cover crop terminations and N fertilizer rates in South Deerfield, MA.

Cover Crop
Termination Method

N Rate
(kg ha−1)

Total Dry Sweet Corn
Biomass (t ha−1)

Fresh Ear Yield
(t ha−1)

Dry Ear Yield
(t ha−1)

Number of Ears
(1000s ha−1)

Weed Biomass
(t ha−1)

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

Conventional 0 4.48 3.44 10.21 7.33 2.21 1.62 61.35 52.74 0.25 1.72
Disk Tillage 48 5.10 6.23 9.84 14.76 2.45 3.67 49.51 68.89 0.21 1.85

96 5.57 7.07 11.35 18.63 2.70 4.46 52.74 73.19 0.34 2.30
144 6.63 7.54 15.16 20.05 3.66 4.84 72.12 68.89 0.45 2.70

Glyphosate + 0 4.03 2.85 7.33 2.81 0.86 0.32 40.90 32.29 0.22 3.63
Disk Tillage 48 4.78 3.43 8.34 3.43 1.64 0.68 48.44 30.14 0.43 3.81

96 5.75 3.55 9.96 5.62 2.25 1.28 58.13 36.60 0.48 5.20
144 6.21 4.71 14.53 10.98 3.00 2.25 75.35 62.43 0.80 5.69

Glyphosate + 0 5.17 2.59 7.80 2.09 1.39 0.37 45.21 26.91 0.43 3.23
No-till 48 6.39 3.57 10.44 2.79 1.93 0.59 61.35 23.68 0.40 4.36

96 6.53 5.21 15.48 10.34 3.62 2.44 75.35 53.82 0.88 4.40
144 7.35 5.35 17.61 12.65 3.79 2.75 80.73 59.20 1.16 4.56

Roller Crimper 0 – 3.04 – 4.05 – 0.79 – 38.75 – 2.51
No-till 48 – 5.21 – 9.44 – 2.17 – 50.59 – 2.30

96 – 5.97 – 14.41 – 3.17 – 63.51 – 3.70
144 – 6.28 – 17.48 – 4.18 – 65.66 – 3.45

Termination Method

Conventional Disk Tillage 5.44 b 6.07 11.64 15.19 a 2.75 a 3.65 a 58.93 65.93 a 0.31 b 2.14 b
Glyphosate + Disk Tillage 5.19 b 3.64 10.04 5.71 c 1.94 b 1.13 c 55.70 40.36 c 0.48 b 4.58 a

Glyphosate + No-till 6.36 a 4.18 12.83 6.97 c 2.68 a 1.54 c 65.66 40.90 c 0.72 a 4.14 a
Roller Crimper No-till – 5.12 – 11.35 b – 2.58 b – 54.63 a – 2.99 b
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Table 2. Cont.

Cover Crop
Termination Method

N Rate
(kg ha−1)

Total Dry Sweet Corn
Biomass (t ha−1)

Fresh Ear Yield
(t ha−1)

Dry Ear Yield
(t ha−1)

Number of Ears
(1000s ha−1)

Weed Biomass
(t ha−1)

2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

N Rate

0 4.56 2.98 8.45 4.07 1.49 0.78 49.16 37.67 0.30 2.77
48 5.42 4.61 9.54 7.61 2.00 1.78 53.10 43.32 0.35 3.08
96 5.95 5.45 12.27 12.25 2.86 2.84 62.07 56.78 0.57 3.90
144 6.73 5.97 15.77 15.29 3.48 3.50 76.06 64.05 0.80 4.10

Trend L *** L *** L *** L *** L *** L *** L *** L *** L *** L *

Effect Significance

Termination Method * ns ns *** * *** ns *** *** *
N Rate *** *** *** *** *** *** *** *** *** ***
Termination x N Rate ns ns ns ns ns ns ns ns * ns

Note: *, p ≤ 0.05; ***, p ≤ 0.001; ns, non-significant; L, linear regression trend component. N rate trend significance assessed using orthagonal polynomial comparisons. No higher order
polynomial regressions were significant. Pairwise comparisons of termination means made using Tukey’s HSD adjusted t tests. Significant interactions between termination method and
N rate were investigated as the effect of N rate within each termination method.
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Figure 1. Mean dry sweet corn biomass and ear yield as a function of cover crop termination method 
in 2020. For each response variable, columns marked with the same letter are not significantly dif-
ferent from each other according to Tukey’s HSD adjusted t tests at p ≤ 0.05. 

 
Figure 2. Mean weed biomass as a function of cover crop termination method in 2020 and 2021. For 
each year, columns marked with the same letter are not significantly different from each other ac-
cording to Tukey’s HSD adjusted t tests at p ≤ 0.05. 
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in 2020. For each response variable, columns marked with the same letter are not significantly
different from each other according to Tukey’s HSD adjusted t tests at p ≤ 0.05.
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Figure 2. Mean weed biomass as a function of cover crop termination method in 2020 and 2021.
For each year, columns marked with the same letter are not significantly different from each other
according to Tukey’s HSD adjusted t tests at p ≤ 0.05.
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Figure 3. Mean dry sweet corn biomass and ear yield by weight as a function of N fertilization rate 
in 2020. Goodness of fit described with conditional R2. 

 
Figure 4. Mean sweet corn yield by number of ears as a function of N fertilization rate in 2020 and 
2021. Goodness of fit described with conditional R2. 

In 2020, ear characteristics, including average ear weight, ear length, ear diameter, 
and percent ear tip fill (as an indication of ear quality) were not significantly affected by 
cover crop termination methods (Table 3). However, ear components of sweet corn were 
improved linearly as the N application rate increased (Table 3). For example, average ear 
length and ear diameter increased by 15% and 13%, respectively when N was applied at 
the recommended application rate. Meanwhile, ears that received the recommended N 
rate had 22% fewer unfilled ear tips (Figure 5). Weed biomass increased with N 

Figure 3. Mean dry sweet corn biomass and ear yield by weight as a function of N fertilization rate
in 2020. Goodness of fit described with conditional R2.

Nitrogen 2023, 4 44 
 

 

 
Figure 3. Mean dry sweet corn biomass and ear yield by weight as a function of N fertilization rate 
in 2020. Goodness of fit described with conditional R2. 

 
Figure 4. Mean sweet corn yield by number of ears as a function of N fertilization rate in 2020 and 
2021. Goodness of fit described with conditional R2. 

In 2020, ear characteristics, including average ear weight, ear length, ear diameter, 
and percent ear tip fill (as an indication of ear quality) were not significantly affected by 
cover crop termination methods (Table 3). However, ear components of sweet corn were 
improved linearly as the N application rate increased (Table 3). For example, average ear 
length and ear diameter increased by 15% and 13%, respectively when N was applied at 
the recommended application rate. Meanwhile, ears that received the recommended N 
rate had 22% fewer unfilled ear tips (Figure 5). Weed biomass increased with N 

Figure 4. Mean sweet corn yield by number of ears as a function of N fertilization rate in 2020 and
2021. Goodness of fit described with conditional R2.
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Table 3. Mean sweet corn ear quality following different cover crop terminations and N fertilizer
rates in South Deerfield, MA.

Cover Crop
Termination Method

N Rate
(kg ha−1)

Average Ear Fresh
Weight (g)

Average Ear
Length (cm)

Average Ear
Circumference (cm)

Average Percent
Grain Fill (%)

2020 2021 2020 2021 2020 2021 2020 2021

Conventional 0 166.5 139.0 12.50 13.96 12.13 13.15 65.32 63.54
Disk Tillage 48 198.8 214.3 12.65 15.45 11.95 14.56 72.76 77.22

96 215.2 254.5 12.96 16.04 11.95 15.45 78.47 84.93
144 210.2 291.1 14.08 16.54 13.08 16.09 79.05 92.50

Glyphosate + 0 179.3 87.0 11.08 10.95 10.84 11.36 59.79 47.22
Disk Tillage 48 172.2 113.9 12.01 12.41 11.35 12.55 66.60 61.32

96 171.4 153.5 12.85 9.97 11.88 10.17 72.09 46.76
144 192.9 175.9 13.33 14.48 12.78 14.30 79.07 69.33

Glyphosate + 0 172.5 77.7 11.79 11.54 11.19 11.25 62.44 53.14
No-till 48 170.1 117.7 12.07 12.68 12.03 12.09 67.77 48.83

96 205.5 192.2 13.42 14.89 11.64 14.38 73.78 72.56
144 218.1 213.6 13.83 15.38 13.36 15.05 79.93 72.64

Roller Crimper 0 – 104.4 – 12.46 – 12.27 – 44.74
No-till 48 – 186.6 – 15.16 – 14.23 – 28.89

96 – 226.9 – 15.17 – 14.91 – 20.74
144 – 266.2 – 16.41 – 15.86 – 12.39

Termination Method

Conventional Disk Tillage 197.5 230.5 a 13.05 15.50 a 12.28 14.81 73.90 79.55
Glyphosate + Disk Tillage 180.3 141.5 c 12.32 11.95 c 11.71 12.09 69.39 56.16

Glyphosate + No-till 195.4 170.3 c 12.78 13.62 bc 12.06 13.19 70.98 61.79
Roller Crimper No-till – 207.7 b – 14.80 ab – 14.32 – 73.31

N Rate

0 171.9 108.0 11.79 12.23 11.39 12.01 62.52 54.79
48 179.7 175.6 12.24 13.93 11.78 13.36 69.04 64.62
96 197.6 215.8 13.08 14.02 11.82 13.73 74.78 70.88

144 207.3 238.7 13.75 15.70 13.08 15.32 79.35 80.52
Trend L ns L *** L ns L *** L *** L *** L *** L ***

Effect Significance

Termination Method ns *** ns * ns ns ns ns
N Rate ns *** *** *** *** *** *** ***

Termination x N Rate ns ns ns ns ns ns ns ns

Note: *, p ≤ 0.05; ***, p ≤ 0.001; ns, non-significant; L, linear regression trend component. N rate trend significance
assessed using orthagonal polynomial comparisons. No higher order polynomial regressions were significant.
Pairwise comparisons of termination means made using Tukey’s HSD adjusted t tests.

3.3. 2021 Yield and Weed Growth

In 2021, cover crop management significantly affected the ear yield with CDT produc-
ing the most ears by count and weight (Table 2, Figure 7). Roller crimper no-till (RCNT)
had the second highest yield, while HDT and HNT performed worse than either CDT or
RCNT. The pattern seen in corn yield was reversed for weed growth (Table 2). Higher weed
biomass was found in herbicide termination treatments (HDT and HNT) than in either
CDT or RCNT (Figure 2).

N fertilization had similar effects in 2021 as in 2020. Increased N fertilization raised
whole plant and ear yields (Table 2). For each kg N applied, whole plant dry biomass
increased by 20 kg ha−1 while fresh ear yield increased by 80 kg ha−1, and dry ear biomass
increased by 19 kg ha−1 (Figure 8). The number of ears increased by 193 ha−1 for each
kg N ha−1 (Figure 4).

While some ear quality metrics were not significantly affected by cover crop manage-
ment in 2021, (ear circumference and ear fill), average ear mass and length were significantly
higher in CDT than in either HNT or HDT (Table 3). Conventional disk tillage termination
increased average ear weight by 48% and length by 21% compared to herbicide termination
treatments. Roller crimper no-till (RCNT) plots had intermediate ear mass and length
(Table 3).
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Figure 5. Mean sweet corn percent grain tip fill as a function of N fertilization rate in 2020 and 2021. 
Goodness of fit described with conditional R2. 
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Higher N fertilization also improved ears in all measured quality metrics by even
larger amounts than in 2020 (Table 3). For instance, ear weight was more than doubled, and
the amount of unfilled ear tips fell by 46% when using the recommended N rate (Figure 5).
While the effects of increasing N application on corn growth and quality were positive,
each kg N fertilizer applied also increased weed growth by 10.0 kg (Table 2, Figure 9).

In both years of experiments, none of the measured sweet corn traits were influenced
by the interaction of the cover crop termination method and N application rate. In other
words, the significant influence of N on sweet corn yield and ear quality was independent
of termination strategies.
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3.4. N Uptake

In 2020, the method of cover crop termination had no significant effect on N concentra-
tion (g kg−1) or whole plant N content (kg ha−1) (Table 4). However, while N concentration
was slightly increased due to increased N application rate, the whole plant N content
(kg ha−1) showed considerable improvement as N application rate (Figure 10). This is
mainly due to the considerable increase in total biomass when the recommended N rate was
applied to the sweet corn. As a result, a dramatic improvement was observed in agronomic
N efficiency (Figure 11) at 144 kg N ha−1 where each kg N resulted in production of 13.87 kg
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of corn dry matter. Unlike in 2020, in 2021, cover crop termination significantly affected
N removal (Table 4, Figure 12). These differences were solely due to differences in yield
because N concentration was not affected by cover crop termination (Table 4). CDT and
RCNT also had between 50% to 150% higher agronomic N use efficiency than either HDT
or HNT (Table 4, Figure 13).
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Table 4. Mean sweet corn N uptake and agronomic N use efficiency following different cover crop
terminations and N fertilizer rates in South Deerfield, MA.

Cover Crop
Termination Method

N Rate
(kg ha−1)

Sweet Corn N
Concentration (g kg−1)

Total Sweet Corn N
Uptake (kg ha−1)

Agronomic N Use
Efficiency (kg kg−1)

2020 2021 2020 2021 2020 2021

Conventional 0 4.17 4.81 19.24 16.33 – –
Disk Tillage 48 4.13 4.46 21.10 27.57 1.66 14.26

96 4.26 4.52 23.85 32.15 3.45 19.75
144 4.87 5.47 32.32 41.16 10.09 22.37

Glyphosate + 0 3.75 3.34 15.09 9.42 – –
Disk Tillage 48 3.85 3.55 18.28 12.02 5.41 2.46

96 4.05 3.73 23.15 13.84 9.65 6.65
144 4.08 4.41 25.69 20.41 14.84 13.38

Glyphosate + 0 3.59 3.65 18.97 9.59 – –
No-till 48 3.65 3.65 23.42 13.12 3.72 1.53

96 3.84 4.22 25.25 22.24 15.51 14.35
144 4.55 4.61 33.45 24.99 16.66 16.53

Roller Crimper 0 – 3.81 – 11.67 – –
No-till 48 – 4.42 – 23.10 – 9.52

96 – 4.69 – 27.98 – 16.47
144 – 4.93 – 31.55 – 23.48
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Table 4. Cont.

Cover Crop
Termination Method

N Rate
(kg ha−1)

Sweet Corn N
Concentration (g kg−1)

Total Sweet Corn N
Uptake (kg ha−1)

Agronomic N Use
Efficiency (kg kg−1)

2020 2021 2020 2021 2020 2021

Termination Method

Conventional Disk Tillage 4.36 4.82 24.13 29.30 a 5.07 18.79 a
Glyphosate + Disk Tillage 3.93 3.76 20.55 13.92 c 9.97 7.51 b

Glyphosate + No-till 3.91 4.03 25.27 17.49 c 11.96 10.80 b
Roller Crimper No-till – 4.46 – 23.58 b – 16.49 a

N Rate

0 3.84 3.91 17.77 11.75 – –
48 3.88 4.02 20.93 18.95 3.60 6.95
96 4.05 4.29 24.08 24.05 9.54 14.30
144 4.50 4.86 30.49 29.53 13.87 18.94

Trend L ** L *** L *** L *** L *** L ***

Effect Significance

Termination Method ns ns ns * ns *
N Rate *** *** *** *** *** ***
Termination x N Rate ns ns ns * ns ns

Note: *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ns, non-significant; L, linear regression trend component. N rate trend
significance assessed using orthagonal polynomial comparisons. No higher order polynomial regressions were
significant. Pairwise comparisons of termination means made using Tukey’s HSD adjusted t tests. Significant
interactions between termination method and N rate were investigated as the effect of N rate within each
termination method. Agronomic N use efficiency was calculated as the ear biomass/N rate.
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Figure 10. Mean N uptake in sweet corn as a function of N fertilization rate in 2020. Goodness of fit 
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Figure 11. Mean agronomic N use efficiency in sweet corn as a function of N fertilization rate in 
2020 and 2021. Goodness of fit described with conditional R2. 

Figure 10. Mean N uptake in sweet corn as a function of N fertilization rate in 2020. Goodness of fit
described with conditional R2.

Leaf N measured using SPAD showed that the differences in N uptake became more
pronounced as the 2020 growing season progressed, with larger differences seen at flow-
ering and harvest than at V5 growth stage (Table 5). That said, in 2020, the cover crop
termination methods did not have consistent influence on the leaf N status of sweet corn
measured by SPAD. In 2021, CDT and RCNT had higher SPAD than HDT and HNT at
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flowering and harvest. While not always significant, SPAD readings were higher with
increased N rate in both years of the experiment (Table 5).
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Figure 12. Mean N uptake in sweetcorn as a function of cover crop termination method in 2021. 
Columns marked with the same letter are not significantly different from each other according to 
Tukey’s HSD adjusted t tests at p ≤ 0.05. 
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Table 5. Mean sweet corn SPAD leaf N and soil nitrate concentration following different cover crop
terminations and N fertilizer rates in South Deerfield, MA.

Cover Crop
Termination Method

N Rate
(kg ha −1)

SPAD Leaf N
at V5

SPAD Leaf N
at Flowering

SPAD Leaf N
at Harvest

Soil Nitrate
Concentration at

V5 (mg kg−1)

Soil Nitrate
Concentration at

Harvest (mg kg−1)
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

Conventional 0 35.93 33.59 36.03 31.67 35.68 37.39 7.95 27.70 – 5.06
Disk Tillage 48 36.86 39.29 38.56 46.03 38.48 45.67 17.30 6.66 – 4.50

96 38.08 37.93 40.03 48.40 37.65 47.24 20.94 43.88 – 4.09
144 37.83 42.37 46.79 48.61 44.72 51.68 10.25 13.06 – 4.18

Glyphosate + 0 36.00 31.86 36.03 28.03 33.31 27.03 8.82 12.84 – 3.59
Disk Tillage 48 35.59 34.38 35.57 33.84 35.35 32.03 8.46 20.72 – 4.36

96 36.74 38.43 42.53 39.31 37.75 35.22 8.96 1.94 – 4.56
144 37.82 39.50 46.93 45.07 39.69 46.20 13.48 6.42 – 6.36

Glyphosate + 0 38.00 35.15 40.18 26.27 33.31 31.02 8.56 22.13 – 4.71
No-till 48 38.58 39.53 43.57 28.66 33.01 31.66 6.09 5.07 – 3.47

96 39.53 41.27 49.63 38.78 36.20 39.42 10.13 4.80 – 4.73
144 37.90 45.88 51.05 42.99 45.11 45.06 11.18 12.79 – 5.70

Roller Crimper 0 – 33.51 – 23.63 – 33.67 – 22.64 – 6.04
No-till 48 – 38.99 – 42.20 – 41.49 – 11.17 – 5.06

96 – 42.70 – 48.52 – 48.34 – 17.69 – 4.79
144 – 41.90 – 50.39 – 52.68 – 18.96 – 6.23

Termination Method

Conventional Disk Tillage 37.17 ab 38.30 40.35 43.68 a 39.13 45.50 a 14.11 22.82 – 4.45
Glyphosate + Disk Tillage 36.54 b 36.04 40.26 36.56 bc 36.53 35.12 b 9.93 10.48 – 4.72

Glyphosate + No-till 38.50 a 40.46 46.11 34.18 c 36.91 36.79 b 8.99 11.20 – 4.65
Roller Crimper No-till – 39.28 – 41.18 ab – 44.04 a – 17.62 – 5.53

N Rate

0 36.64 33.53 37.41 27.40 34.10 32.28 8.44 21.33 – 4.85
48 37.01 38.05 39.23 37.68 35.61 37.71 10.62 10.90 – 4.35
96 38.12 40.08 44.06 43.75 37.20 42.55 13.34 17.08 – 4.54

144 37.85 42.41 48.26 46.76 43.17 48.90 11.63 12.81 – 5.61
Trend L ns L*** L*** L*** L*** L*** L ns L ns – L ns
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Table 5. Cont.

Cover Crop
Termination Method

N Rate
(kg ha −1)

SPAD Leaf N
at V5

SPAD Leaf N
at Flowering

SPAD Leaf N
at Harvest

Soil Nitrate
Concentration at

V5 (mg kg−1)

Soil Nitrate
Concentration at

Harvest (mg kg−1)
2020 2021 2020 2021 2020 2021 2020 2021 2020 2021

Effect Significance

Termination Method * ns ns * ns *** ns ns – ns
N Rate * *** *** *** *** *** ns ns – ns

Termination x N Rate ns ns ns ns ns ns ns ns – ns

Note: *, p ≤ 0.05; ***, p ≤ 0.001; ns, non-significant; L, linear regression trend component. N rate trend significance
assessed using orthagonal polynomial comparisons. No higher order polynomial regressions were significant.
Pairwise comparisons of termination means made using Tukey’s HSD adjusted t tests.

Higher N fertilization also improved corn N uptake and use efficiency in 2021 (Table 4).
Increasing N fertilization improved agronomic N use efficiency (Figure 13), N concentration
in corn biomass, and total N uptake in all cover crop treatments (Figure 14).
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4. Discussion

Originally, we hypothesized that environment-friendly strategies of cover crop ter-
mination, including the no-till systems with either the use of roller crimper or mowing
cover crops, might reduce the need for N by sweet corn. Our hypothesis was based on the
fact that in a no-till system, better synchrony exists between the decomposition of cover
crop residues and N demand by sweet corn; thus, there would be less N loss. Rye decom-
poses quite slowly [17,19], and while it does decompose more quickly when residues are
incorporated [5,10,39], this difference is not enough to substantially contribute to the soil
N level relative to added fertilizer. However, the results obtained in both years indicated
that highest fresh ear yield and ear quality of sweet corn was harvested when the current
recommended N rate (144 kg N ha−1) was applied, regardless of cover crop termination
method. In 2020, there were small significant differences in yield or ear quality among
cover crop termination treatments (Tables 2 and 3). However, the cover crop termination
treatments diverged in 2021 with CDT and RCNT performing better than HDT and HNT
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As a whole, these results are in line with those reported by Gao et al. [40] who found that
incorporating high C residues to the soil in the spring did not adversely impact sweet
corn and that 150 kg N ha−1 was sufficient to ensure high yields and ear quality. In their
experiment, sweet corn did not respond positively to the higher N rates.

Measurements taken during the experiment indicated that the differences among both
treatments were likely the result of differences in their N uptake and weed pressure during
the growing season and not due to persistent changes in the soil environment. N is a
highly mobile nutrient and over the two years of this experiment, no major differences
in soil nitrate were observed between either N application rate or cover crop termination
methods at either the middle or end of the sweet corn growing season (Table 4). Lacey
et al. [20] found that cereal rye contained only an average of 35 kg N ha−1 at termination
and that less than ten percent of this N was absorbed by the following cash crops. Thus, the
slower decomposition of no-till rye treatments (HNT and RCNT) likely did not dramatically
impact the soil nutrient balance during the course of this experiment. However, long term
field history can also impact the decomposition rate of residues [11], and it is possible that
the effects of no-till management on sweet corn yield and quality would become notable
over a longer time scale.

Many treatment differences were observed in the N uptake of during the sweet corn
growing season, and this was reflected by differences in corn growth. SPAD chlorophyll
measures were higher with increased N at all measurements, and the best yielding ter-
mination treatments also had significantly higher SPAD chlorophyll. This was especially
noticeable in 2021, where SPAD chlorophyll was higher in CDT and RCNT treatments
during the reproductive growth of the sweet corn, and fresh ear yield and quality were
much higher in these termination treatments than in HDT and HNT (Table 5). Although N
concentration was not different between termination treatments, the higher overall biomass
and ear yield in 2021 meant that total N uptake was higher in the non-herbicide termination
treatments (CDT and RCNT) than in either herbicide termination (HDT and HNT) in 2021
(Table 4). Agronomic N use efficiency was also higher in CDT and RCNT in 2021 and
increased with N fertilization rates, showing that the corn was better able to translate N
into ears under these conditions.

Weed growth during the sweet corn season seemed to play an important role in
final sweet corn harvests (Table 2). Weeds grew more with increased N fertilization in
all termination treatments, but there were large termination method differences as well.
Overall weed growth and weed response to N were significantly lower in CDT than in HDT
or HNT in 2020, and weed growth was much lower in CDT and RCNT than in HDT or
HNT in 2021 (Table 2). Weed growth was lower overall in 2020 than in 2021, and there were
larger differences between termination treatments in 2021. Roller crimpers provide good
weed control when cover crop termination is effective, as was the case in RCNT [23,25].
However, weed control from cover crop mulches depends on sufficient biomass and light
interception [41,42]. When cover crops are left as a mowed mulch (as in HNT), the biomass
coverage is less even than when a roller crimper is used (as in RCNT), and this likely led to
more spaces for weed growth. Weeds were effectively controlled in CDT using mechanical
cultivation, while early season herbicides, with or without a mowed cover crop mulch
(HNT and HDT, respectively), were not sufficient to suppress weeds through the sweet
corn growing season (Table 2).

Some of the differences between 2020 and 2021 may also be related to weather condi-
tions (Table 1). No-till cover crop mulches, such as those in HNT and RCNT treatments,
can improve soil water retention [16]. In 2020, the growing season was relatively dry.
It is possible that these weather conditions both reduced weed growth relative to 2021
(Table 2), and better soil moisture in HNT could have improved the no-till treatment’s
yield compared to CDT and HDT. In 2021, the conditions were considerably wetter, and no
differences were seen between no-till treatments (HNT and RCNT) and tilled treatments
(CDT and HDT). The differences seen between years in this study suggest that more work



Nitrogen 2023, 4 55

is needed to develop resilient systems which can be productive under the wide range of
weather conditions found in New England.

These results show two things, (1) increased N fertilization up to 144 kg N ha−1

promoted growth in both sweet corn and summer weeds and (2) roller crimped cover crops
(RCNT) and mechanical cultivation (CDT) were much more effective weed control methods
than their corresponding herbicide-based treatments, either using no-till (HNT) or residue
incorporation (HDT). Together these observations suggest that higher weed growth in HDT
and HNT treatments may reduce N availability to sweet corn in these treatments and thus
reduce yield and quality of sweet corn ears.

5. Conclusions

Both the quality and yield of sweet corn are paramount to marketability, and it is
essential that farmers achieve the best possible quality. Simultaneously, late cover crop
termination and no-till residue management can provide substantial environmental benefits.
The results of this research suggest that both sufficient N fertilizer and proper agronomic
management are essential to meeting these goals. In this experiment, cover crop residue
incorporation did not appear to be an important contributor to soil N availability with
few differences seen between CDT and RCNT or between HDT and HNT treatments.
Instead, while cover crop termination did affect N uptake by sweet corn plants leading to
differences in yield and quality at harvest, these differences were mainly between cover
crop termination which relied on herbicides for weed control (HDT and HNT) and those
which used other weed control methods (CDT and RCNT). This suggests that when cover
crops are grown late into the spring before planting cash crops, the incorporation of the
residues may not greatly affect the soil N dynamics. While the C:N ratio of cover crops can
certainly affect soil N availability, the incorporation of the residues was not be a primary
factor in the soil system in this trial. This indicates that decisions to incorporate residues
may be taken by farmers with an eye mainly towards management issues such as weed
control and environmental impacts.
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