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Abstract: Inappropriate agricultural practices consume more input energy and emit higher greenhouse
gases (GHGs) which cause global warming and climate change, thereby threatening environmental
sustainability. To identify energy and carbon-efficient varieties and nutrient management practices, the
present study was undertaken during the kharif season of 2018 and 2019 in a split-plot design with
three varieties of fodder maize (African Tall, J-1006 and P-3396) and four nutrient management practices
such as N0: Absolute control, N1: 100% recommended dose of fertilizers (RDF), N2: 75% RDF + plant
growth promoting rhizobacteria (PGPR) + Panchagavya spray and N3: 50% RDF + 25% farmyard manure
(FYM) + PGPR + Panchagavya spray). Results indicated that variety J-1006 and applying 75%
RDF + PGPR + Panchagavya spray produced significantly higher dry fodder yield. Among the varieties,
J-1006 recorded the highest total energy output (224,123 MJ · ha−1), net energy (211,280 MJ · ha−1),
energy use efficiency (17.64), energy productivity (0.98 kg ·MJ−1), energy profitability (16.64), and lowest
specific energy (1.03 MJ · ha−1). Regarding nutrient management, 75% RDF + PGPR + Panchagavya
spray fetched the highest total energy output (229,470 MJ · ha−1) and net energy (215,482 MJ · ha−1).
However, energy use efficiency, energy productivity, and energy profitability were significantly higher
with integrated nutrient management (N2 and N3) over 100% RDF. Concerning the carbon estimation,
J-1006 resulted in a significantly higher carbon output (5479 kg CE ha−1), net carbon gain (5029 kg
CE ha−1), carbon efficiency (12.46), carbon sustainability index (11.46), and significantly lower carbon
footprint per unit yield (CFy) (131.3 kg CO2-e Mg−1). For nutrient management, the application of
75% RDF + PGPR + Panchagavya spray showed significantly higher carbon output (5609 kg CE ha−1)
and net carbon gain (5112 kg CE ha−1). However, significantly higher carbon efficiency, carbon sus-
tainability index, and lower CFy were reported with integrated nutrient management over 100% RDF.
Overall, selecting the J-1006 variety and applying 75% RDF + PGPR + Panchagavya spray for fodder
maize cultivation could be the most productive in terms of dry fodder production, energy, and carbon
efficiency approach.

Keywords: carbon use efficiency; energy use efficiency; energy productivity; energy sources; dry
fodder yield; panchagavya

1. Introduction

The agriculture sector is energy intensive and contributes to greenhouse gas (GHGs)
emissions [1]. Out of the total primary energy available globally, food production consumes
from 15 to 30%, but at the same time, it emits around 25 to 34% of total GHG emissions [1,2].
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For the past five decades, especially after the green revolution, the consumption of energy
for crop production has increased extensively, mainly due to the excessive use of fossil fuels,
chemical fertilizers, etc. [3]. In the meantime, the emission of GHGs has also increased
in the atmosphere. The main GHGs are methane (CH4), nitrous oxide (N2O), and carbon
dioxide (CO2) [4]. Atmospheric CO2 levels have rapidly increased worldwide for the
last few decades, especially after industrialization [5], which causes global warming. In
2021, the CO2 concentration in the atmosphere was 412.74 ppm [6], and it will increase
further if proper management practices are not adopted. As per a recent estimate, agri-
culture, forestry, and other land use accounted for 23% of total GHGs emissions during
2007–2016 [7]. Though, extensive use of input energy and carbon in crop production is
not sustainable as it contributes to GHGs emissions, global warming, and climate change,
which adversely influences crop yield and environmental and human life [8]. Improving
the energy and carbon use efficiency in agriculture will help in minimizing the CO2 and
other GHGs emissions [9]. The adoption of efficient technology for crop production, which
has the capacity for higher carbon sequestration and requires less input energy, will surely
curtail the carbon emission from the agriculture sector and signifies environmental sustain-
ability [10]. For crop production, the input energy comes from direct, indirect, renewable,
and non-renewable sources [11]. The maximum input energy and carbon consumption
required for fuel, machinery, nutrient management, tillage, etc. [9]. Therefore, estimation
of energy and carbon budgeting is required to know its efficiency and productivity for a
particular treatment or input. Energy indices such as energy use efficiency, energy produc-
tivity, energy profitability, etc., and carbon indices such as carbon use efficiency, carbon
sustainability index, and carbon footprints per unit yield (CFy), etc., are the common
indices computed for energy and carbon budgeting.

Livestock is an integral part of the Indian agriculture sector, where most farmers
are small and marginal holders (>75%). India has around 536.76 million livestock pop-
ulation [12], but sufficient fodder is not available to feed these livestock. India faces a
net deficit of 35.6, 10.95, and 44% in green fodder, dry crop residues, and concentrate
feed ingredients, respectively [13]. Therefore, fodder production may either be increased
through the selection of high biomass-producing crops, variety, or adequate agronomic
management practice [14]. Cereal crops are well known for higher productivity in terms
of green biomass. Maize is popularly known as the queen of cereal due to incomparable
productivity among cereal crops [15]. It · has very high biomass production [16] with
excellent fodder quality as it is free from toxicants; therefore, it can be safely fed to animals
at any stage of crop growth [17]. Amongst the non-legume cultivated fodders, maize is
the only fodder that provides higher nutritional quality and good biomass quantity. The
green biomass of fodder crops is directly related to nutrient application, especially nitrogen.
Indiscriminate and higher use of chemical fertilizers for cereal fodder cause inadequacy
in one or more micronutrients, deteriorating soil health that leads to a drop in productiv-
ity [18]. For sustainable crop production, the soil organic matter and microbial activities
that are crucial nutrient management features should be maintained [19]. Including organic
manures in crop nutrition significantly improved crop productivity and soil fertility [20,21].
Farmyard manure (FYM) and plant growth-promoting rhizobacteria (PGPR) are organic
sources of nutrients that improve the physicochemical conditions of soils [22], solubilizing
nutrients and augmenting plant growth [23,24]. Integrated use of organic nutrient sources
with chemical fertilizers is a better nutrient management approach for sustainable fodder
production under Indian conditions [25]. Many researchers have also advocated the inte-
grated nutrient management system [26–28]. However, most of the studies showed only
productivity, fodder quality, and soil health information. In the current global warming
and agricultural mechanization era, the studies on fodder crops should not be restricted
to productivity and quality but also assess energy budgeting and carbon footprints. Until
now, studies on fodder crops have rarely been determined and documented concerning
energy budgeting and estimation of carbon footprints. Therefore, we have undertaken this
study to analyze the energy budgeting and estimate the carbon footprints for three varieties
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under different nutrient management practices to identify the most suitable variety, energy,
and carbon-efficient nutrient management practices for fodder maize cultivation.

2. Materials and Methods
2.1. Experimental Site

The experiment was conducted at the Research Farm of the Agronomy Section, ICAR-
National Dairy Research Institute, Karnal, Haryana, India, during the kharif season of
2018 and 2019. The location is situated at an elevation of 245 m above mean sea level with
a latitude of 29◦43′ North and longitude of 76◦58′ East. This area falls under a typical
semi-arid climate with a mean annual rainfall of about 690–720 mm. More than 2/3rd of
the total rainfall is received during the kharif season. The soil of the study area was neutral
to slightly alkaline (pH 7.61) and had 0.312 dS m−1 electrical conductivity, 0.63% organic
carbon, and 192.4, 29.71, and 195.7 kg · ha−1 available N, P, and K, respectively. The details
of weather conditions during the experimental years are presented in the Supplementary
File (Figures S1 and S2).

2.2. Treatments Details and Crop Management

The study was carried out in a split-plot design using three varieties of fodder maize
in the main plot, four nutrient management practices in the subplot, and three replications.
Treatment details are given in Table 1. The recommended dose of FYM was 10 t · ha−1, of
which 25% was applied in the N3 treatment at the time of sowing. The recommended dose
of fertilizers (RDF) of N, P2O5 and K2O was 100, 60, and 40 kg · ha−1, respectively, supplied
through urea, single super phosphate, and muriate of potash. Half a dose of N fertilizer
was applied at the time of sowing, and the remaining half dose was applied at 26 DAS.
However, a full dose of P2O5 and K2O was applied as basal. Panchagavya was prepared
by mixing 15 L of cow urine, 10 kg of cow dung, four liters of cow milk, four kg of cow
curd, and one kg of cow ghee in a plastic drum. Two dozen ripened bananas and two kg of
jaggery were cut into small pieces and mixed with the above cow ingredients, along with
500 g of turmeric powder and one liter of coconut water. After mixing, the plastic drum
was sealed tightly. These ingredients were shaken twice a day for up to 25 days (till the
panchagavya preparation). Then, the panchagavya was filtered with white muslin cloth
using 8 liters of distilled water. Around 30 liters of panchagavya were obtained which
was sufficient for two 3% foliar sprays over one hectare. Panchagavya was applied at
25 and 40 days after sowing (DAS) through a foliar spray. The chemical and microbial
compositions of the FYM and Panchagavya are given in the Supplementary File (Tables
S1 and S2). The liquid formulation of PGPR consisting of nitrogen fixer (Azotobacter spp.),
phosphorus solubilizing bacteria (PSB), and potassium mobilizing bacteria (KMB) was
utilized for the study. The PGPR was used as a seed treatment at the rate of 120 mL ha−1 of
seeds. After treatment, the seeds were kept in the shade for about · half an hour for drying
and then used for sowing. Soon after sowing, the herbicide Atrazine @ 0.75 kg a.i. ha−1

was sprayed to keep minimal weed growth at the initial stage. The pre-sowing irrigation
was not required during monsoon season. After sowing, two irrigations at 5 cm depth
were given in 2018, while three irrigations were supplied in 2019 through the check basin
method. The crop was harvested for fodder purposes at 66 and 67 DAS during the first
and second years of experimentation. Treatment-wise, fodder samples were collected for
dry matter estimation. Dry fodder yield (t · ha−1) was calculated by multiplying the green
fodder yield (t · ha−1) and dry matter content (%).
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Table 1. Details of the varieties and nutrient management practices adopted in the fodder maize ex-
periment.

Treatments Treatments Details

Main Plot—Varieties
V1 African Tall
V2 J-1006
V3 P-3396

Sub-plot—Nutrient Management Practices
N0 Control (Absolute)
N1 100% RDF
N2 75% RDF + PGPR + Panchagavya spray

N3 50% RDF + 25% FYM + PGPR + Panchagavya
spray

Note: Recommended dose of FYM was 10 t · ha−1; RDF was 100, 60, and 40 kg · ha−1 of N, P2O5, and K2O, respectively.

2.3. Energy Budgeting

Energy budgeting was computed by estimating the energy of all inputs and outputs.
All inputs used during the cultivation of fodder maize and its output (dry fodder yield)
were recorded. These inputs and outputs were multiplied with their respective energy
equivalent to get energy estimation. Energy equivalents used for this study were obtained
from various sources and presented in Table 2. In agriculture, energy is classified into
direct and indirect sources based on its release pattern [29]. In our study, direct sources
release energy directly upon their utilization, including human labor, diesel, electricity,
and irrigation water. However, radiation, rain, and wind are also direct sources of energy
but were not considered for this study. Indirect sources do not release energy directly
but dissipate energy during different conversion processes. In our experiment, indirect
sources include seeds, fertilizers, herbicides, pesticides, and machinery. However, nutrients
absorbed by crops from the soil or degradation of soil organic matter are also indirect
sources but were not considered in the present study. Based on resources, energy is
classified into renewable (includes human labor, irrigation water, and seeds) and non-
renewable energy (includes diesel, electricity, fertilizers, herbicides, and machinery) [29].
Energy inputs, such as source-wise, operation-wise, direct, indirect, renewable, and non-
renewable energy, were calculated for varieties and nutrient management practices. All
input energy equivalents were summed to get the anticipated total input energy. Energy
use indices such as energy output, net energy, energy use efficiency, energy productivity,
energy profitability, and specific energy were calculated as per the standard procedure [30].

Energy Output
(

MJ·ha−1
)
= Dry Fodder Yield

(
kg·ha−1

)
× 18 (1)

Net Energy
(

MJ·ha−1
)
= Energy output

(
MJ·ha−1

)
− Energy input

(
MJ·ha−1

)
(2)

Energy Use Efficiency =
Energy output

(
MJ·ha−1

)
Energy input

(
MJ·ha−1

) (3)

Energy Productivity
(

kg·MJ−1
)
=

Dry fodder yield
(

kg·ha−1
)

Energy input
(

MJ·ha−1
) (4)

Energy Profitability =
Net energy

(
MJ·ha−1

)
Energy input

(
MJ·ha−1

) (5)
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Specific Energy
(

MJ·kg−1
)
=

Energy input
(

MJ·ha−1
)

Dry fodder yield
(

kg·ha−1
) (6)

Table 2. Energy equivalents of inputs and output used for fodder maize cultivation.

Sr. No. Particulars Unit Energy Equivalent
(MJ·Unit−1) References

1 Seeds kg 14.7 Parihar et al. [31]
2 Human labor hr 1.96 Devasenapathy et al. [29]
3 Farm machinery kg 62.7 Mittal and Dhawan [30]
4 Diesel L 56.31 Singh et al. [32]
5 Electrical motor kg 64.8 Devasenapathy et al. [29]
6 Sickle hr 0.836 Nassiri and Singh [33]
7 Sprayer hr 0.50 Nassiri and Singh [33]
8 FYM kg 0.3 Parihar et al. [31]
9 N kg 60.6 Toader and Lazaroiu [34]
10 P kg 11.1 Toader and Lazaroiu [34]
11 K kg 6.7 Devasenapathy et al. [29]
12 PGPR/Biofertilizer kg 2.98 Mihov et al. [35]
13 Irrigation m3 1.02 Lal et al. [36]
14 Herbicide L 288 Chaudhary et al. [37]
15 Insecticide L 237 Khosruzzaman et al. [38]
16 Fungicide L 196 Khosruzzaman et al. [38]
17 Dry fodder (output) kg 18 Mittal et al. [39]

2.4. Carbon Footprints Estimation

The carbon footprints in terms of spatial and yield basis for varieties under different
nutrient management practices were determined to assess the environmental impacts due
to fodder maize cultivation. Source-wise (machinery, diesel, labor, seeds, manures and
fertilizers, N2O, irrigation, herbicide, and insecticides and fungicides) and operation-wise
(field preparation, sowing, nutrient management, water management, weed management,
plant protection, and harvesting), carbon consumption in terms of carbon emission equiva-
lent (CO2-e) (CCE) were estimated using their respective equivalent carbon emission. The
equivalent carbon emission (kg CO2-e unit−1) used in the present study for inputs and
output were collected from various sources and presented in Table 3. However, carbon
equivalents for each plant protection chemical are not available; therefore, the CCE is com-
puted after assuming that the carbon emission in the production, transportation, storage
and field application is the same for the protection chemical within a class [40,41].

The N2O emission from N applied through fertilizer, manure, and panchagavya was
calculated using the following equation [42]. To convert the N2O emission kg · year−1 to
kg CO2-e ha−1, it was multiplied by 265 [43].

N2O emission
(

kg·year−1
)
=

N applied
(

kg·ha−1
)
× EF1 × 44

28
(7)

where N applied is the total N supplied through chemical fertilizer, FYM, and panchagavya;
EF1 is the emission factor 0.01 for N2O emissions from N inputs [42].
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Table 3. Equivalent carbon emissions of inputs and output used for fodder maize cultivation.

Sr. No. Particulars Unit
Equivalent Carbon

Emission
(kg CO2-e Unit−1)

References

1 Seeds kg 1.22 Wang et al. [44]
2 Human labor hr 0.86 Deng [45]
3 Diesel L 3.32 Deng [45]
4 Disc Harrow ha 31.97 West and Marland [41]
5 Rotovator *1 ha 98.08 West and Marland [41]
6 Seed drill *2 ha 24.90 West and Marland [41]
7 Bund Former *2 ha 24.90 West and Marland [41]
8 FYM kg 0.007 Basavalingaiah et al. [46]
9 N kg 4.96 Lal [40]
10 P2O5 kg 1.35 Lal [40]
11 K2O kg 0.58 Lal [40]
12 Irrigation ha m 2192.41 Singh and Ahlawat [47]
13 Herbicide L 6.3 Lal [40]
14 Insecticide L 5.1 Lal [40]
15 Fungicide L 3.9 Lal [40]
16 Dry fodder (output) kg 0.44 Lal [40]

Note: *1 Equivalent carbon emission of MB plow was considered; *2 Equivalent carbon emission of planting
was considered.

The CCE on an area basis (kg CO2-e ha−1) is known as spatial carbon footprints (CFs).
To convert the equivalent quantity of carbon dioxide (kg CO2-e ha−1) to equivalent carbon
(kg CE ha−1), the former value was divided by 3.66. Total CCE or CFs were estimated by
summation of the CCE of all sources used in the present study. Carbon footprint per unit
yield (CFy) was calculated using the procedure given by Lal et al. [36]. Carbon indices such
as total carbon output, net carbon gain, carbon efficiency, and carbon sustainability index
were calculated per the standard procedures [40,48]. All carbon emission/consumption
(source-wise and operation-wise) and carbon indices were calculated under different
varieties and nutrient management practices.

CFy
(

kg CO2-e Mg−1
)
=

CFs
(

kg CO2-e ha−1
)

Dry fodder yield
(

Mg·ha−1
) (8)

Net Carbon Gain
(

kg CE ha−1
)
= Carbon output

(
kg CE ha−1

)
− Carbon input

(
kg CE ha−1

)
(9)

Carbon Efficiency =
Carbon output

(
kg CE ha−1

)
Carbon input

(
kg CE ha−1

) (10)

Carbon Sustainability Index (CSI) =
Net carbon gain

(
kg CE ha−1

)
Carbon input

(
kg CE ha−1

) (11)

2.5. Statistical Analyses

Experimental data were subjected to analysis with the help of the analysis of variance
(ANOVA) technique for a split-plot design using statistical analysis system (SAS 9.1)
software on the ICAR-Indian Agricultural Statistics Research Institute (IASRI) server. To test
significant differences among treatment means for various parameters, a least significant
difference (LSD) at a 0.05 probability level was computed.
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3. Results
3.1. Dry Fodder Yield

Dry plant biomass is an important component for estimating energy and carbon
footprints. Crop varieties and nutrient management practices significantly affected the dry
fodder yield of maize (Figure 1). Variety J-1006 recorded significantly higher dry fodder
yield over P-3396 and African Tall. This variety showed 27.7 and 13.7% yield improvements
over African Tall and P-3396, respectively. Among nutrient management practices, the
application of 75% RDF + PGPR + Panchagavya spray outperformed and recorded 60.4,
8.3, and 8.8% dry fodder yield over N0, N1, and N3, respectively.
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Figure 1. Dry fodder yield of maize varieties sown under different nutrient management practices
(mean of two years). Note: Vertical bars labelled with different upper and lower-case letters shows
significant variations among varieties and nutrient management practices, respectively using LSD
(p = 0.05); Capped lines indicate the standard error of mean.

3.2. Source-Wise and Operation-Wise Energy Inputs and Their Percentage Share

Understanding the energy consumption pattern for various inputs is essential to opti-
mize the energy demand in the agriculture system through proper management practices.
The source-wise and operation-wise energy use patterns for nutrient management practices
and varieties have been computed (Figures 2–5). The input energy required for cultivating
all three maize varieties was similar to the type and quantity of inputs used for each variety.
Thus, the energy consumption of varieties or the mean of varieties can be considered as
a general energy consumption pattern or input energy for fodder maize. The FYM and
fertilizers consumed the maximum energy (4122 MJ · ha−1), while the least energy was
required for machinery (381 MJ · ha−1). Source-wise energy use pattern for maize was
in the following order: FYM and fertilizers (4122 MJ · ha−1) > diesel (3942 MJ · ha−1) >
irrigation water (2326 MJ · ha−1) > seeds (662 MJ · ha−1) > insecticides and fungicides
(509 MJ · ha−1) > human labor (470 MJ · ha−1) > herbicides (432 MJ · ha−1) > machinery
(381 MJ · ha−1). In the case of nutrient management practices, the energy inputs were
different for each nutrient management practice. The highest energy inputs required for
FYM and fertilizers sources ranged from 4247 to 6994 MJ · ha−1 (N3 to N1), while zero
energy consumption was noted under absolute control (N0). Source-wise mean share
of inputs energy (Figure 3) indicates that manures and fertilizers accounted maximum
share (32%) of total input energy, followed by diesel (31%) and irrigation (18%). However,
machinery, herbicides, insecticides, and fungicides accounted for ≤4% in this study.
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Figure 2. Source-wise inputs energy (MJ · ha−1) used for fodder maize varieties sown under different
nutrient management practices (mean of two years).
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Figure 3. Source-wise mean share of inputs energy used for fodder maize (mean of two years).

Operation-wise input energy estimation gives an idea about energy being consumed
under various management practices. Similar to source-wise energy consumption, the
operation-wise consumption was similar for all three varieties (Figure 4). Among all opera-
tions, nutrient management consumed the maximum energy, followed by field preparation
and water management. The order of energy consumption was: nutrient management
(4173 MJ · ha−1) > field preparation (3029 MJ · ha−1) > water management (2404 MJ · ha−1)
> sowing (1883 MJ · ha−1) > plant protection (549 MJ · ha−1) > weed management (471 MJ ·
ha−1) > harvesting (335 MJ · ha−1). In nutrient management practices, the highest energy
consumption was found in nutrient management and ranged from 4349 to 7025 MJ · ha−1.
It indicates how nutrient management is important for fodder maize. Figure 5 indicates
the operation-wise mean share of inputs energy. Nutrient management accounted for the
maximum share (32%), followed by field preparation (23%), water management (19%), and
sowing (15%). Nevertheless, the contribution of harvesting, plant protection, and weed
management was ≤4% in this study.
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different nutrient management practices (mean of two years).

Agronomy 2023, 13, x FOR PEER REVIEW 9 of 21 
 

 

 

Figure 4. Operation-wise inputs energy (MJ ha−1) used for fodder maize varieties sown under dif-

ferent nutrient management practices (mean of two years). 

 

Figure 5. Operation-wise mean share of inputs energy used for fodder maize (mean of two years). 

3.3. Energy Sources 

Energy is broadly classified into two groups based on their release patterns (direct 

and indirect energy) and resources (renewable and non-renewable energy). All the 

sources of energy (direct, indirect, renewable, and non-renewable energy) remained sim-

ilar for all three varieties as identical resources were used to grow these varieties (Figure 

6). In the present study, direct energy accounted for 55% of total energy, while indirect 

energy contributed only 45%. Similarly, renewable energy contributed only 22% of total 

energy inputs, while non-renewable energy accounted for a major share (78%). However, 

the scenarios for the contributions of energy sources were quite different for nutrient man-

agement practices. The contribution of direct and indirect energy sources ranged from 43 

to 77% and 23 to 57% among nutrient management treatments (N0 to N3). With increasing 

the share of organic nutrients in the total nutrient application (N1 to N3), the direct source 

contribution was increasing, and results were reversed for indirect sources. Similarly, re-

newable and non-renewable energy sources accounted for 17–30% and 70–83%, 

3029

3029

3029

3029

3029

1883

1883

1883

1883

1883

4173

0

7025

5317

4349

2404

2404

2404

2404

2404

471

471

471

471

471

549

549

549

549

549

335

335

335

335

335

0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000

Mean of varieties

N0

N1

N2

N3

Field Preparation Sowing Nutrient Management Water Management

Weed management Plant Protection Harvesting

Field 

Preparation

23%

Sowing

15%

Nutrient Management

32%

Water 

Management

19%

Weed management

4%

Plant Protection

4%

Harvesting

3%

Figure 5. Operation-wise mean share of inputs energy used for fodder maize (mean of two years).

3.3. Energy Sources

Energy is broadly classified into two groups based on their release patterns (direct
and indirect energy) and resources (renewable and non-renewable energy). All the sources
of energy (direct, indirect, renewable, and non-renewable energy) remained similar for
all three varieties as identical resources were used to grow these varieties (Figure 6). In
the present study, direct energy accounted for 55% of total energy, while indirect energy
contributed only 45%. Similarly, renewable energy contributed only 22% of total energy
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inputs, while non-renewable energy accounted for a major share (78%). However, the sce-
narios for the contributions of energy sources were quite different for nutrient management
practices. The contribution of direct and indirect energy sources ranged from 43 to 77% and
23 to 57% among nutrient management treatments (N0 to N3). With increasing the share of
organic nutrients in the total nutrient application (N1 to N3), the direct source contribution
was increasing, and results were reversed for indirect sources. Similarly, renewable and
non-renewable energy sources accounted for 17–30% and 70–83%, respectively. Similar to
direct and indirect energy sources, the renewable energy contribution was increasing with
organic nutrient management compared with 100% RDF through chemical fertilizers, and
a reverse trend was noticed for non-renewable energy sources.
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Figure 6. Percentage share of direct, indirect, renewable, and non-renewable energy sources to
different nutrient management treatments and mean of varieties (mean of two years).

3.4. Total Energy Input, Output, and Energy Indices

The total energy input, energy output, and various energy indices determined using
dry fodder yield are presented in Table 4. Similar to the energy sources, the total energy
input utilization was similar for all the varieties (12,844 MJ · ha−1). However, the nutrient
management practices showed varied total energy input utilization. Total energy input
varied from 8617 MJ · ha−1 under control to 15,696 MJ · ha−1 under 100% RDF. Appli-
cation of 100% RDF consumed around 81.0, 12.2, and 20.6% more energy compared to
N0, N2, and N3, respectively. Application of 75% RDF + PGPR + Panchagavya spray
and 50% RDF + 25% FYM + PGPR + Panchagavya spray reduced the total energy input
utilization by 10.9 and 17.0%, respectively, over 100% RDF through chemical fertilizers.
Nonetheless, total energy output was significantly varied with varieties and nutrient man-
agement practices (Table 4). The variety J-1006 was superior in terms of total energy output
and recorded 27.7 and 13.7% higher values over African Tall and P-3396, respectively.
In nutrient management, a significantly higher total energy output was recorded with
75% RDF + PGPR + Panchagavya spray compared to the rest of the treatments. Further
results revealed that 100% RDF and 50% RDF + 25% FYM + PGPR + Panchagavya spray
were statistically at par, and both showed higher total energy output than the control (N0).
Compared to N1 and N3 practices, the application of 75% RDF + PGPR + Panchagavya
spray practice enhanced the total energy output by 8.3 and 8.8%, respectively.
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Table 4. Total energy input, output, and energy indices of fodder maize varieties sown under different
nutrient management practices (mean of two years).

Treatments
Total Energy
Input (MJ ·

ha−1)

Total Energy
Output (MJ ·

ha−1)

Net Energy
(MJ · ha−1)

Energy Use
Efficiency

Energy
Productivity
(kg ·MJ−1)

Energy
Profitability

Specific
Energy

(MJ · kg−1)

Varieties
African Tall 12,844 175,468 B 162,624 B 13.86 B 0.77 B 12.86 B 1.33 A

J-1006 12,844 224,123 A 211,280 A 17.64 A 0.98 A 16.64 A 1.03 B

P-3396 12,844 197,055 B 184,212 B 15.54 B 0.86 B 14.54 B 1.18 AB

SEd (±) – 9342 9342 0.70 0.04 0.70 0.06
LSD (p = 0.05) – 25,937 25,937 1.96 0.11 1.96 0.17

Nutrient management practices
N0 8671 143,164 C 134,493 C 16.59 A 0.92 A 15.59 A 1.11 B

N1 15,696 211,920 B 196,224 B 13.51 B 0.75 B 12.51 B 1.36 A

N2 13,987 229,470 A 215,482 A 16.42 A 0.91 A 15.42 A 1.11 B

N3 13,020 210,975 B 197,955 B 16.21 A 0.90 A 15.21 A 1.13 B

SEd (±) – 6749 6749 0.60 0.03 0.60 0.05
LSD (p = 0.05) – 14,178 14,178 1.27 0.07 1.27 0.10

Note: N0: Control; N1: 100% RDF; N2: 75% RDF + PGPR + Panchagavya spray; N3: 50% RDF + 25% FYM + PGPR
+ Panchagavya spray; Same letters within each column indicate non-significant difference among the treatments
using LSD test (p < 0.05).

Energy indices, such as net energy, energy use efficiency, energy productivity, energy
profitability, and specific energy, significantly differed with varieties and nutrient man-
agement practices (Table 4). Significantly higher net energy, energy use efficiency, energy
productivity, and energy profitability were registered with the J-1006 variety compared to
African Tall and P-3396. However, the latter two varieties were statistically similar with
respect to net energy, energy use efficiency, energy productivity, and energy profitability.
Variety J-1006 resulted in 29.9 and 14.7% higher net energy, 27.3 and 13.5% higher energy
use efficiency, 27.3 and 14.0% higher energy productivity, and 29.4 and 14.4% higher energy
profitability over African Tall and P-3396, respectively. In contrast to these indices, the spe-
cific energy was significantly lower J-1006 compared to African Tall. However, the P-3396
variety was statistically at par with J-1006 as well as African Tall. In the case of nutrient
management practices, the highest net energy was recorded under 75% RDF + PGPR +
Panchagavya spray treatment (215,482 MJ · ha−1) among all nutrient treatments. However,
100% RDF and 50% RDF + 25% FYM + PGPR + Panchagavya sprays were statistically at
par, and both showed higher net energy than the control. Compared with 50% RDF + 25%
FYM + PGPR + Panchagavya spray, the application of 75% RDF + PGPR + Panchagavya
spraying practice enhanced the net energy by 9.8 and 8.9%, respectively.

With respect to energy use efficiency, energy productivity, and energy profitability, the
values ranged between 13.51 to 16.59, 0.75 to 0.92 kg ·MJ−1, and 12.51 to 15.59, respectively.
Compared to the control, 75% RDF + PGPR + Panchagavya spray and 50% RDF + 25%
FYM + PGPR + Panchagavya spray were statistically at par with each other and registered
significantly higher values of these indices over 100% RDF. Application of 75% RDF +
PGPR + Panchagavya spray and 50% RDF + 25% FYM + PGPR + Panchagavya spray were
identified as the best energy-efficient nutrient management practices as they showed 21.5
and 20.0% higher energy use efficiency, 21.5 and 20.0% higher energy productivity, and
23.2 and 21.6% higher energy profitability over 100% RDF through chemical fertilizers,
respectively. However, the converse trend was noticed for specific energy. The specific
energy ranged from 1.11 to 1.36 MJ · kg−1. Application of 75% RDF + PGPR + Panchagavya
spray and 50% RDF + 25% FYM + PGPR + Panchagavya spray showed significantly lower
specific energy of 18.0 and 16.7%, respectively, compared to 100% RDF.
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3.5. Source-Wise and Operation-Wise Carbon Inputs and Their Percentage Share

To get an idea of the consumption of carbon by various sources and operations carried
out in the cultivation of fodder maize and reduce the carbon emission by efficient crop
management practices, the source-wise and operation-wise equivalent carbon emissions
were computed and depicted in Figures 7–10. The equivalent carbon emissions from the
cultivation of all three maize varieties were similar as the type and quantity of inputs used
for each variety were the same. Therefore, the mean of the varieties can be considered
as the general equivalent carbon emission for fodder maize. The source-wise equivalent
carbon emission pattern for fodder maize was in the following order: FYM and fertilizers
(342 kg CO2-e ha−1) > irrigation (329 kg CO2-e ha−1) > N2O (252 kg CO2-e ha−1) > diesel
(232 kg CO2-e ha−1) > machinery (212 kg CO2-e ha−1) > human labor (206 kg CO2-e ha−1)
> seeds (55 kg CO2-e ha−1) > insecticides and fungicides (11 kg CO2-e ha−1) > herbicides
(9 kg CO2-e ha−1). In the case of nutrient management practices, the equivalent carbon
emission from labor, manure and fertilizer, and N2O was different for each nutrient manage-
ment practice. Application of 100% RDF was registered with the highest equivalent carbon
emission for manure and fertilizer and N2O, followed by 75% RDF + PGPR + Panchagavya
spray and 50% RDF + 25% FYM + PGPR + Panchagavya spray. However, the contrary trend
was noted for labor. The source-wise mean share of carbon emission presented in Figure 8
indicates that the contribution of equivalent carbon emission was highest from manure and
fertilizer (21%), followed by irrigation (20%), N2O (15%), diesel (14%), machinery (13%)
and labor (12%). However, seeds, insecticides and fungicides, and herbicides accounted for
≤3% in this study.
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Figure 7. Source-wise equivalent carbon emission (kg CO2-e ha−1) for fodder maize varieties sown
under different nutrient management practices (mean of two years).

Similar to source-wise, the equivalent carbon emission from operation-wise was also
analogous for all three varieties (Figure 9). Amongst all operations, the highest equivalent
carbon emission was recorded from the nutrient management operation, while the least
value was registered from the weed management. Operation-wise equivalent carbon
emission patterns for the cultivation of fodder maize varieties were found in the following
order: nutrient management (614 kg CO2-e ha−1) > water management (363 kg CO2-e ha−1)
> field preparation (335 kg CO2-e ha−1) > sowing (185 kg CO2-e ha−1) > harvesting (103 kg
CO2-e ha−1) > plant protection (25 kg CO2-e ha−1) > weed management (23 kg CO2-e ha−1).
In the case of nutrient management treatments, the equivalent carbon emission was varied
from 636 to 1030 kg CO2-e ha−1 for nutrient management operation, being the highest
value with 100% RDF followed by 75% RDF + PGPR + Panchagavya spray and 50% RDF +
25% FYM + PGPR + Panchagavya spray. However, zero carbon emission was reported from
absolute control. Operation-wise mean share of equivalent carbon emission (Figure 10)
shows that nutrient management accounted for the maximum share (37%), followed by
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water management (22%), field preparation (20%), sowing (11%), and harvesting (6%).
However, the contribution of plant protection and weed management was ≤2% in the
present study.
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Figure 8. Source-wise mean share of carbon emission for the cultivation of fodder maize (mean of
two years).
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3.6. Spatial Carbon Footprints, Carbon Input, Output, and Carbon Indices

The spatial carbon footprints (CFs) were determined by summating the equivalent
carbon emission of all sources used in the present study (Table 5). The CFs were similar
for each variety, as the input type and quantity were the same for the varieties. However,
CFs were slightly varied among the nutrient management practices ranging from 1034 kg
CO2-e ha−1 under control to 2064 kg CO2-e ha−1 under 100% RDF. Application of 75% RDF
+ PGPR + Panchagavya spray and 50% RDF + 25% FYM + PGPR + Panchagavya spray
emitted 11.6 and 19.1% lesser equivalent carbon compared to 100% RDF. The carbon input
in terms of kg CE ha−1 was computed by dividing the CFs (kg CO2-e ha−1) to a value of
3.66. Similar to CFs, the carbon input was similar for all three varieties (450 kg CE ha−1)
but varied among nutrient management practices (Table 5). Carbon input differed from 282
kg CE ha−1 under control to 563 kg CE ha−1 under 100% RDF.

Table 5. Spatial carbon footprints, carbon inputs, outputs, and carbon indices of fodder maize
varieties sown under different nutrient management practices (mean of two years).

Treatments

Spatial
Carbon

Footprints
(CFs)

(kg CO2-e
ha−1)

Carbon Input
(kg CE ha−1)

Carbon
Output

(kg CE ha−1)

Net Carbon
Gain

(kg CE ha−1)

Carbon
Efficiency

Carbon
Sustainability

Index

Cfy
(kg CO2-e

Mg−1)

Varieties
African Tall 1648 450 4289 B 3840 B 9.80 B 8.80 B 169.6 A

J-1006 1648 450 5479 A 5029 A 12.46 A 11.46 A 131.3 B

P-3396 1648 450 4817 B 4367 B 10.98 B 9.98 B 150.1 AB

Sed (±) – – 228 228 0.49 0.49 7.7
LSD (p = 0.05) – – 634 634 1.37 1.37 21.5

Nutrient management practices
N0 1034 282 3500 C 3218 C 12.49 A 11.49 A 132.9 B

N1 2064 563 5180 B 4617 B 9.21 C 8.21 C 178.4 A

N2 1825 498 5609 A 5112 A 11.28 B 10.28 B 145.2 B

N3 1670 456 5157 B 4702 B 11.33 B 10.33 B 144.9 B

Sed (±) – – 165 165 0.44 0.44 6.2
LSD (p = 0.05) – – 347 347 0.92 0.92 12.9

Note: N0: Control; N1: 100% RDF; N2: 75% RDF + PGPR + Panchagavya spray; N3: 50% RDF + 25% FYM
+ PGPR + Panchagavya spray; Cfy: carbon footprint per unit yield; Same letters within each column indicate
non-significant difference among the treatments using LSD test (p < 0.05).

The carbon output computed using dry fodder yield is presented in Table 5. Both
studied factors (varieties and nutrient management practices) significantly influenced
the carbon output. Variety J-1006 resulted in significantly higher carbon output of 27.7
and 13.7% compared to African Tall and P-3396. However, the latter two varieties were
statistically non-significant to each other. Comparison among the nutrient management
practices revealed that the application of 75% RDF + PGPR + Panchagavya spray reported
significantly higher carbon output compared to the rest of the treatments. This shows
8.3 and 8.8% higher carbon output over 100% RDF and 50% RDF + 25% FYM + PGPR +
Panchagavya spray, respectively.

To identify the carbon-efficient fodder maize variety and nutrient management prac-
tice, the various carbon indices, such as net carbon gain, carbon efficiency, carbon sustain-
ability index, and carbon footprints per unit yield, were determined (Table 5). Comparison
among varieties indicates that J-1006 exhibited significantly higher net carbon gain, carbon
efficiency, and carbon sustainability index than the rest of the tested varieties. In terms
of percentage increment, variety J-1006 recorded 31.0 and 15.2% higher net carbon gain,
27.1 and 13.5% higher carbon efficiency, and 30.2 and 14.8% higher carbon sustainabil-
ity index compared to African Tall and P-3396, respectively. In contrast to these indices,
the carbon footprints per unit yield (Cfy) were significantly lower with the J-1006 vari-
ety than African Tall but remained statistically at par with P-3396. Cultivation of J-1006
and P-3396 had a lower Cfy of 22.6 and 11.5% compared to African Tall. In the case of
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nutrient management practices, a significantly higher net carbon gain was found with
the 75% RDF + PGPR + Panchagavya spray compared with other treatments. The use of
75% RDF + PGPR + Panchagavya spray showed 10.7 and 8.7% higher net carbon gain over
100% RDF and 50% RDF + 25% FYM + PGPR + Panchagavya spray, respectively. However,
the highest carbon efficiency was noticed under absolute control. Regardless of control, the
application of 75% RDF + PGPR + Panchagavya spray and 50% RDF + 25% FYM + PGPR +
Panchagavya spray showed higher carbon efficiency of 22.5 and 23.1%, respectively, over
100% RDF. Similar to carbon efficiency, the trend for the carbon sustainability index was
also noticed among nutrient management practices. Application of 75% RDF + PGPR +
Panchagavya spray and 50% RDF + 25% FYM + PGPR + Panchagavya spray enhanced
the carbon sustainability index by 25.3 and 25.9%, respectively, compared to 100% RDF.
For Cfy, the highest value was noted under 100% RDF. Compared to the absolute control,
75% RDF + PGPR + Panchagavya spray and 50% RDF + 25% FYM + PGPR + Panchagavya
spray were remarkably at par with each other and indicated significantly lower Cfy than
100% RDF. Adoption of 75% RDF + PGPR + Panchagavya spray and 50% RDF + 25% FYM
+ PGPR + Panchagavya spray produced 18.6 and 18.8% lower Cfy compared to 100% RDF.

4. Discussion
4.1. Dry Fodder Yield

Selection of an appropriate crop variety and nutrient management practice is essential
for higher fodder productivity. Among the three tested varieties, the cultivation of J-1006
showed significantly higher dry fodder yield over African Tall and P-3396, respectively
(Figure 1). Significant variations among different varieties for dry fodder yield could be
ascribed to variations in dry matter content and green fodder yield resulting from dissimi-
larities in the genetic makeup of these varieties and their responses to climatic conditions.
Several researchers have also reported the genetic makeup as one of the reasons for sig-
nificant differences in the dry fodder yield of maize crops [49–51]. Crop nutrition plays
a key role in plant health and, thereby, its productivity. In our study, significantly higher
dry fodder yield was recorded under the integrated use of organic and inorganic nutrient
sources (75% RDF + PGPR + Panchagavya spray) compared with the absolute control, 100%
RDF through chemical fertilizers and 50% RDF + 25% FYM + PGPR + Panchagavya spray
(Figure 1). Significantly higher dry fodder yield with 75% RDF + PGPR + Panchagavya
spray could be ascribed to better crop growth, yield, and dry matter content. The inte-
grated use of RDF, which acts as a quick supplier of nutrients and organic sources (such
as PGPR, FYM, and Panchagavya), serves as a slow and continuous releaser of nutrients
that probably would have supplied the essential nutrients to fodder maize adequately
and continuously which resulted into higher biomass yield. Seed inoculation with PGPR
induces plant growth through nitrogen fixation, phytohormones, siderophore production,
P and K solubilization, etc., which is finally converted into a higher fodder yield [52]. In
fodder maize crops, Piromyou et al. [53] also reported on the positive relationship of seed
treatment with PGPR on shoot dry weight. In addition to the above, the foliar spray of
panchagavya, which contains essential plant nutrients, beneficial microorganisms [25],
vitamins [54], and secondary metabolites [55], could be the probable reason for higher
fodder yield. Several researchers have also reported the beneficial impact of panchagavya
on rice, baby corn, groundnut, fodder cowpea, and fodder oats [56–62]. Therefore, the
integrated use of organic and inorganic nutrient sources is proven to be beneficial for
sustainable maize production [14,63–65].

4.2. Energy Sources, Inputs, Outputs, and Its Indices

The computation of energy sources is important as it gives the idea of sustainable agri-
cultural production. In recent years, the consumption of indirect and non-renewable energy
sources has been increasing for crop production, which may contribute a lot to GHG emis-
sions [11]. For field crops, the use of fertilizers and diesel are the principal non-renewable
energy inputs. In the present study (Figures 2 and 3), the application of FYM and fertilizers
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consumed maximum energy, followed by diesel for the cultivation of fodder maize. Simi-
larly, Mishra et al. [66] and Patel et al. [67] also reported that fertilizers are a major energy
consumption input for fodder crops. Therefore, reducing the proportion of fertilizers in total
nutrients application to crops may help in enhancing energy efficiency. A crop production
system with a higher share of renewable energy is more sustainable on a long-term basis [68].
Therefore, to make an agriculture system more sustainable and resilient, the dependency on
non-renewable and indirect energy sources needs to be reduced, and more emphasis should
be given to adopting renewable and direct energy sources. Organic nutrient sources such
as FYM, PGPR, and panchagavya are renewable sources, and increasing their proportion in
total nutrients application and reducing the proportion of chemical fertilizers indicates higher
sustainability compared with the application of 100% RDF through chemical fertilizers. In the
present study (Figure 6), non-renewable energy sources accounted for 70–83%, while renew-
able energy accounted for only 17–30%. Li et al. [69] in China and Manoj et al. [11] in India
also reported a higher share of non-renewable energy sources than renewable energy for crop
production. Comparison among nutrient management practices revealed that application of
75% RDF + PGPR + Panchagavya spray and 50% RDF + 25% FYM + PGPR + Pancha-
gavya spray accounted for a higher share of renewable energy compared with 100% RDF
through chemical fertilizers. Total energy input consumption was similar for all the varieties.
This is because the similar type and quantity of inputs applied to all three varieties led to
similar energy consumption. Yadav et al. [9] also reported similar energy inputs for five
barley cultivars.

The energy output was determined by dry fodder production (Table 4). Among all the
three varieties, J-1006 resulted in significantly higher total energy output, net energy, energy
use efficiency, energy productivity, and energy profitability than African Tall and P-3396
at a similar input energy level. This could be attributed to higher dry fodder production
compared to the rest of both varieties. Comparison among nutrient management practices
indicated that the control plot required less total energy input than the nutrient treatments.
The higher energy input under nutrient treatments might be due to the fact that fertilizers
manufacturing needed more energy. Nemecek and Erzinger [70] also reported that N
fertilizers manufactured using an energy-intensive Haber–Bosch process involving natural
gas led to its higher energy equivalent. Adopting 75% RDF + PGPR + Panchagavya spray
and 50% RDF + 25% FYM + PGPR + Panchagavya spray reduced energy consumption
by 10.9 and 17.0%, respectively, over 100% RDF. It might be due to the comparatively
lower energy equivalent of FYM and PGPR than chemical fertilizers. The present result
agrees with the findings of Singh et al. [71]. Prajapat et al. [72] also reported that partial
substitution of RDF through organic nutrient sources reduced the energy requirement
of fodder sorghum compared to 100% RDF through chemical fertilizer. Total energy
output and net energy were significantly higher under 75% RDF + PGPR + Panchagavya
spray (Table 4). Applying 75% RDF + PGPR + Panchagavya spray and 50% RDF + 25%
FYM + PGPR + Panchagavya spray exhibited significantly higher energy use efficiency,
productivity, and profitability and a lower value of specific energy compared to 100%
RDF (Table 4). The higher energy output with 75% RDF + PGPR + Panchagavya spray
might be due to its higher dry fodder yield resulting from better growth by continuous
nutrient supply through the combined use of organic and chemical fertilizer as compared
to chemical fertilizer alone. Singh et al. [73] also reported the higher net energy in wheat
using manure and chemical fertilizers. Apart from higher dry fodder yield, the lower input
energy was attributed to higher energy use efficiency, energy productivity, and energy
profitability with integrated use of organic and inorganic nutrient sources compared to
100% RDF through chemical fertilization. The higher energy profitability of wheat due to
lower input energy was also reported [73]. Rautaray et al. [74] reported that INM practices
enhanced the energy use efficiency in rice crops. Several researchers have also suggested
that integrated use of organic nutrient sources along with a reduced dose of chemical
fertilizers enhanced the energy output, use efficiency, productivity, and profitability and
lowered the specific energy [47,72,75,76].
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4.3. Carbon Inputs, Outputs, and Its Indices

In the past few decades, the atmosphere’s CO2 concentration was also increased
rapidly, and it was 412.74 ppm in 2021 [6]. Agriculture, forestry, and other land use sectors
contributed 23% of the total GHGs emissions from 2007 to 2016 [7]. Fodder production is
an important component for livestock as fodder crops fulfill around 80–90% of the total
nutrient requirements of livestock [14]. Therefore, efficient fodder production is a key
challenge for sustainable livestock production. To minimize the GHGs emission from the
agriculture sector, we need to emphasize increasing carbon use efficiency and reducing
the carbon input. Therefore, a suitable crop variety with more biomass production and
requiring lower carbon inputs and an efficient nutrient management practice with lesser
carbon emissions must be identified. In the present study (Figures 7–10), the carbon input
was the same for all three tested varieties because the type and quantity of inputs used were
similar. Among varieties, significantly higher carbon output was reported from J-1006 due
to higher dry fodder production compared with African Tall and P-3396 varieties (Table 5).
At the same level of carbon input, the higher carbon output led to a higher net carbon gain,
carbon efficiency, and carbon sustainability index in the J-1006 compared to the rest of the
varieties (Table 5). The variety J-1006 showed significantly lower Cfy compared to African
Tall and P-3396 at the same level of carbon input. The higher carbon output in terms of dry
fodder production with J-1006 was a reason for lower Cfy.

In the meantime, the role of efficient nutrient management in sustainable fodder
production is also very high, as the maximum share of total input carbon comes from
fertilizers and manures/nutrient management in the current study. In a study conducted in
Karnataka (India), Manoj et al. [11] reported on the maximum share of fertilizers and FYM
in total carbon inputs for different fodder cropping systems. Similarly, Gong et al. [77] and
Jiang et al. [78] also reported fertilizers as a major contributor to total carbon inputs for
agricultural production in China. Among the nutrient management treatments (Table 5), the
application of 75% RDF + PGPR + Panchagavya spray showed significantly higher carbon
output that could be attributed to higher dry fodder production compared with 100%
RDF through chemical fertilizers. The carbon input and output are important factors in
computing the carbon indices for crop production. In this study (Figures 7–10; Table 5), the
lower carbon input and higher carbon output resulted in a higher value of net carbon gain,
carbon efficiency, and carbon sustainability index with 75% RDF + PGPR + Panchagavya
spray. Our results closely conform with the findings of Prajapat et al. [72]. The Cfy was
significantly lower under 75% RDF + PGPR + Panchagavya spray compared with 100%
RDF. This might be associated with higher dry fodder production resulting from its genetic
makeup and response to microclimatic conditions. Van Groenigen et al. [79] and Singh and
Ahlawat [47] also reported lower Cfy due to the integrated use of organic nutrient sources
and reduced mineral fertilizer dose. Henceforth, this study identified the 75% RDF + PGPR
+ Panchagavya spray as a carbon-efficient nutrient management practice.

5. Conclusions

In this study, the J-1006 variety outperformed the African Tall and P-3396 varieties in
terms of dry fodder yield, energy, and carbon output. Notably, the higher output of energy,
carbon, and dry biomass resulted in efficient energy and carbon indices and lower carbon
footprints per unit yield. In the case of nutrient management practices, the integrated use of
organic and inorganic nutrient sources, especially 75% RDF + PGPR + Panchagavya spray,
produced significantly higher dry fodder yield, energy, and carbon output, which led to
efficient energy and carbon indices compared with 100% RDF through chemical fertilizer.
Application of the recommended dose of nutrients through 100% chemical fertilizers
(100% RDF) utilized the lesser renewable and more non-renewable energy compared to
integrated nutrient management treatments (75% RDF + PGPR + Panchagavya spray and
50% RDF + 25% FYM + PGPR + Panchagavya spray), which indicate lesser sustainability.
Overall, cultivating the J-1006 variety of fodder maize and adopting integrated nutrient
management practices, particularly 75% RDF + PGPR + Panchagavya spray, will help
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enhance energy use efficiency and curtail the carbon footprint while sustaining animal
production through higher dry fodder productivity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy13040981/s1, Figure S1: Mean weekly meteorological data during the kharif season
of 2018; Figure S2: Mean weekly meteorological data during the kharif season of 2019; Table S1:
Chemical characteristics of FYM used in the experimentation; Table S2: Chemical and microbial
characteristics of panchagavya used in the experimentation.
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