()

A 4

Murdoch

UNIVERSITY

RESEARCH REPOSITORY

This is the author’s final version of the work, as accepted for publication
following peer review but without the publisher’s layout or pagination.
The definitive version is available at:

https://doi.org/10.1016/j.jclepro.2019.01.328

Alam, Md.K., Bell, R. and Biswas, W.K. (2019) Decreasing the carbon footprint of
an intensive rice-based cropping system using conservation agriculture on the
Eastern Gangetic Plains. Journal of Cleaner Production

http://researchrepository.murdoch.edu.au/43370/

Copyright: © 2019 Elsevier B.V.
It is posted here for your personal use. No further distribution is permitted



https://doi.org/10.1016/j.jclepro.2019.01.328
https://doi.org/10.1016/j.jclepro.2019.01.328
http://researchrepository.murdoch.edu.au/43370/

Accepted Manuscript
P P P »Cle:’acper
ction

Decreasing the carbon footprint of an intensive rice-based cropping system using
conservation agriculture on the Eastern Gangetic Plains

Md. Khairul Alam, Richard W. Bell, Wahidul K. Biswas

PII: S0959-6526(19)30361-0
DOI: https://doi.org/10.1016/j.jclepro.2019.01.328
Reference: JCLP 15715

To appearin:  Journal of Cleaner Production

Received Date: 17 September 2018
Revised Date: 28 January 2019
Accepted Date: 30 January 2019

Please cite this article as: Md. Khairul Alam, Richard W. Bell, Wahidul K. Biswas, Decreasing the carbon
footprint of an intensive rice-based cropping system using conservation agriculture on the Eastern
Gangetic Plains, Journal of Cleaner Production (2019), doi: 10.1016/j.jclepro.2019.01.328

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.jclepro.2019.01.328

Decreasing the carbon footprint of an intensive rice-based cropping system using

conservation agriculture on the Eastern Gangetic Plains

Md. Khairul Alam'3, Richard W. Bell*, Wahidul K. Biswas’

! Land Management Group, School of Veterinary and Life Sciences, Murdoch University,
Murdoch, Western Australia 6150, Australia

2 Sustainable Engineering Group, School of Civil and Mechanical Engineering, Curtin
University, Bentley, Western Australia 6845, Australia

® Soil Science Division, Bangladesh Agricultural Research Institute, Gazipur 1701,

Bangladesh

Number of Tables: 4

Number of Figures: 7

Correspondence: Md. Khairul Alam; khairul.krishi@gmail.com; +8801761383121 and

+61470318320



# Total (cropping system) & Actual (cropping system)
a

Total and actual LCA GHG (t/tof\
=
-~

CTHR

UOI]IEBIIXI S[ELIdJEUL MEY |
aInjoejnuew J3ZI[11434

uononpouad ssurysew uLreg
1odsue.y 1oj [9s31(

uonpnpouad sepionsad

Treatments

1 tonne of REY

= Conventional crop establishment practices ——» Novel crop establishment practices
CT-Conventional tillage; SP-Strip planting; LR-Low residue retention; HR-High residue retention




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Decreasing the carbon footprint of an intensive rie-based cropping system using

conservation agriculture on the Eastern Gangetic Rins

Abstract

Emerging conservation agriculture (CA) technologe® being applied in rice-upland
cropping systems and their potential to mitigateeghouse gas emissions of the whole rice-
based cropping systems could be significant in IS@&dia especially if they increase soil
organic carbon (SOC) stocks. A streamlined lifeleyassessment was conducted in the
Eastern Gangetic Plains (Bangladesh) to determireenfiouse gas emissions from
successive crops of monsoon ri€ryza sativ, mustard Brassica juncepand irrigated rice
under CA practices in contrast with the conventiotr®@p establishment practice while
accounting for changes in SOC. The life cycle gheeise gas tonfferice equivalent yield
was assessed for four cropping practices: a) toamdit crop establishment practices with
farmers’ practice of minimal residue return, or@) with return of increased residues; c)
strip planting (for mustard)/ transplanting on rmuddled soils (for rice) with farmers’
practice of minimal residue return or; d) strip mlag/non-puddled transplanting with
increased residue return. The global warming p@kentlues for the 100-year timescale
were used to calculate G&y emissions within the system boundary. The rietdycle
greenhouse gas emissions after allowing for chamg&OC sequestration varied from 0.73
to 1.12 tonne C&q tonné rice equivalent yield. In the annual cropping eyst methane
(CH,) released from on-farm stage of the life cycleeasment, particularly from the rice
crops, represented the dominant contributor to dyele greenhouse gas emissions. The
greenhouse gas emitted by machinery usage duren@riifarm stage (irrigated rice), €O
emission from soil respiration (monsoon rice), gneenhouse gas related to manufacture of

inputs (mustard) were secondary sources of emissmthat order of priority. The non-
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puddlled transplanting of soil with low and incredsresidue retention were the most
effective greenhouse gas mitigation options whejuestered SOC was taken into account
(they avoided 35 % of the net life cycle footpristsmpared with current farmers’ practice)
in footprints of component crops of the rice-uplardpping system. The CA approaches
being developed for the Eastern Gangetic Plainslwiwg strip planting or non-puddled
transplanting of rice have potential to mitigatelgll warming potential of intensive rice-
based triple cropping systems but the life cyckeasment approach needs to be applied to a

more diverse range of rice-based cropping systems.

Key words: Crop establishment practices; labour requireméstgicle GHG; non-puddled
transplanting; puddled transplanting; rice-uplamglé cropping system; strip planting
Abbreviations:

ACIAR-Australian Centre for International Agricutad Research

ADB-Asian Development Bank

BBS—Bangladesh Bureau of Statistics

CA—Conservation agriculture

C—Carbon

Cl- Carbon intensity

CHs—Methane

CO,—Carbon dioxide

CO,eqg—Carbon dioxide equivalent

CS LCA GHG - Cropping system life cycle assessrgeggnhouse gas
CT-Conventional puddling

DECC-Department of Energy and Climate Change

DEFRA-Department for Environment, Food and Rurda#s

DSR-Direct-seeding of rice
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Eh—Redox potential

EGP-Eastern Gangetic plains

GHG-Greenhouse gas

GoB-Government of Bangladesh

GWP-Global Warming Potential

ha—Hectare

HR—High residue retention

IEA—International Energy Agency
IFA—International Fertilizers Association
IPCC—Inter—Governmental Panel on Climate Change
ISO—International Organization of Standardization
LCA-Life Cycle Assessment

LCI-Life Cycle Inventory

LSD—-Least significant difference

LR-Low residue retention

MOEF-Ministry of Environment and Forest, Peoplepitgic of Bangladesh
MoP-Muriate of potash

N-Nitrogen

N2O-Nitrous Oxide

SOC-Saoil organic carbon

SPSS-Statistical Package for the Social Sciences
t—Tonne

TOC-Total organic carbon

UN-FCCC-United Nations Framework Convention on @ienChange
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NP-Non-puddled transplanting of rice (A rice cragiablishment practice that avoids wet-
tillage operations. It limits soil disturbance tarrow strips and is compliant with the FAO
conservation agriculture definition).

NT—No-tillage

US$—United States Dollar

USA—-United States of America

1. Introduction

In order to inform cleaner production technologieagrgy balance (Igbal, 2007; Abbas,
2011; Heidari and Omid, 2011; Lal et al., 2015) gneenhouse gas (GHG) fluxes have been
reported for various cropping and soil managemeattces in single crops in humerous
studies (Harada et al., 2007; Wang et al., 20&an et al., 2012aGan et al., 2012b;
Thanawong et al., 2014; Vetter et al., 2017). Hokaz and Hayashi (2015) found that
diversifying crop rotations with non-rice/legumireoerops can mitigate life cycle GHGs.
Similarly pulse crops have low carbon (C) and wébetprints relative to most field crops,
with GHG emissions of 0.27 kg Géy kg' and irrigation water use of 0.19nkg™
(Gustafson and Yildiz, 2017). Liu et al. (2016)imstted C intensity (CI) of rice in corn-rice
system over three consecutive rice-growing cyctemfyear 2011 to 2013; the corn-straw
amendment at increased rate had a much higher edbllowing rice crop (2.49 kg G&q
kg' grain) than that of no-amendment (0.88 kg,&9kg" grain), resulting from large soil
CH,4 emissions.

The rice-based intensive cropping systems whichcatieally important to food security in
the EGP warrant further study in terms of GWP natiign, as there is limited information on
the C footprint of complete crop rotations (Alamakt 2016). The hotspots contributing the

largest emissions to the life cycle GHGs are kntawary among crops due to differences in
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irrigation, fertiliser rates, climate, fuel use fisansportation and farm machinery use, varied
yield per unit area and harvesting techniques (20D3; Lal, 2004; Brentrup, 2009). Since
farmers across South Asia grow diverse sequencesops, it is important to determine the
GWP of complete annual crop rotations rather fogle crops.

Rice—based triple cropping systems have complecefion GHG emissions due to variation
during the year in temperature and water regimased duration of crop growth, as well as
differences in crop outputs (and yields), energpdftock use efficiencies, nutrient (fertilizer)
inputs, residue/carbon returns and other inputtuenting management activities and
production. Tillage practices, residue managemgnaywing crops in rotation, chemical use
for pest and nutrient management control the glebaissions of GHGs and eventually the
SOC sequestration also (Duxbury et al., 1993). 8Swmiturbance by tillage may decrease
topsoil OC, but inversion tillage may bury the Gielned soils and organic materials that can
increase it in the deeper layers (Vanden BygaaitAamgers, 2006). By contrast, minimum
soil disturbance and residue retention might enaaccumulation of SOC by increasing
biomass yields and simultaneously by slowing do@CSoss (Lal et al., 1999; Alam et al.,
2018). So et al. (2001) showed that deploymentookervation tillage, in many situations,
can reduce COemissions from the soil by 4.3 Mt{rcompared with emissions from soils
under conventional tillage. Soil disturbance hageaieffects on PO emissions (minimum
tilage accounted for higher )8 emission (Ussiri et al., 2009), insignificant esion
(Jantalia et al., 2008) or lower® emission (Steinbach and Alvarez, 2006) than eamissn
soils under zero tillage). In addition, incorpooatiof residues into the field may increase
sequestered SOC but enhance,@Hixes (Sass, 2002). Lower Glgmission by mid-season
drying of rice soils due to drainage may be accanguhby increased emission ob@M
(Towprayoon et al., 2005). Harada et al. (2007prgal the net life cycle GHG up to milling

(brown rice) for puddling, no-tilling and non-pudtj were 0.94, 0.44 and 0.76 t @@ '
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brown rice. The non-puddling practice adopted m study of Harada et al. (2007) involved
conventional tillage and planting without puddliiy. contrast, non-puddled transplanting of
rice following minimal disturbance of soil (striplage) in a rice-based triple cropping system
(where other upland crops are growing followingpsplanting) has performed well in both
biogenic GHG and life cycle GHG reduction undeptled, irrigated conditions (Alam et al.,
2016). However, the CA practices applied to alpsro the rice-based cropping system have
not been studied for estimating its contributiaméife cycle GHG.

The variations in C addition to soils, level of tdidbance of soils, and decomposition of
residue define whether there is a net storage & 80loss from soil. The cultivated crops
supply variable C inputs from the turnover of roe&turn of crop residue and live roots, and
root exudates (Ghimire et al., 2017). Soil C indutsn aboveground biomass, belowground
root biomass, root exudates and rhizodeposits,afigr biomass and organic amendments
help increase SOC sequestration, while growing <riop rotation under minimum soil
disturbance and return of crop residues at incteestes enhance the processes of SOC gain
(Freibauer et al., 2004). In addition, recent depaient of non—puddled transplanting of rice
and strip planting for upland crops in rice-basedpping systems, has been reported to
increase SOC (0-10 cm) while reducing fuel useld@@dycle GHGs per unit of irrigated rice
yield (Alam et al., 2016, 2018). But these studirly considered a single rice crop. Inclusion
of SOC sequestration data is also very importanésiimate the net C footprint of crop
production alone or in a system (Alam et al., 204Bm et al., 2019). Lal (2004) stated that
SOC sequestration counterbalances fossil fuel @emisg GHGs. The SOC sequestration can
offset the high Chlemission in part, while accounting for soil sedeesd C in LCA study of

a long-term cropping system is critically importéot finding actual/net life cycle GHGs for
any crop production practices (Goglio et al., 20P=tersen et al., 2013). Soil carbon

sequestration accounting is necessary for estignétie net contribution of novel crop or soil
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management practices that alter SOC over time wiberthere will be an overestimation of
GHG emissions (Marble et al., 2011).
Given the complexity of factors affecting growth eéch crop of the rice-based triple
cropping system in a year, an accounting of net ¢iycle GHG fluxes together with C
sequestration in soil, is needed to evaluate gfiegeof GWP mitigation for rice-dominant
cropping which is a major contributor to the C fmatt of global agriculture (Robertson and
Grace, 2004). The current research was conducted to

1. develop a complete LCA of a mustard—irrigated no@soon rice cropping system

practiced in the EGP by taking SOC into account
2. To highlight the hotspots in the cropping systeim diycle GHG emissions, and
3. To determine the relative contributions of eachpcto emissions of major GHGs

within the cradle to farmgate boundary of the crogsystem LCA.

2. Materials and methods

2.1 Details of experimental location and design

Details of the study site and experimental designaaailable from Alam et al. (2016), Alam
et al. (2018) and Alam et al. (2019). Relevant itketaf the experimental site are given in
Table 1.

The field study covered three crops namely, mustattie dry winter i@abi season from 18
November to the 18 February), irrigated pre-monsaoa (kharif-I1 stretching from 7 March
to the end of 20 June) and rainfed monsoon ricar{kh stretching from July 19 to mid-
October 15). The experiments adopted conventiorallydled (CT) and non-puddled (NP)
rice establishment practices for rice (see Haqua. 2016 for further details of non-puddled
transplanting), both with increased residue ret(iR) and low residue return (LR) as

treatments (Table 2). Having been established tD2€he long-term experiment continued
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for five years with four replicates of each pragtia a split plot design (Islam, 2017). The
low residue retention practices resembled practickswed in the region by farmers and
increased residue (HR) practice retained 50 % aridshg rice residues by height. The HR
practice for all the previous mustard, mung beagr{a mungd..) and lentil Lens culinaris

L.) crops involved return of all residues of theps to the respective sub plots as mulch. By
contrast, LR for mustard, lentil and mung bean Im@d complete removal of aboveground
biomass. Lentil, mung bean and monsoon rice wese/igion the field in a sequence for the
first three years, whereas mustard, irrigated aicgé monsoon rice were grown in a sequence
in the following three years on the same field.tiksers for crop nutrition and pesticides for
crop protection were characteristic of the practawed in the locality (see Table 3). The
GHG emissions (C& CH,; and NO) from soil were measured with static chamberslaim

to the studies of Naser (2005) and Alam et al. §20The gases were sampled from each
subplot with a static closed chamber during ricgseas. The samplings were repeated every
7 days throughout the growing period of each cdlart et al., 2016). The measurement
frequency for GHGs was increased to 2 or 3 daymgwapplication of split doses of N. The
gas samplings were done at 1, 7, 15, 22, 30, 45/%5®0 and 100 days for mustard. The gas
samples were analysed using gas chromatographyC@r CH, and NO with a CQ
detector, hydrogen flame ionized detector and coetbigas analyzer, respectively (Naser,

2005).
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Table 1.Summary of the characteristics of the life cycle@study site

Characteristics of studyDetails

site

Location

Northwest Bangladesh at Alipur village, rBGapur upazilla

Rajshahi division

Texture class Silty loam

Soil type Calcareous Brown Flood Plain
Subgroup (Us Soil Aeric Eutrochrept

Taxonomy)

Parent material

Ganges river alluvium

Location

(Latitude and longitude)

24° North latitude, 88° East longitude.

137

Landform Narrow terraced strips on the gently uating slopes of the
flood plain.

Altitude 8 m above sea level

Rainfall 1047 to 1693 mm; lower than other parts Rdngladesh

concentrated on monsoon season (June to September)

Dominant minerals

Mica—vermiculite—smectite (isteatified)
smectite (interstratified), Mica, Kaolinite (Mosladdin et al.,

2009)

and kaolinite

Drainage

Moderate

mm=9illimeter; m=metre;

USDA= United States Depaatt of Agriculture
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Table 2. The field treatments at the Alipur and Digram site

Crops Soil management Residue management
Mustard » Conventional tillage (CT) * Low residue retention (LR)
* Strip tillage (SP) * Increased residue retention
(HR)
Irrigated rice » Conventional puddling (CT) LR

* Non-puddling (NP) followed by SP « HR

Monsoon rice «CT ¢ LR

* NP * HR

Table 3. Life Cycle Inventory of farm activities, inputs@ioutputs for the production of one

tonne of rice or rice equivalent yield (REY) on teastern Gangetic Plain

Treatments CTLR?® CTHR" NPLR® NPHR*

a) Seeds and chemicals (kg tonmé rice production or REY)

1. Seeds 7.48 7.00 7.19 6.63
2. Nitrogen 22.41 20.80 21.72 19.74
3. Phosphorus 10.11 9.49 9.77 9.00
4. Potassium 15.39 14.44 14.87 13.73
5. Sulfur 4.94 4.64 4.78 4.40
6. Zinc 0.83 0.78 0.80 0.74
7. Boron 0.39 0.34 0.35 0.32
8. Fungicides 0.22 0.21 0.21 0.19
9. Herbicides 0.56 0.52 0.54 0.50
10. Insecticides 0.38 0.36 0.37 0.34

10



b) Transport (km for road + t—nm for ska)

1. Urea 65.3 61.3 63.1 58.2
2. Triple superphosphate 86.33+565.3 81.2+531 &$368 77+503.5
3. Muriate of potash 86.33+394.8 81.2+370.8 83.2+38 | 77+352.1
4. Gypsum 86.33+394.8 81.2+370.3 83.5+382 77+352.1
5. Zinc 86.33+394.8 81.2+370.3 83.5+382 77+352.1
6. Boric acid 86.33+275.3 | 81.2+259.2 83.5+266.6 ZABt8
7. Insecticides 68.9 64.7 66.6 61.4
8. Fungicides 63.6 60.3 63.6 60.3
9. Herbicides 86.3+179.7 81.2+168.5 83.5+173/8 B0+
c) Farm machinery (US$ tonnef REY production)
1. Power tiller/VMP 0.104 0.103 0.048 0.048
2. Harvester 0.047Y 0.039 0.045 0.038
3. Irrigation pump 1.92 1.81 1.87 1.72
d) Farm machinery transport (km for road + t—-nmdea)
1. Harvester 86.3+275.3 81.2+259.2 83.5+266]7 73424
2. Power tiller 86.3+275.3 81.2+259.3 0 0
3. VMP 0 0 | 83.5+266.6 77+245.8
4. Irrigation pump 57.6+183.6 54.1+172.9 55.7+177/751.3+163.9
d) On—farm (litre tonrie of REY production)
1. Rotary tiller/versatile

2.48 2.39 0.99 0.95
Multicrop Planter (VMP)
2. Harvester 28.68 29.35 27.52 28.52
3. Irrigation pump 23.22 23.37 20.98 20.70

11



e) Soil emission (kg per tonne of REY production)

CO, 188.7 248.0 160.0 193.7
CH,4 23.6 30.1 19.3 23.3
N2O 0.16 0.15 0.12 0.11
Soil C-sequestration (0-30

96.38 164.4 179.8 300.9
cm)
REY (t ha) 18.16 19.33 18.78 20.38

310 ‘t-nm=tonne—nautical mile®puddled transplanting with low residue retentionT(®):
311  Ppuddled transplanting with high residue retenti6KIR); ‘non-puddled transplanting with
312 low residue retention (NPLR) arfthon-puddled transplanting with high residue retenti
313  (NPHR).

314

315 2.2 Soil sampling method and soil C sequestratiorsgmation

316 The carbon sequestered in soils due to the contapmication of the above treatments was
317 included in the carbon accounting. Soils at 0-30 depth from each treatment were
318 collected, assessed for bulk density and analysedSOC content. In this study, C
319  sequestration estimation at 0-30 cm depth only ds¢al from crop 15 to crop 18 to represent
320 recent trends because the rate of SOC accumulatioing the initial years of CA
321 establishment and after three years may not bes#ime. The organic carbon content
322 measured by wet oxidation method (Jackson, 1973%) wgd to calculated total organic
323 carbon (TOC) content (Ellert and Bettany, 1995;mlet al., 2018).

324 The increments in TOC over three years were themdeli by the number of crops to
325 approximate the C accumulated over a single craywigg season as well as over the
326  cropping system.

327

12
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2.3 GHGs measurement and gas flux calculations

A detailed description of gas sample collectionrfmrasuring CgQ CH, and NO emissions
under irrigated rice was reported in Alam et aD1@&). The following variations were used
for monsoon rice (Alam et al., 2018). For measui@td, and NO, triplicate 5 mm thick
transparent chambers constructed with acrylic rnatsheets (plexiglas) were installed in
each plot with the dimension of 60 cm length x 368 width x 100 cm height. The
measurement of soil Gfflux as a product of heterotrophic respiratioerevdone with the
chamber of dimensions 30 cm length x 30 cm widtBOxcm height made with acrylic
materials (3 mm thick sheets) (Hutchinson and Igston, 1993).

For heterotrophic respiration measurement in swien the mustard crop, circular chambers
with the dimension 100 cm height x 20 cm diameterenvestablished in each plot
(triplicated). Vials containing 35 mL of 0.5 M NaOWere used to trap evolved @Or'he
replacement of vials was repeated at intervals-8fdays up to 15 days after placement of
chambers. With the decreased rate of,CG®olution after 15 days, the frequency of
replacement of vials was reduced to an intervab-@f days. In addition, the amount and
concentration of NaOH were reduced to 30 mL of AMR5The CQ entrapped with NaOH
was measured according to Anderson (1982) (10% B@fkL). According to Alam et al.
(2018), CQ from the control treatment was trapped and medswieéh 35 ml of 0.5 M
NaOH solution in a chamber without soil and thitueawas subtracted from GQ@eleased
from soils of each practice (treatment). For mubtarops, NO emission induced by N
fertilizer (organic or synthetic) was estimatedduwling the IPCC (2006) recommendation,
i.e. 0.01 t NO-N f* fertiliser-N or N in organic amendment (or any m®), for dry
cropland.

The calculation of gas flux over the crop growirgason was done in line with Yagi et al.

(1991). It was assumed that GHG emissions fluctbatearly during the periods between

13
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gas sampling times. Consequently, the total GHGelBuover the growing seasons were

summed from the average gas emissions as donedoy étl al. (2016).

2.4 Life cycle GHG emissions of the irrigated ricenonsoon rice-mustard crop rotation

The LCA approach was used to estimate GWP withirtbkision of GHG emissions only
(Alam et al., 2016). Also called a streamlined L@Aalysis, the study took into account
GHGs emanating from cradle—to—farm gate stageadf erop of the cropping system (ISO,
2006). According to ISO 14040-44, the four stepthefstreamlined LCA approach, namely
defining goal and scoping, preparing life cycle antory (LCIl), assessing impact and
interpreting results, were considered for estinmbbthe GHG emissions of each crop. Like
Finkbeiner et al (2011), this study can also besmmred a limited focus LCA that considered
one impact category only, i.e. global warming intp&&WI). The LCA method and
principles can be applied to estimate GWI in teah&HG emissions, as evidenced by other
recent literature that estimated the GHG emissminagricultural products (Biswas et al.
2008; Alam et al. 2016; Denham et al. 2016).

Net life cycle GHGs were calculated by subtracting CQ—eq for SOC sequestered during

the rice crop from the total carbon footprint of goroduct.

2.4.1 Goal setting and scope definition

The emissions of GHGs associated with the prodaaifacomponent crops for the rice-based
cropping system were calculated based on the angppactices as shown in Table 2.

The system boundary for each crop of the croppystesn of the study was determined up to
farm-gate (pre-farm and on-farm stages). The foneti unit of the LCA is one tonne of rice

or rice equivalent yield (REY) of the cropping st (Figure 1). When yield of one crop is

converted into equivalent yield of rice crop, itcalled rice equivalent yield. Rice equivalent

14
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yield of different crop sequence is calculated bwitiplying the grain yield of crops with
their respective price uffitof land (ha). The REY of mustard in the croppitygtem was

calculated as follows (Anjeneyul et al., 1982):

Mustard crop yieddMarket price of mustard crop

REY= Rice yield +
Market price of rice

A mass balance approach was also used to estirhatenputs and outputs per tonne
production of REY within the system boundary (upfdaomgate), which is known as a life
cycle inventory. The GHGs associated with the preaf activities were estimated by
multiplying the emission factors (EF) with the ambof inputs required for their production
and transportation to the field of the current giuadhile GHGs emanated by on-farm
activities are outputs associated with operatimgfemachinery and applying chemicals. The
total GHG emission from the production of one tormieREY was calculated by adding

emissions from both the stages (pre- and on-fafreach crop (Figure 1).
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2.4.2 Life cycle inventory

A LCI was formed by using the factors related te ginoduction of each tonne of REY (e.qg.,
chemicals for crop nutrition and crop protectiorgaminery) for estimating the GHGs for the
manufacturing, transport and use of inputs andustBoil emissions (CHOCH,; and NO)
are positive outputs and SOC-sequestration is ativegoutput (Table 3) of REY within the
system boundary of this study.

2.4.2.1 Pre—farm emissions

Greenhouse gas emissions of activities relatedhpatiproduction and their delivery up to
farm were estimated. Based on the LCA study comdludor irrigated rice production,
indirect emissions from manufacturing of farm maehy were calculated by following the
database of input/output of USA (Suh, 2004) as riesdt by Alam et al. (2016). The EF of
farm machinery production (0.15 kg @@ US$') was multiplied by the cost of machinery

manufacture for each functional unit determineceadiog to 1998 US$ value (WB, 2014).

The chemicals used for mustard and rice produddiowing the establishment practices
under study were recorded per tonne of rice or REMuction. These EFs were sourced
from Alam et al. (2016) as they represent the gdreamdition in Northwest Bangladesh. The
EFs of crop nutrients used from Alam et al. (20ire for fertilizers (urea, triple
superphosphate), crop protection insecticides (Maa™, Sumithion™), fungicides
(Amistar™ and Tilt™) and herbicides (Refit™ and gtysate). For the insecticide, Wonder
5WG (Emamectin Benzoate), and fungicide, Rovral BOlpridione), the local EF was
determined by multiplying EFs of local level protino of energy with the embodied energy
consumption (RMIT, 2007; DEFRA, 2008) of these cluads. The GHG EFs of urea,
superphosphate and pesticide production were sbdrom the work of Alam et al. (2016)

who considered the EF for electricity generatiors Web4 kg C@q kWh' following UN—
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FCCC (2017). The source countries of imported igpuere collected from Bangladesh
Business News (2013) and BBS (2013), while the &Rbe inputs imported to Bangladesh
(urea, triple superphosphate, muriate of potashRMgypsum, zinc sulphate monohydrate
and boric acid) were obtained from Alam et al. @04s their represent the overall situation

of the study area.

The data of emissions regarding transportation atenals for rice and mustard production
were sourced from available databases (INFRAS, 20¥RI and WBCSD, 2013 and

HBFEA, 2014). The modes employed for transportatimiude the transportation by sea
(trans-oceanic bulk cargo carrier) and trucks (®+hes) for road transport. The emission of
GHGs for input deliveries from factory to crop tlebre expressed in terms of tonne-
kilometres (tkm) travelled by road and tonne-naltimiles (t-nm) travelled by sea. The
distance between the paddy field and its source malsiplied by the weight of input to

determine ‘tkm’ (Lal, 2004; Alam et al., 2016 andang et al., 2017).

2.4.2.2 On—farm emissions
On-farm greenhouse gas emissions started withpgegghration for establishment of each the
three crops. The emissions further include soilssimons after application of chemicals for

crop nutrition and protection and intercultural gesns and finally fuel use for harvesting.

Farm machineryin the case of the conventional system, a roti#ler wvas used for land

preparation for the establishment of rice croptowing puddling of soil, and a strip planter
was used to prepare strips for transplanting noe mon-puddled soil and for sowing mustard
seeds (Haque et al., 2016). A harvester of 9 kW wsead for harvesting rice. Fuel

consumption in terms of litres per hectare by themf machinery was measured during
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farming operations and was dependent on area df gwerating width of machinery (tiller
and harvester) and the number of machinery passessathe land (Alam et al., 2016). The
EFs of fuel combustion for the usage of light maehy €500kW) were collected from
RMIT (2007), INFRAS (2010) and HBEFA (2014) anddbevalues were used to calculate
GHG emissions. The light machineries consideredHisrexperiment are commonly used in
this EGP region. The fuel use (litreshawas based on machinery usage in standard
machinery terms of the region (for Versatile Multop Planter 1.25, for rotary tiller 3.22 to

3.32 and for harvester 1.82 to 2.1T1).t

Soil — The major GHGs (C£ CH, and NO) emitted directly from soil of the experimental
site were measured as detailed in the GHGs measunteand gas flux calculations section
above. The emissions ob® that occur indirectly via volatilization of ammarand leaching
of nitrate were excluded from the study owing pettl lack of data. In addition, for this sail,
occurrence of a hard pan beneath the plough ldslan{, 2017) restricts leaching loss of N to
the deep soil layers (Patil and Das, 2013). Moreawere was continuous standing water in
the field for rice production (Alam et al., 2016daAlam et al., 2019) which lowers the level
of nitrate and therefore the risk of synthesis egONia denitrification during rice (Dobbie
and Smith, 2006).

2.4.3 Impact assessment

The input and output data in the inventory (Tablevere multiplied by the corresponding
EFs (Table 4) in order to estimate GHG emissioss@ated with the production of 1 tonne
of rice or its equivalent. These GHG emissions wieem converted to CQequivalent GHG

emissions or GWI using an IPCC method.
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Table 4. Different inputs required for growing tarerops in irrigated rice-monsoon rice-

mustard cropping system, their emission factorssanuoices of data

N

Input ][Em|SS|on Comment/References
actor
Fertilizer
Urea-N 55kg Alam et al., 2016; IFA, 2009; IEA, 2012
COZ/kg N - ) b b )
0.34 kg ) .
TSP-P COy/kg P Alam et al. 2016; IFA, 2009; IEA, 2012
0.58 kg ) .
MoP-K COylkg K Alam et al. 2016; IFA, 2009; IEA, 2012
0.3 kg .
Gypsum-S COJkg S Wells, 2001; Saunders et al., 2006
Herbicides
Glvohosate 33.4 kg DEFRA, 2008; Bosch and Kuenen, 2009;
yp CO./kg a.i. Brander et al., 2011
, 16.1 kg DEFRA, 2008; Bosch and Kuenen, 2009;
Refit S0EC COy/kg a.i. Brander et al., 2011
Fungicides
Amistar 250EC 17.5 kg )
(Propiconazole) COJkg ai. Lal, 2004; Brander et al., 2011
Tilt 250EC 17.3 kg )
(Propiconazole) COykg a.i. Lal, 2004; Brander et al., 2011
Rovral 50WP 16.9 kg ,
(Ipridione) CO.Jkg ai. RMIT, 2007; DEFRA, 2008
Insecticides
Malathion 17.7 kg ,
(Organophosphorus) COJkg a.i. Alam et al., 2016; Brander et al., 2011
Sumithion 17.7 kg ]
(Organophosphorus) COykg a.i. Alam et al., 2016; Brander et al., 2011
Wonder 5WG 17.7 k
(Emamectin K9 Alam et al., 2016; Brander et al., 2011
CGOy/kg a.i.
Benzoate)
Light-duty diesel 2.85 kg HBEFA, 2014; World Resource Institute and
truck COJ/L WBCSD, 2013).
Vehicle
Trans-oceanic 14.5 g CQlt- | UN-FCCC, 2017; Biswas et al., 2008; Bartoi
freighter nm etal., 2014
_ Electricity 0.64 kg ,
Electricity Generation COseq kKWH Brander et al., 2011; Suh 2004
. Farm machinery 0.15 kg ,
Machinery production COseq USE Suh, 2004; Barton et al., 2014
Fuel Fuel use (Diesel) 3.1 kg @O | HBFEA, 2014; Lal, 2004
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A GWI value for the 100-year time horizon was useckstimate the COequivalent GHG
emissions for the production of each functional ¢hitonne of rice or REY) of each crop of
the cropping system. The conversion factors useddoverting CH and NO to the baseline
unit, CQ, were 25 and 298 (IPCC, 2013). The total.€§emission (kg C@q ha') was
summed for all the studied cropping seasons coydhe span of one year, excluding the
fallow periods between crops. The net life cycle @Hfor production of each unit (one
tonne) of REY were then calculated by subtractimg sequestered SOC over the year of

study (three seasons) from the total life cycle GHG

2.5 Formulae adopted to determine the net C footpnit of each crop of the rice-based

triple cropping production system:

Net life cycle GHG = Total life cycle GHG- SOCSR

Net life cycle GHG (kg C-eq h3 is the emissions of GHG (carbon equivalent) from
producing crop in a unit of land (Ag SOCSR denotes sequestered C from the samefunit o

land (h&") at 0-30 cm depth by the production of crop (kg)ha

2.6 Statistical analysis

The effects of soil disturbance for crop establishtnand residue return on the £Q
emission from pre-farm, on-farm and total and rfetdycle GHG emissions and sequestered
SOC were statistically analysed with a two—factplit lot analysis of variance by using
SPSS software v21 (SPSS Inc., Chicago, IL, USAasLsignificant difference (LSD) value

was adopted in comparing means at a 5 % signifenel.

3. Results

3.1 GHG emission for rice-based triple cropping syem
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Crop establishment practices and residue reteteils changed life cycle GHG emissions
of the rice-dominant cropping system (CS LCA GH®@-tarbon footprint estimated for a
cropping system per tonne of rice or REY) compgsimigated rice, monsoon rice and an
upland mustard crop in the rotation (p<0.05; Fig2y& & 4). Irrespective of the crops and
growing seasons, NP/SPHR emitted the lowest croppystem life cycle GHGof rice (or
REY) production, followed by NP/SPLR and CTLR, restively. The performance of
NP/SPHR and NP/SPLR was more similar when sequekt€r over five years of CA
cropping was accounted for: these practices sa®eédd% and 50.8 % and 34.4 % and 50.7 %
cropping system life cycle GHG compared to CTLR &itHR, respectively. In case of
mustard, SPHR practice had 76 %, 69 % and 35 %rlaeglife cycle GHG emissions than
life cycle GHG recorded under CTLR, CTHR and SPLRcfices, respectively, whereas, for
irrigated rice, the NPHR had 36.8 % and 54.6 % 44d% lower net life cycle GHG than
those recorded under CTLR, CTHR and NPLR practicespectively (Figure 2. In case of
monsoon rice, NPLR saved 31.4 %, 51.9 % and l14riz®tife cycle GHG than those under

CTLR, CTHR and NPHR practices, respectively (FigRire

® Monsoon rice Irrigated rice B Mustard
1.8

1.6
1.4
1.2 -

0.8
0.6
0.4
0.2

Net emission (t/t of harvest)

CTLR CTHR SPLR SPHR
Treatments
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Figure 2. Net life cycle GHG emissions per season for thedpction of one tonne of
component crops (irrigated rice, monsoon rice angtard: in the case of mustard, rice
equivalent yield was used) as influenced by crombdéishment techniques and residue
retention (p<0.05). Bars with the same letter abtivem for a specific crop are not
significantly different at p < 0.05. Comparison® anade among emissions converted to
CO—eq according to global warming potentials of XZOH, and NO over 100-year time
horizons. [Legend: CT-Conventional puddled transjotg of rice; NP-Non-puddled

transplanting of rice; LR—Low residue retentionde\HR—Increased residue retention level]

® Monsoon rice Irrigatedrice  ® Mustard  # Cropping system
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CTLR CTHR SPLR SPHR
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Figure 3. Pre-farm life cycle greenhouse gas emissions mextiper season for one tonne of
rice, mustard and cropping system production (thestexd and cropping system as rice
equivalent yield) as influenced by crop establishineechniques and residue retention
(p<0.05). For a particular species or the cropmggtem, bars with the same letter above
them are not significantly different at p<0.05. @¢emd: CT—Conventional puddled
transplanting of rice; NP—Non-puddled transplanbigice; LR—Low residue retention level;

HR-Increased residue retention level]
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The life cycle GHG emitted by the winter mustardpcfafter conversion to REY) under any
of the crop establishment practices was lower tharcycle GHGs emitted during wetland

crops under the same practice. As for exampleciitde GHGs of mustard cultivation under
SPLR were 71 % and 69 % lower than life cycle GHGaonsoon rice and irrigated rice,

respectively.

In irrigated rice and mustard grain production, émeissions associated with different crop
establishment and residue retention practices wetestatistically different during the pre-

farm activities (p > 0.05). In contrast, for monsadce, the pre—farm emission in NPHR,
CTHR and CTLR was similar (p > 0.05) but NPHR h@d%a lower emissions than CTLR (p

< 0.05) (Figure 4).

B Monsoon rice Irrigated rice  ® Mustard # Cropping system
1.8 -

On-farm emission (t/t of harvest)

Treatments

Figure 4. On-farm life cycle greenhouse gas emissions predigper season for one tonne of
rice, or rice equivalent yield (REY) for mustarddafor the cropping system production as
influenced by crop establishment techniques anluesretention (p<0.05). Bars with the
same letter above them are not significantly déiferat p<0.05. [Legend: CT—Conventional
puddled transplanting of rice; NP—Non-puddled tpdasting of rice; LR—Low residue

retention level; HR—Increased residue retentiorllev
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Overall, the pre—farm emissions of the croppingteayslife cycle GHG were very much
lower (p< 0.05) than given off during the on—fartage and comprised only 15.1, 11.9, 17.2
and 14.0 % of the cropping system life cycle GHG @I'LR, CTHR, NPLR and NPHR,
respectively. Pre-farm emissions for mustard cosegritwice as much relatively as the total
on-farm emissions (29.8 % - 43.6 %) for monsooe (t4-22 %) and four times as much

(7.5-11.4 %) as for irrigated rice (Figure 3).

Irrespective of the component crops, NP/SP withaold HR avoided 11 — 47 % of cropping
system life cycle GHG emissions relative to CTLRI &THR, respectively. To be specific,
CA crop establishment practices with return of mial residue (SPLR) cut down the on—
farm emissions by the highest amount largely bex@usad the lowest emission of on-farm
CH, emission. Specifically, SPLR reduced 51 %, 22 % &8 % of on-farm emissions
relative to CTHR, CTLR and SPHR, respectively, #h8PHR reduced them by 28 %

relative to CTHR and 3% relative to CTLR.

The on-farm emissions tof grain production of rice were higher than timefarm life cycle
GHG t' of cropping system REY, while the on-farm emissignof REY of mustard
production was lower than the on-farm life cycle GH' of REY of cropping system.
Among the crop establishment techniques, CTHR ledtotal cropping system life cycle
GHG emissions from 1 tonne of REY production (Fegd). However, NPLR categorically
reduced Chland thereby on—farm emissions. In both casesefpioduction, total life cycle
GHG emissions per tonne of rice production in NPéReeded NPLR even though NPHR
outperformed NPLR in terms of yield. This is maiflgcause the greater ¢Emissions in
NPHR outbalanced the yield benefits of the incrdassidue retention. In a similar way,

GHG emission for mustard cultivation showed thatBRvas the lowest contributor of GHG
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to the life cycle GHG (28 % and 11 % lower than GIHNnd CTLR, respectively) for the

production of a unit of REY of mustard (p < 0.0®)Jowed by SPHR (Figure 4 and 5).

® Total (cropping system) & Net (cropping system)
<
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E b
<) 1 C
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[
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(5]
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CTLR CTHR SPLR SPHR
Treatments

Figure 5. Average total and net life cycle greenhouse gasteninfor the production of one
tonne of rice or rice equivalent yield in the rideminant cropping system as influenced by
crop establishment techniques and residue retertienlife cycle greenhouse gases emitted
were calculated after subtracting the soil org&hgequestration from the total. Comparisons
are made among emissions converted teegg@according to global warming potentials of
CO,, CH; and NO over 100-year time horizons. [Legend: CT—Conwerdi puddled
transplanting of rice; NP—Non-puddled transplantifigice; LR—Low residue retention level;

HR—Increased residue retention level]

3.2 GHG emissions within the LCA system boundary

Emission at pre—farm stag©n average, the pre-farm emissions t6hREY of the rice-
based cropping system were 0.161, 0.152, 0.15® 443 tonne of Céeq for CTLR, CTHR,
SPLR and SPHR, respectively (p<0.05). In contrest,mustard crop cultivation, the life

cycle GHG emissions associated with pre-farm loggsivere 0.114, 0.104, 0.107 and 0.098
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tonnes tonné REY under CTLR, CTHR, SPLR and SPHR, respectivghy0.05).
Considering the cropping system life cycle GHG, swwn rice, irrigated rice and mustard
contributed 49 %, 28 % and 23 %, respectively efghe-farm stage emissions. The relative
contributions of treatments up to pre-farm stageevgmilar for monsoon rice, irrigated rice

and mustard (Figure 4).

The NPHR had 17 %, 11 %, 9 % lower pre-farm emissithan CTLR, CTHR and NPHR,
respectively (Figure 3). In case of monsoon ricedpction, the pesticide and fertilizer
manufacturing accounted for 13 %, 10 %, 15 % andolib the CQ@eq emissions of total
GHG during the pre—farm stage for CTLR, CTHR, NPa&Rd NPHR, respectively. The
production of inputs contributed 13 % in CTLR, 11i84CTHR, 15 % in NPLR and 12 % in
NPHR to the net life cycle GHG emissions within gfre—farm boundary (Figure 3). Again,
for irrigated rice production, the pesticide andifieer manufacturing alone contributed 8%
in NPLR, 6% in NPHR, 6% in CTHR and 6% in CTLR teetCQeq emissions of total
GHG. On the whole, among the different activitia® manufacture and transport of inputs to
paddock contributed the major shares, respectivelg. among the different inputs, fertilizer

provision up to paddock comprised the highest portif the pre-farm emissions (Figure 3).

On—farm stageOverall, on-farm processes of the rice—basedpngpsystem comprised 83—

88 % of the cropping system life cycle GHG, havihg lowest portion with NPLR and the

biggest portion with CTHR (Figure 4). Monsoon ridejgated rice and mustard crop

growing under CT with LR and HR contributed 46 %, % and 10 %, respectively, of the

cropping system life cycle on-farm GHG, while themgs growing under SPLR and SPHR
contributed 45, 44 and 11 % and 49, 40 and 11 8pewively, for the three crops.

The greenhouse gas emissions from biogenic soarmkefarm machinery use ranged from 89

at NPLR to 93 % at CTHR and 78 at NPLR to 86 % &HR of GHG emissions during
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irrigated and monsoon rice production, respectivellgile the emissions from RE mustard
yield at on-farm stage were 70 % at CTLR to 77 %@HR. The GHGs emitted by CTLR
practice were not different from NPHR/ SPHR (p 85).for mustard and monsoon rice, in
spite of keeping increased residue in the fieldjyFe 4). Conventional puddling with HR
comprised the highest emissions during on-farmestdgrrigated rice production (Figure 4).
In contrast, the SP/NPLR was most effective in sgy\GHG emissions compared to other

tilage and residue retention combinations.

3.3 Overall GHG emissions

For the production of 1 tonne of irrigated rice,maoon rice and mustard after accounting for
soil sequestered C, net life cycle GHG emissiofisvi@d the sequence of NPLR/SPLR <
NPHR/SPHR < CTLR < CTHR practices. Production dbdne of REY of the rice—based
cropping system caused 0.72, 0.72, 0.97 and 1.08et®f net C@eq life cycle GHG
emission estimated under limited focused GWPI catggvhile the total life cycle GHGs for
production of 1 tonne of REY were 0.9, 1.07, 1.h#l 4.3 t CQeq in SPLR, SPHR, CTLR

and CTHR, respectively (Figures 2 & 5).

® Monsoon rice (actual) Irrigated rice (actual) ™ Mustard (actual)
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Contributions of different crops on net
CSLCA GHG

Crop establishment practices

28



646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

Figure 6. Relative contributions of component crops (%) té crepping system life cycle
greenhouse gas emissifiregend: CT—Conventional puddled transplantingic#;rNP—-Non-
puddled transplanting of rice; LR—Low residue rétam level; HR—Increased residue

retention level]

3.4 Contributions of component crops to the CS LCAGHG

Relative contributions of component crops to tie dycle GHG of the rice-based cropping

system varied due to different crop establishmedtrasidue retention practices. Irrespective
of crop establishment practices, the monsoon ricgributed the highest portion of the net
cropping system life cycle GHG, followed by irrigdtrice. For net cropping system life

cycle GHG, monsoon rice accounted for 47.7-55.1f h@estimated for rice-based cropping
system of which the lowest portion was contributgdSPLR and the highest portion was by
CTHR. The relative contribution of the irrigated¢eaiwas 41.4-43.7 % of the net cropping
system life cycle GHG, while REY of mustard conited 3.5-9.7 % of the net cropping

system life cycle GHG. For mustard, SPHR contridutes lowest cropping system life cycle

GHG and CTLR the highest GHG (Figure 6).
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Figure 7. Greenhouse gas emissions (GHG) (%) based on litde canalysis GHG
contributed by different activities under differetriop establishment and residue retention
practices. [Legend: CT-Conventional puddled traarsjshg of rice; NP—Non-puddled

transplanting of rice; LR—Low residue retentionde\HR—Increased residue retention level]

3.5 Hotspots of the CS LCA GHG

The CH, emitted from both irrigated and monsoon seasors tha largest share of G&
emissions by each practice, contributing 40.9 td 44 to the total cropping system life cycle
GHG under limited focus GWI estimation. The £€énission from soil during the period of
crop growth contributed 24.1 to 28.6% life cycle GHemission in monsoon rice. The
relative contribution of production of inputs congad 10.6 to 14.9 % of the total cropping
system life cycle GHG, followed by the emissionfagm machinery use (6.8 to 8.2 %). The
N>O emissions made up only 5.8 to 7.2 % of the td&akycle GHGs (Figure 7). Transport
of inputs contributed the lowest portion to theatatropping system life cycle GHG (3.8 to 5

% of the total emissions) (Figure 7).

By contrast with rice crops, the G@&missions from upland mustard soil comprised thgpm

portion (41 at SPLR to 66 % at CTHR) of life cy€@&1G recorded under the four scenarios,
while production of inputs (17.5-20.4 %) angNemission from soil (14-15.7 %) were also
important sources (Figure 7). Farm machinery useteansport of inputs accounted for 6.5—

8.3% and 7.2—-8.3%, respectively, of the total eloissfrom upland mustard soil (Figure 7).

4. Discussion
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4.1 Cropping system GHG emissions of a rice-basedténsive triple cropping system
(CS LCA GHG)

Net life cycle GHG emissions estimated under the singlgact GWI allocation for the rice-
dominant cropping system were suppressed by mininsoih disturbance regardless of
residue retention leveBy contrast, minimum soil disturbance (SP or NPhwiR had the
lowest total life cycle greenhouse gas (LCA GHGms)ssions for the rice-dominant cropping
system (for one tonne of rice equivalent yield lo¢ tsystem) (Figure 5Hence, for the
cropping systems, as for a single crop (Alam e2@1.8), net life cycle GHG emissions need
to be calculated because total life cycle GHG cam gnisleading conclusions about the
overall carbon footprint as well as the impact pedfic soil management approaches.
Adopting less disturbance of soil for establishmehgll three crops allowed up to 65 %
greater SOC accumulation over five years of CA flet al., 2018). The effect of the soil
management technologies on SOC accumulation talezade/ears to become manifest hence
life cycle GHG for the cropping system is best gkdted after the impacts of soil and crop

management technologies have reached an equilitwitimthe new level of SOC.

The CA practices caused less Leimission under submerged rice soils and lowgd N
emission (Alam et al., 2016) during both rice andstard seasons. The decreased soll
disturbance may maintain lower soil microbial aitids under upland mustard soil condition
that limits heterotrophic microbial respiration (@nd NO emissions. The decreased soil
disturbance and non-puddled paddy field preparation rice seedling establishment
maintains higher redox potential under NP relatoeouddling of soils following several
tillage practices, which helps to reduce £&thissions from rice growing soils (Alam et al.,
2016; Alam et al., 2018). Lower standing water Hepts also found under soils of non-
puddled transplanting of rice (Alam et al., 201Bhe Eh values ranged from around —200

mV to 300 mV at CT with LR and HR, while NP with L&d HR had a range of Eh values
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from =150 mV to —250 mV in soils under submergeddtion (Alam et al., 2016 and Alam
et al., 2019). The higher Eh values under CT wikhdnd HR might decrease ¢production
by bacteria or increase GhHbxidation, resulting in diminished emission of £Hom
submerged soil-rice arenchyma system (le Mer amgeR@001). Apart from these, the input
requirements for all crops grown in the study undBfSPLR and NP/SPHR were also lower
relative to conventional practices. Soil tempereguare also generally lower under HR (Alam
et al., 2018). Collectively, these reasons probaxylain reduced emissions of life cycle
GHGs from the rice-based cropping system under 2&tges. On the other hand, the higher
total and net life cycle GHGs under CTHR and CTLfactices can be attributed to heavy
disturbance of soils by tillage (6 or more times pear) followed by puddling of soil (two
times per year) which exacerbates the anaerobidittmms and resulted in a lower redox
potential of soil (Alam et al., 2016). The anaeoplsaturated rice soil conditions created very
rapidly after submergence (within hours) (Adhyaakt 2000; Bodelier, 2003) favour the
increase of methanogenic bacteria populations amdugtion of the by—product GHhrough
the anaerobic microbial respiration. The increas=idue incorporation under CT of soils
facilitates supply of substrate to methanogens @sd stimulates the organisms to grow
luxuriantly. Neue (1993) and Minamikawa et al. (BP@lso reported that the application of
carbon-rich straw helps methanogens survive andrewedox potential in soils.

The sequestration of C was more in soils under SBiR five years of CA cropping than
other treatments (Alam et al., 2018). The incraas8OC can be attributed to: retention of
residues as cover after each crop as well as trease in C addition to the soil due to
increase in biomass yieldninimal disturbance of SOM and plant root biomaksreased
CO, emissions and; the diversity of crops grown each producing diffgérgualities of
residues (Baldock, 2007; Alam et al., 2018). Herthe, lower methane emissions coupled

with C sequestered in soils are primary reasongHherlower cropping system life cycle
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GHGs (both total and net) for 1 tonne of REY unti/SPLR and NP/SPHR practices
(Figure 2, 4,5 and 7).

Breiling et al. (1999) and Brodt et al. (2014) redslo estimated only the GWI of rice paddy
production, while Blengini and Busto (2009), Kasmagguet et al. (2009), Hokazono and
Hayashi (2012) and Hokazono et al. (2009) preparedultiple-impact life cycle GHG of
paddy rice production. However, reports on thediele GHG for a complete cropping cycle
are few, let alone estimates of the multiple-eBexftenvironmental burdens.

4.2 Contributions of component crops to the CS LCAGHG

Though rice crops comprised the major part of areaf emissions of cropping system life
cycle GHG, the emissions at the pre-farm stageradyrction for crops of the rice-dominant
cropping system were significantly lower than saniLCA studies involving single crops of
rice (Wang et al., 2010; Thanawong et al., 2014nAlet al., 2016; Yadav et al., 2018).
However, estimation of GHG emissions through thélapproach in a rice-upland cropping
system has not been reported until now. The preseady grew high yielding varieties with
low rates of fertilisers (because of the adequatlensitrient status) and used very minimum
levels of fungicides, insecticides and herbicidas ¢rop species apart from monsoon rice
were changed every 2-3 years to break disease aad wycles) which collectively explain
the low pre-farm life cycle GHG emissions. More ongantly, use of low GHG emitting raw
material (feed—stock) (i.e. natural gas) for prodgairea fertiliser and generating electricity
and light vehicle use for input transport to croglds in the experimental region (Alipur,
EGP) are behind the low pre-farm cropping systdendycle GHG emissions (Alam et al.,
2016; Alam et al., 2019). In addition, the improwarhof soil fertility status due to adopting
crop rotation and practicing CA over five yearsateel co-benefits in terms of yield increase

and SOM increase (Hokazono and Hayashi, 2015; Afaah, 2018).
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The relatively lower contribution of mustard (aftmnversion to REY) relative to rice crops
can be attributed to lower input requirements asfigcN which minimises the pO
emissions (Figure 5). Methane, the major GHG enhithering rice cultivation under wetland
condition was absent under upland mustard condithomong the component crops, the
mustard crop requires only supplemental irrigatwite in a season as the variety selected
for the study was a very short-duration crop (nmastev. BARI mustard-14) (Azad et al.,

2017).

The higher relative contribution of monsoon ric8 ¢4 vs 28 and 23 % for irrigated rice and
mustard, respectively) to cropping system life eyf@HG can be attributed to its low yield. In
the present study, yields of irrigated rice ranffedn 6.2 in CTLR to 6.7 t Hain NPHR,
whereas, in monsoon season, the yield ranged ft6rim4TLR to 5.3 t hdin NPHR (Table

1; Alam et al., 2018). On the other hand, the REYhastard ranged from 7.32 in CTLR to
8.42 t hd in NPHR (Table 1). The production of REY of mustased very low amounts of
inputs but had high REY when compared with monsaoa production which needed more
carbon intensive inputs for lower yields. Furthereyahe life cycle GHG in the pre-farm
stage in mustard cultivation was 45-48% lower tlpae-farm emission of monsoon rice
production per tonne. Brodt et al. (2014) reponiee grain yield of 9.3 Mt H4 whereas
Wang et al. (2010) reported rice yield (8.8 Mi'abut the pre-farm emission was lower in
the former case because the latter case was impertsive and used more than double the
inputs. Fusi et al. (2014) also reported that infpuostly fertilisers), distribution and input
usage t harvest amounted to 30-40 % of the life cycle GHGstudies of sunflower and
rapeseed oil production, Badey et al. (2013) fopredfarm emission shared more than 50 %
of the emission up to seed production. In the aurseudy, the pre-farm emissions for inputs

of rice crop production in both irrigated and momsseason were similar to studies of Badey
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et al. (2013), Xu et al. (2013) and Blengini ands®u(2009). But the pre-farm emissions for
rice production in the current study are highenttiee study of Thanawong et al. (2014) and
Wang et al. (2010). The economically valuable cropstard in the rice-based system
comprised only 4-11 % of net cropping system lyele GHG. The mustard crop contributed
only 23% to the pre-farm emissions per tonne of RiEduction which reduced the cropping
system life cycle GHG to a great extent (FigureEBhm studies conducted on grain crops
under upland conditions, Nemecek et al. (2015) @ad et al. (2011) found that growing
diversified crops in rotations can assist in redgcdhe average C footprint per crop. The
component crops in the rotation determine not oty crop and environmental
performances, but also inputs of fertilizer (espkgiN), provision of mechanisation and use
of other chemicals (Crozat and Fustec, 2004; Deikal., 2008). Nemecek et al. (2015) also
found that diverse crops in the cropping systemth weduced chemicals use (fertilizer,
pesticide etc.) are promising means to curb ther@mwmental impacts of intensive arable
cropping systems. Lemke et al. (2007) suggestediichusion of pulses in cereals-based
cropping systems in the Northern Great Plains (N@&gjon influenced the balance of the
systems’ net GHG as the multi-crop systems requreethble pesticides and fertilizers and
had residues of varied quality and quantity comgbavigh cereals only cropping systems. On
the other hand, Burton et al. (2008) found thateased fertilizer N application as required
for potato and single time of application commoirigreases BD emissions (Ruser et al.,
2001; Zebarth et al., 2008) and, thatONoroduction increases non-linearly with increalied
fertilizer (McSwiney and Robertson, 2005).

Alam et al. (2016) found that life cycle GHG geriechby consumed fuel during preparing
and irrigating land and harvesting made up 14 t&6l&f the on-farm stage life cycle GHG of
irrigated rice. That irrigating rice crop sharedjongpart of energy required for on-farm

activities is confirmed by other studies of Islatak (2013) and Khan et al. (2009). On the
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contrary, the monsoon rice in the present studyndidrequire any irrigation application and
saved those life cycle GHGs. Selecting suitabl@g@nd growing them in rotation can have
favourable effects on GHG emissions (Dukes, 2003).

The present study contrasted with the study by awang et al. (2014) who recorded
increased on-farm GHG emission from soils of ifgghrice, relative to rain-fed rice. They
attributed this increased on-farm emissions to arged synthesis and release of ,Gtdm
continuous submerged soil of irrigated rice (the;8¥hthesised and emitted in irrigated rice
soil was twice the amount of Glemitted from rain-fed rice soil). The continuowmngding of
water in the irrigated rice field might have createre reduced soils and thereby caused
increase Chlemission. Irrigation system installation and iatigg crops also accounted for

additional emissions to the total emissions.

4.3 Identification of hotspots

In the rice-upland rotation, on—farm ¢Emissions contributed the highest overall emission
followed by CQ emissions from soils due to heterotrophic resjpnatinput manufacturing
and delivery, the emission by farm machinery use i© emissions from fields (Figure 7).
By contrast, MO dominated GHGs recorded in C footprint studiesigland (arable) crops
(Grant and Beer, 2008; Gan et al. 2012b; Eshuh,e2CG13; Weller et al., 2014). Episodes of
alternative aerobic and anaerobic (waterlogging)ddmns increase Y0 emission (Flessa
and Beese, 1995), while GiHecomes oxidised by microbes under aerobic camditof soil,
resulting in negative emission of GKGilbert and Frenzel, 1998; Ettwig et al., 2010he
experiment results observed by Kritee et al. (2GL&)gested that the Indian subcontinent’s
N2O emissions from intermittently flooded rice fieldsuld be 30-45 times higher than
reported under continuous flooding. On the otherdh&he present study had two rice crops;

one was maintained with continuous flooding bygation, the other was rainfed but
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continuously flooded by natural rainfall events g et al., 2019). Under the present
conditions, little of the fertilizer-derived NN would be oxidized biologically to N&EN in
anaerobic soil conditions which would lower thekra$ NOs-N leaching and pD production
due to denitrification (Savant and De Datta, 198%)ang et al. (2017) surveyed the C
footprints of maize, wheat and rice across Chind @ncluded that the use of N containing
fertilisers, straw burning, energy in farm machinese and irrigation, and GHmanating
from wetland rice soils are the factors contribgtio total C-eq: their shares range from 8 to
49 %, 0 to 70 %, 6 to 40 %, O to 44 % and 15 tdaJFespectively. Alam et al. (2016) in
their LCA of irrigated rice in the EGP-Bangladesid aBlengini and Busto (2009) who
studied the C footprint of rice production through.CA approach in Italy identified similar
hotspots for the production of rice crops (3}nissions from anaerobic soil, emissions from
fuel use for machinery operation, and provisiorieofilisers). A hotspot from COemissions
from soils under mustard can be attributed to l#tephic respiration in the aerobic soil
during the cool-dry season. As the soil had impdomatrient status, input of fertilizers for
mustard was minimal. Hence, g@mission was the main emitter of life cycle GH®s f
mustard. In a study of monsoon rice LCA (Alam et 2019), CH emission from on-farm
stage production comprised the majority of the dijele GHGs.

Globally, the IPCC (2007) attributed 55 % of agltiore-generated global GHflux to
wetland rice. Alam et al. (2016), Bacenetti etf(2015), Harada et al. (2007) and Pathak et al.
(2005) estimated contributions of Gkb the life cycle GHGs of rice crop to be the pijal
hotspot which made up around 60 % of total rice &fcle GHG. Similarly, Fumoto et al.
(2008), Hokazono and Hayashi (2012) and Hatchd. ¢2@12) assessed rice in waterlogged
soil in Japan and concluded that Skhs the main contributor to life cycle GHG. A Idgcle
GHG of rice in France also identified ¢lds the topmost contributor to GWP (Drocourt et

al., 2012). Though the share of biogenic,@tdm production of rice under wetland condition
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in Italy (Milano, Pavia, Vercelli and Novara areaspresented only 40 % of the life cycle
GHG, the CH attributed to organic matter decomposition was highest contributor to
GWP (Fusi et al., 2014). The present study idestifCH, as the major hotspot for GHG
emissions both in rice crops and in the croppingesy, but showed that the minimum soll
disturbance practice, including non-puddled traamsiphg, was effective in decreasing
methane emission although this gain was offset dimes extent by the higher residue
retention. This suggests that CA practices haveptitential to decrease the C footprint of
cropping systems based on wetland rice. There neafutther opportunities to modify N
fertilising tactics and increase N use efficienaydduce the net emissions and C footprint of

wetland rice crops by almost one-third to half iA @roduction technologies for rice-based

cropping.

4.4 Overall emissions of GHG

After accounting for sequestrated C in soil, nfet tiycle GHGs produced iof REY by the
cropping system under the GHG intensity allocaomounted to 0.73, 0.74, 0.98 and 1.12
tonne for CTLR, CTHR, SPLR and SPHR, respectivdly. contrast, in China, GHGs
produced were 5.9 t G&q t* rice versus 1.76 t G@q ' maize and 2.75 t C@q ' wheat
(Zhang et al., 2017). The footprints in the currstotdy for production of upland mustard or
wetland rice either by irrigation or by monsoomrare lower than footprints found in China
(Zhang et al., 2017). Hokazono and others (2009pwidled rice soil in Japan found life
cycle GHG emissions within the cradle to farm-gadeindary were 1.62 t G8q in organic
farming, 1.34 t C@eq in sustainable farming and 1.51 t £ in conventional farmingt
production of rice, respectively. The life cyclédG estimated by Farag et al. (2013) from
cradle to farm-gate boundary was 1.9 t,€@ft” rice, while the puddled transplanted rice

accounted for 2.21 t life cycle GHG (@& trice) within the system boundary up to farm-
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889 gate boundary (Ryu et al., 2013). Hokazono and stay@015) found that growing non rice
890 crops or legume crops (capable of N fixation) reqgiless inputs in place of continuous rice
891 tended to be efficient in mitigating life cycle GHG

892
893 In addition to the emissions recorded for the weation of mustard, irrigated rice and

894  monsoon rice in rotation in the EGP during theowgng cycle, the fallow periods during the
895 transition from upland crops to wetland rice amahfrwetland crops to upland winter crops
896  might cause additional emissions of GHGs {CEO, and NO). Sander et al. (2018) found
897  during drying of soils, that emission op® started following the accumulation of M®. On
898 the other hand, when NEN started disappearing during flooding of soilsridg land
899 preparation, NN started accumulating with the mineralised N. lwear, among the
900 GHGs, NO is emitted through nitrification and denitrificat processes during the periods
901 of transition (Sander et al., 2018). The emissioh<£H,; and CQ occur throughout the
902 growing season and in the periods of fallow betwesyps. Hence the present findings
903 should be extended to LCA studies that include sions during the fallow periods between
904 crops (Martinez-Eixarch et al., 2018).

905
906

907 4.5 Implications for cleaner production

908 The LCA estimated in the present research suggestSHG mitigation and cleaner
909 production strategy for production of crops in fim@sed cropping systems. Out of five
910 cleaner production strategies, including input stldgon, good housekeeping, product
911  modification, technology modification and on-sigeycling, the present research considered
912 technology madification (e.g. strip tillage for apld crops and non-puddling of rice crops)
913 and good housekeeping (e.g. residue retentionegies to reduce GHG mitigation. In rice-

914 based systems of the EGP, a range of upland crepgrawn in the cool-dry season (from
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mid-October to middle March). Some crops (e.g. {@teequire high inputs which may lead
to increased GHG emissions from N containing fiegils, irrigation etc. The LCA for GHG
emissions of rice crops need to be combined witsdhfor the upland crops to complete
LCAs of the cropping systems with diversified crdpat are typical of the EGP. Indeed, the
present study highlights the importance of regidaators such as the light machinery use
and gas generation of electricity, both of whick alevant to Bangladesh and the EGP, and
distinguish the life cycle GHG for this region froather regions. The inventory and EFs
developed in the present study will be useful totHer life cycle GHG studies in the crop
production sector in the EGP. Conservation agticalt practices have been reported to
increase SOC in some studies (Alam et al. 201&H38g|2017; West and Post, 2002), but not
in others (Powlson et al., 2016). Where soil andpcmanagement practices increase
sequestered soil C, inclusion of the SOC gain®ienICA inventory will improve accuracy
of the LCA tool for determining the net GHG valyss functional unit of REY production.
This would enable policy makers to accurately prethe benefits of CA practices for GWP
mitigation. The present study which estimated CGigdots of a rice-based cropping system
can inform policy development by Governments in 8P since wetland rice is the
dominant crop in the region and a major contributmrnational carbon accounts. The
methodology followed for estimating C footprints@A cropping could be used for countries

growing crops following CA principles.

5. Conclusions

The C footprint of intensive rice-based croppingteyn has been estimated under crop
establishment practices following CA principles &k three component crops in rice-based
cropping system in the EGP. Strip planting for nplarops and non-puddling of rice crops

with minimal soil disturbance and increased residatention were identified as two
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alternative crop management practices for clearmyztion strategies than the conventional
production system of crops in rice-intensive systefime CA cropping techniques save fuel,
improve productivity, reduce GHG emissions andehgroffers environmental benefits. The
estimation of the C footprint of grain production the EGP has been improved by
accounting for SOC-sequestration in the life cyGldG analysis. Since SOC varies with
cropping and soil management practices as welhamg regions, accounting for SOC can
increase the accuracy of carbon footprint accogrdmGWI| calculation.

The minimum soil disturbance crop establishmentctra for upland crop (SP) and for
irrigated and monsoon rice (NP) with current orréased residue inputs offer significant
GHG savings at both pre-farm and on-farm stagesoofponent crop production of the rice
dominant cropping system relative to conventionathads of rice crop establishment in the
EGP. Increased SOC sequestration and the reducéal €drlssion by following minimum
disturbance of soil, residue return managementcaop rotation, the key principles of CA,
collectively reduced life cycle GHG of the croppisigstem compared to conventional tillage.
For net life cycle GHGs, strip planting/non-puddigdnsplanting with minimal or high
residue return was equally efficient choice of GWihigation. The CTLR and CTHR
accounted for 0.73 and 0.74 tonne net life cycleGSHor one tonne REY of the rice-
dominant cropping system. The savings with the lesigation practice (NP/SPLR and
NP/SPHR) for net life cycle GHGs were 0.37 and Ot28nissionst of rice production
relative to CTHR and CTLR, respectively.

The on—farm stage of the rice-based cropping systartributed 83 (SPLR)-88% (CTHR) of
the cropping system life cycle GHG, while for moosaice it contributed 78 % (NPLR) to
86 % (CTHR) of the life cycle GHG emissions. For Rfstard yield, the on-farm stage
contributed 70 % (CTLR) to 77 % at CTHR of the tofédhese on-farm emissions were due

predominantly to emission of greenhouse gases @rapped soil and to emissions from fuel
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use for usage of machineries. Regardless of crigblesyment practices and residue return,
CH,was the dominant GHG emitted of irrigated and monsoon rice production in theFEG
due to soil submergence (anaerobic) maintainedidercrop production, while for mustard,
CO,-eq emission from on-farm stage was the predomi@dih®G. Carbon dioxide emission
from soil, emissions associated with fuel use foifarm machineries as well as production
of inputs were significant contributors to life é&gcGHGs of monsoon rice production,
irrigated rice production and REY of mustard, respely. Total life cycle GHG emissions
overestimate the C footprint in the long term wisgnificant SOC differences emerge
among cropping and soil management practices: ifeetcycle GHG which account for
changes in soil sequestered C should be deternmniéfekse cases. Further modifications of
the management practices for component crops ahtbesive triple-crop system that lead to
yield increase or decreased inputs could furth@rave the net life cycle GHG performances

of the CA practice.
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Highlights

0 Weinvestigate the life cycle greenhouse gas emissions of arice-based cropping
system

0 Minimum soil disturbance with current or increased residue retention reduced GHGs

o Irrigated or rainfed rice were dominant contributors to cropping system life cycle
GHG

o0 On-farm CH, was the hotspot of GHG emissions



