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Abstract: Corn (Zea mays L.) grain is a major commodity crop in Illinois and its production largely
relies on timely application of nitrogen (N) fertilizers. Currently, growers in Illinois and other
neighboring states in the U.S. Midwest use the maximum return to N (MRTN) decision support
system to predict corn N requirements. However, the current tool does not factor in implications of
integrating cover crops into the rotation, which has recently gained attention among growers due to
several ecosystem services associated with cover cropping. A two-year field trail was conducted at the
Agronomy Research Center in Carbondale, IL in 2018 and 2019 to evaluate whether split N application
affects nitrogen use efficiency (NUE) of corn with and without a wheat (Triticum aestivum L.) cover
crop. A randomized complete block design with split plot arrangements and four replicates was used.
Main plots were cover crop treatments (no cover crop (control) compared to a wheat cover crop) and
subplots were N timing applications to the corn: (1) 168 kg N ha−1 at planting; (2) 56 kg N ha−1 at
planting + 112 kg N ha−1 at sidedress; (3) 112 kg N ha−1 at planting + 56 kg N ha−1 at sidedress;
and (4) 168 kg N ha−1 at sidedress along with a zero-N control as check plot. Corn yield was higher
in 2018 than 2019 reflecting more timely precipitation in that year. In 2018, grain yield declined by
12.6% following the wheat cover crop compared to no cover crop control, indicating a yield penalty
when corn was preceded with a wheat cover crop. In 2018, a year with timely and sufficient rainfall,
there were no yield differences among N treatments and N balances were near zero. In 2019, delaying
the N application improved NUE and corn grain yield due to excessive rainfall early in the season
reflecting on N losses which was confirmed by lower N balances in sidedressed treatments. Overall,
our findings suggest including N credit for cereals in MRTN prediction model could help with
improved N management in the Midwestern United States.
Keywords: cover crop; nitrogen fertilizer rate; split nitrogen application; nitrogen use efficiency; wheat

1. Introduction
Corn is a major agricultural crop in Illinois, with a total planted area around 4.2 million hectares
in 2018, and an estimated economic value of $7.4 billion in 2017 that represented a 43.5% of the total
market value of agricultural products in that year [1]. Nitrogen is the most limiting nutrient in most
crops [2–7], including corn and N management decisions are often difficult due to uncertain weather
conditions [8].
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Illinois uses maximum return to N (MRTN) decision support system to determine the corn N
requirement [9]. The MRTN for Illinois is developed based on data from 69 site-years for corn–corn
rotation and 65 site-years for soybean–corn rotation mainly when no cover crop was present. Therefore,
the MRTN N predictions for corn are often accurate when no cover crop is planted prior to corn.
Studies to look at N recommendation following cover crops are not as abundant as no cover crop N
trials, and, thus, it is important to evaluate the effect of cover crops, especially non-leguminous species,
on corn yield and it’s N requirement.
Illinois among other North Central states including Indiana, Iowa, Ohio, and Wisconsin,
is evaluating management practices to reduce N losses to the Upper Mississippi River Basin (UMRB) [10],
and, based on Nutrient Loss Reduction Strategy (Illinois NLRS, 2017), winter cereal cover crops are
the best on-farm practices to reduce N loss in corn–corn or corn–soybean (Glycine max L.) cropping
systems [11]. Therefore, planting winter cereal cover crops has been encouraged to effectively reduce
nitrate-N in the tile drainage. Planting a winter cereal cover crop before corn could decrease corn
yield as a result of reduced N availability in spring due to N immobilization caused by high C:N ratio
of cover crop residue [12,13] or soil moisture depletion by the winter cereal early in the spring [14].
There have been studies on cover crop N release potentially happening simultaneously with cash
crop N demand, but results have shown a decrease in cash crop N uptake [15–17]. Finney et al. [18]
observed a linear reduction in soil mineralized N availability and cash crop yields which originated
from an increase cover crop biomass N uptake and cover crop C:N ratio.
The literature suggests corn N need increases or corn yield potential decreases when rye
(Secale cereal L.) is planted prior to corn. For example, Pantoja et al. [19] found corn grain yield following
winter cereal rye was significantly lower relative to no cereal rye-corn and a significantly greater N
fertilizer rate was required to achieve agronomic maximum yield [19]. Similarly, Crandall et al. [20]
and Sawyer et al. [21] found lower corn yield when corn was planted following winter cereal rye.
In Iowa, Sawyer et al. applied starter N as urea in a 5 cm × 5 cm band at a rate of 34 kg N ha−1 [21].
They observed an average grain yield improvement of 0.2 Mg ha−1 due to starter N for cereal rye plots,
which was still significantly lower relative to the no cereal rye control.
Unlike cereal rye, studies on wheat as a cover crop prior to corn are scant in Illinois. Wheat is
a low-cost and versatile cover crop and growers are often familiar with wheat management.
In a preliminary study, Weidhuner et al. [22] reported wheat can uptake as much as 25 kg N ha−1 when
terminated early in April in Southern Illinois. However, the C:N ratio of wheat aboveground biomass
was >27 indicating potential for N immobilization during the decomposition process, which concurs
with corn fast-growing stage. This could result in corn yield penalty similar to what usually happens
after cereal rye cover crop. A general anecdote is that, if N fertilizer is applied early at planting, it could
eliminate N immobilization and thus ensure corn N needs are met and minimize the likelihood of
yield penalty. Therefore, our objective was to evaluate whether split N application to corn changes
corn NUE in no-cover crop compared to following an early terminated wheat cover crop.
2. Materials and Methods
2.1. Experimental Site and Weather Conditions
A field trial was conducted at the Agronomy Research Center in Carbondale, IL (37.75◦ N,
89.06◦ W) during 2017–2018 and 2018–2019 growing seasons. From this point forward, to simplify
presenting our results, 2017–2018 is referred to 2018 and 2018–2019 is referred to 2019. In 2018, soil was
classified as Weir silt loam (fine, smectitic, mesic Typic Endoaqualfs) with 0–2% slopes. Initial pH
(1:1 w/v) was 6.3, organic matter content was 15 g kg−1 , and Bray-1 extractable P and Mehlich-3
extractable K content were 44 and 96 mg kg−1 , respectively (0–20 cm depth) [23,24]. In 2019, the soil
was classified as Stoy silt loam (fine-silty, mixed, superactive, mesic Fragiaquic Hapludalfs) with 0–5%
slopes. Initial pH (1:1 w/v) was 7.0, organic matter content was 22 g kg−1 , and Bray-1 extractable P and
Mehlich-3 extractable K content were 22 and 122 mg kg−1 , respectively (0–20 cm depth).
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2.2. Experimental Design and Treatments
2.2. Experimental Design and Treatments

The experiment was conducted as a randomized complete block design with split plot arrangement
The experiment was conducted as a randomized complete block design with split plot
and four replicates. The main plots were two cover crop treatments: no cover crop (control) and
arrangement and four replicates. The main plots were two cover crop treatments: no cover crop
a cover
crop (wheat) terminated four weeks (at stem elongation stage) prior to corn planting and the
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(3) 112 kg N ha−1 applied at planting plus 56 kg N ha−1 applied at sidedress timing; and (4) 168 kg N ha−1
applied at sidedress timing. A zero-N control treatment was also included in the study forming
10 treatments in total. All plots (with and without cover crop) received a flat rate of 34 kg N ha−1 in the
fall at the time of cover crop planting (total N applied to wheat and corn was 202 kg N ha−1 ) as starter
fertilizer. Starter N fertilizer is not included in the nutrient removal, balances, and other calculations.
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2.3. Cultural Management Practices
2.3.1. Wheat Establishment
Wheat (cv. “Agrimaxx 446”) was planted with a John Deere 450 series grain drill (John Deere,
Moline, IL, USA) on 26 October 2017 and 15 November 2018 at a rate of 3,953,000 seeds ha−1 .
Wheat cover crop was herbicide terminated on 27 April 2018 and 23 April 2019 using glyphosate
(1.05 a.i. ha−1 ). Cover crop residue was rolled using a Frontier CP1172L cultipacker (John Deere,
Moline, IL, USA) to facilitate planting. The previous crop was corn each year.
2.3.2. Corn Planting and Management
Plots were 10 m long and 3.3 m wide. A no-till drill was used to plant corn (Dekalb “DKC64-35RIB”)
at 74,100 seeds ha−1 on 25 May 2018 and 24 May 2019. Preplant N was applied at planting in the form
of liquid urea ammonium nitrate (28-0-0 N-P2 O5 -K2 O). The sidedress N was applied at corn V5 stage
(18 June 2018 and 1 July 2019) using liquid urea ammonium nitrate (28-0-0 N-P2 O5 -K2 O). Later sidedress
timing in 2019 reflects the challenging year with excessive rainfall in 2019. A custom-built four-row
liquid applicator with Yetter No-till Coulters and knives was used to either apply N at planting or to
sidedress N. Weed management was performed following the recommendations by Illinois Agronomy
Handbook (http://extension.cropsciences.illinois.edu/handbook/pdfs/chapter02.pdf).
2.4. Data Collection
2.4.1. Wheat Sampling
Tissue samples were collected four weeks before corn planting date on 20 April 2018 and
23 April 2019 when wheat plants were at the stem elongation stage (Feekes 7) [25]. At the time
of sampling, 0.6 m2 (3 frames of 0.2 m2 ) per plot were harvested with grass shears (GS model 700;
Black and Decker Inc., Towson, MD, USA) at the ground surface [22]. Samples were then dried at
60 ◦ C until constant dry weight. The oven-dried samples were then ground to 0.6 mm particle size and
analyzed for N and C content using dry combustion (Flash 2000 Elemental Analyzer, Thermo Scientific,
Cambridge, UK).
2.4.2. Corn Sampling
The corn was machine-harvested [8-XP Plot Combine (Kincaid, Haven, KS, USA)] on 13 November
2018 and 10 October 2019 when corn was physiologically matured. Prior to harvest, the number of
plants in each plot was counted to determine plant population. A grain subsample was taken from each
plot for quality analysis. Grain samples were dried in a 60 ◦ C forced-air oven for 48 h, ground to pass
a 1-mm screen, and analyzed for total N using wet chemistry method [26]. Crude protein concentration
was calculated by multiplying N concentration by 6.25. Nitrogen removal by stalks and leaves was
estimated at 45% of the grain N removal [27]. Sum of N content in grain and N content in stalks was
used for N use metrics calculations.
2.5. Nitrogen Balance and N Use Metrics
Nitrogen balance for each treatment was calculated by subtracting N removed by grain harvesting
(kg grain yield ha−1 × % N in the grain) from N applied for each fertilizer treatment in each
year [28]. Since corn stover remained in the field, N content of corn stover was not included in N
removal calculation.
The partial factor productivity (PFP) was determined by dividing total DM yield (kg ha−1 ) by the
total kg of N applied per ha [29].
Apparent N recovery (ANR; %) was determined for each N treatment as 100 times the difference
in N uptake for the N treatment minus N uptake when no N was applied, divided by the N
application [30,31].
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The NUE (kg DM kg−1 N) was determined as (kg DM at Nx - kg DM at N0)/kg of applied N
where Nx = N rate > 0, and N0 = no N application [31].
2.6. Statistical Analysis
Data for corn grain yield, grain N concentration, N removal, N balance, and N use metrics
were analyzed using Proc Mixed of SAS [32]. When the residuals were not normal, data were
log10-transformed to fit the assumptions of the model. The fixed effect in the model was year, cover
crops, and N treatments and block was a random effect. When the interaction of year × N treatment
was significant, data are presented by year. When treatment effects were significant, mean separation
was performed using least significant difference (LSD). The PDIFF option of LSMEANS in SAS was
used for LSD (p ≤ 0.05) calculation.
3. Results and Discussion
3.1. Wheat Biomass and N Uptake
Wheat produced 1.6 Mg ha−1 biomass (dry matter basis) by the time of termination in 2018 which
was four-fold higher than in 2019 reflecting: (i) earlier planting in 2018; and (ii) less favorable growing
conditions in 2019. Nitrogen uptake by wheat cover crop in 2018 was 24 kg N ha−1 , which was more
than three-fold higher than 2019. This indicates the importance of timely planting of wheat to establish
and perform well in spring.
3.2. Corn Grain Yield and N Concentration
Grain yield was influenced by year, cover crop, N application, and year × N application (Table 1).
Mean grain yield was notably greater in 2018 (11.0 Mg ha−1 ) than in 2019 (5.9 Mg ha−1 ), reflecting
the effect of precipitation on year-to-year yield variation (Table 2). While 2018 received even and
timely precipitation, 2019 was the wettest year in past few decades in Carbondale, IL contributing
to substantial N loss and thus lower grain yields. According to data reported in USDA National
Agricultural Statistical Services [1], corn grain yields in 2018 were above Jackson county average
(10.9 Mg ha−1 ) and lower than state-wide yields in Illinois (14.1 Mg ha−1 ) but in 2019 were lower
than average corn grain yields in both Jackson county (10 Mg ha−1 ) and state of Illinois averages
(12.1 Mg ha−1 ) [1]. Averaged over the two years and N treatments, corn grain yield was higher after
a no-cover crop control (8.7 Mg ha−1 ) than after wheat cover crop (7.6 Mg ha−1 ), indicating a 12.6%
yield decline following wheat cover crop due to possible N immobilization caused by high C:N ratio of
wheat residue [22]. In addition, maximum corn grain yield in cover crop treatment was 14% lower
compared to the maximum yield in no cover crop control confirming that N immobilization could
most likely have caused yield reduction. Other possible explanations could be lower soil temperatures
under wheat cover crop residue that can slow corn emergence [33] or allelopathic effects inhibiting
germination [34]. Similar to our results, Ruffati et al. [17] reported inclusion of rye cover crop reduced
corn grain yield by 7% within the spring dominated N application system compared to a no-cover
crop control [17]. In 2018, a year with timely precipitation, there were no corn yield differences
among N application treatments and corn yields were 43% higher in N applied (12.1 Mg ha−1 ) vs.
no-N plots (6.9 Mg ha−1 ) (Table 2). In 2019, an extremely wet year, corn grain yield increased by
delaying N application from planting to sidedress timing indicating that later application of N possibly
decreased N losses (leaching or nitrous oxide emissions) in heavy soils of southern Illinois (Table 2).
This highlights the importance of timely application of N fertilizer to meet corn N demands after the V4
stage. These results are in line with findings of Scharf et al. [35], indicating N addition at sidedressing
or later in the season did not reduce corn yield potential when no cover crop was present but also
suggests that N management decisions should be tailored when a winter cereal crop is planted prior
to corn.
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Table 1. Effect (p-values) of year, cover crop, and nitrogen rate on corn grain yield, N concentration,
N balance, N uptake, N removal, partial factor productivity (PFP), apparent N fertilizer recovery
(ANFR), and N use efficiency (NUE).
Grain Yield
Year (Yr)
Cover crop (CC)
Yr × CC
Nitrogen (N)
Yr × N
CC × N
Yr × CC × N

<0.0001
0.0006
0.0594
<0.0001
<0.0001
0.2291
0.5237

N Conc.

†

<0.0001
0.1418
0.2610
0.0192
0.0389
0.1747
0.6721
†

N Balance

N Uptake

N Removal

PFP

AFNR

NUE

<0.0001
0.0001
0.0016
<0.0001
<0.0001
0.8334
0.6186

<0.0001
0.0001
0.0013
<0.0001
<0.0001
0.8286
0.6031

<0.0001
0.0001
0.0016
<0.0001
<0.0001
0.8334
0.6186

<0.0001
0.0041
0.3013
0.0008
0.0003
0.1568
0.9629

<0.0001
0.2590
0.6664
0.1481
0.2123
0.6397
0.9200

<0.0001
0.0596
0.0320
0.0892
0.0580
0.6009
0.9452

N conc., N concentration.

Corn grain N concentration was affected by year, N application, and year × N application (Table 1).
In 2018, corn N concentration was similar among all N treatments except for no-N control (Table 2).
In 2019, sidedressing N at 168 kg N ha−1 increased N concentration compared to zero-N control,
application of 168 kg N ha−1 at planting, and split application of 112 kg N ha−1 at planting plus
56 kg N ha−1 at sidedress timing indicating a delayed N application increased corn N concentration
in an extremely wet growing season (Table 2). Generally, splitting N application could increase N
concentration over full N application at planting [36] but this seems to be more effective in wet growing
seasons [35,37].
3.3. Corn N Removal, Uptake, and Balance
Corn N removal and uptake were influenced by year, cover crop, year × cover crop, N application,
and year × N application (Table 1). Mean N removal (126 kg N ha−1 ) and uptake (183 kg N ha−1 ) was
greater in 2018 than N removal (52 kg N ha−1 ) and N uptake (75 kg N ha−1 ) in 2019 due to much lower
biomass and grain produced in that year. Excluding the zero-N control, N removal was 140 kg N ha−1
and N uptake was 203 kg N ha−1 in 2018 vs. 57 and 83 kg N ha−1 N removal and uptake in 2019,
respectively. In 2018, N removal by corn after wheat cover crop was 20% lower compared to the control
treatment without cover crop (Figure 2A,B). In 2019, N removal and uptake were similar between the
two cover crop treatments (Figure 2A,B). This indicates that, in the year with a favorable condition
(2018), corn had decent growth and required N. Thus, wheat presence, using some of the available
N, in addition to N immobilization resulted in a significant difference between no cover crop and
cover crop treatments. In 2019, a wet growing season impacted corn growth resulting in lower N
removal. While, in 2018, N removal and uptake were similar among all N treatments (excluding the
zero-N control), in 2019, sidedressing N at 168 kg N ha−1 increased N removal compared to zero-N
control, application of 168 kg N ha−1 at planting, and split application of 112 kg N ha−1 at planting
plus 56 kg N ha−1 at sidedress timing indicating a delayed N application increased corn concentration
removal in an extremely wet growing season (Table 2). There were significant relationships between
corn grain yield and N removal (R2 = 0.98) and corn grain N concentration and N removal (R2 = 0.9)
(data not shown).
Nitrogen balance was affected by year, cover crop, year × cover crop, N application, and year × N
application (Table 1). Nitrogen balance was −17 kg ha−1 in no cover crop and zero-N treatments,
indicating substantial N removal from soil by corn plants (Figure 2C). Excluding the zero-N control,
N balance was 3.0 kg ha−1 in no cover crop control and 29.8 kg ha−1 in wheat cover crop, suggesting more
N was needed when wheat was the preceding cover crop to corn compared to no cover crop control.
In 2018, N balance was negative for zero-N control (−72 kg N ha−1 ), indicating apparent N
limitation. All N application treatments had slightly positive N balance (15 kg N ha−1 ; average of N
treatments) with no difference among the N treatments. In 2019, N balance was lower in all sidedress
treatments followed by split application of 56 kg N ha−1 at planting plus 112 kg N ha−1 at sidedress
timing, indicating lower yield, and possibly greater N loss with early N application timing in a year
with a historically wet spring season. Earlier studies have also indicated increased risk of N deficiency
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in corn in years with high leaching potential [8,38,39]. Our results emphasize N timing is more crucial
in wet years and less critical in years with favorable and timely rainfall pattern.
Table 2. Corn grain yield and nitrogen (N) concentration, N balance and removal, partial factor
productivity (PFP), and N use efficiency (NUE) as affected by different N rates in 2018 and 2019
growing seasons.
Grain Yield

Grain N
Concentration

N Balance

N Uptake

N Removal

PFP

NUE

kg Grain
Increase kg N−1

kg Grain kg
N−1

N
Treatments †

(Mg ha−1 )

(g kg−1 )

2018

N0
N100U50S
N150S
N150U
N50U100S

6.9 b
12.6 a
12.2 a
12.1 a
11.6 a

10.52 b
11.47 a
11.64 a
11.36 a
11.73 a

−72.7 b
10.9 a
14.6 a
18.4 a
19.5 a

105.4 b
210.4 a
205.1 a
199.6 a
197.9 a

72.0 b
145.1 a
141.4 a
137.6 a
136.5 a

80.6 a
77.9 a
77.5 a
74.4 a

30.0 a
29.0 a
28.5 a
25.0 a

2019

N0
N100U50S
N150S
N150U
N50U100S

3.2 c
5.7 b
7.2 a
3.8 c
6.8 a,b

10.10 a
9.49 a
10.26 a
9.50 a
10.60 a

−32.5 c
109.4 a
81.9 b
121.0 a
83.7 b

47.0 b
67.5 b
107.4 a
50.8 b
104.8 a

32.5 b
46.6 b
74.1 a
35.0 b
72.3 a

36.4 b
46.5 a
24.1 c
43.5 a,b

15.8 b
25.5 a
3.6 c
24.2 a

(kg ha−1 )

Numbers within columns followed by different letters indicate significant difference at p ≤ 0.05. † N0, zero-N control;
N168U, 168 kg N ha−1 applied at planting; N112U56S, 112 kg N ha−1 applied at planting plus 56 kg N ha−1 applied
at sidedress timing; N56U112S, 56 kg N ha−1 applied at planting plus 112 kg N ha−1 applied at sidedress; N168S,
168 kg N ha−1 applied at sidedress timing.

3.4. Nitrogen Use Metrics
Partial factor productivity was influenced by year, cover crop, N application, and year × N
application (Table 1). The PFP was higher in 2018 than 2019 reflecting greater yield per kg N applied
in that year. Wheat cover crop resulted in 8% reduction in PFP compared to control (55 vs. 60,
respectively) reflecting some yield drag in corn following wheat cover crop. In 2018, PFP was
similar among all N treatments (Table 2). In 2019, by delaying the N application, PFP increased
from 25 (168 kg N ha−1 at planting) to 47 (168 kg N ha−1 at sidedressing) indicating a reduced risk
of N loss through leaching or denitrification highlighting benefits of sidedressing in synchronizing
availability of soil N with corn demand. Walsh et al. [36] reported improved NUE and corn grain
yield with sidedressing N than N application at planting reflecting increased risk of N losses in a wet
growing season [40]. A research in northern New York also showed that timing and rate of N fertilizer
application strongly influenced N-leaching losses in wet years [41]. Apparent N fertilizer recovery was
only influenced by year. The ANFR was greater in 2018 (62%) than in 2019 (18%), reflecting greater N
uptake and utilization in a year with suitable rainfall pattern.
Nitrogen use efficiency was affected by year, cover crop, year × cover crop, and year × N
application (Table 1). The NUE was higher in 2018 than 2019 in line with PFP, slight positive N balances,
and overall greater yield in that year. In 2018, NUE was higher for the wheat cover crop treatment than
a no cover crop control indicating much higher corn yield in zero-N control when no cover crop was
planted (Figure 2D) and confirms our hypothesis that wheat cover crop lowered corn yield potential
when N was limited and the effect of N immobilization by cover crop residue was magnified [22].
In 2019, there were no differences between the two cover crops indicating in a historically wet season,
cover crop could save NO3 -N with less impact on corn yield potential due to already reduced corn
yields by weather extreme conditions. Interaction of year × N application was marginally significant
(p < 0.058) mainly due to NUE differences in 2019. The NUE was 30 (kg grain yield kg N−1 ) when at
least 112 kg N ha−1 was sidedressed compared to full rate N application at planting (4 kg grain yield
kg N−1 ).
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