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Nitrogen (N) fertilizer recommendations based on yield goals are common and

do not consider variability in soil N supply between fields. Nitrogen

transformations in soils are dynamic and may vary widely among different

soils, climates, cropping systems, andmanagement practices, making it difficult

to provide general N recommendation rates for a region, state, or even a

county. To optimize N fertilization rates for corn (Zea mays L.), eight field trials

were conducted on different fields at the Edisto Research and Education Center

of Clemson University in 2018–2021. The soils varied in pH, inorganic N,

management practices (irrigate, dryland, cover, and no-cover crop), and

climatic conditions (temperature and precipitation). Six nitrogen fertilizer rate

treatments were used during 2018 and 2019, eight in 2020, and five in

2021 trials. Test sites were different in each year except in 2021 in which

trials were conducted on the same site but were differentiated by multi-species

and no-cover crop treatments. Nitrogen fertilizer was applied as a complete

one-time dose in all trials in 2018 and 2021 and in several splits in 2019 and

2020. The corn yields generally increased with N fertilization rates; however, a

strong variation of up to 4–11 Mg ha−1 existed at each N level among different

fields. Based on yield responses, the eight field trials were divided into two

groups: low-yielding and high-yielding sites. The low-yielding sites on average

produced 3.8 Mg ha−1 of corn, which was 137% less than the corn harvested

from high-yielding sites (9.0 Mg ha−1). The agronomic N use efficiency (AgNUE)

in high-yielding sites was almost double (32.68 kg kg−1 N) compared to low-

yielding sites (17.16 kg kg−1 N), and the differences were even wider for partial

factor productivity of N (PFPN). The economic optimum N rate (EONR)

remained below 300 kg N ha−1 for all sites with no marked difference among

sites. However, relative yield (ratio of corn yield in unfertilized control to the N

level giving the highest yield) was comparatively lower in low-yielding sites

(29.45%). Baseline inorganic N, pH, and precipitation were identified as the

major factors controlling corn yield responses to N fertilization. The yield

variations driven by several factors make N management challenging,

indicating the need for site-specific N management for corn in the

southeast United States.
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Introduction

Corn (Zea mays L.) is among the most widely cultivated

crops worldwide (190 million ha) and is used as a food, animal

feed, and biofuel source (USDA, 2022). Corn is the greatest

consumer of N fertilizer worldwide (16.2%), but in the

United States alone, it consumes about half of the total N

fertilizer (International Fertilizer Association and International

Plant Nutrition Institute, 2017). The cereal N use efficiency

(NUE) in the US is the highest in the world (41%), but we

are still losing about half of the N fertilizer (Omara et al., 2019),

and this is leading to several soil, environmental, and ecological

problems (Billen et al., 2010; Kahrl et al., 2010; Raza et al., 2021).

Therefore, effective management of N fertilizer is very important

to increase crop yields while keeping N losses and associated

environmental risks to a minimum.

Corn responses to N fertilization depend on N availability

and its uptake by crops. Nitrogen transformations depend on a

wide range of factors and processes such as microbial activity,

microbe-derived nitrification and denitrification processes, and

soil characteristics (texture, pH, organic matter, and electrical

conductivity) (Nair et al., 2021). Management practices like

tillage operations, amount and method of irrigation, time,

source and method of N fertilizer application, and climatic

conditions like temperature, moisture, and wind speed can all

strongly affect N availability in the soil (Halvorson et al., 2010).

The coastal plain soils in the southeastern United States are

highly weathered, with a sandy or loamy sand texture, and

generally have low cation exchange capacity, water holding

capacity, and organic matter (Birkeland, 1999). Crop yield

responses to N application can vary significantly in coastal

plain soils because of considerable variation in the soil texture,

depth of clay pan, and other site characteristics (Khalilian et al.,

2011). Nitrate leaching is an important N loss pathway in these

soils because of warm temperatures and relatively high rainfall

and drainage (Hubbard et al., 2004). All these factors make N

management challenging and can lead to marked changes in

optimum crop N demand every year, even in the same location.

The rising N prices and dropping corn commodity prices

over time demand corn production with optimum N use.

Nitrogen is the most challenging nutrient to manage

optimally because its availability, losses, transport, and

transformations are contributed by several factors and vary

considerably within and between fields (Tremblay et al.,

2012). Nitrogen fertilization generally contributes about half

of the crop N uptake, another half comes from soil residual N

and organic matter pools (Gardner and Drinkwater, 2009; Yan

et al., 2020). Therefore, crop yield in the soil with high residual N

generally does not respond to added N fertilizer (Blackmer et al.,

1989; Binford et al., 1992). Overfertilization may not always

produce extra grain yield; similarly, less N fertilization can lead to

economic losses. Moreover, N fertilizer application at a time

when the crop does not need it can lead to losses or

immobilization (Wuest and Cassman, 1992). Therefore,

profitable and efficient N utilization requires developing

management strategies that are agronomically sound and

environmentally appropriate.

As optimum N rates can differ widely, there is a need to

encourage corn producers to use different N rates over the years,

keeping in view the soil N levels and crop demand. Furthermore,

existing Nmanagement approaches do not generally consider yearly

variations in weather and their effects on indigenous N supply from

soil and organicmatter pools (Shanahan et al., 2008). The aim of this

research was to establish eight field trials across variable soils and

climatic conditions in South Carolina, United States, to 1) determine

optimumN application rates to achieve higher corn yield at test sites

variable in soil characteristics and climatic conditions, 2)

recommend N levels yielding maximum economic returns, NUE,

and relative yield, and 3) develop a relationship between corn yield,

pH, residual N, and precipitation. We hypothesized that corn yield

responses to variousN levels will be varied depending on the soil and

climatic conditions.

Materials and methods

Site description

Eight field trials were performed at the Edisto Research and

Education Center, Blackville, South Carolina, United States. The

research center has more than 950 ha of land, which is divided

into several field plots to carry out multiple research trials every

year. For this study, two different field sites were selected each

year, and the experiment was continued for 4 years during

2018–2021. The average air temperature and mean

precipitation in Blackville were 17.7°C and 1,174 mm,

respectively, during 1991–2020 (https://www.ncei.noaa.gov).

Around 42% of the precipitation occurs in the 4 months

between June and September. Corn is an important crop in

the region that is generally grown as a single crop in 1 year but in

rotation with soybeans, cotton, and peanuts for the following

years. Before and after the corn harvest, the soil is usually left

fallow or cover crops are grown. Corn was planted in mid-March

and harvested at the end of August or early September. The data

about temperature and precipitation were collected from the

weather station installed at the research station. The monthly

distribution of total precipitation and average temperature

changes during the 4 years of experimental periods are shown

in Figure 1.

All the eight field trials had coastal plain soil, which was

characterized as Varina loamy sand (Bellamy, 2009). These soils

often comprised three layers: a sandy topsoil (A horizon), a sand

to sandy-clay layer (E horizon), and a sandy-clay subsoil (Bt

horizon). The sites have differences in pH, EC, and inorganic N

contents. The basic soil chemical properties of all eight trials are

given in Table 1.
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Experimental design

Six N fertilizer rates were used as treatments for the 2018 and

2019 trials, while eight rates were used in the 2020 trial, and five

rates were used in the 2021 trial (Table 2). Different test sites were

selected each year except in 2021 which had the same site but was

differentiated by multi-cover crop and no-cover crop treatments.

Nitrogen fertilizer was applied as a complete one-time dose in all

trials in 2018 and 2021 and in multiple splits in 2019 and 2020. The

specific details about the treatment plan, corn variety, mode of

irrigation, and methods of N fertilization are given in Table 2. The

area of each plot was 22.8 m2. The fertilizer was evenly broadcasted

in all plots just before the time of planting. All the treatments were

arranged in a randomized block design with four replications,

except for the 2021 trial, which had three replications. Corn was

grown by providing optimum irrigation at all trials except for the

2019 trial which had a dryland site. Crops were regularly monitored

andmaintained following optimummanagement practices same as

of local farmers. Weeds and pests were controlled by applying

appropriate herbicides and pesticides, respectively.

Soil sampling and analysis

Baseline soil samples were collected from each field before

corn planting. The whole field was divided into four blocks, and

eight soil cores were randomly taken at two depths (0–15 cm and

15–30 cm) from each block, mixed properly, and a composite soil

FIGURE 1
Monthly changes in temperature (°C) and precipitation (mm) during the study period. The purple-colored circled bullet points and vertical bars
represent temperature and precipitation changes during the crop season (March–August). The text in rectangles above the bars shows the annual
average temperature and total precipitation for a single year.

TABLE 1 Chemical properties of the coastal plain soils used in the study.

Site
description

Trial pH EC (µS cm−1) NO3-
-N (mg kg−1) NH4

+-N (mg kg−1)

Soil
depth

0–15 cm 15–30 cm 0–15 cm 15–30 cm 0–15 cm 15–30 cm 0–15 cm 15–30 cm

Low-yielding sites Trial 1 6.26 6.23 166.8 345.7 9.56 5.62 70.53 70.03

Trial 2 6.30 6.04 510.3 370.5 1.40 1.34 94.40 65.90

Trial 3 6 6 — — — — — —

Trial 4 5.72 5.80 59.25 65.50 0.44 0.30 5.03 5.66

High-yielding sites Trial 5 5.67 5.41 53.99 83.82 4.48 1.07 43.04 50.22

Trial 6 5.94 5.99 33.25 29.45 1.32 1.13 3.63 3.54

Trial 7 5.76 5.96 50.70 49.08 2.90 2.44 5.24 4.65

Trial 8 5.82 5.88 65.16 54.46 2.08 0.99 5.65 4.04
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sample was prepared. Surface soil samples (0–15 cm) were taken

using an auger with an inner diameter of 4.0 cm, and subsoil

samples (15–30 cm) were taken using an electric drill. Soil

samples were air-dried and passed through a 2.0-mm sieve

before the analysis of baseline soil characteristics (soil pH,

electrical conductivity, NO3
−-N, and NH4

+-N). Soil pH and

EC were measured at a 1:1 ratio (soil-to-water) using pH and

conductivity meters, respectively. The NO3
−-N and NH4

+-N

contents in the soil samples were extracted using 1 M KCl

with a soil-to-solution ratio of 1:10, followed by 1 h shaking

and then analyzed using a Timberline flow analyzer (TL-2900).

Plant sampling and corn yield

The corn yield was measured using a plot combine by

harvesting 12 m length of the middle two rows. Test weight

and moisture content were measured using the grain moisture

meter, and yields were adjusted to 15.5% moisture content.

Nitrogen use efficiency indexes

Agronomic N use efficiency and partial factor productivity

of N were calculated using the following equations:

Agronomic Use Efficiency (kg kg−1 N) � YN − YN0

NAppied
,

Partial Factor Productivity (kg kg−1 N) � YN

NAppied
,

where YN and Y0 are the corn yield (kg ha−1) in the N fertilized

treatment and non-fertilized control. N Applied is total fertilizer

N input (kg N ha−1).

Economic optimum N rate and relative
yield

Economic optimum N fertilization rate (EONR) is the level

where the last N increment gives a yield that is sufficient enough

to pay for the cost of extra N added. The quadratic model was

most appropriate to describe the corn yield response to N

fertilizer which we used to calculate the EONRs. (Scharf et al.,

2005; Nyiraneza et al., 2010). The quadratic model fits data better

with less bias than other models (square root and exponential)

(Bélanger et al., 2000). The EONR was quantified by taking the

first derivative of the N response curve equal to the ratio between

the N fertilizer and the corn grain price ($1.55 kg−1 N: $0.155 kg−1

grain). Relative yield is defined as the maximum (numerically

highest) treatment yield mean among all treatment yield means,

including the unfertilized control (Breker et al., 2019). Relative

yield was quantified by dividing the plot corn yield in an

unfertilized control by the treatment giving the highest

average corn yield within each site.

RY � Y0

max(Y0, . . . , YR),

where RY is relative yield, Y0 is the yield of the no-fertilization

treatment (Mg ha−1), and YR is the maximum yield for a

treatment, where additional N input did not result in a yield

increase (Kitchen et al., 2017).

All the results were organized using Excel 2019. The

differences among treatments with respect to the corn yield,

relative yield, EONR, and N use efficiency were examined by

ANOVA (analyses of variance) using the general linear model

(GLM). The treatment means were compared at p ≤ 0.05 using

Tukey’s HSD test. All the statistical analyses of the results were

done with SPSS 18.0 (SPSS Inc., Chicago, United States).

TABLE 2 Information about the sites, treatments, plot area, corn variety, and mode of water regime.

Site Year Trial
number

N rates
(kg N
ha−1)

Dose(s) Corn
variety

Water
regime

Cover
crop

Low-yielding sites 2018 1 0, 56, 112, 168, 224, and 280 Sole DKC-6520 Irrigated NCCa

2018 2 0, 56, 112, 168, 224, and 280 Sole DKC-6520 Irrigated NCC

2019 3 0, 56, 112, 168, 224, and 280 Split P1662 YHR Dryland NCC

2020 4 0, 56, 112, 168, 224, 280, 336, and 392 Split DKC-6744 Irrigated NCC

High-yielding sites 2019 5 0, 56, 112, 168, 224, and 280 Split DKC-6520 Irrigated NCC

2020 6 0, 56, 112, 168, 224, 280, 336, and 392 Split DKC-6520 Irrigated NCC

2021 7 0, 84, 168, 252, and 336 Sole P1077 YHR Irrigated NCC

2021 8 0, 84, 168, 252, and 336 Sole P1077 YHR Irrigated MCCb

aNCC: No-cover crop.
bMCC: Multi-cover crop. The MCC includes a mixture of six cover crop species: rye (36%), triticale (15%), oats (24%), crimson clover (10%), hairy vetch (9%), and radish (6%).
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Results

Changes in temperature and precipitation

The average annual temperature during 2018–2021

remained around 18.25°C in the study region (Figure 1). The

temperature during the corn growing season (March–August)

was higher (22°C) than the yearly average. The year 2019

(22.56°C) was hotter compared to other years. The average

annual precipitation was 1,326 mm. Precipitation was above

1,300 mm in all years except 2019 which had the lowest

precipitation (1,008 mm), and the same trend was observed

during the corn growing season time. The precipitation in the

2019 corn growing season was 483 mm, which on average was

209 mm lower than the other 3 years, making 2019 a dry and

hot year.

The overall response of corn yield to
nitrogen fertilization

The overall results of the eight field experiments

generally showed increases in corn yield with N

fertilization (Figure 2). However, yield responses were

diverse, and a strong variation existed ranging between

4 and 11 Mg ha−1 at each N level among different fields.

The variation was low (between 2 and 8 Mg ha−1) at initial N

levels (below 150 kg ha−1) and the differences widened

greatly at higher N levels. Based on the yield responses,

the eight field trials were divided into two groups: low-

yielding and high-yielding (Figure 2). Both low- and high-

yielding sites showed increases in corn yield with increases in

N fertilization rates. However, the yield increases were

significantly higher in high-yielding sites (p < 0.05). The

low-yielding sites, on average, had a corn yield of

3.8 Mg ha−1, whereas the high-yielding sites produced a

significantly higher corn yield of 9.0 Mg ha−1 (p < 0.05).

Corn yield responses to nitrogen
fertilization at low-yielding sites

Corn yield at both sites (trials 1 and 2) in 2018 increased

linearly (R2 > 0.95) with N fertilization levels (Figure 3). The

maximum corn yield was found at the highest N level,

producing 177 and 747% more grain yield than control in

trials 1, and 2, respectively. The dryland site (trial 3) in

2019 did not respond well to N fertilization and had the

lowest yield (1.77 Mg ha−1–2.34 Mg ha−1) among all low-

yielding sites. The corn yield in dryland systems was 74%

lower on average than in irrigated systems, and this yield gap

increased with the rise in N input level. The corn yield in trial

4 gave a curve-like response, increasing sharply at the start till

112 kg N ha−1 and then remained relatively consistent

between 5.77 Mg ha−1 and 6.26 Mg ha−1 for the next 3 N

levels, and then decreased again at N levels above

300 kg N ha−1.

Corn yield responses to nitrogen
fertilization at high-yielding sites

N fertilization levels linearly (R2 = 0.93) increased corn yield

(6 Mg ha−1–13 Mg ha−1) in trial 5 (Figure 3). The corn yield

increases were slow at lower N levels and rose sharply at the

N level of 168 kg ha−1. The corn yield at higher N levels remained

relatively constant. The corn yield responses in trial 6 also

showed the same pattern. The yield increased from

7.3 Mg ha−1 to 12.7 Mg ha−1, which was on average, 51%

higher than the control. The yield increased sharply at N

levels above 112 kg N ha−1 and thereon remained relatively

constant between 10 and 12 Mg ha−1 (Figure 3).

The corn yield increased by 160% in trial 7 (with no-cover

crop) and by 113% in trial 8 (multi-cover crop) in N fertilized

treatments compared to control. The yield responses were nearly

similar in trials 7 and 8 for initial N fertilization levels

(0 kg ha−1–168 kg ha−1) (Figure 3). However, the yield gap

started at N fertilization levels beyond 200 kg ha−1, with multi-

cover crop fields showing yield decreases at higher N levels, and

the no-cover crop fields continuing to show yield increases. The

yield in the no-cover crop field was 12 and 60% higher than the

FIGURE 2
Overall response of corn yield to varied rates of N fertilization
at low- and high-yielding sites. The red and blue colored outlines
of circular bullet points show responses of high-yielding and low-
yielding sites, respectively. The dashed-dotted red line and
dashed blue line represent average corn yield at high- and low-
yielding sites, respectively.
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multi-cover crop field at N levels of 252 kg ha−1 and 336 kg ha−1,

respectively.

Agronomic N use efficiency and partial
factor productivity (PFPN)

The low- and high-yielding sites showed strong differences in

AgNUE (Figure 4). The AgNUE was generally at its maximum at

lower N fertilization levels and decreased at higher N doses,

except in trials 1, 3, and 5 (Figure 4). The average AgNUE in low-

yielding sites was 17.16 kg kg−1 N (2.05–38.70 kg kg−1 N) which

was about half of the AgNUE in high-yielding sites (32.68 kg kg−1

N), ranging between 10.10 and 64.52 kg kg−1 N. The AgNUE in

trial 3 was the lowest and remained below 6% at all N levels.

AgNUE in trial 4 started with themaximum and linearly decreased

reaching the minimum at the highest N level. The AgNUE in all

high-yielding sites (except trial 5) started with a maximum

(~50 kg kg−1 N) and continuously decreased with increases in N

levels. Trial 5 gave a curve-like response, started with a minimum,

gradually increased, reached a maximum (43 kg kg−1 N) at

168 kg N ha−1, and then decreased again.

All sites generally showed a significant negative

relationship between N levels and PFPN (Figure 4). The

PFPN response was maximum at the lowest N level and

then gradually decreased with increments in N levels. The

PFPN in low-yielding sites averaged 25.12 kg kg−1 N, ranging

between 8.36 and 64.82 kg kg−1 N, which was significantly

lower when compared to high-yielding sites (61.13 kg kg−1 N).

The PFPN in all high-yielding sites at the lowest N level was

above 97 kg kg−1 N.

Economic optimum N rate (kg Nha−1),
relative yield (%), and their relationship

The EONR for all sites was generally above 200 kg N ha−1

except for two sites (trials 3 and 8) (Figure 5). There was no

marked difference for EONR at both low- and high-yielding sites.

The lowest EONR was 7 kg N ha−1 (trial 3), and the maximum

was 280 kg N ha−1 (trials 2 and 5).

Relative yield was on average 29.45% for low-yielding sites and

35.08% for high-yielding sites (Figure 5). All four low-yielding sites

showed remarkable variations in relative yield, ranging between

6.15 and 63.66%. However, the relative yield at high-yielding sites

was comparatively consistent, ranging between 29.3 and 41.6%. A

significant negative relationship (R2 = 0.83) was found between

relative yield and EONR. The EONR was very high (average

254 kg N ha−1) at a lower relative yield, and it decreased sharply

when the relative yield increased above 36%.

Relationship between corn yield and
baseline soil pH and inorganic N

Baseline soil pH had a negative relationship (R2 = 0.78) with

corn yield (Figure 6). Corn yield was high and averaged

8.95 Mg ha−1 in high acidic soils with an average pH of

5.74 and decreased sharply by 59% to 3.71 Mg ha−1 when

pH increased above 5.93. Baseline soil inorganic N contents

were also negatively correlated (R2 = 0.64) with corn yield. The

corn yield was high, averaging 8.04 Mg ha−1 when inorganic N

contents were low (29.57 mg kg−1) and decreased sharply to

about 4.07 Mg ha−1 at inorganic N contents of above 100 mg kg−1.

FIGURE 3
Corn yield responses to varied N rates. Subfigure (A) represents corn N response for low-yielding sites (trials 1–4), and subfigure (B) shows
responses for high-yielding sites (trials 5–8). The regression equation for each trend line is represented by the same bullet and color.
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Discussion

Variability in corn yield and site-specific
management of N fertilizer

Even after decades of research, a question is still there of how

much N is enough to achieve high crop yields, mainly because N

transformations are quite rapid and vary widely among sites and

climatic conditions (Kablan et al., 2017). Optimizing N rates is

important for weathered soils in the southeast coastal plain which

generally have low N supply capacity because of less organic N and

organicmatter content and thus require annual N fertilization to fulfill

crop demand (Wiatrak and Liu, 2014). The maximum yield and

EONR were generally found at higher N rates above 204 kg N ha−1 in

most sites (Figures 3, 5). The irrigated and dryland corn grown in

Florence, South Carolina, also showed maximum yield at N levels

above 200 kg N ha−1 (Stone et al., 2010). This could be due to the high

nitrate leaching potential of coastal plain soils because of sandy texture,

low water holding capacity, and high rainfall during the corn season,

decreasing N availability for plant uptake at lower rates (Hubbard

et al., 2004;Wiatrak and Liu, 2014). A previous study conducted at the

same location showed that N addition at 45 kg N ha−1

yr−1–180 kg N ha−1 yr−1 for 3 years increased NO3
− accumulation

by 28–177% in 0–900 cm soil profile (Wiatrak and Liu, 2014).

All eight field trials were conducted in the same area within a

radius of 10 km2 and still showed great yield variation at each N

level, more evidently in low-yielding sites (Figure 2; Figure 3).

The corn yield trends were quite similar in high-yielding sites,

and variation started after 200 kg N ha−1 (Figure 3). Several

studies have reported wide variability in corn yield among

sites located in the same area (Scharf et al., 2005; Miao et al.,

2006; Kablan et al., 2017). The corn-N trials conducted in Paris,

IL at six sites showed strong variability in yield, ranging from

93 to 195 kg ha−1 (Miao et al., 2006). Scharf et al. (2005) found

that the corn yield in three major soil groups (Mississippi Delta

alluvial, claypan, and deep loess) varied widely between and

FIGURE 4
Changes in agronomic N use efficiency (A,B) and partial factor productivity (C,D) of N at variable N fertilization rates across different field trials.
Subfigures (A) and (C) are low-yielding sites (trials 1–4), and subfigures (B) and (D) are high-yielding sites (trials 5–8). The regression equation for each
trend line is represented by the same bullet and color.
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within fields. A field experiment conducted for 3 years in Quebec,

Canada also showed significant variation in corn yield among

two sandy-texture soils (Cambouris et al., 2016).

Crop N responses are influenced by several inherent

characteristics, such as soil type, pH, EC, residual N, soil organic

carbon, NO3
−-N, NH4

+-N, total N, aggregate stability, microbial

activity, temperature, and moisture (Nyiraneza et al., 2009; Kablan

et al., 2017; Tao et al., 2018). An 8-year field experiment conducted

on 45 sites showed that soil texture, planting date, and rainfall were

the major factors driving variability in corn yield (Kablan et al.,

2017). Nyiraneza et al. (2009) reported that out of 16 soil attributes,

N fractions (organic and inorganic) are the major determinants of

corn yield. Tao et al. (2018) surveyed 920 corn fields across the US

Corn Belt and, based on 3,680 corn stalk samples, found that the N

rate is not the only driving factor that affects N availability and corn

yield during the growing season. These variations advocate that N

recommendations can differ greatly between fields within the same

geographical location. Therefore, site-specific N management

strategies should be tested and encourage farmers to use different

N fertilizer levels for different fields considering the variation in soil

characteristics and climatic conditions.

Soil inorganic N and pH as themain drivers
of corn yield responses to N fertilization

The strong negative relationship of corn yield between

pH and inorganic N explains that these could be the two

main factors controlling corn yield variability in this study

(Figure 6). The corn yield responded positively to N rates in

FIGURE 5
Changes in relative yield and economic optimum N rates (EONR) across low- and high-yielding sites subfigure (A). The subfigure (B) shows the
relationship between relative yield and EONR.
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soils that had lower residual N and yield decreased with N

fertilization when residual N was above 100 mg kg−1

(Figure 6). Studies based on 15N-labeled fertilizers have shown

that corn plants fulfill about 10–50% of their N requirements

from current year fertilization, and soil N reserve usually supplies

the remaining N (Omay et al., 1998; Stevens et al., 2005). Corn

grain yield in the United States did not respond to N addition

when the N contents in the 0–30 cm soil layer surpassed

20–30 mg NO3
−-N kg−1 (Blackmer et al., 1989; Binford et al.,

1992). Cui et al. (2008) reported that N availability of more than

87 kg ha−1 is enough for corn growth without affecting its grain

yield. In fact, corn yield is negatively affected when N availability

exceeds 150 kg N ha−1 (Bundy and Malone, 1988).

Corn yield was high (8.95 Mg ha−1) in soils that were more

acidic (pH: 5.74), and yield decreased to 3.71 Mg ha−1 where

pH was high (pH: 5.93) (Figure 6). This could be because acidic

soils generally have lower nitrification potential because the

activity of nitrifiers (ammonia-oxidizing bacteria and

ammonia-oxidizing archaea) starts decreasing at pH below 6.0

(De Boer and Kowalchuk, 2001). This retarded nitrification can

prolong NH4
+ availability in the soil. As NH4

+ leaching is far less

when compared to NO3
−, extended NH4

+ availability will give an

opportunity for the corn plants to uptake more N, translating

into better yield (Raza et al., 2019). This could be the main reason

we observed higher corn yields in acidic conditions (Figure 6).

Response of corn yield to N rates affected
by multi-cover crop species

The yield responses were similar in no-cover and multi-cover

species trials at lower N rates (0–168 kg N ha−1) but yield started

decreasing sharply in the latter trial at higher N fertilization rates

(Figure 3). A 5-year field trial in Illinois reported that cover crops

decreased corn yield by 3.5% (Qin et al., 2021). A global meta-

analysis of 372 experimental sites showed that cover crops

decreased crop yield by about 4% compared to control

(Abdalla et al., 2019). Another meta-analysis focusing on the

Argentine Pampa reported decreases in corn yield by 8% with

non-legume cover crops (Alvarez et al., 2017). Declining yield

benefits with increasing N rates in multi-cover crop trials could

be attributed to reduced N availability because the decomposition

of cover crop residues that is high in the C:N ratio can cause N

immobilization (Karlen and Doran, 1991; Wyland et al., 1995).

The O2 consumption by microbes during the decomposition of

cover crop residues can induce O2 stress which can also decrease

crop yield (Fischer et al., 1989; Kavdır and Smucker, 2005). Cover

crops can slow soil warming by decreasing evaporation and

increasing ground albedo (Carrer et al., 2018).

Corn yield dependence on climatic
variability

Variability in weather also makes it difficult to determine the

overall impact of N fertilization on corn yield. This is particularly

true for the coastal plain climate, where crop production mainly

depends on rainfall. The annual precipitation in the South Carolina

Coastal Plain is about 1,310 mm (SCDNR, 2010), which is enough

for row crop production. However, cropwater stress is also common

in this region because of unequal temporal rainfall distribution and

poor soil water storage because of sandy soil texture. The lowest corn

yield in the studywas in 2019 in trial 3 (2.32 Mg ha−1), whichwas the

only dryland site, and all others were irrigated. The year 2019was the

FIGURE 6
Relationship between baseline soil mineral N (mg kg−1) and pHwith corn yield in all field trials. Subfigure (A) shows relationship between baseline
mineral N and corn yield, and subfigure (B) shows relationship between baseline soil pH and corn yield.
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hottest and driest, receiving 209 mm less rainfall during corn season

than other years, which might be the main reason behind the lowest

corn production. The dry spell during the corn growing season in

2008 severely decreased corn yields (3.8–4.7 Mg ha−1) in Darlington,

South Carolina, and the yield doubled in the following year

(8.4–9.3 Mg ha−1) having sufficient rainfall (Novak and Busscher,

2013). Therefore, inconsistent rainfall patterns and dry spells

ranging from days to a few weeks can severely reduce corn

production (Busscher and Schomberg, 2010). The strong

relationship between weather conditions and soil properties

greatly influences the response of crop yield to N fertilizer

(Tremblay and Pandalai, 2004; Tremblay et al., 2012). Several

other studies also reported that the relationship between yield

and soil properties was largely influenced by the variability in

precipitation and soil water holding capacity (Taylor et al., 2003;

Armstrong et al., 2009; Shahandeh et al., 2011). Therefore, the

interaction between weather conditions and soil properties should

be considered before revising N recommendations for an area.

The existing N recommendation systems give correct

estimates of average N rates needed to apply across

geographic regions but are not designed to provide specific N

goals for individual fields. The continued ineffective and erratic N

use in corn could lead to a major nonpoint source of soil and

environmental pollution (Chen et al., 2010; Küstermann et al.,

2010). Knowing the gaps between soil N supply, nitrate leaching,

and crop N demand for a particular crop on a specific soil type

can improve the decision-making of the site-specific N

management to achieve an economic optimum crop yield

with better NUE (Pasuquin et al., 2014; Muschietti-Piana

et al., 2018). There is a need to establish a system where field-

specific N rates are recommended for individual fields based on

site-specific factors. The amount of N added to soils through

organic matter mineralization, residual N accumulated in the soil

profile, and atmospheric N deposition should all be considered

while making recommendations for N fertilization synchronized

with crop demand. Failure to do so can result in faulty fertilization

practices, leading to economic or environmental losses.

Conclusion

This study indicated a large variation in corn yield at each N

level among eight field trials. Half of the trials (low-yielding sites)

responded poorly to increments inN levels, and the other half (high-

yielding sites) showed strong increases in corn yield. The N

fertilization at 224 kg N ha−1 was generally most effective in

producing maximum corn yield compared to control at most

sites, and corn yield started decreasing at very high N levels

(>300 kg ha−1). Increasing N fertilization cannot guarantee

maximum corn yield as such responses are governed by a

combination of several factors, such as soil inorganic N, pH, and

precipitation, identified for this study. The EONR was below

300 kg N ha−1 for all trials, suggesting overfertilization should be

avoided to avoid economic losses and soil and environmental

pollution. Therefore, the optimal N rate for a site should be

revised annually according to soil residual N contents and crop

demand.More studies are required to establish practical soil-specific

N management approaches considering soil and weather variations

to better account for varied on-farm situations.
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