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Abstract

The use of energy and carbon-intensive inputs in agriculture is unsustainable as it contributes to climate change, adversely
affecting crop productivity and human life. Barley, the fourth most important cereal crop, has been restricted to areas with
limited resources. Maintaining a balance between productivity, profitability, and sustainability by identifying viable genotypes
that adapt well to resource-restricted settings and assessing them under low energy-carbon intensive management is critical.
A field experiment was conducted during 2016-17 to 2018-19 to assess the energy-carbon footprint, productivity and profit-
ability of five barley cultivars under two contrasting tillage-residue management systems in semi-arid plains of North-West
India. The zero-till + residue retention (ZT+RR) system, among the tillage-residue management options, and RD-2552 fol-
lowed by BH-946, among the cultivars, provided significantly higher crop productivity and profitability. Although cultivars'
responses to the tillage-residue management method were not statistically significant in terms of grain yield, they were in
terms of net returns. Therefore, RD-2552 and BH-946 cultivars could provide higher profitability with the ZT+RR system
as compared to those with the conventional-till + residue incorporation (CT+RI) system. Although cultivars did not affect
the energy-carbon footprints of barley production, tillage-residue management methods did. The ZT+RR system enhanced
the energy and carbon use efficiencies of the barley cultivation with lower energy-carbon footprints. The cultivar RD-2552
followed by BH-946 under the ZT+RR system could provide higher productivity and profitability with lower energy-carbon
footprints. Adoption of conservation agriculture-based tillage-residue management practices could improve productivity and
profitability of barley crop with reduced energy-carbon footprints in the semi-arid ecologies of India.
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1 Introduction production (Parihar et al. 2018). However, the use of energy
and carbon-intensive inputs in agriculture is not sustaina-
ble due to its contribution to climate change that adversely
affects crop productivity and human life (Ghorbani et al.

2011). Agriculture accounts for 10-12 percent of total yearly

The energy consumption pattern of the agricultural sector
has grown extensively, particularly during the past three to
four decades, due to excessive use of fossil fuels in crop
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anthropogenic greenhouse gas (GHG) emissions (Tjandra
et al. 2016; Ashoka et al. 2017), hence compounding the
situation of global warming and climate change (Lobell and
Gourdji 2012). Improving agricultural production's energy
use efficiency (EUE) minimizes carbon dioxide emissions,
limits energy dependence, and effectively offsets rising oil
prices (Vourdoubas 2016). Crop management practices that
sequester carbon and require low energy inputs should be
prioritized due to their notable significance in environmental
sustainability (Meena et al. 2022). Therefore, identifying
and promoting crop management strategies with low carbon
footprint (CF) values is critical to make present agriculture
more cost-effective and eco-friendly, with low GHG emis-
sions (Liu et al. 2016). In this regard, energy and carbon
auditing studies that provide a basis for identifying energy
and carbon-efficient management practices are helpful (Xue
et al. 2016; Chaudhary et al. 2017).

Crop production involves various energy and carbon-con-
suming operations (tillage, planting, manuring, weed and
water management, harvesting and threshing, etc.) that emit
a significant quantity of GHGs, affecting the environmental
quality (Ntinas et al. 2017; Yadav et al. 2017). Tillage is
one of the most energy-intensive agricultural operations that
accounts for approximately 30 percent of the total energy
used in crop production (Singh et al. 2008; Lal 2015), thus
directly contributing to GHG emissions (Soni et al. 2013;
Yadav et al. 2017). Therefore, emulation of efficient tillage
practices can minimize environmental concerns and improve
agricultural sustainability by improving EUE and reducing
CFs (Ozkan et al. 2004; Pandey and Agrawal 2014). In this
context, conservation agriculture (CA) based crop produc-
tion technologies like zero or minimum tillage and crop
residue mulch on the soil surface can potentially improve
the EUE by eliminating energy-intensive operations (Lal
2015; Parihar et al. 2017). Several studies have confirmed
that long-term adoption of CA-based zero tillage (ZT) with
crop residue mulch on the soil surface enhances crop yield,
reduces production cost, and improves soil and environment
quality (Yadav et al. 2017; Meena et al. 2018). Adoption
of CA technologies reduces fossil fuel consumption and
the dependencies on human labour, which may decrease
energy input requirements, GHG emissions, and the cost of
cultivation (Yadav et al. 2016; Mrunalini et al. 2020; Das
2021). The GHG emission has been reported to be reduced
by adopting ZT practice owing to less fossil fuel use and
higher C sequestration (Lal et al. 2019; Chaudhary et al.
2021). Rahman et al. (2021) estimated the GHG emission to
be lower in ZT (1987.2 kg CO,-eq ha™') as compared to con-
ventional tillage (CT) (2028.3 kg CO,-eq ha'!) under wheat
cultivation using the farm efficiency analysis tool (FEAT).
Zero-till with crop residue retention showed 40% lower
GHG emission than CT under barley cultivation (Chaudhary
et al. 2021). Zero tillage reduced the energy consumption
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by 56% and CF by 39% as against CT under the rice-maize
cropping system (Lal et al. 2019). In addition, residue reten-
tion under ZT led to a notable improvement in crop pro-
ductivity and soil health. Considering the aforementioned
case studies, ZT has the potential to help in replenishing
soil organic carbon (SOC) levels through residue retention,
hence reducing overall GHG emissions. Although the over-
all impact of CA-based technologies on soil health, energy
consumption, carbon footprints, and GHG emissions is
somewhat encouraging, crop production under ZT has been
significantly unpredictable. Previous studies have shown an
increase (Faiz et al. 2022), decrease (Lal et al. 2019) or no
effect (Roohi et al. 2022) on crop productivity under the ZT
system as compared to CT. It is evident that crop yield has a
significant effect on GHG emissions. Therefore, it is essen-
tial to comprehend the impact of tillage on energy-carbon
footprint and crop productivity-profitability.

Barley is the fourth most important cereal in the world,
accounting for around 15% of total coarse grains in use
(Dhillon et al. 2019). It is preferably grown in rainfed areas
with limited irrigation facilities and poor soil fertility in
India. It is an important source of dietary fibres, protein,
vitamins and minerals source for humans and livestock.
Over the past several decades, the area under barley pro-
duction has been steadily decreasing, owing to a gradual
shift towards wheat production due to its higher yield
potential (Kumar et al. 2014). It has restricted barley to
marginal and problematic soils, further adding to its low
production. Adopting varieties better adapted to resource-
limited conditions and evaluating them under various crop
management technologies (optimization for tillage options,
time of sowing, fertilizer, irrigation etc.) could enhance
barley production. Tillage methods have a major influence
on the soil physical environment, which in turn affects the
yield of the crop. Singh et al. (2013) evaluated malt barley
under different tillage options and observed a higher yield
and malt recovery under ZT compared to CT. Furthermore,
the varietal selection is undoubtedly a prime component
of crop production. Plant genotypes in breeding programs
are mostly evaluated under CT systems. Therefore, little is
known about the varietal performance of barley under the
ZT system. Apart from higher productivity, the genotypes
should also impart yield stability under aberrant environ-
mental conditions, ensuring profitable production for farm-
ers. Therefore, studies evaluating alternative tillage options
and residue management practices for optimizing carbon and
energy budget and enhancing crop productivity-profitabil-
ity under the semi-arid ecologies are essentially required to
understand and promote effective technologies for reduc-
ing GHG emissions and preventing global warming. Thus,
keeping this in view, the present study was undertaken with
two broad objectives: (1) to assess the crop productivity and
profitability of barley cultivars under contrastitillage-residue
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management options; (2) to evaluate energy-carbon use effi-
ciencies and footprints for different treatment combinations,
thus identifying a suitable barley cultivar and tillage-residue
management system that could be sustainable in the long
run.

2 Material and Methods
2.1 Soil and Climate of Study Site

The present experiment was carried out during three suc-
cessive winter seasons (2016-17 to 2018-19) at Rajasthan
Agricultural Research Institute, Jaipur, Rajasthan, India
(26° 51' N, 75° 47" E, and 390 m above mean sea level).
The experimental site belongs to a semi-arid climate char-
acterized by cold winters and hot summers. The occurrence
of frost during December/January is a pretty common phe-
nomenon in the area. The region receives an average annual
precipitation of 563 millimetres, of which approximately 90
percent falls irregularly between the second part of June and
the end of September. The average annual evaporation (850
mm) continues to be more than the average annual precipita-
tion, resulting in frequent soil moisture deficits. During the
experimental period (November to April), the total precipita-
tion at the experimental site ranged from 107.2 mm to 173.4
mm (2016-17 to 2018-19). During the trial period (Novem-
ber to April), the average weekly maximum and minimum
temperatures ranged from 19.8 to 40.7 °C and 5.7 to 26.8
°C, respectively. At the experimental site, the soil was sandy
loam in texture (with 82% sand, 7% silt, and 11% clay) and
slightly alkaline (pH 8.1) with low organic carbon content
(0.23 g kg'!) (Walkley and Black 1934). The surface soil
(0-15 cm) was low in available N (172.0 kg N ha™') (Subbiah
and Asija 1956), medium in NaHCOj; extractable P (18.1 kg
P ha!) (Olsen et al. 1954) and NH,OACc extractable K (237.0
kg K ha™') (Hanway and Heidel 1952).

2.2 Experimental Details and Crop Management

The experiment was laid out in a split-plot design with three
replications. The main plot consisted of two contrasting till-
age and residue management practices, i.e., conventional till-
age (CT) with residue incorporation (RI) and zero tillage
(ZT) with residue retention (RR). In sub-plots, five prom-
ising cultivars of barley viz. BH-946, BH-902, RD-2552,
DWRB 101, and DWRUB 52 were grown. The CT system
involved one deep ploughing followed by two harrowing and
planking to prepare a seedbed with desired tilth. Whereas,
under the ZT system, no preparatory tillage was performed
and crop seeds were drilled directly using a zero-till seed-
cum-fertilizer drill. In CT plots, pearl millet crop residues
equivalent to 6 Mg ha™! were incorporated by chopping and

spreading uniformly on the field before primary tillage. The
same quantity of pearl millet residues was also retained on
the soil surface in ZT plots. The barley cultivars were sown
at a seed rate of 100 kg ha™! during the first fortnight of
November. The crop was harvested during the first fortnight
of April. The recommended dose of fertilizers (60-30-20
kg N-P,05-K,0 ha™!) was supplied to the crop. Half of the
recommended fertilizer dose of N and the total P and K were
applied as basal at the sowing time. The rest half quantity
of nitrogen was supplied through top dressing at the first
irrigation, i.e., 25-30 days after sowing (DAS). In ZT plots,
glyphosate at 1.2 kg a.i. ha™! was sprayed about 7-10 days
before sowing the crop to kill the existing weeds. Besides,
a pre-emergence application of pendimethalin at 1.0 kg a.i.
ha! was made on the same day of sowing to check the initial
flush of weeds in both CT and ZT plots. In CT plots, one
manual weeding was done at 25-35 DAS to manage the late-
season weeds effectively. However, in ZT plots, 2, 4 D was
sprayed at 0.75 kg a.i. ha'! post-emergence (30-35 DAS) to
control the late-season broadleaved weeds effectively. In all
treatments, one pre-sowing irrigation (6 cm) followed by
four post-sowing irrigations (4.5 cm each) at 25-30, 50-55,
80-85, and 100-105 DAS were applied.

2.3 Assessment of Crop Productivity, Profitability,
and Crude Protein Content of Barley

The crop was harvested, and the harvested produce of each
plot was tied in bundles and left in the field for sun drying,
after which the biological yield was recorded by weighing
them using a spring balance. After threshing the bundles
from each plot using a plot thresher, the grains were cleaned,
dried, and weighted. The final grain yield was expressed in
dry weight at 12% moisture content. Straw yield for indi-
vidual plots was calculated by subtracting the grain yield
from the total biomass yield.

The revenue of production, including the cost incurred
during cultivation and a cost-benefit analysis, was estimated
for each treatment combination. The variable costs incurred
through major inputs used for different operations such as
residue management, seedbed preparation and sowing, weed
management, fertilizer and plant protection chemicals, irri-
gation management, harvesting and threshing, etc., were
considered in estimating the total cost of cultivation. The
gross returns from each treatment combination were calcu-
lated by multiplying the economic biomass (grain and straw)
with respective prevailing market prices. Likewise, deduct-
ing the cost of cultivation from the gross returns gave a net
returns from each treatment combination. Finally, the ben-
efit-to-cost ratio was calculated by dividing the net returns
by the total cost of cultivation.

The crude protein content of barley grain was estimated
indirectly by multiplying the nitrogen (N) concentration of
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grain with the standard factor of 6.25 (AOAC 1990). For this
purpose, the N content of grain samples was estimated using
modified Kjeldahl's method (Lindner 1944). Biomass protein
equivalent yield (BPEY) was calculated by multiplying the
crude protein content of grain with grain yield. Finally, adult
protein equivalent (APE) was determined using a standard
demand of 60 g protein person! day! (ICMR 1981).

2.4 Calculation of Energy Relations

The stored energy in all inputs and outputs (total biological
yield) of the production system was used to determine the
energy relations. The energy equivalent coefficients used
in the study were collected from various sources and are
presented in table 1 (Mittal and Dhawan 1988; Singh et al.
1997). The energy requirement (MJ ha'!) under different
treatment combinations was determined using the follow-
ing equations.

ER; = O; XE ¢))

ER = Z;ER,. 2)

ER, = energy requirement of i™ input (MJ ha''); Qi =
quantity of i input used (unit ha™); E.; = energy equivalent
coefficient of /™ input (MJ unit!); E; = total energy footprint
or requirement of a treatment combination (MJ ha™')

The energy sources used in crop production can be cat-
egorized into direct and indirect sources, considering their

energy release pattern (Devasenapathy et al. 2009). Direct
energy sources (animate power, diesel, and irrigation)
release energy upon use, whereas indirect energy sources do
not release energy directly but involve a significant amount
of energy in production and storage. The present study con-
siders agricultural inputs such as fertilizers, plant protec-
tion chemicals, farm machinery, seeds, and crop residues
under indirect energy sources. The energy sources are fur-
ther categorized as non-renewable and renewable based on
their exhaustibility (Devasenapathy et al. 2009). The animate
power (human and animal) and irrigation are classified as
direct renewable energy, while diesel is considered direct
non-renewable energy. Likewise, indirect renewable energy
source includes crop seeds and residues, whereas fertilizers,
plant protection chemicals, and machinery are indirect non-
renewable energy. The energy input was computed based on
the amount of energy that was utilized in several agricultural
operations ranging from field preparation and sowing of the
crop to harvesting and threshing. Figures 1-3 illustrate the
usage pattern of input energy for the various treatment com-
binations that were employed in the study. These treatment
combinations were examined. The energy outputs from dif-
ferent treatment combinations were estimated by multiplying
the energy equivalent coefficient (Table 1) with the quantity
of crop biomass (grains and straw) produced. The energy
use under different tillage and residue management options
was analyzed using indices proposed by (Mittal and Dhawan
1988; Singh et al. 1997). The energy efficiency indicators
were calculated using equation (3) to (7).

Table 1 Energy and carbon equivalent coefficients of inputs and outputs of the treatments in the study

Particulars Unit Energy equivalent Reference Carbon equiva- Reference
(MJ unit™") lent
(Kg CO,-eq
unit™!)
Input
A Man Power Man-hour 1.96 Mittal and Dhawan (1988) 0.86 Deng (1985)
B Diesel L 56.31 Mittal and Dhawan (1988) 3.32 Deng (1985)
C Farm machinery kg 62.70 Mittal and Dhawan (1988) 3.32 Deng (1985)
D Chemical fertilizers
1 Nitrogen kg 60.60 Mittal and Dhawan (1988) 4.96 Yadav et al. (2017)
2 Phosphorus kg 11.10 Mittal and Dhawan (1988) 1.35 Yadav et al. (2017)
3 Potash kg 6.7 Mittal and Dhawan (1988) 0.58 Yadav et al. (2017)
E Plant protection chemicals
1 Herbicide kg 254.45 Mittal and Dhawan (1988) 6.30 Yadav et al. (2017)
2 Insecticide kg 184.63 Mittal and Dhawan (1988) 5.10 Yadav et al. (2017)
3 Fungicide kg 184.63 Choudhary et al. (2017) 3.90 Yadav et al. (2017)
F Seed kg 14.70 Choudhary et al. (2017) 1.22 Choudhary et al. (2017)
G Residue kg 11.10 Choudhary et al. (2017) 0.44 Choudhary et al. (2017)
Output
A Barley grain kg 14.70 Choudhary et al. (2017) 0.44 Choudhary et al. (2017)
B Barley straw kg 11.10 Choudhary et al. (2017) 0.44 Choudhary et al. (2017)
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Fig. 1. Source-wise energy
requirements (MJ ha'!) under

M Indirect non-renewable

M Indirect renewable ™ Direct non-renewable M Direct renewable

contrasting tillage-residue 71070 2393 3781
management options and barley Genotypes -
cultivars (mean of 3 years).
CT+RI: conventional tillage
with residue incorporation; 71070 _ 1126 3546
ZT+RR: zero tillage with resi- -
due retention. =
71070 36604016
0 10000 20000 30000 40000 50000 60000 70000 80000 90000
Energy (MJ ha-1)
NE = EO-ER 3) global wa.rmlng potential of N,O '(29.8) (KnTschbaum 2014) as
per equation (10). The CF per unit yield (yield scale CF) was
estimated by using equation (11) (Pandey and Agrawal 2014).
EUE = EO/ER @ y using eq (11) (Pandey g )
CFg = CF; + CFy 8)
EP = BY/ER )
CF, = Z?:l Q; xCE,; ©))
EPF = NE/ER (6)
CFy = Qy X 0.01 X 1.571 x 298 (10)
ES = ER/GY @)
CFy = CF/GY (11)

NE = net energy (MJ ha™'); EO = gross energy output
(MJ ha'); EUE = energy use efficiency; EP = energy pro-
ductivity (kg MI'!); BY = biological yield of barley (kg
ha'), ER = energy requirement of a treatment combination
(MIJ ha™'); EPF = energy profitability; ES = specific energy
(MJ kg'!); GY = grain yield (kg ha™!)

2.5 Calculation of Carbon Relations

The carbon footprint of different treatment combinations was
estimated at both spatial and yield scales to study the envi-
ronmental impact during the cropping period. The spatial CF
was calculated by considering the GHGs emission (in terms of
CO,-eq) per unit area. In the present study, only CO, and N,O
emissions have been considered, as soil redox potential in each
treatment was higher than that required for methane emission,
and no on-farm burning of crop residue was done. According
to equation (8), the GHGs emission per unit area (spatial CF)
is equal to the total CO, emission from utilized inputs and N,O
emission from nitrogen (N) application (Pandey and Agrawal
2014). The inputs' GHG emissions were evaluated using
consumed inputs' quantity and CO,-eq coefficients (Table 1)
according to the following equation (9). The N,O emission
was calculated by multiplying the quantity of nitrogen (N) sup-
plied through fertilizer, emission coefficient (0.01) (Tubiello
et al. 2015), the conversion factor for N to N,O (1.571) and

CFg = carbon footprint per unit area (kg CO,-eq ha'l); CF,
= carbon footprint of inputs (kg CO,-eq ha'); CFy = carbon
footprint of N,O emission from N application (kg CO,-eq
ha'); Qi = quantity of i input consumed (unit ha''); CE,; =
CO,-eq coefficient of i input (kg CO,-eq unit!); Qy = quan-
tity of external N applied (kg ha™'); 0.01 is the emission fac-
tor; 1.571 is the conversion factor for N to N,O; 298 is global
warming potential of N,O (kg CO,-eq per kg N,0); CF, =
carbon footprint per unit yield (kg CO,-eq per kg yield); GY
= grain yield of barley (kg ha™)

The carbon output represented the total crop biomass pro-
duced in each treatment combination. The total biological
yield of barley under each treatment was multiplied by 0.44
(assuming that plant dry matter contains 44% carbon) to esti-
mate the carbon output. The carbon efficiency (CE), carbon
efficiency ratio (CER) and carbon sustainability index (CSI)
are calculated using the following equations (Chaudhary et al.
2017).

C, =CFg x0.27 (12)
Co

CE=—
C, 13)
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C
CER = —°S (14)
CI

CO - CI
CSl = ———
C (1)

C; = carbon input (kg C-eq ha™); CFg = carbon footprint
per unit area (kg CO,-eq ha'); 0.27 is the conversion factor
for CO, to C; CE = carbon efficiency; C, = total carbon
output (kg C-eq ha™!); CER = carbon efficiency ratio; Cog
= carbon output in grain (kg C-eq ha™!); CSI = carbon sus-
tainability index

2.6 Statistical Analyses

The recorded data during individual years, as well as their
pooled means, were analyzed statistically using analysis of
variance (ANOVA) for split-plot design (SPD) under SAS
9.3 software (SAS Institute, Cary, NC). The F-test and least
significant difference (LSD) (P<0.05) were used to decipher
the significance of the means of tillage and residue manage-
ment practices, cultivars and their interactions.

3 Results
3.1 Crop Productivity and Profitability

The contrasting tillage and residue management options con-
siderably affected the crop's productive tiller numbers and
yields (Table 2). The number of productive tillers and yields
of barley were significantly higher under ZT+RR compared
to CT+RI. The ZT+RR increased the grain, straw, and bio-
mass yield by 6.45, 6.55 and 6.50% over CT+RI, respec-
tively. The biomass protein equivalent yield (BPEY) and
adult protein equivalent (APE) under ZT+RR were 5.8%
higher than that of CT+RI (Table 2). The productive tiller
numbers and crop productivity varied significantly across
the cultivars. Among cultivars, DWRUB-52 produced the
highest number of productive tillers (402 m™2), which was
at par with DWRB-101 and significantly higher than that
of BH-946, BH-902, and RD-2552 (Table 2). However, the
RD-2552 cultivar gave the highest grain, straw and biomass
yields (5890, 7093 and 12984 kg ha™!, respectively).

The box and whisker plot showed the variability in the
crop productivity of treatment combinations over three years
(Fig. 4). The inner quartile range (a measure of variabil-
ity based on dividing a dataset into quartiles) of the box
and whisker plot was the lowest for BH-946 cultivar with
ZT+RR system (174 kg ha!) and highest for RD-2552 cul-
tivar with CT+RI system (448 kg ha'') (Fig. 4). It implies
a minimum variability in crop productivity of the BH-946
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cultivar under ZT+RR system, while a maximum variabil-
ity was observed in RD-2552 cultivar under CT+RI sys-
tem over three cropping seasons. The ZT+RR improved the
mean grain yield of a particular cultivar by 5-8% over the
CT+RI. The improvement ranged from at least 299 kg ha™!
in RD-2552 to a maximum of 420 kg ha™! in DWRUB-52
(Fig. 4). However, the improvement in grain yield of a par-
ticular cultivar due to ZT+RR over CT+RI was not statisti-
cally significant.

The expenditure incurred on the cultivation of barley
under CT+RI was substantially higher than that of ZT4+RR
(Table 2). In contrast, the gross and net returns under the
ZT+RR system were significantly higher than those under
the CT+RI system. The ZT+RR system reduced the cost of
cultivation by 27% but enhanced the gross and net returns
by 6.5 and 30.3%, respectively, over the CT+RI system. A
benefit-to-cost ratio of 2.49 was obtained under the ZT+RR
system, which was 79% higher than the CT+RI. In sub-plots,
the cost of cultivation remained the same for all barley culti-
vars as the type and quantity of inputs used for each cultivar
were similar. The RD-2552 cultivar resulted in the high-
est gross and net returns (1511 and 1014 USD ha™!, respec-
tively) and benefit-cost ratio (2.13), which were significantly
higher than other cultivars. The DWRB-101 cultivar resulted
in the lowest gross and net returns (1552 and 855 USD ha’!,
respectively) and benefit-cost ratio (1.80). The gross and net
returns from the RD-2552 cultivar were 5-12% and 7-19%,
respectively, higher than the other cultivars.

The contrasting tillage-residue management options sig-
nificantly interacted with the type of cultivars with respect
to the net returns. The ZT+RR enhanced the net returns of
cultivars by 28-32% over the CT+RI system. The improve-
ment ranged from at least 236 USD ha™!' (in BH-946 and
DWRB-101) to a maximum of 253 USD ha! in BH-902
(Fig. 5). The lower limit of net returns from the treatment
combinations was computed using descending cumulative
distribution functions (CDFs). The CDFs describe the prob-
ability (y-axis) of obtaining net returns greater than or equal
to the values on the x-axis (Fig. 5). A vertically slanting
line having a high slope that shifts as far to the y-axis as
possible depicts a low-risk and high-profit scenario (Krup-
nik et al. 2012). Results showed that the RD-2552 cultivar
with the ZT+RR system could provide minimum net returns
ranging from 1067 USD ha™! to 1193 USD ha™' with 0%
to 100% probability. This treatment combination gave net
returns of 1076 USD ha~! with 89% probability. It means a
grower could achieve 1076 USD ha™! net returns with 89%
certainty from the RD-2552 cultivar in the ZT+RR system,
while an 11% risk is associated with not achieving it. The
minimum assured net returns with 100% probability was the
highest in RD-2552 with the ZT+RR, followed by BH-946
with ZT+RR (1006 USD ha™!) and the lowest in DWRB-
101 with CT+RI (648 USD ha™'). The RD-2552 with the
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ZT+RR and BH-946 with ZT+RR combinations reduced
the economic risk at all probability levels more consistently
as compared to other combinations. Within the ZT+RR sys-
tem, the minimum assured net returns with 100% probability
ranged from 902 USD ha~! in DWRUB-52 to 1067 USD
ha~! in RD-2552. Similarly, within the CT+RI system, the
minimum assured net returns with 100% probability ranged
from 648 USD ha™' in DWRB-101 to 793 USD ha™' in
RD-2552.

3.2 Energy Use Pattern and Energy Relations

The energy use patterns of barley cultivation under dif-
ferent tillage-residue management options and cultivars
have been studied by computing source, input and opera-
tion-wise energy requirements (Fig 1-3). The total energy
requirement for cultivation of all barley cultivars remained
the same as the type and quantity of inputs used for each

Fig. 2. Input-wise energy

cultivar were similar. However, among tillage-residue man-
agement options, the total energy requirement under the
ZT+RR system was 3% lower than that of the CT+RI sys-
tem (Fig.1). The contribution of indirect renewable energy
was the highest (83.0-85.6%), followed by indirect non-
renewable (8.0-8.8%), direct renewable (4.3-4.7%), and
direct non-renewable energies (2.8-4.3%) towards the total
energy requirements irrespective of treatments. The input-
wise energy use analysis showed that crop residue followed
by fertilizers (81.3-83.8% and 4.8-4.9%, respectively) con-
tributed the maximum to the total energy requirements irre-
spective of treatments. Among the used inputs, diesel, her-
bicide, machinery and labour (with a range of 2534, 1273,
815 and 470 MJ ha’!, respectively) were responsible for
the variability in total energy requirements across ZT+RR
and CT+RI (Fig. 2). The ZT+RR system resulted in 69, 65
and 30% savings in energy consumed by diesel, machinery
and labour, respectively, over the CT+RI system. However,

Energy input through residue was 69600 MJ ha in all treatments
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Fig.4. The box and whisker 6500

graphic illustrates the vari-
ance and average grain yield
over three years. Whiskers
(lines extending from the box)
represent variability outside the
inner quartiles. The upper and
lower limits of the box reflect
the range of inner quartiles.
The horizontal line within

a box indicates the median
value, whereas the "x" inside a
box indicates the mean value.
CT+RI: conventional tillage
with residue incorporation;
ZT+RR: zero tillage with resi-
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Fig. 5. Descending cumulative
distribution functions describ-
ing the potential (y-axis) of 90%
obtaining net returns (USD ha'l)

greater than values on the x-axis 80%
over three cycles of 2-year crop
rotations. A vertical leaning line
(with a higher slope) shifted

as far to the y-axis as possible
depicts a low-risk and high-
profit scenario. The figure listed
indicates the mean net returns
over three years of experimenta-
tion. The CD values (p<0.05)
for interaction between tillage-
residue management options
and cultivars is 80.8 USD ha! %
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the ZT+RR system consumed 167% more energy through
herbicide use than the CT+RI system. The operation-wise
energy use analysis showed that field preparation-sowing
and weed management (with a range of 3349 and 1265 MJ
ha!, respectively) were responsible for the variability in total
energy requirements across ZT+RR and CT+RI (Fig. 3).
The ZT+RR system resulted in a 60% saving in energy con-
sumed by field preparation-sowing over the CT+RI system.
However, the ZT+RR system consumed 63% more energy
for weed management than the CT+RI system (Fig. 3).
Total energy inputs, outputs, and crop productivity were
used to compute various energy relations for all treatments
(Table 3). Both tillage-residue management options and cul-
tivars significantly affected different energy indices. Among
tillage-residue management options, ZT+RR resulted in
7.5% higher energy outputs as compared to the CT+RI.
The lower energy inputs and higher energy outputs in the
ZT+RR system led to 21% more net energy (NE) production

900 1000 1100
Net returns (USD ha)

1200 1300

than in the CT+RI system (Table 3). Similarly, lower energy
inputs and higher grain and biomass yields in the ZT+RR
system resulted in 11.8% more energy productivity (EP) and
8.9% less specific energy (SE) than that of the CT+RI sys-
tem. Besides, the energy use efficiency (EUE) and energy
profitability (EPF) under the ZT+RR system were 11.2 and
25.6%, respectively, higher than that of the CT+RI. In sub-
plots, the total energy outputs varied from 151500 MJ ha!
with DWRUB-52 cultivar to 168539 MJ ha! with RD-2552
cultivar (Table 3). The total energy output from the RD-2552
cultivar was significantly higher than other cultivars except
for BH-946. The RD-2552 resulted in the highest NE, EUE,
EP and EPF, which were 8.8-25.4, 4.2-11.3, 3.8-11.4 and
8.9-25.4%, respectively, higher than that of other culti-
vars. However, the SE was the highest and lowest in the
RD-2552 and the DWRB-101 cultivar, respectively. The SE
in the RD-2552 cultivar was 4.1-10.3% lower than in other
cultivars.
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Table 3 Energy input-output relationship of different genotypes and contrasting tillage-residue management options used in the study (mean of 3

years)
Treatment Energy output Net energy Energy use efficiency  Energy productivity Energy Profitability =~ Specific energy
(MJ ha'") (MJ ha'!) (kg MI'h) (MJT kg™
Tillage and residue management (T)
CT+RI 152767 a 67162 a 1.78 a 0.136 a 0.78 a 7.27b
ZT+RR 164279 b 81221b 1.98b 0.152b 0.98b 6.62a
Cultivars (C)
BH-902 157089 ab 72757 ab 1.86 ab 0.143 ab 0.86 ab 6.99 be
BH-946 161713 be 77382 b 1.92b 0.147 be 092b 6.79 ab
RD-2552 168539 ¢ 84208 ¢ 2.00¢ 0.153 ¢ 1.00 ¢ 6.51a
DWRB-101 151500 a 67169 a 1.80a 0.137 a 0.80 a 726 ¢
DWRUB-52 153772 ab 69441 a 1.82a 0.139 ab 0.82a 7.17c¢
LSD (P<0.05)
T 8766 (2920) 8766 (2920)  0.10 (0.03) 0.009 (0.003) 0.10 (0.03) 0.36 (0.11)
C 5814 (1932) 5814 (1932)  0.07 (0.02) 0.007 (0.002) 0.07 (0.02) 0.34 (0.09)
TxC NS NS NS NS NS NS

CT+RI: Conventional tillage with residue incorporation and ZT+RR: Zero tillage with residue retention. Means followed by a similar super-
scripted lowercase letter within a column and treatment group are not significantly different (at P < 0.05). ). NS: Non-significant. Figures in the

parentheses indicate SEm=+ of the respective data.

3.3 Carbon Footprint and Use Efficiency

The CFg of barley cultivation under different tillage-residue
management options and cultivars has been studied by esti-
mating input and operation-wise GHG emissions (kg CO,-eq
ha!) (Fig 6-7). The CF:s for the cultivation of all barley cul-
tivars remained the same as the type and quantity of inputs
used for each cultivar were similar. However, the tillage-
residue management options significantly affected the CFs
of barley cultivation. The total CFg of the ZT+RR system
was 5% lower as compared to the CT+RI system (Fig. 6).
The analysis of input-wise GHG emissions showed that crop
residue followed by fertilizers (69.4-71.2% and 9.2-9.7%,
respectively) contributed the maximum to the total CFg

Fig. 6. Input-wise spatial
carbon footprint/GHG emission
(kg CO,-eq ha!) under contrast-
ing tillage-residue management
options and barley cultivars
(mean of 3 years). The height of
a bar (difference between upper
value and lower value on y-axis)
indicates the spatial carbon foot-
print of an input towards cumu-
lative spatial carbon footprint
(cumulative value on y-axis)
under a treatment. CT+RI:
conventional tillage with residue
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irrespective of treatments. Among the used inputs, diesel,
herbicide, machinery and labour (with a range of 150, 31,
43 and 26 kg CO,-eq ha'!, respectively) were responsible
for the variability in total CFg across ZT+RR and CT+RI
systems (Fig. 6). The ZT+RR system resulted in 69.4, 65.2
and 30.2% lower CFg due to diesel, machinery and labour,
respectively, over the CT+RI system. However, the CFg due
to herbicide use was 163.1% higher in the ZT+RR system as
compared to the CT+RI system. The analysis of operation-
wise GHG emissions showed that field preparation-sowing
and weed management (with a range of 193 and 6 kg CO,-eq
ha'!, respectively) were responsible for the variability in total
CFg across ZT+RR and CT+RI systems (Fig. 6). The CFg
for the field preparation-sowing in the ZT+RR system was

Equivalent carbon emission from residue was 2640 kg CO,-eq for all treatments
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Fig. 7. Operation-wise spatial
carbon footprint/GHG emission
(kg CO,-eq ha™') under contrast-
ing tillage-residue management
options and barley cultivars
(mean of 3 years). The height
of a bar (difference between
upper value and lower value

on y-axis) indicates the spatial
carbon footprint of an opera-
tion towards cumulative spatial
carbon footprint (cumulative
value on y-axis) under a treat-
ment. CT+RI: conventional
tillage with residue incorpora-
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53.9% lower than that of the CT+RI system. However, CFg
for management in the ZT+RR system was 13.0% higher
than that of the CT+RI system (Fig. 7).

The carbon use efficiency indicators were computed by
using total carbon inputs (C;), total carbon outputs (C)
and crop productivity (Table 4). The C; varied signifi-
cantly across tillage-residue management options, whereas
it remained the same for all cultivars. Among tillage-res-
idue management options, the ZT+RR system required a
4.9% lower C; but produced 8.5% higher C, compared to

Harvesting & threshing
Fertilizer application
Weed management
Plant protection
Harvesting & threshing
Fertilizer application
Weed management
Plant protection

Field preparation & sowing l
Harvesting & threshing

Field preparation & sowing '

ZT+RR Genotypes

the CT+RI system (Table 4). The CE, CSI and CER of the
ZT+RR system were significantly higher than that of the
CT-RI. The ZT+RR system enhanced the CE, CSI and CER
by 14.2, 45.7 and 11.9%, respectively, over the CT+RI sys-
tem. The CFy of the ZT-RR system was significantly lower
than that of the CT-RI. The ZT+RR system reduced the
CFy by 11.2% over the CT+RI. In sub-plots, cultivars sig-
nificantly affected C,, CE, CSI, CER and CFy (Table 4).
The C, varied from 5134 kg C-eq ha™! for DWRUB-52 to
5654 kg C-eq ha! for RD-2552. The C, of the RD-2552

Table 4 Carbon input-output relationship and carbon footprints of different genotypes and contrasting tillage-residue management options used

in the study (mean of 3 years)

Treatment Carbon input

(kg C-eq ha'!)

Carbon output
(kg C-eq ha!)

Carbon efficiency

Carbon sustain- Carbon efficiency ratio
ability index

Carbon footprint
(kg CO,-eq kg™! grain)

Tillage and residue management (T)

CT+RI 1026 5135a 5.00 a
ZT+RR 976 5571b 571D
Cultivars (C)

BH-902 1001 5316 be 5.32 be
BH-946 1001 5464 ¢ 547 c
RD-2552 1001 5654 d 5.66d
DWRB-101 1001 5134 a 5.14a
DWRUB-52 1001 5195 ab 5.20 ab
LSD (P<0.05)

T - 274 (90) 0.28 (0.09)
C - 180 (58) 0.18 (0.07)
TxC - NS NS

4.00a 2.30a 0.71b
4710 2.57b 0.63 a
432 be 2.43 ab 0.67b
447 ¢ 2.48b 0.66 ab
4.66d 259 ¢ 0.63 a
4.14 231a 0.71 ¢
4.20 ab 237a 0.69 be
0.28 (0.09) 0.13 (0.04) 0.05(0.02)
0.18 (0.07) 0.10 (0.03) 0.03 (0.01)
NS NS NS

CT+RI: Conventional tillage with residue incorporation and ZT+RR: Zero tillage with residue retention. Means followed by a similar super-
scripted lowercase letter within a column and treatment group are not significantly different (at P < 0.05). NS: Non-significant. Figures in the

parentheses indicate SEm+ of the respective data.
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cultivar was 3.5-10.1% higher as compared to other culti-
vars. The RD-2552 cultivar resulted in a significantly higher
CE, CSI and CER than others. The CE, CSI and CER of
the RD-2552 cultivar were 3.5-10.2, 4.3-12.7 and 4.7-12.0%
higher than that of others. The CFy varied from 0.63 kg!
CO0,-eq kg'! grain for RD-2552 to 0.71 kg™! CO,-eq kg’!
grain for DWRB-101. The CFy of RD-2552 was 4.5, 6.0, 8.7
and 11.2% lower than that of BH-946, BH-902, DWRUB-52
and DWRB-101, respectively.

4 Discussion

Selection of an appropriate tillage system along with residue
management option for crops is crucial for reducing energy
consumption and plays a noteworthy role in energy-carbon
budgeting. In the present study, minimum soil disturbance
and crop residue retention could be the reason for the high
and consistent productivity of barley in the ZT+RR system
which could be attributed to improved soil quality (Busari
et al. 2015; Yadav et al. 2016) and crop residue mulch
effects (Patil et al. 2015; Hosseini et al. 2016). Minimum
soil disturbance by tillage activities benefits in improving soil
microbial diversity while enhancing the quantity and qual-
ity of soil organic matter (Kushwaha and Singh 2005). The
favourable growing environment created due to high input
of organic matter into soil in the ZT+RR system led to a
higher number of productive tillers, which later translated
into higher crop yields. A higher and stable yield in ZT and
residue incorporation system is an indication of good man-
agement practices. Similar, trend was also observed in total
biological yield where ZT with residue retention performed
better against CT with residue incorporation. The estimation
of total biological yield provides an insight into the overall
impact of management practices not only on grain produc-
tion but also on the total dry matter accumulation in the plant
system which is directly influenced by the soil fertility. The
observed variability in crop productivity across the cultivars
could be due to their genetic constituents. The RD-2552,
BH-946, and BH-902 cultivars have six rows in the spike,
whereas DWRUB-52 and DWRB-101 cultivars have two
rows in the spike. The genetic nature and higher number of
grain spike™! could be the reason for the higher productivity
of the RD-2552 cultivar as compared to others. However, the
grain yield obtained from DWRUB-52 was comparable to
that obtained from BH-902 (six rowed cultivar). In an earlier
study by Sharma and Verma (2010), reports of test weight
(1000 grain weight) was recorded to be considerably higher
in two-rowed varieties as opposed to six-rowed in the spike of
barley. This might explain the yield compensation of BH-902
as compared to DWRUB-52 cultivar. It is evidently observed
in this study that the genetic effect significantly contributes
to the performance of crop cultivars under various tillage and

@ Springer

residue management options, which is crucial information
while devising strategies for meeting environmental sustain-
ability goals and ensuring food security.

The total variable cost of cultivation of barley with the
CT+RI system was 27% higher than the ZT+RR system.
The higher cost of cultivation under the CT+RI system
was due to more use of machinery and diesel during field
preparation and extra-human power required for manual
weeding. Similar results of higher production cost due to
adoption of CT over ZT was also reported by Ozpinar and
Ozpinar (2011) and Choudhary et al. (2016). The low cost
of cultivation and higher crop productivity led to higher net
returns and benefit-cost ratio in the ZT+RR system. Thus,
the ZT+RR system is a feasible option for higher crop pro-
ductivity and profitability of barley in semi-arid agro-ecol-
ogies. The combined financial implication brought about by
higher productivity and net returns (better cost-saving effect)
is compelling enough to warrant widespread adoption of
ZT+RR technology under barley cultivation in resource-
scarce regions of Rajasthan. Besides, it provided the higher
minimum assured net returns due to more consistent and
higher crop yields than the CT+RI system. Among cultivars,
the RD-2552 resulted in higher net revenue and benefit-cost
ratio due to the higher biomass production compared to other
genotypes at the same cost of cultivation.

The total energy requirement of the CT+RI system was
higher than that of the ZT+RR system due to more use of
inputs such as machinery, diesel and labour in the CT+RI
system. The saving in the use of machinery and fossil fuel
due to omission of primary and secondary tillage practices
and labour due to chemical weed management resulted in
lower energy requirements in the conservation agriculture
system. However, irrespective of tillage practices, adding resi-
due involved a considerable amount of energy (81.4-83.9%),
thus increasing the system's total input energy requirement.
Our result confirms that residue management contributes
maximum to the total energy requirement of tillage-residue
management systems (Parihar et al. 2017; Choudhary et al.
2017). The higher biomass energy production and lower
input energy consumption in the ZT+RR system resulted in
higher energy output, NE, EUE, EP, and EPF compared to the
CT+RI system. Efficient use of energy is definitive and neces-
sary to ensure cleaner crop production. Cultivation practices
involving no-tillage and proper residue management have the
potential for increasing the decarbonization rate and energy
use efficiency, thus bringing a reduction in the pace of global
warming. There are several reports showing higher energy
use efficiency and low GHG emissions under ZT based CA
system compared to CT system (Barut et al. 2011; Pratibha
et al. 2015). Among cultivars, RD-2552 resulted in higher
E,, NE, EUE, EP and EPF at the same level of input energy
consumption, which could be due to higher biomass accu-
mulation as compared to other cultivars. Crop residue, either
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applied as mulch (in ZT+RR) or incorporated (in CT+RI),
enhanced the carbon input of barley cultivation considerably
due to its higher carbon content (44% carbon). Similar find-
ings of an increase in carbon input with the increase in crop
residue quantity under contrasting tillage managements were
also reported by Gan et al. (2009) and Goglio et al. (2014).
However, the CT+RI system emitted 187% and 227% more
GHGs through machinery and fossil fuel use, respectively,
compared to ZT+RR. The observed difference in GHG emis-
sion was due to less use of machinery and fossil fuel through
the omission of primary and secondary tillage under ZT+RR
(Mohammadi et al. 2014; Pratibha et al. 2015). The higher
carbon output in the ZT+RR system was due to higher crop
biomass production than in the CT+RI system. The lower
carbon input and higher carbon output led to higher CE, CER
and CSI in the ZT+RR system as compared to CT+RI. The
Cy of the ZT+RR system was lower due to higher grain yield
and reduced GHG emissions as compared to the CT+RI sys-
tem. Similar findings on higher values of carbon use indices
(CE, CER and CSI) and lower carbon footprint (Cy) for con-
servation agriculture-based systems have also been reported
(Lal 2004; Dubey and Lal 2009; Pratibha et al. 2015). Among
cultivars, RD-2552 resulted in higher CE, CER and CSI and
lower carbon footprints compared to all other cultivars at the
same level of carbon consumption. The higher carbon output
in terms of biomass with RD-2552 cultivar was a reason for
observed differences in carbon use indices.

5 Conclusions

The enhanced energy and carbon use efficiency in crops and
cropping systems have a significant role in reducing car-
bon footprint and promoting environmental sustainability.
The present study involving two contrasting tillage-residue
management options and five cultivars reveals that the zero
tillage with residue retention (among the tillage-residue
management options) and RD-2552 followed by BH-946
(among the cultivars) provided higher crop productivity and
profitability. When compared to the conventional tillage with
residue incorporation system, the RD-2552 and BH-946 cul-
tivars could deliver higher productivity with reduced varia-
bility and higher minimum assured net returns under the zero
tillage with residue retention system. Although the cultivars
did not influence the energy-carbon footprints of the bar-
ley cultivation, the tillage-residue management options did.
The zero tillage with residue retention technique improved
energy and carbon use efficiency in barley production,
resulting in reduced energy-carbon footprints. Therefore,
the cultivation of RD-2552 followed by BH-946 cultivars
under the zero tillage with residue retention system could
provide higher productivity and profitability with lower
energy-carbon footprints. The adoption of conservation

agriculture-based tillage-residue management practice
could provide higher productivity and profitability in barley
crop with a lower carbon footprint and higher energy use
efficiency in semi-arid ecologies of India which could be
sustainable in the long run. This study helps to quantify the
integral effect of tillage practices, residue management and
performance of different cultivars of barley on energy use
and carbon footprint which is crucial for the mitigation of
carbon released into the atmosphere, energy consumption,
and economic parameters. The present study will lead the
way in assisting policymakers which will enable them to
design clean agricultural production systems to ensure food
security and improve environmental quality.

Glossary

APE: Adult protein equivalent

BPEY: Biomass protein equivalent yield

BY: Biological yield

CA: Conservation agriculture

CE: Carbon efficiency

CE,;: CO,-eq coefficient of i input

CER: Carbon efficiency ratio

CF: Carbon footprint

CF: Carbon footprint of inputs

CFy;: Carbon footprint of N,O emission from N application
CF: Carbon footprint per unit area

CF: Carbon footprint per unit area

CF,: Carbon footprint per unit yield

C;: Carbon input

Co: Total carbon output

Cog: Carbon output in grain

CSI: Carbon sustainability index

CT: Conventional tillage

E.y+ Energy equivalent coefficient of ith input
EPF: Energy profitability

E;: Total energy footprint or requirement of a treatment
combination

EO: Gross energy output

EP: Energy productivity

ER: Energy requirement of a treatment combination
ER;: Energy requirement of i input

ES: Specific energy

EUE: Energy use efficiency

GHG: Greenhouse gas

GY: Grain yield

NE: Net energy

Q;: Quantity of ith input consumed

Q;: Quantity of i input used

Qy: Quantity of external N applied

RI: Residue incorporation

RR: Residue retention

ZT: Zero tillage
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