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Abstract: Maize (Zea mays L.) is one of the most important crops in the world and fertilization is
the most important management practice which contributes to high yield. The objective of this
study was to determine the effect of different fertilizers on maize crop and their contribution to the
carbon footprint. The experiments were conducted in a commercial field in the area of Thessaloniki
during the growing seasons of 2019 and 2020. During the experiment a number of physiological
and morphological characteristics, and the energy output/input ratio, energy efficiency, and carbon
footprint were determined. The results of the experiment showed that the inorganic fertilizers and
manure improved the morphological and physiological characteristics that were studied compared
to the green manure treatment and the control. In addition, it appeared most of the energy input of
maize cultivation is from fertilizers (52%), followed by diesel (25%) and the use of machinery (14%).
The treatments with the slow release fertilizers and the manure gave satisfactory results with an
average of 42.1 Mg ha−1 in 2019 and 43.6 Mg ha−1 in 2020 for both fertilization treatments. Therefore,
it is necessary to use the appropriate fertilizers in order to maintain the productivity of the crop and
reduce the environmental costs.

Keywords: nitrogen fertilizer; green manure; manure; energy equivalent; carbon footprint

1. Introduction

Climate change is an important issue for the 21st century and agriculture contributes
to the release of 10–14% of greenhouse gas and 95% of ammonia emissions [1]. One
of the most important factors that contribute to greenhouse gas emissions is the use of
inputs, such as nitrogen (N) fertilizers. Additionally, excessive use of fertilizers can lead to
pollution of surface and ground water [2]. Moreover, there is a significant cost due to the
pollution from nitrogen fertilizers that are used in modern agriculture, which can reach
up to 320 billion euros. Therefore, it is important to reduce the use of fertilizers and at the
same time to use the inputs more sustainably [3].

Nitrogen is one of the most important nutrients for crop production, especially for
maize production. It affects leaf area development, maintenance, and dry matter produc-
tion [4]. In addition, N fertilization affects leaf chlorophyll content and is used to determine
the N status of the plant [5]. Moreover, maize dry matter (DM) production increases lin-
early with N application and also maize silage quality up to 200 kg N ha−1 [6]. However,
higher N rates can lead to a significant increase in residual NO3-N concentrations and to
underground water contamination. Therefore, there is a need to minimize NO3-N leaching
and at the same time to maintain or improve crop yield. Timing of N application and form
of N can be an adequate strategy to ensure N availability when crops need it and minimize
N losses.

In addition, the increase in fossil fuel prices led to the increase in fertilizer cost and also
the inputs that are used in crop production have risen as one of the most important issues.
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There is also a great interest in identifying sustainable management combinations of N
forms, type of fertilizers, time of application, and N amendments that could result in more
efficient use of N. Alternative forms of fertilizers such as manures (liquid manure, farmyard
manures, composts, and green manures) can be used as sources of plant nutrients and at
the same time increase N use efficiency and crop yield [7–10]. Manures can increase the
seasonal soil N mineralization available to the crops [11–13]. However, manures also have
disadvantages, such as odor, high fly breeding potential, possible transfer of pathogens
and weeds, NO3-N leaching, methane emission that contribute to the greenhouse gases,
increase of soil salinity, etc. [11–13].

Modern agriculture depends on utilizing large amounts of energy from fossil fuels and
there is a need to reduce the inputs and maintain the productivity in high levels and the
sustainable management in order to reduce the negative effect of the excessive inputs on
climate change. According to others [14–18], fertilizers have the highest energy equivalent
in maize production, up to 51% of the energy that is required, while electricity accounts for
20%, and fossil fuels for 23% of the total energy. In addition, the ratio of outputs/inputs is
0.76 in maize production and this ratio indicates that the inputs are not used efficiently.

Furthermore, the agricultural sector is the major contributor of greenhouse gas (GHG)
emissions, which are related to direct losses of soil organic carbon (SOC) and nitrogen in
forms of CH4, CO2, and N2O globally [15,16]. Improper farming operations will release
substantial amounts of GHGs, thereby increasing the carbon footprint that ultimately leads
to climate change [17]. Considering that the inputs with high carbon footprint are the
fertilizers, fuel, and machinery, producers should implement practices to reduce their
effects [17]. According to other researchers [15–18], the GHGs emissions released from
maize production increased from 3633.7 kg CO2-eq ha−1 in 2004 to 4043.3 kg CO2-eq ha−1.
Fertilizer application, soil N2O emission, and irrigation contributed more than 85% of total
GHGs emissions. The reduction of GHGs emissions from agricultural practices is a quite
complex and multifaceted challenge. In addition, the actions to reduce GHG emissions
are limited and most of them are strongly connected to management practices. The effect
of agriculture on GHGs emissions can be reduced by using sustainable practices such as
crop rotation, reduced or no tillage, use of renewable energy sources, organic cultivation
and integrated crop management, reduction of nitrogen fertilizers, and use of alternative
organic N fertilization [19–21].

Nitrogen fertilization of maize is one of the most important management practices that
affects the growth and the yield of the crop [13,22–25]. However, there is limited published
work about the effects of application of cattle manure and green manure compared with the
inorganic fertilizer and the effect of the different forms of N application on maize growth
and development. In addition, any crop practice such as the application of cattle manure
and green manure should be evaluated for its suitability in the cropping system before its
adoption by the farmers. The objective of the present study was to evaluate the different
types of fertilizers on the growth and yield of maize and also on the energy and carbon
footprint of the crop.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted in a commercial field in the area of Thessaloniki,
(40◦34′11.4′′ N 22◦59′16.0′′ E, 30 m), in North Greece for two years 2019 (Y1) and 2020 (Y2).
The soil type was clay loam with pH 7.8 (1:2 water), ECse 0.67 dSm−1, and contained organic
matter of 23 g·kg−1, N-NO3 23.8 mg·kg−1, P (Olsen) 29.6 mg·kg−1, and exchangeable K
800 mg·kg−1. The weather conditions were recorded daily with an automated weather
station, which was located on site, and they are referred to as monthly mean value data for
both years (Table 1).
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Table 1. The main weather parameters (average temperature and rainfall) in a commercial field
crop in the area of Thessaloniki during the growing seasons 2019 and 2020. The weather data were
recorded by a weather station on site.

Month Rainfall (mm) Temperature (◦C)

2019 2020 2019 2020

April 71.4 97.8 14.5 12.8
May 23 36.6 19.5 19.3
June 52 25.6 26.6 24.2
July 41 13.0 27.3 27.4

August 1.8 74.8 28.4 26.6
September 13.2 15.4 23.6 24.6

2.2. Experimental Design

The experimental design that was used was a completely randomized block design
with four replications. The following treatments were used: (1) no fertilization (control),
(2) green manure with common vetch (GM), (3) conventional fertilizer (CF) with appli-
cation of NP (12-20-0) fertilizer and urea (46-0-0) in an amount of N 310 kg Nha−1 and
40 kg P2O5 ha−1, (4) slow-release fertilizer (SRF) with application of NP (16-20-0) and SRF
Stabil N-M 40-0-0+14SO3 (with a urease inhibitor) in an amount of 310 kg N ha−1 and
40 kg P2O5 ha−1 respectively, and (5) application of cattle manure (CM) in an amount
equal to that of the conventional fertilizing in N and quantity of 20 Mg ha−1 (Table A1,
Appendix A). The chemical properties of manure were as follows: pH 7.8, organic matter
383.8 g·kg−1, N 16.9 g·kg−1, P 680 mg·kg−1, and K 2500 mg·kg−1. The manure was incor-
porated with a tandem harrow disc to a depth of 12–15 cm within 15 days before sowing.

Two maize hybrids which are widely used in Greece, Pioneer 1291 (H1) (FAO 700) and
Dekalb 6777 (H2) (FAO 700), were used in the study. Common vetch (Vicia sativa L.) was
sown and used as a green manure crop in both growing seasons. The common vetch cultivar
that was used was “Marianna” at a seeding rate of 150 kg·ha−1 and it was incorporated into
the soil 15 days before the sowing of maize. The sowing of maize was conducted on 4 April
2019 and on 8 May 2020 with a four-row pneumatic seeding machine, at a seeding rate of
80,000 plants/ha. The experimental area that was used was 2.300 m2, and each plot was
5.6 m × 20 m, covering an area of 112 m2. The emergence of the maize plants was reported
on the 17 April 2019 during the first year and on the 26 May 2020 during the second year,
while harvest took place on the 10 August 2019 and on the 14 September 2020 for 2019 and
2020, respectively. All agricultural activities were recorded including the working time of
the agricultural tractor and the fuel consumption.

2.3. Crop Management

The experimental area was irrigated with overhead sprinklers with a 400 mm total
amount of water. First irrigation took place within the first week after maize sowing
for all years. Weed control was achieved with Terbuthylazine 594 g ai ha−1, Mesotri-
one 126 g ai ha−1, and Nicosulfuron 116 g ai ha−1. Additional mechanical weeding was
performed to control escaped weeds in both years. No other pesticides were used.

There were eight rows in each plot and representative plants were used from the
two center rows of each plot and were measured for the physiological and morphological
characteristics and the silage yield. Representative plants are considered plants in full
growth, with healthy and uninfected leaves, with full exposure to sunlight and plants
in the same growth stage. Furthermore, the energy equivalent and the carbon footprint
were calculated. The measurements of the morphological and physiological characteristics
occurred during the months June–August, for both years, the first one at the stage of
anthesis (GS1) and the second one 20 days later (GS2). More specifically, the following
measurements were conducted:
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2.4. Morphological Characteristics
2.4.1. Plant Height

Plant height was determined with a measuring tape in five plants, which were in the
central rows of each plot for both growth stages.

2.4.2. Leaf Area Index

The LAI was determined by using the AccuPAR, LP–80 (Decagon Devices, Inc., NE
Hopkins Ct, Pullman, DC, USA). The device comprises an external sensor, a microprocessor,
and a data recorder. The sensors record the photosynthetically active radiation, in the 400 to
700 nm waveband, in units of micromoles per meter squared per second (µmol·m−2·s−1).
The measurements took place during the hours between 11 a.m.–1 p.m. During this
time three measurements were conducted within the canopy. The mean value of these
measurements was used as the value of LAI.

2.5. Physiological Characteristics
Leaf Greenness Index (SPAD Index)

The leaf greenness index was measured using the portable device SPAD-502 (Minolta
Co Ltd., Osaka, Japan) [26]. This meter determines the intensity of the green color on
the leaves on a plant, according to the light absorbance in two wavelengths (650 and
940 nm). The measurements were taken from 16 plants of the main rows of each plot. The
measurements were taken in the middle from the leaf of the main cob [27].

2.6. Energy Equivalent

Agricultural practices should take into consideration energy efficiency, so that a low
input management can be implemented and the environmental effects can be reduced [28].
The energy approach is based on the conversion of all production factors, and even of every
cultivation product, into energy units. Table 2 shows the energy equivalents that are used
in agricultural production. The amount of input in this study was calculated per hectare
and these data were multiplied by the coefficient of the energy equivalent. The energy
equivalents were conveyed in megajoules (MJ). To determine the output/input ratio [1]
and the efficiency of the energy used [2] while producing maize, the following formulas
were used [14].

Output/input ratio =
The amount of energy (Output)(MJ/ha)
The amount of energy (Input)(MJ/ha)

(1)

Energy efficiency =
Maize Production (kg/ha)

The amount of energy (Input)(MJ/ha)
(2)

Table 2. Energy equivalents of inputs and outputs in agricultural production.

Inputs Unit Energy Equivalent
Coefficient (MJ/unit) Reference

Pesticides, Fungicides kg 120 [29]
Labor h 1.96 [29]

Machinery h 64.8 [14]
Nitrogen (N) kg 66.14 [30]

Phosphorus (P) kg 12.44 [30]
Potassium (K) kg 11.15 [30]

Manure ton 303.1 [14]
Diesel L 56.31 [31]

Electricity kWh 3.6 [32]
Irrigation water m3 0.63 [32]
Seed for vetch kg 10 [33]
Seed for maize kg 14.7 [29]
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2.7. Carbon Footprint

In the present study carbon (C) emissions were calculated by taking into account the
C emissions that are derived directly from crop management practices, materials, and
machinery inputs. The total sum of the maize C footprint of the growing season was
calculated by using the following formula [34]:

Carbon footprint = SUM (IR × CE) (3)

where IR is the input ratio and CE is the coefficient of greenhouse gas emissions for each
input (kg CO2-eq kg−1) (Table 3).

Table 3. Emission coefficient for each input that was used in the present study.

Inputs Emission Factor Reference

Nitrogen (N) 8.30 kg CO2-eq kg−1 N [35]
Phosphorus (P) 0.61 kg CO2-eq kg−1 P2O5 [36]
Potassium (K) 0.44 kg CO2-eq kg−1 K2O [36]

Seeds 3.85 kg CO2-eq kg−1 [36]
Electricity 0.80 kg CO2-eq kW h−1 [37]

Pesticides, Fungicides 18 kg CO2-eq kg−1 [36]
Diesel 2.63 kg CO2-eq L−1 [38]

2.8. Statistical Analysis

Data for height, LAI, and SPAD were analyzed according to a 2× 5× 2× 2 experiment
based on the Randomized Complete Block Design. The experiment involved four factors,
in a split-split-split plot arrangement [39,40], with four replications (blocks) per combined
treatment: the “year”, the “fertilizer treatment”, the “maize hybrid”, and the “growth
stage”. The two years were considered as the main plots, the five fertilizer treatments were
the sub-plots, the two maize hybrids were the sub-sub plots, and, finally, the two growth
stages were considered as the sub-sub-sub plots. Data for energy output/input ratio, energy
efficiency, and silage yield were analyzed according to a 2 × 5 × 2 experiment based on
the Randomized Complete Block Design. The experiment involved three factors, in a split-
split plot arrangement [39,40], with four replications (blocks) per combined treatment: the
“year”, the “fertilizer treatment”, and the “maize hybrid”. The two years were considered
as the main plots, the five fertilizer treatments were the sub-plots, the two maize hybrids
were the sub-sub plots. In all cases, data were analyzed within the methodological frame
of Mixed Linear Models with the ANOVA method [39,40]. The ANOVA method was
used mainly for computing the correct standard errors of the differences between mean
values of treatments’ combinations. Mean values were compared using the “protected”
Least Significant Difference (LSD) criterion. The combined analysis over the two growing
seasons facilitated the calculation of a common LSD value for conducting all interesting
comparisons between treatments’ combinations means. In all hypothesis testing procedures,
the significance level was predetermined at a = 0.05 (p ≤ 0.05). Statistical analyses were
accomplished with the IBM SPSS v.26.0 statistical software.

3. Results

The weather conditions were quite different in the two growing seasons (Table 1).
The first growing season was characterized by a warm and dry summer and the second
growing season was characterized by a mild spring with significant rainfall during the
spring and also during the summer. Additionally, the nonhomogeneous variation of the
data across years reflected climatic fluctuations and prevented a combined analysis.
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3.1. Morphological Characteristics
3.1.1. Plant Height

The plant height was affected by the main effects of “year” (Y, p < 0.001), “fertilizer”
(F, p < 0.001), “hybrid” (H, p = 0.035), and “growth stage” (S, p < 0.001) and also by the
two-way interaction “fertilizer × year” (p = 0.007). The fertilizer treatments showed the
tallest plants was the conventional fertilizer with a total mean of 2.66 m for both years,
while the slow-release fertilizer and application of cattle manure treatments also showed
satisfactory results (with a total mean of 2.59 and 2.57 m for both years, respectively)
(Table 4). Additionally, in the control treatment were found the shortest plants in both
years, while the tallest plants were observed in the conventional fertilizer treatment. In
addition, in the second year of the experimentation (2020) the plants were higher in all the
fertilizer treatments compared to the first year (2019). Higher plants were found on hybrid
Dekalb 6777 compared to hybrid Pioneer 1291 (2.46 and 2.43 m, respectively). Additionally,
difference was observed between the two growth stages, with the second growth stage
showing taller plants.

Table 4. Plant height (m) for the years 2019 and 2020, for both hybrids, Pioneer 1291 and Dekalb
6777, for two growth stages. Data presented are mean values, where LSD0,05 is the least significant
difference at the 0.05 significance level.

Fertilizer Treatments Year 2019 * Year 2020 * Total Mean *

GM 2.04 e 2.52 c 2.28 c
Control 1.92 f 2.34 d 2.13 d

CF 2.35 d 2.97 a 2.66 a
SRF 2.33 d 2.85 b 2.59 b
CM 2.33 d 2.81 b 2.57 b

Total mean 2.19 2.69
LSD0.05 for interaction F × Y 0.08
LSD0.05 for main effect of F 0.06

Significance of main effect of Y (p-value) <0.001

Hybrids Year 2019 Year 2020 Total mean

H1 2.18 2.68 2.43
H2 2.21 2.72 2.46

Significance of main effect of H (p-value) 0.035

Growth Stages Year 2019 Year 2020 Total mean

GS1 2.16 2.66 2.41
GS2 2.23 2.74 2.48

Significance of main effect of GS (p-value) <0.001

Notes: F: fertilizer; Y: year; H: hybrid; GS: growth stage; Control: no fertilization; GM: green manure; CF:
conventional fertilizer; SRF: slow-release fertilizer; CM: application of cattle manure; H1: Pioneer 1291; H2:
Dekalb 6777; GS1: growth stage at the stage of anthesis and GS2: growth stage 20 days later from the stage of
anthesis. * Means followed by the same letter are not statistically significantly different, at significance level 0.05,
according to the LSD criterion.

3.1.2. Leaf Area Index (LAI)

Leaf area index (LAI) was affected by the main effects of “year” (Y, p < 0.001), “fertilizer”
(F, p < 0.001), “hybrid” (H, p = 0.048), and “growth stage” (S, p < 0.001) and also by two-way
interaction “fertilizer × growth stage” (p < 0.001). Comparing the LAI values among the
different fertilizer treatments of the experiment, it was observed that the higher values
were found in the plants with the conventional fertilizer, cattle manure, and slow-release
fertilizer treatments (2.82, 2.77, and 2.76, respectively) (Table 5). For both growth stages
in which the measurements were conducted, the lowest values of LAI index were found
in the control and green manure treatment, while in the conventional fertilizer treatment
LAI had the highest values. Additionally, the hybrid Pioneer 1291 showed the lowest
LAI values with an average of 3.45 compared with the hybrid Dekalb 6777 which showed
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the highest LAI values with an average of 3.56. Leaf area index had the highest value
during the 2020 year with an average of 4.07, while LAI value was lower in 2019 (2.94).
Additionally, a significant difference was observed between the two growth stages, with
the first growth stage showing a higher leaf area index than the second, with an average of
3.55 and 2.85, respectively.

Table 5. Leaf area index (LAI) for the two years 2019 and 2020, for both hybrids Pioneer 1291 and
Dekalb 6777, for two growth stages (GS). Data presented are mean values, where LSD0.05 is the least
significant difference at the 0.05 significance level.

Fertilizer Treatments GS1 * GS2 * Total Mean *

GM 3.30 b 3.21 bc 3.25 b
Control 2.96 cd 2.86 d 2.91 c

CF 3.87 a 3.78 a 3.82 a
SRF 3.81 a 3.71 a 3.76 a
CM 3.82 a 3.72 a 3.77 a

Total mean 3.55 2.85
LSD0.05 for interaction F × GS 0.35

LSD0.05 for main effect of F 0.24
Significance of main effect of GS (p-value) <0.001

Hybrids GS1 GS2 Total mean

H1 3.49 3.40 3.45
H2 3.61 3.51 3.56

Significance of main effect of H (p-value) 0.048

Years GS1 GS2 Total mean

Year 2019 2.98 2.90 2.94
Year 2020 4.13 4.01 4.07

Significance of main effect of Y (p-value) <0.001

Notes: F: fertilizer; Y: year; H: hybrid; GS: growth stage; Control: no fertilization; GM: green manure; CF:
conventional fertilizer; SRF: slow-release fertilizer; CM: application of cattle manure; H1: Pioneer 1291; H2:
Dekalb 6777; GS1: growth stage at the stage of anthesis and GS2: growth stage 20 days later from the stage of
anthesis. * Means followed by the same letter are not statistically significantly different, at significance level 0.05,
according to the LSD criterion.

3.2. Physiological Characteristics
Leaf Greenness Index (SPAD Index)

The leaf greenness index (SPAD) was affected by the main effects of “year” (Y,
p < 0.001), “fertilizer” (F, p < 0.001), and “growth stage” (S, p < 0.001) and also by the
two-way interaction “fertilizer × year” (p = 0.004). The SPAD index values, irrespective
of the year, were highest in the conventional fertilizer treatment with an average of 58.87,
followed by the slow-release fertilizer treatment with an average of 57.57 and cattle manure
with an average of 57.56 (Figure 1). For both years, 2019 and 2020, the lowest values of
SPAD index were found in the control (45.05 and 44.79, respectively) and in the green
manure treatments (51.05 and 48.86, respectively). In contrast, the highest SPAD values
were observed for both years in the conventional fertilizer treatment with an average of
59.75 in year 2019 and 58.00 in year 2020. The slow-release fertilizer and manure treatments
showed high values similar to the conventional fertilizer in both years (58.37 and 58.36 in
year 2019 and 56.78 and 56.76 in year 2020, respectively). The plants displayed greater leaf
greenness index during 2019 with a value of 54.52, while during 2020 the value had an
average of 53.04. Furthermore, in both years (2019 and 2020) SPAD decreased from the first
growth stage to the second. There were no statistically significant differences between the
two hybrids that were tested, Pioneer 1291 and Dekalb 6777.
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kg  0.11  0.11  120  1.32  1.32 
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Figure 1. Leaf Greenness Index (SPAD) for the two years 2019 and 2020. Notes: Control: no fertil-
ization; GM: green manure; CF: conventional fertilizer; SRF: slow-release fertilizer; CM: application
of cattle manure. Within each year, means (bars) denoted by the same letter are not statistically
significantly different, at significance level 0.05, according to the LSD criterion.

3.3. Energy Equivalent

The total energy input equivalents were calculated by multiplying the amount of input
by unit with the corresponding coefficient of the energy equivalent (Table 6). The total
energy input amounts to 477.49 and 555.28 MJ ha−1 in 2019 and 2020, respectively. The
percentages of the energy input equivalents used in maize cultivation for the 2019 year
were determined as follows: plant protection products 0.28%, labor 0.21%, machinery
13.5%, fertilizers 56.6%, diesel 20.4%, electricity 1.5%, irrigation 3.9%, and seeds 3.7%.
Similar results were recorded in 2020 with the following percentages: plant protection
products 0.24%, labor 0.26%, machinery 15.1%, fertilizers 48.7%, diesel 29.6%, electricity
1.9%, irrigation 3.7%, and seeds 3.2%. The experimental results showed that the largest part
of energy input is due to the use of fertilizers (56.6% in 2019 and 48.7% in 2020), followed
by the use of diesel (20.4% in 2019 and 29.6% in 2020) and machinery (13.5 in 2019 and
15.1% in 2020).

Table 6. Energy input and output equivalents in maize cultivation for the years 2019 and 2020.

Inputs Unit The Amount of
Input/Unit

Energy Equivalent
Coefficient (Mj/Unit) Energy Equivalent (Mj/Ha)

2019 2020 2019 2020

Pesticides, Fungicides kg 0.11 0.11 120 1.32 1.32
Labor h 5 7.5 1.96 0.98 1.47

Machinery h 10 13 64.8 64.80 84.24
Nitrogen (N) kg 31 31 66.14 205.03 205.03

Phosphorus (P) kg 4 4 12.44 4.97 4.976
Manure Mg 2 2 303.1 60.62 60.62
Diesel L 17 26.3 56.31 95.72 148.09

Electricity kWh 20 30 3.6 7.2 10.8
Irrigation water m3 300 330 0.63 18.9 20.79
Seed for vetch kg 15 15 10 15 15
Seed for maize kg 2 2 14.7 2.94 2.94

Total input energy (Mj) 477.49 555.28

The ratio output/input was affected by the main effects of “fertilizer” (F, p < 0.001) and
“hybrid” (H, p < 0.001), while the energy efficiency input was affected by the main effects of
“fertilizer” (F, p < 0.001) and “hybrid” (H, p < 0.001), and also by the two-way interactions
“fertilizer × year” (p = 0.015). The ratio output/input showed similar tendencies during
both years of the experiments, with the highest values being found in the green manure
treatment and cattle manure treatment for both hybrids, while the lowest values were
found in the slow release fertilizer and the conventional fertilizer treatment, with the
hybrid Pioneer 1291 having the lowest values during both years when compared with the
hybrid Dekalb 6777. Differences were also observed among the fertilizer treatments that
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applied. The highest values were observed in the green manure treatment for both years
(0.89 and 0.78 for the year 2019 and 2020, respectively) while the conventional fertilizer
and the slow-release fertilizer treatments showed the lowest values in the energy efficiency
(0.58 and 0.56 for the year 2019, 0.56 and 0.50 for the year 2020, respectively) (Table 7).
Significant differences were also observed in the energy efficiency between the two hybrids.
More specifically, the hybrid Dekalb 6777 showed higher values with an average of 0.70, in
contrast to the hybrid Pioneer 1291 with an average of 0.66. It seems that the ratio energy
output/input fluctuates from 0.94 to 1.73 in the different fertilizer treatments, indicating
that the ratio is low, a fact that shows that the inputs are not used efficiently.

Table 7. Energy efficiency in maize cultivation the two years 2019 and 2020. Data presented are mean
values, where LSD0,05 is the least significant difference at the 0.05 significance level.

Fertilizer Treatments Year 2019 Year 2020 Total Mean

GM 0.89 a * 0.78 b 0.83 a
Control 0.73 c 0.70 c 0.72 c

CF 0.58 d 0.53 de 0.55 d
SRF 0.56 d 0.50 e 0.53 d
CM 0.86 a 0.70 c 0.78 b

Total mean 0.72 0.64 0.68
LSD0.05 for interaction F × Y 0.06
LSD0.05 for main effect of F 0.04

Significance of main effect of Y (p-value) 0.062

Hybrids Year 2019 Year 2020 Total mean

H1 0.70 0.62 0.66
H2 0.74 0.66 0.70

Significance of main effect of H (p-value) <0.001

Notes: F: fertilizer; Y: year; H: hybrid; Control: no fertilization; GM: green manure; CF: conventional fertilizer; SRF:
slow-release fertilizer; CM: application of cattle manure; H1: Pioneer 1291; H2: Dekalb 6777. * Means followed by
the same letter are not statistically significantly different, at significance level 0.05, according to the LSD criterion.

3.4. Carbon Footprint

In Table 8 is presented the amount of inputs used for maize production, the CO2
emission factors, and the sum of CO2 emissions. The results for 2019 showed that the
inputs with the highest values of CO2 emissions are nitrogen with a value of 2.573 kg
CO2-eq ha−1, diesel with 447.1 kg CO2-eq ha−1, electricity with 160 kg CO2-eq ha−1,
maize seeds 77 kg CO2-eq ha−1, phosphorus 24.4 kg CO2-eq ha−1, and the plant protection
products with 19.8 kg CO2-eq ha−1. Similarly, in 2020 the results showed the same tendency,
with differences being found in diesel with a value of 691.69 kg CO2 eq ha−1 and in
electricity with 240 kg CO2-eq ha−1. The results indicated that, of the different inputs
in maize cultivation, the ones that contribute the most in the CO2 emissions are the N
fertilizers, the use of diesel, and electricity.

Table 8. Emission factors for each input during the two years.

Inputs Emission Factor The Amount of Input CO2 Emissions

2019 2020 2019 2020

Nitrogen (N) 8.30 kg CO2-eq kg−1 N 310 kg ha−1 310 kg ha−1 2.573 kg CO2-eq ha−1 2.573 kg CO2-eq ha−1

Phosphorus (P2O5) 0.61 kg CO2-eq kg−1 P2O5 40 kg ha−1 40 kg ha−1 24.4 kg CO2-eq ha−1 24.4 kg CO2-eq ha−1

Electricity 0.80 kg CO2-eq kWh−1 200 kWh ha−1 300 kWh ha−1 160 kg CO2-eq ha−1 240 kg CO2-eq ha−1

Seeds 3.85 kg CO2-eq kg−1 20 kg ha−1 20 kg ha−1 77 kg CO2-eq ha−1 77 kg CO2-eq ha−1

Pesticides, Fungicides 18 kg CO2-eq kg−1 1.1 kg ha−1 1.1 kg ha−1 19.8 kg CO2-eq ha−1 19.8 kg CO2-eq ha−1

Diesel 2.63 kg CO2-eq L−1 170 L ha−1 263 L ha−1 447.1 kg CO2-eq ha−1 691.69 kg CO2-eq ha−1

Total emissions CO2 8.30 kg CO2-eq kg−1 N 310 kg ha−1 310 kg ha−1 3.301 kg CO2-eq ha−1 3.625.89 kg CO2-eq ha−1
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3.5. Silage Yield

The silage yield was influenced only by the factor “fertilizer” (F, p < 0.001). The lowest
yield was found in the control and green manure treatments for both hybrids during both
years (Table 9). On the contrary, higher yields were observed in the conventional and the
slow release fertilization (4.42 Mg ha−1 and 4.31 Mg ha−1, respectively), while equally high
yields were found in the cattle manure application, with an average of 4.25 Mg ha−1.

Table 9. Silage yield during the two years 2019 and 2020. Data presented are mean values, where
LSD0,05 is the least significant difference at the 0.05 significance level.

Fertilizer Treatment Total Mean (Mg ha−1) *

GM 4.04 b
Control 3.65 c

CF 4.42 a
SRF 4.31 a
CM 4.25 ab

LSD0.05 for main effect of Fertilizer 0.23
Notes: Control: no fertilization; GM: green manure; CF: conventional fertilizer; SRF: slow-release fertilizer; CM:
application of cattle manure. * Means followed by the same letter are not statistically significantly different, at
significance level 0.05, according to the LSD criterion.

4. Discussion
4.1. Morphological Characteristics
4.1.1. Plant Height

It was found that in the control the plants were shorter, while in the slow release
fertilizer, the cattle manure, and the conventional fertilizer treatments the plant height was
increased compared with the green manure treatment. The plant height increase that was
found may be due to the positive effect of nitrogen on plant growth which leads to the
increase of internode length, as well as to the cell division and consequently the increase of
the plant height [41–43]. These results are in agreement with other studies where it was
found that the conventional fertilizers, the slow release fertilizers, and the cattle manure
increased the plant height compared with the control [44–46].

4.1.2. Leaf Area Index (LAI)

The smallest increase of the leaf area index was recorded at the green manure treatment
compared with the fertilizer treatments. The results of the present study are similar to those
reported from other studies [45,47]. The slow release fertilizer treatment together with
the cattle manure treatment caused a greater increase of LAI compared with the control
and the green manure treatment. Similar results were reported by other scientists [48–50].
Additionally, the conventional fertilization caused an increase of leaf area index that is
in agreement with other studies [50–53]. In conclusion, the results show that the leaf
area index was increased more with the mineral fertilizers and the use of cattle manure
compared with the green manure. According to other studies [51,53,54], this increase is
caused by the immediate effect of nitrogen on the leaf size, which leads to an increase in
leaf area and to interception of solar radiation [52].

4.2. Physiological Characteristics
Leaf Greenness Index (SPAD)

Chlorophyll content measured with SPAD meters is directly related to nitrogen uptake
from the plants and can be used as an index for the immediate and precise detection
of the nutrient conditions [55]. In the present study significant differences were found
between control and fertilizer treatments (cattle manure, conventional fertilizer, slow
release fertilizer) where the level of chlorophyll was increased compared with the control
and the green manure treatments. The lower amount of N available in control treatment
remobilized from the leaves towards the grains caused a decrease of the leaf chlorophyll
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content and a premature leaf ageing [9,56]. This means that when there is an adequate
amount of N in the soil, the leaf ageing is slower and the plant supplies the grain with N
for a longer period of time, resulting in higher performance [5,57].

4.3. Environmental Costs
4.3.1. Energy Equivalent

This study shows that most of the energy input is caused by fertilizers, diesel, and
machinery. Similar data were reported in other studies where the fertilization, diesel, and
machinery had the highest energy inputs in maize cultivation [14,58–60]. Therefore, for
improving energy efficiency of maize it is important to use machinery and fertilizers more
efficiently. In addition, the ratio energy output/input ranged from 0.94 to 1.73 among the
different fertilizers, revealing that the inputs are not being used efficiently [14,31,61]. The
ratio of the current research is recorded as lower than that presented in other studies [29,62]
due to the high energy consumption by the fertilizers. Hence, farmers should be trained
on how to achieve an efficient usage of inputs in maize production while maintaining a
high performance.

4.3.2. Carbon Footprint

The present study shows that from the different inputs in maize cultivation the ones
that contribute the most in CO2 emissions are the chemical fertilizers, diesel, and electricity.
In addition, other also studies reported that fertilization, diesel, and electricity were the
main inputs in maize cultivation which contribute to the C footprint [34,63,64]. Fertilizers
can contribute up to 60% of CO2 emissions [38] and are the highest source of CO2 emissions.
Despite the fact that the use of conventional fertilizers has the greatest effect on the C
footprint, diesel and electricity contribute equally greatly and, thus, these inputs should
also be reduced to improve the machinery efficiency, irrigation as the implementation of
electricity, and diesel usage during cultivation and fertilization performance so that their
contributions to the C footprint can be reduced.

4.4. Silage Yield

From the present study it was found that the slow release fertilizer and cattle manure
treatments increased silage yield compared with the control and were comparable with the
conventional fertilizers. This effect may be because of the nutrients that are available in
cattle manure and also the slow release of N from the fertilizer [9,10,65–68].

5. Conclusions

Maize is a crop species that requires high amount of nutrients due to the high produc-
tion of dry matter and grain yield. One of the most important factors that contribute to
an increase in the dry matter production is fertilization. In the present study, which was
conducted in a commercial field in the area of Thessaloniki, it was found that fertilization
affects the morphological and physiological characteristics of maize plants. The mineral
fertilizers and cattle manure increased the plant height, LAI, and SPAD index compared
with the use of green manure and the control treatment. It was found that the highest
percentage of energy input in maize cultivation is because of the use of fertilizers, diesels,
and machinery. Consequently, application of slow release fertilizers and cattle manure
can improve all the characteristics that were studied and perform similarly to conven-
tional fertilizers, which means that they can be used as alternatives for fertilization. This
study provides new information regarding the effect of N application on maize phenology,
growth, and development, which affects the productivity of the crop. Therefore, they can
be used by the farmers in Mediterranean areas as they maintain or improve crop yield. It
is important that the production rate can maintained and that the environmental cost is
decreased with the use of appropriate fertilizers.
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Appendix A

Table A1. The experimental design that was used in the study with the five fertilizer treatments (control, green manure, conventional fertilizer, slow-release fertilizer,
and cattle manure) and the two hybrids (Dekalb 6777 and Pioneer 1291) for the first growing season, with different randomization for the second growing season.

Block 1 Block 2 Block 3 Block 4
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control
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rr
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slow-release
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1291

Dekalb
6777

green
manure
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Pioneer
1291

cattle
manure
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6777

Pioneer
1291

conventional
fertilizer

Dekalb
6777

Pioneer
1291

control

Dekalb
6777

Pioneer
1291

conventional
fertilizer

Dekalb
6777

Pioneer
1291

control Pioneer
1291

Dekalb
6777

slow-release
fertilizer

Dekalb
6777

Pioneer
1291

green manure

Dekalb
6777

Pioneer
1291

slow-release
fertilizer

Pioneer
1291

Dekalb
6777

slow-release
fertilizer

Pioneer
1291

Dekalb
6777

control Pioneer
1291

Dekalb
6777

cattle manure

Pioneer
1291

Dekalb
6777

cattle
manure

Dekalb
6777

Pioneer
1291

green
manure

Dekalb
6777

Pioneer
1291

cattle
manure

Pioneer
1291

Dekalb
6777

conventional
fertilizer
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Table A2. Plant height for the years 2019 and 2020, for both hybrids, Pioneer 1291 and Dekalb 6777,
for two growth stages. Data presented are mean values and CV stands for coefficient of variation.

Treatments Height

2019 2020

1◦ Growth Stage 2◦ Growth Stage 1◦ Growth Stage 2◦ Growth Stage

Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777

GM 2.01 1.99 2.10 2.07 2.48 2.47 2.57 2.57
Control 1.86 1.91 1.93 2.00 2.27 2.34 2.35 2.41

CF 2.29 2.33 2.37 2.40 2.88 2.96 2.98 3.06
SRF 2.28 2.30 2.36 2.37 2.78 2.82 2.88 2.91
CM 2.29 2.31 2.36 2.38 2.77 2.78 2.84 2.84

CV% 0.71

Table A3. Leaf area index (LAI) for the years 2019 and 2020, for both hybrids Pioneer 1291 and
Dekalb 6777, for two growth stages. Data presented are mean values and CV stands for coefficient
of variation.

Treatments LAI

2019 2020

1◦ Growth Stage 2◦ Growth Stage 1◦ Growth Stage 2◦ Growth Stage

Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777

GM 2.69 2.74 2.64 2.66 3.85 3.90 3.76 3.77
Control 2.29 2.35 2.22 2.27 3.57 3.62 3.45 3.51

CF 3.27 3.30 3.18 3.21 4.32 4.62 4.22 4.51
SRF 3.26 3.28 3.18 3.20 4.17 4.54 4.07 4.41
CM 3.28 3.30 3.20 3.23 4.23 4.47 4.12 4.32

CV% 0.77

Table A4. Leaf Greenness Index (SPAD) for the years 2019 and 2020, for both hybrids Pioneer 1291
and Dekalb 6777, for two growth stages. Data presented are mean values and CV stands for coefficient
of variation.

Treatments SPAD

2019 2020

1◦ Growth Stage 2◦ Growth Stage 1◦ Growth Stage 2◦ Growth Stage

Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777

GM 51.42 51.25 50.87 50.65 49.62 48.77 48.87 48.20
Control 45.60 45.07 45.10 44.45 45.37 44.72 44.87 44.20

CF 60.07 60.12 59.32 59.47 58.47 58.10 57.85 57.57
SRF 58.75 58.57 58.05 58.12 56.95 57.20 56.42 56.55
CM 58.72 58.60 58.25 57.90 56.97 57.15 56.47 56.47

CV% 0.67

Table A5. Energy output/input ratio and energy efficiency in maize cultivation for the years 2019
and 2020. Data presented are mean values and CV stands for coefficient of variation.

Treatments Output/Input Ratio Energy Efficiency

2019 2020 2019 2020

Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777

GM 1.68 1.73 1.45 1.53 0.88 0.90 0.76 0.80
Control 1.33 1.41 1.31 1.36 0.71 0.75 0.69 0.72

CF 1.08 1.12 0.97 1.04 0.57 0.59 0.51 0.55
SRF 1.01 1.08 0.94 0.96 0.54 0.57 0.49 0.50
CM 1.58 1.70 1.29 1.37 0.83 0.89 0.68 0.72

CV% 5.4 4.6
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Table A6. Silage yield during the years 2019 and 2020. Data presented are mean values and CV
stands for coefficient of variation.

Treatments Silage Yield (Mg ha−1)

2019 2020

Pioneer 1291 Dekalb 6777 Pioneer 1291 Dekalb 6777

GM 38.20 38.80 41.82 42.90
Control 33.50 34.30 38.77 39.45

CF 42.70 43.70 44.47 46.27
SRF 41.50 43.10 43.70 44.48
CM 41.20 42.60 42.62 43.92

CV% 8.11

References
1. Jantke, K.; Hartmann, M.; Rasche, L.; Blanz, B.; Schneider, U. Agricultural greenhouse gas emissions: Knowledge and positions of

German farmers. Land 2020, 9, 130. [CrossRef]
2. Gehl, R.; Schmidt, J.; Maddux, L.; Gordon, W. Corn yield response to nitrogen rate and timing in sandy irrigated soils. Agron. J.

2005, 97, 1230. [CrossRef]
3. Turgut, I.; Bilgili, U.; Duman, A.; Acikgoz, E. Effect of green manuring on the yield of sweet corn. Agron. Sustain. Dev.

2005, 25, 433–438. [CrossRef]
4. Muchow, R.C. Effect of nitrogen supply on the comparative productivity of maize and sorghum in a semi-arid tropical environ-

ment. I. Leaf growth and leaf nitrogen. Field Crops Res. 1988, 18, 1–16. [CrossRef]
5. Eghball, B.; Power, J. Composted and noncomposted manure application to conventional and no-tillage systems: Corn yield and

nitrogen uptake. Agron. J. 1999, 91, 819–825. [CrossRef]
6. O’Leary, M.J.; Rehm, G.W. Nitrogen and sulphur effects on the yield and quality of corn grown for grain and silage. J. Prod. Agric.

1990, 3, 135–140. [CrossRef]
7. Eghball, B.; Wienhold, B.J.; Gilley, J.E.; Eigenberg, R.A. Mineralization of manure nutrients. J. Soil Water Conserv. 2002, 57, 470–473.
8. Fageria, N.; Baligar, V. Enhancing nitrogen use efficiency in crop plants. Adv. Agron. 2005, 88, 97–185.
9. Dordas, C.; Sioulas, C. Safflower yield, chlorophyll content, photosynthesis, and water use efficiency response to nitrogen

fertilization under rainfed conditions. Ind. Crops Prod. 2008, 27, 75–85. [CrossRef]
10. Lithourgidis, A.; Matsi, T.; Barbayiannis, N.; Dordas, A. Effect of liquid cattle manure on corn yield, composition and soil

properties. Agron. J. 2007, 99, 1041–1047. [CrossRef]
11. Chang, C.; Sommerfeldt, T.G.; Entz, T. Barley performance under heavy applications of cattle feedlot manure. Agron. J. 1993,

85, 1013–1018. [CrossRef]
12. Murwira, H.K.; Kirchmann, H. Nitrogen dynamics and maize growth in a Zimbabwean sandy soil under manure fertilization.

Commun. Soil Sci. Plant Anal. 1993, 24, 2343–2359. [CrossRef]
13. Ma, B.L.; Dwyer, L.M.; Gregorich, E.G. Soil nitrogen amendment effects on seasonal nitrogen mineralization and nitrogen cycling

in maize production. Agron. J. 1999, 91, 1003–1009. [CrossRef]
14. Vural, H.; Efecan, I. An analysis of energy use and input costs for maize production in Turkey. J. Food Agric. Environ.

2012, 10, 613–616.
15. Zhao, X.; Pu, C.; Ma, S.T.; Liu, S.L.; Xue, J.F.; Wang, X.; Wang, Y.Q.; Li, S.S.; Lal, R.; Chen, F.; et al. Management-induced

greenhouse gases emission mitigation in global rice production. Sci. Total Environ. 2019, 649, 1299–1306. [CrossRef]
16. Shakoor, A.; Ashraf, F.; Shakoor, S.; Mustafa, A.; Rehman, A.; Altaf, M.M. Biogeochemical transformation of greenhouse gas

emissions from terrestrial to atmospheric environment and potential feedback to climate forcing. Environ. Sci. Pollut. Res. 2020,
27, 38513–38536. [CrossRef]

17. Intergovernmental Panel on Climate Change (IPCC). Software for National Gas Inventories, Intergovernmental Panel on Climate
Change. 2006. Available online: https://www.ipcc-nggip.iges.or.jp/public/2006gl/ (accessed on 13 May 2022).

18. Xue, J.; Qi, J.; Gao, Z.; Ren, A.; Wang, Z.; Du, T. Dynamics of carbon footprint of maize production with different functional units
in Shanxi Province, China. Pakistan J. Agric. Sci. 2018, 55, 489–496.

19. Adler, P.R.; Del Grosso, S.J.; Parton, W.J. Life-cycle assessment of net greenhouse-gas flux for bioenergy cropping systems. Ecol.
Appl. 2007, 17, 675–691. [CrossRef]

20. Sheehan, J.; Aden, A.; Paustian, K.; Brenner, J.; Walsh, M.; Nelson, R. Energy and environmental aspects of using corn stover
forfuel ethanol. J. Ind. Ecol. 2004, 7, 117–146. [CrossRef]

21. Alexandratos, N.; Bruinsma, J. World agriculture towards 2030/2050. The 2012 Revision. Food Agric. Organ. UN 2012, 12, 146.
22. Welch, L.F.; Mulvaney, D.L.; Oldham, M.G.; Boone, L.V.; Pendleton, L.W. Corn yields with fall, spring, and sidedress nitrogen.

Agron. J. 1971, 81, 119–123. [CrossRef]
23. Jung, P.E.; Peterson, L.A.; Schrader, L.E. Response of irrigated corn to time, rate, and source of applied N on sandy soils. Agron. J.

1972, 64, 668–670. [CrossRef]

http://doi.org/10.3390/land9050130
http://doi.org/10.2134/agronj2004.0303
http://doi.org/10.1051/agro:2005044
http://doi.org/10.1016/0378-4290(88)90055-X
http://doi.org/10.2134/agronj1999.915819x
http://doi.org/10.2134/jpa1990.0135
http://doi.org/10.1016/j.indcrop.2007.07.020
http://doi.org/10.2134/agronj2006.0332
http://doi.org/10.2134/agronj1993.00021962008500050011x
http://doi.org/10.1080/00103629309368960
http://doi.org/10.2134/agronj1999.9161003x
http://doi.org/10.1016/j.scitotenv.2018.08.392
http://doi.org/10.1007/s11356-020-10151-1
https://www.ipcc-nggip.iges.or.jp/public/2006gl/
http://doi.org/10.1890/05-2018
http://doi.org/10.1162/108819803323059433
http://doi.org/10.2134/agronj1971.00021962006300010037x
http://doi.org/10.2134/agronj1972.00021962006400050035x


Sustainability 2022, 14, 8866 16 of 17

24. Miller, H.F.; Kavanaugh, J.; Thomas, G.W. Time of N application and yields of corn in wet, alluvial soils. Agron. J. 1975, 67, 401–404.
[CrossRef]

25. Binder, D.L.; Sander, D.H.; Walters, D.T. Maize response to time of N application as affected by level of nitrogen deficiency. Agron.
J. 2000, 92, 1228–1236. [CrossRef]

26. Konica-Minolta. Chlorophyll Meter SPAD-502 Instruction Manual; Konica Minolta Sensing, Inc.: Plainfield, IL, USA, 1989.
27. Korkovelos, A.; Goulas, C. Divergent mass selection for leaf chlorophyll content measured using chlorophyll meter readings in a

maize composite population. Crop Sci. 2012, 5, 1437–1443. [CrossRef]
28. De, D.; Singh, S.; Chandra, H. Technological impact on energy consumption in rainfed soybean cultivation in Madhya Pradesh.

Appl. Energ. 2001, 70, 193–213. [CrossRef]
29. Poudel, S.; Bhattarai, S.; Sherpa, T.; Karki, A.; Hyun, D.; Kafle, S. The energy input-output analysis of maize production in

Sundarharaincha Municipality, Morang district, Nepal. In IOP Conference Series: Earth and Environmental Science; IOP Publishing:
Chonburi, Thailand, 2019; Volume 301.

30. Erdal, G.; Esengun, K.; Erdal, H.; Gunduz, O. Energy use and economical analysis of sugar beet production in Tokat province of
Turkey. Energy 2007, 32, 35–41. [CrossRef]

31. Shahin, R.; Mousavi-Avval, S.; Mohammadi, A. Modeling and sensitivity analysis of energy inputs for apple production in Iran.
Energy 2010, 35, 3301–3306.

32. Yousefi, M.; Mohammadi, A. Economical analysis and energy use efficiency in alfalfa production systems in Iran. Sci. Res. Essays
2011, 6, 2332–2336.

33. Baran, M. Energy Analysis of Summery Vetch Production in Turkey: A Case Study for Kirklareli Province. Am. Eur. J. Agric.
Environ. Sci. 2016, 16, 209–215.

34. Hou, L.; Yang, Y.; Zhang, X.; Jiang, C. Carbon footprint for wheat and maize production modulated by farm size: A study in the
North China plain. Int. J. Clim. Chang. Strateg. Manag. 2021, 13, 302–319. [CrossRef]

35. Zhang, W.; Dou, Z.; Hea, P.; Jua, X.; Powlson, D.; Chadwick, D.; Norse, D.; Lu, Y.; Zhang, Y.; Wu, L.; et al. New technologies
reduce greenhouse gas emissions from nitrogenous fertilizer in China. Proc. Natl. Acad. Sci. USA 2013, 110, 8375–8380. [CrossRef]
[PubMed]

36. West, T.; Marland, G. A synthesis of carbon sequestration, carbon emissions, and net carbon flux in agriculture: Comparing tillage
practices in the United States. Agric. Ecosyst. Environ. 2002, 91, 217–232. [CrossRef]

37. Zhu, Y.; Waqas, M.; Li, Y.; Zou, X.; Jiang, D.; Wilkes, A.; Qin, X.; Gao, Q.; Wan, Y.; Hasbagan, G. Large-scale farming operations
are win-win for grain production, soil carbon storage and mitigation of greenhouse gases. J. Clean. Prod. 2007, 172, 2143–2152.
[CrossRef]

38. Yan, M.; Cheng, K.; Luo, T.; Yan, Y.; Pan, G.; Rees, R.M. Carbon footprint of grain crop production in China- based on farm survey
data. J. Clean. Prod. 2015, 104, 130–138. [CrossRef]

39. Gomez, K.A.; Gomez, A.A. Statistical Procedure for Agricultural Research, 2nd ed.; Wiley: New York, NY, USA, 1984.
40. Steel, R.G.D.; Torrie, J.H.; Dicky, D.A. Principles and Procedures of Statistics, A Biometrical Approach, 3rd ed.; McGraw Hill, Inc. Book

Co.: New York, NY, USA, 1997; pp. 352–358.
41. Cechin, I.; Fumis, T. Effect of nitrogen supply on growth and photosynthesis of sunflower plants grown in greenhouse. Plant Sci.

2004, 166, 1379–1385. [CrossRef]
42. Hani, E.; Hamad, M.; Ali, E. The effect of nitrogen and phosphorus fertilization on growth yield and quality of forage maize (Zea

mays L.). J. Agron. 2006, 5, 515–518.
43. Le, L.; Yali, Z.; Guohua, X. How does nitrogen shape plant architecture? J. Exp. Bot. 2020, 71, 4415–4427.
44. Bakht, J.; Ahmad, S.; Tariq, M.; Akber, H.; Shafi, M. Response of maize to planting methods and fertilizer N. J. Agric. Biol. Sci.

2006, 1, 8–14.
45. Efthimiadou, A.; Bilalis, D.; Karkanis, A.; Froud-Williams, B. Combined organic/inorganic fertilization enhance soil quality and

increased yield, photosynthesis and sustainability of sweet maize crop. Aust. J. Crop Sci. 2010, 4, 722–729.
46. Sharifi, S.; Namvar, A. Effects of time and rate of nitrogen application on phenology and some agronomical traits of maize (Zea

mays L.). Biologija 2016, 62, 35–45. [CrossRef]
47. Akbarian, M.; Mojaradi, T.; Shirzadi, F. Effects of Hedysarum coronarium L. (sulla) as a green manure along with nitrogen fertilizer

on maize production. AgriTECH 2021, 41, 95–106. [CrossRef]
48. Efthimiadou, A.; Bilalis, D.; Karkanis, A.; Froud-Williams, B.; Eleftherochorinos, I. Effects of cultural system (Organic and

Conventional) on growth, photosynthesis and yield components of sweet corn (Zea mays L.) under Semi-Arid Environment. Not.
Bot. Hort. Agrobot. Cluj-Napoca 2009, 37, 104–111.

49. Shao, G.; Li, Z.; Ning, T.; Zheng, Y. Responses of photosynthesis, chlorophyll fluorescence, and grain yield of maize to controlled-
release urea and irrigation after anthesis. J. Plant Nutr. Soil Sci. 2013, 176, 595–602. [CrossRef]

50. Jiang, D.; Dai, T.; Jing, Q.; Cao, W.; Zhou, Q.; Zhao, H.; Fan, X. Effects of long-term fertilization on leaf photosynthetic
characteristics and grain yield in winter wheat. Phorosynthetica 2004, 42, 439–449. [CrossRef]

51. Berdjour, A.; Dugje, I.Y.; Rahman, N.A.; Odoom, D.A.; Kamara, A.A.; Ajala, S. Direct estimation of maize leaf area index as
influenced by organic and inorganic fertilizer rates in guinea savanna. J. Agric. Sci. 2020, 12, 6. [CrossRef]

52. Szabó, A.; Nasir Mousavi, S.M.; Bojtor, C.; Ragán, P.; Nagy, J.; Vad, A.; Illés, A. Analysis of nutrient-specific response of maize
hybrids in relation to leaf area index (LAI) and remote sensing. Plants 2022, 11, 1197. [CrossRef]

http://doi.org/10.2134/agronj1975.00021962006700030030x
http://doi.org/10.2134/agronj2000.9261228x
http://doi.org/10.2135/cropsci2010.04.0239
http://doi.org/10.1016/S0306-2619(01)00035-6
http://doi.org/10.1016/j.energy.2006.01.007
http://doi.org/10.1108/IJCCSM-10-2020-0110
http://doi.org/10.1073/pnas.1210447110
http://www.ncbi.nlm.nih.gov/pubmed/23671096
http://doi.org/10.1016/S0167-8809(01)00233-X
http://doi.org/10.1016/j.jclepro.2017.11.205
http://doi.org/10.1016/j.jclepro.2015.05.058
http://doi.org/10.1016/j.plantsci.2004.01.020
http://doi.org/10.6001/biologija.v62i1.3288
http://doi.org/10.22146/agritech.58944
http://doi.org/10.1002/jpln.201100185
http://doi.org/10.1023/B:PHOT.0000046164.77410.ef
http://doi.org/10.5539/jas.v12n6p66
http://doi.org/10.3390/plants11091197


Sustainability 2022, 14, 8866 17 of 17

53. Szulc, P.; Ambrozy-Deregowska, K.; Mejza, I.; Grzes, S.; Zielewicz, W.; Stachowiak, B.; Kardasz, P. Evaluation of nitrogen
yield-forming efficiency in the cultivation of maize (Zea mays L.) under different nutrient management systems. Sustainability
2021, 13, 917. [CrossRef]

54. Ercoli, L.; Lulli, L.; Mariotti, M.; Masoni, A.; Arduini, I. Post-anthesis dry matter and nitrogen dynamics in durum wheat as
affected by nitrogen supply and soil water availability. Eur. J. Agron. 2008, 28, 138–147. [CrossRef]

55. Marschner, H. Mineral Nutrition of Higher Plants, 2nd ed.; Academic Press: London, UK, 1995; Volume 889.
56. Cendrero-Mateo, P.; Susan Moran, M.; Papuga, S.; Thorp, K.; Alonso, L.; Moreno, J.; Ponce-Campos, J.; Rascher, U.; Wang, U.

Plant chlorophyll fluorescence: Active and passive measurements at canopy and leaf scales with different nitrogen treatments. J.
Exp. Bot. 2015, 67, 275–286. [CrossRef]

57. Yue, K.; Li, L.; Xie, J.; Liu, Y.; Xie, J.; Anwar, S.; Fudjoe, S.K. Nitrogen supply affects yield and grain filling of maize by regulating
starch metabolizing enzyme activities and endogenous hormone contents. Front. Plant Sci. 2022, 12, 798119. [CrossRef] [PubMed]

58. Shukla, A.; Ladha, J.; Dwivedi, S.; Balasubramanian, V.; Gupta, R.; Sharma, S.; Singh, Y.; Pathak, H.; Pandey, P.; Padre, A.; et al.
Calibrating the leaf color chart for nitrogen management in different genotypes of rice and wheat in a systems perspective. Agron.
J. 2004, 96, 1606–1621. [CrossRef]

59. Phipps, R.; Pain, B.; Mulvany, P. A comparison of the energy output/input relationship for forage maize and grass leys on the
dairy farm. Agric. Environ. 1976, 3, 15–20. [CrossRef]

60. Lorzadeh, S.; Mahdavidamghani, A.; Enayatgholizadeh, M.; Yousef, M. Agrochemical input application and energy use efficiency
of maize production systems in Dezful, Iran. Middle-East J. Sci. Res. 2011, 9, 153–156.

61. Sefeedpari, P.; Rafiee, S.; Komleh, S.; Ghahderijani, M. A source-wise and operation-wise energy use analysis for cornsilage
production, a case study of Tehran province, Iran. Int. Sustain. Built Environ. 2013, 1, 158–166. [CrossRef]

62. Kizilaslan, H. Input–output energy analysis of cherries production in Tokat Province of Turkey. Appl. Energy 2009, 86, 1354–1358.
[CrossRef]

63. Heichel, G. Energy analyses of forage production systems. J. Anim. Sci. 1982, 54, 869–876. [CrossRef]
64. Huang, X.; Chen, C.; Qian, H.; Chen, M.; Deng, A.; Zhang, J.; Zhang, W. Quantification for carbon footprint of agricultural inputs

of grains cultivation in China since 1978. J. Clean. Prod. 2017, 142, 1629–1637. [CrossRef]
65. Cheng, K.; Pan, G.; Smith, P.; Luo, T.; Li, L.; Zheng, J.; Zhang, X.; Han, X.; Yan, M. Carbon footprint of China’s crop production-an

estimation using agro-statistics data over 1993-2007. Agric. Ecosyst. Environ. 2011, 142, 231–237. [CrossRef]
66. Culley, J.; Phillips, P.; Hore, F.; Patni, N. Soil chemical properties and removal of nutrients by corn resulting from different rates

and timing of liquid dairy manure applications. Can. J. Soil Sci. 1981, 61, 35–46. [CrossRef]
67. Motavalli, P.; Kelling, K.; Converse, J. First-year nutrient availability from injected dairy manure. J. Environ. Qual. 1989,

18, 180–185. [CrossRef]
68. Dong, Y.; He, M.; Wang, Z.; Chen, W.; Hou, J.; Qiu, X.; Zhang, J. Effects of new coated release fertilizer on the growth of maize. J.

Soil Sci. Plant Nutr. 2016, 16, 637–649. [CrossRef]

http://doi.org/10.3390/su131910917
http://doi.org/10.1016/j.eja.2007.06.002
http://doi.org/10.1093/jxb/erv456
http://doi.org/10.3389/fpls.2021.798119
http://www.ncbi.nlm.nih.gov/pubmed/35185953
http://doi.org/10.2134/agronj2004.1606
http://doi.org/10.1016/0304-1131(76)90003-5
http://doi.org/10.1016/j.ijsbe.2013.03.001
http://doi.org/10.1016/j.apenergy.2008.07.009
http://doi.org/10.2527/jas1982.544869x
http://doi.org/10.1016/j.jclepro.2016.11.131
http://doi.org/10.1016/j.agee.2011.05.012
http://doi.org/10.4141/cjss81-005
http://doi.org/10.2134/jeq1989.00472425001800020009x
http://doi.org/10.4067/S0718-95162016005000046

	Introduction 
	Materials and Methods 
	Experimental Site 
	Experimental Design 
	Crop Management 
	Morphological Characteristics 
	Plant Height 
	Leaf Area Index 

	Physiological Characteristics 
	Energy Equivalent 
	Carbon Footprint 
	Statistical Analysis 

	Results 
	Morphological Characteristics 
	Plant Height 
	Leaf Area Index (LAI) 

	Physiological Characteristics 
	Energy Equivalent 
	Carbon Footprint 
	Silage Yield 

	Discussion 
	Morphological Characteristics 
	Plant Height 
	Leaf Area Index (LAI) 

	Physiological Characteristics 
	Environmental Costs 
	Energy Equivalent 
	Carbon Footprint 

	Silage Yield 

	Conclusions 
	Appendix A
	References

