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Abstract

The livestock sector is one of the largest sources of global anthropogenic greenhouse
gas (GHG) emissions, contributing around 15% of total emissions. Emissions from
the Australian broadacre livestock sector mirror these global trends, with projected
increases in domestic and international demand for meat products likely to result in
concurrent increases in production and emissions. The dependence of southern
Australian livestock producers on dryland pastures means that they will also be
exposed to projected changes to climate. Recognition is now given to the need to
improve livestock system productivity while minimising the environmental impact of
those systems. The challenge for the sector now, is to overcome the current barriers
to adoption of mitigation strategies by identifying and promoting practices that reduce

emissions without hindering overall productivity.

The goal of this study was to investigate the carbon footprint of broadacre livestock
production in south-western Australia under different pasture systems and identify
productive and regionally appropriate strategies with mitigation potential for on-farm
uptake. To achieve this, the study incorporated an integrated approach that involved
sheep and beef cattle case study farms, biophysical modelling and life cycle
assessment (LCA) methodologies. The development of comprehensive carbon
footprint frameworks to account for this integrated approach enabled a cradle to farm
gate analysis of the emissions associated with the production of one kilogram of
saleable liveweight (kg CO2-e/kg LW). This in-depth framework allowed for detailed
analyses of the whole-farm system, including the role of different pasture systems,
stock classes, intra-annual variations and farm management practices relating to the
carbon footprint of the enterprise in question. Importantly, it also enabled targeted

investigations into the mitigation potential of identified strategies.

The carbon footprints of the examined sheep production enterprises ranged from 8.18
to 10.60 kg CO2-e/kg LW produced for sale, while the footprints of the beef cattle
enterprises ranged from 9.17 to 13.20 kg CO2-e/kg LW. Across all, the primary hotpot
was enteric methane production, contributing between 74.4% to 85.1%, whilst the
secondary hotspot was either nitrous oxide from crop residue, excreta nitrous oxide,
or emissions from the production of inputs, depending on the considered system. The
breakdowns of the whole-farm carbon footprints across feedbases, stock classes and
months of the production year revealed that perennial pasture systems were typically
the most emissions efficient of the grazed feedbases (6.32 to 15.38 kg CO»-e/ kg LW),
followed by annual pasture (8.10 to 14.21 kg CO.-e/kg LW) and then crop stubble, if



present (15.05 to 38.57 kg CO»-e/kg LW). Feedlots, where present, were more
emissions efficient, or equivalent, to perennial pasture (2.05 to 6.69 kg CO»-e/kg LW),
reflecting the high feed conversion efficiency of feedlot finished stock. The analyses
revealed that the El of a feedbase was determined by reproductive and grazing

management, which were in turn, determined by the attributes of the feedbase itself.

Importantly, this research determined that perennial pasture systems can reduce the
carbon footprint of livestock production. This occurs not through a direct reduction of
emissions, but rather through improved farm productivity. The provision of out-of-
season feed enables farms to employ productivity-driven farm practices such as
accelerated joining and the backgrounding and agistment of stock alongside a farm
breeding herd, while also reducing supplementary feeding requirements. Alongside
the carbon footprint benefits of perennial pastures, this research also demonstrated
that there are reproductive and grazing management practices with both on-farm
productivity and emissions benefits for southern Australian livestock systems. The
mitigation potential of such practices varied across both the practice and livestock
enterprise under consideration, ranging from 0.4 to 20.8%, highlighting that the
magnitude of mitigation will be farm-specific, dependent on the characteristics of the

farm in question.

This study contributes significantly to the existing body of knowledge in the field of
carbon footprint analysis and sustainable livestock production, both in Australia and
internationally. This research was the first of its kind to consider the carbon footprint
of beef cattle production and the second to consider sheep meat production in south-
western Australia. Within Australia, it was the first study to conduct an intra- and inter-
farm carbon footprint comparison of perennial and annual pasture systems. The study
makes a significant contribution to the current knowledge gap in Australia with regards
to whole-farm carbon footprint mitigation analysis. The research also highlighted the
need for further streamlining of methodological approaches and improved data quality
controls in livestock carbon footprints and LCAs. Importantly, this research
emphasises the importance of farm-level analyses in recognition of the heterogeneity
of livestock production systems and the fact that mitigation options will be farm-
specific. The approach conducted in this study demonstrates the depth of intra-farm
analysis possible in carbon footprint research and should represent a pathway to
initiating the transition to more the carbon-efficient production that the industry has

been trying to achieve.
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1 INTRODUCTION

1.1 Introduction

This thesis aimed to quantify the carbon footprint of broadacre livestock production in
south-western Australia, with focus on the influence of pasture systems, through the

application of an integrated approach developed specifically for this research.

1.2 Background

The pathway to achieving food security is one of the greatest challenges facing our
global community. The world’s population is projected to increase to more than 9.6
billion by 2050 with a corresponding predicted increase in global food demand of more
than 70%, as compared to 2010 levels (Gerber et al., 2013). Changing consumption
patterns, driven by urbanisation and rising incomes in developing countries, will see
shifts towards diets with more meat, further driving up the demand for livestock
products (Alexandratos & Bruinsma, 2012; Steinfeld et al., 2006). Exactly how to
increase livestock production to meet this demand in an environmentally,

economically and socially sustainable manner is a complex and multi-faceted issue.

Globally, livestock production accounts for approximately 80% of agricultural land and
is predominantly utilised by extensive, grass-based ruminant production systems
(Herrero et al., 2015). Historically, increased agricultural production has largely been
accomplished through increased arable land use. However, land availability is limited
and competing demands for other commercial and ecological use mean that potential
land expansion to 2050 will be limited to 5% of current arable land allocated to
agriculture (Alexandratos & Bruinsma, 2012; Tilman et al., 2001). Furthermore,
expansion opportunities exist just a few countries, namely in Latin America and sub-
Saharan Africa. This land scarcity, along with the increasing scarcity of other
resources such as water, is driving the intensification of livestock systems to answer

the demand for livestock products.

Intensification plays a key role in global livestock production, driving the almost four-
fold increase of meat production observed over the past 40 years (Alexandratos &
Bruinsma, 2012; Steinfeld et al., 2006). Early efforts to intensify livestock production
focussed on increasing productivity per animal (Herrero et al., 2015). This was largely
aided by the “Green Revolution” which saw increased crop yields, including crops
produced for livestock feed, and the advent of managed pastures. Improvements

were aided in part by the transition to a higher input system, with the use of fertilisers
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and pesticides, and an increased reliance on fossil fuels and irrigation (Hochman et
al., 2013). More recently technological and animal breeding advances have further
intensified livestock production systems (Thornton, 2010). However, the high growth
rates in production attained in the late 20" century have slowed and higher yields are
likely harder to attain (Hochman et al.,, 2013). In addition, productivity gains
experienced by the sector have not been attained in an ecologically sustainable
manner. The role of livestock as a major contributor to a suite of environmental issues
is considered a matter of urgency. Future intensification of the sector must occur

innovatively, and critically, in an environmentally sustainable manner.

The contribution of the livestock sector to environmental degradation is well-
established. The resource-intensive nature of livestock production means that it is in
direct competition with other sectors for increasingly scarce resources such as land
and water. In addition to this, livestock are major contributors to land degradation,
water pollution, biodiversity loss and climate change (Rojas-Downing et al., 2017;
Steinfeld et al., 2006). In particular, the sector is one of the largest sources of global
anthropogenic greenhouse gas (GHG) emissions, producing 14.5% of total
anthropogenic emissions and between 44 to 53% of global methane and nitrous oxide
emissions, respectively (Gerber et al., 2013). Beef and sheep meat production are
responsible for 44% of total emissions from the global livestock sector, with dairy
production contributing a further 21% (Alexandratos & Bruinsma, 2012). As well as
being net emitter of GHG emissions, the livestock sector is particularly vulnerable to
the current and projected effects of climate change. Changing weather pattens and
an increase in severe weather events will affect feed quality and availability, water
availability, the persistence of certain livestock species, incidence of pests and
diseases, for example (Ghahramani et al., 2019; Henry et al., 2018a; Rojas-Downing
et al., 2017). However, the actual impact of climate change on livestock systems will
vary, both regionally as a result of changes to climatic variables, but also between
enterprises due to differences in production systems, adopted practices and inherent

risk exposure (Porter et al., 2014).

Climate change is a critical policy issue, however the requirement of the livestock
sector develop GHG mitigation strategies is complicated by the fact that the sector
must also develop strategies to combat the effect of climate change on production,
without compromising the path to food security. The challenge to meet these three
requisites has seen the advent of “climate-smart agriculture”; the development of
agricultural practices that sustainably increase the agricultural productivity, enhance

the resilience and adaptability of farmers to climate change, while also reducing GHG



emissions (Campbell et al., 2014; Lipper et al., 2014).

The Australian livestock sector faces similar challenges to those currently
experienced on a global scale. Emissions from the Australian agricultural sector follow
global trends, currently contributing 14% of total national anthropogenic emissions.
Enteric methane comprises over 68% of this value (DISER, 2020b), reflecting the
dominance of the production of beef cattle and sheep on broadacre grazing systems
in Australia (A.D. Moore, Bell, & Revell, 2009). Ruminant livestock have been an
important contributor to the Australia’s economic growth (Stokes et al., 2010). With
65% of annual production exported (MLA, 2019c), Australia is the largest sheep meat
exporter in the world and the third largest beef exporter (MLA, 2019a, 2019b).
Proximity and access to expanding overseas markets is likely to continue to drive
strong demand in this dominant sector of Australia’s livestock industry (DAFWA,
2009). However, meeting this demand will be further complicated by the susceptibility
of the industry to the adverse effects of projected climate change. The dependence
of southern Australian broadacre livestock production on the supply of forage from
dryland pastures means that it will be significantly exposed to predicted changes in
climate over coming decades (Bell et al., 2012b; Ghahramani & Moore, 2016; Moore
& Ghahramani, 2013), with some regions predicted to experience substantial losses
in productivity and profitability (Howden et al., 2008). Without imminent action climate
change will place at risk the capacity of southern Australian livestock production
systems to continue the long-term productivity growth and resilience that has

underpinned its historical success.

1.3 Research problem

Internationally and domestically, the livestock sector is a significant GHG emitter and
shares responsibility for the mitigation of these emissions. If Australia is to achieve its
target of a 26-28% reduction in national emissions by 2030 in accordance with the
Paris Agreement (DISER, 2015), the livestock sector will need reduce its current
emissions output and this requires immediate action. Considerable research has been
undertaken to identify strategies to reduce emissions in livestock production systems
(Beauchemin et al., 2020; Herrero et al., 2016). More recently, efforts have also
focussed on strategies which enhance the resilience of the sector to the effects of
projected climate change (Ghahramani et al., 2019; Henry et al., 2018b; Rivera-Ferre
et al., 2016).

Despite this, widespread implementation of such strategies remains low (IPCC,

2014a). Barriers to uptake include the lack of policy drivers, impaired dissemination



of this knowledge to industry and low on-farm adoption due to cost constraints, lack
of access to the technology itself and lack of demonstrated success by other adopters
(Eckard & Clark, 2020a; Kragt et al., 2017). Clearly the decision as to whether
mitigation is adopted lies primarily with the farmer, whose main motivators are
productivity and profitability. Targeting mitigation strategies which also satisfy these
motivators, either through emissions reduction resulting from productivity gains or
from financial incentives attached to carbon offset schemes, is critical to short- to

medium-term emission reductions in the sector.

Broadacre livestock producers in southern Australia have a long history of adaptability
and innovation, spurred by challenging climatic and environmental conditions.
Broadacre systems in southern Australia are reliant predominantly on temperate
annual pastures, which in turn is dependent on the highly variable regional climate
characteristic. Another challenge to the productivity of these systems are soils of low
fertility, degraded from ongoing cultivation and the clearing of native perennial
vegetation to make way for shallow-rooted crops and pastures (Dear & Ewing, 2008).
Despite these challenges, producers have experienced productivity increases by
implementing regionally appropriate and sustainable practices. These include the
introduction and breeding of more productive livestock and pasture species, the use
of fertilisers and legumes to enhance soil fertility, reduced tillage and tree planting,
the application of lime and gypsum for soil remediation, the adoption of rotational
grazing management, controlled stocking rates, and the introduction of perennial
species (Chapman et al., 2009; Wolfe, 2009). Some of these strategies, such as the
introduction of legumes, more productive livestock practices and tree plantings, have

also been identified as potential mitigation strategies.

The mitigation potential of other strategies has not been explored further despite
offering opportunities for dual productivity-mitigation outcomes. One example is the
introduction of perennial pasture species. Perennials have the ability to increase the
profitability and productivity of livestock systems (Descheemaeker et al., 2014), as
well as alleviating environmental issues such as secondary soil salinity (Farquharson
et al., 2013). Various perennial species have the ability to reduce enteric methane
(Durmic et al., 2010; Revell et al., 2011), nitrous oxide (Dalal et al., 2003; DPI, 2007)
and carbon dioxide emissions (Lawes & Robertson, 2012; Sanderman et al., 2013).
Despite considerable focus on individual GHG emissions, there is an absence of
research into the whole-farm GHG emissions of producing livestock on perennial
pasture systems and of comparisons between perennial and annual pasture systems

in southern Australia. Given the suite of benefits that perennials can offer and their



current use by some producers, there is clearly scope for further examination.

The whole-farm system analysis of GHG emissions, whereby all emissions arising
from the various components and processes of an enterprise are considered, is a
valuable approach to examine the carbon footprint of farming systems. For each
enterprise, it enables the identification of emission hotspots and subsequent
application of targeted mitigation strategies. Most international and Australian
recommended mitigation strategies for application in livestock production systems
have been developed at a component level. A whole-farm analysis of a strategy
enables the impact across all components of a farming system to be considered
(Rawnsley et al., 2016).

Whilst multiple whole-farm beef and sheep carbon footprint studies have been
conducted in southern Australia, most are concentrated in the south-east regions and
limited to the calculation of the carbon footprint and identification of hotspots, with a
qualitative nod to potential mitigation strategies. The few studies which have
examined the effect of proposed mitigation strategies, are limited to modelled farms
in concentrated regions. No whole-farm carbon footprint study has investigated the

impact of potential mitigation strategies in south-western Australia.

Given the heterogeneity of livestock production systems across southern Australia, it
follows that the carbon footprints of these systems will also differ. It also means that
there is a large array of possible mitigation strategies with varying degrees of
suitability and impact, dependent on the characteristics of the enterprise in question
(Howden et al., 2007; Rivera-Ferre et al., 2016). Whilst regional and state-level
recommendations can be useful for policy makers and benchmarking analyses, it is
widely recognised that the identification and application of strategies must occur at
the farm-scale (Del Prado et al., 2013; Rawnsley et al., 2016). Such an approach
could improve the level of adoption by producers and make progress toward national

reduction of emissions through the application of a more targeted approach.

Consequently, there is an opportunity to investigate the carbon footprint of livestock
production systems in south-western Australia to inform the development of mitigation
strategies and identify areas for prioritisation. Furthermore, there is an opportunity to
examine the effects of strategies with both productivity and mitigation potential in
these respective livestock systems and target greater adoption through the regions

considered.



1.4 Research goal and objectives

1.4.1 Research goal

The goal of this study was to investigate the carbon footprint of broadacre livestock
production in south-western Australia under different pasture systems and identify

regionally appropriate mitigation strategies for adoption by producers.

1.4.2 Specific objectives

To achieve this goal, the following objectives were developed:

Objective one - Develop a comprehensive tool that allows the calculation of the
carbon footprint of sheep and beef cattle enterprises and examination of ensuing

mitigation strategies.

Objective two - Quantify the carbon footprint of livestock production systems in

south-western Australia, with focus on perennial versus annual pasture systems.

Objective three - Examine the mitigation potential of identified strategies on the
carbon footprint of livestock production systems and provide regionally appropriate

recommendations for application.

1.5 Significance of the study

Overall, this research will improve the understanding of the carbon footprint of, and
effect of potential mitigation strategies on, livestock production systems. This will
benefit the long-term sustainability of these agricultural production systems, being of
relevance at both the international and Australian scale. The study has a number of

unique characteristics, as follows:

- This research is novel in that it is the first to conduct whole-farm carbon
footprint analyses across a representative range of broadacre livestock
production systems in south-western Australia. There is well-evidenced
difficulty in comparing the results of carbon footprint studies because of
differences in methodological assumptions and data quality, for example.
This study compares four livestock systems using consistent methodology to

ensure research integrity.

- This research is the first to calculate the whole-farm carbon footprint of beef
production systems in south-western Australia. Whilst the carbon footprint of
wool production in the region has been examined, this research is only the
second to consider meat production from sheep enterprises in south-western

Australia.



- This is the first whole-farm carbon footprint study to examine the influence of
annual versus perennial pasture systems, using farm-specific data which
captures intra-annual variations and enables the performance of different

pasture systems to be compared on inter- and intra-farm scales.

- This research is also the first to examine the impact of potential mitigation
strategies on the carbon footprint of livestock production systems in south-
western Australia. The findings of this research contribute to the identification
of regionally suitable strategies with both productivity and mitigation potential.
In doing so, the study intends to highlight the role of strategies which have
already overcome barriers to adoption and can be readily adopted by willing

participants.

It is anticipated that the findings of this research will enhance current knowledge
regarding the carbon footprint of broadacre livestock production in southern Australia.
It is intended that the identification of strategies with mitigation potential and
demonstrated implementation by producers who were driven by other motivators,
such as productivity and profitability, will assist in overcoming the current obstacles to

climate resilience and mitigation.

1.6 Research design and methodology

This study adopted an integrated methodological approach involving life cycle
assessment (LCA) methodologies and biophysical modelling. Carbon footprint
analyses were conducted on sheep and beef production enterprises located in south-
western Australia. Following this, the influence of strategies, recognised for both their
mitigation and productivity potential, on the carbon footprint of livestock' production

systems was examined.

Livestock enterprises are complex biological systems with many interacting
components, including climate, soil, plants and livestock. Whole-farm system models
can capture these interactions and examine the influence of climatic or management
practices, both at the component- and farm-scale. Whole-farm system models have
been developed to calculate a range of indicators, from productivity to profitability to
environmental impacts such as GHG emissions. LCA is a holistic environmental
management tool which can be applied at the farm-level to quantify the environmental
impacts of a product or process. Initially developed for the industrial sector with fixed

input to output systems, more recently, LCA has been increasingly applied in the

" For the remainder of the thesis, the term “livestock” refers to sheep and beef cattle only.
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assessment of the environmental impacts of agricultural products or processes.
Traditionally, LCAs consider the entire life cycle of a product, however due to the
complexity of the livestock system including the multiple supply chain pathways and
end products, most agricultural LCAs consider only one or two of the stages, for
example, on-farm, processing or retail. Full LCAs consider multiple environmental
impact indicators. A carbon footprint, by comparison, follows the principles of LCA but
assesses one environmental impact indicator, GHG emissions. The principles of LCA
(ISO, 2006a, 2006b) and carbon footprint analysis (ISO, 2018) guided this research
through the “cradle to farm gate” carbon footprint analyses conducted. LCA consists
of four phases; goal and scope definition, life cycle inventory (LCI) analysis, life cycle

impact assessment and interpretation of results.

The foundational stage of the methodological approach of this study was the
development of two carbon footprint Frameworks, one beef cattle- and one sheep-
centric, which could be applied to broadacre livestock enterprises in southern
Australia. These Frameworks were developed in accordance with the research goal
and scope, comprising of an inventory component which entailed the compilation of
detailed farm-specific data and also an impact assessment component, which
calculated the carbon footprint of the enterprise in question. In line with good practice
recommendations, all GHG emissions were calculated following the Australian
National GHG Inventory (NGGI) methodologies (DISER, 2020b), which in turn, follows
the Intergovernmental Panel on Climate Change (IPCC) methodology (IPCC, 2006).
Whilst these Frameworks enabled whole-farm system analysis, they also permitted in
depth intra-farm analyses, including the role of different pasture systems, intra-annual

variations, stock classes and farming practices.

The Frameworks were applied to calculate the emission intensity (El) of livestock
produced for sale (COx-e/kg LW produced) across four livestock production
enterprises. These farms were located across major farming regions in south-western
Australia and were selected for a range of factors including; adoption of innovative
practices, enterprise type, climatic conditions and pasture systems. It was not the
intention for these farms to, for example, represent all sheep and beef enterprises in
the region, but rather to build on the existing repertoire of carbon footprint information
in south-western Australia, to examine the influence of pasture systems and to inform

the identification of farming strategies with mitigation potential.

For each enterprise, in-depth information regarding farm inputs (i.e. chemicals,
machinery, supplementary livestock feed) and farm practices (i.e. animal, crop and

pasture management) was sourced primarily from the farmer. The biophysical model,
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GrassGro (Donnelly et al., 1997; Freer et al., 1997), was used to generate site-specific
monthly pasture and animal outputs for input into the framework, whilst SimaPro
software (PRé Consultants, 2014) was used to source emissions information for the

impact assessment stage.

The final stage of this research involved the identification of farm-level mitigation
strategies with real potential for uptake by livestock production systems in south-
western Australia, and potentially, southern Australia. Strategies, implemented by
farmers for improved productivity, but with mitigation potential were selected. The
influence of these strategies was examined through integration in the Frameworks,
and promising options identified. The findings of the research could also have

relevance at the international level where similar production systems exist.

1.7 Thesis outline

This research thesis consists of eight chapters as presented in Figure 1.1. The current
Chapter has summarised the rationale, goal and objectives for this research, and

outlined the methodological approach adopted to address these objectives.

Chapter Two presents a comprehensive review of existing Australian and
international studies that have investigated whole-farm GHG emissions from sheep
and beef production enterprises. This includes studies that have provided
benchmarking carbon footprints of such systems and those which have examined the
impact of proposed mitigation strategies on ruminant production. A critical analysis of

the methodological approaches is also presented.

Chapter Three discusses the development of the methodological approach adopted
for this study. Namely, the development of beef cattle and sheep carbon footprint
Frameworks which address the methodological concerns identified in Chapter Two
and enable achievement of the objectives of this. The integration of the Frameworks
and biophysical modelling is outlined, which informs the targeted analysis of the

mitigation potential of farm practices.

Chapter Four presents detailed inventories for the four case study farms examined in
this study, including the characteristics of the livestock, pasture, crop and soil
components of each system, along with the management practices applied by the
respective farmers. An initial analysis of animal and soil emission sources is
conducted, with preliminary comparisons drawn across, and within, each farm,
between different pasture systems. Through these initial analyses strategies adopted

for productivity purposes by the respective farmers which influenced emissions were



identified.

Chapter Five presents and interprets the results of the whole-farm carbon footprint
analyses of each examined enterprise. The methodological approach ensured
detailed analyses were conducted between pasture systems and stock classes,
across each month of the production year. This enables not only the performance of
the enterprises to be compared, but also the performance of different components

within an enterprise.

Chapter Six explores, through scenario analyses, the impact of perennial pasture
systems on the carbon footprint of livestock production systems, using the four cases
study farms as examples. Furthermore, the potential influence of carbon

sequestration as an emissions sinks is examined.

Chapter Seven examines in detail, the impact of selected farm practices strategies on
the carbon footprints of the livestock production systems. These practices comprised
a combination of livestock reproductive and grazing management strategies adopted
by one or more of the case study farms (as identified in Chapters Four and Five) and
strategies identified in existing research as promising options for the mitigation of farm

emissions.

Lastly, Chapter Eight concludes this thesis, presenting the main results of the study
and the implications of these findings. The Chapter also discusses areas of research

requiring further investigation identified through the process of this research.
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Chapter 1
Introduction

4

Chapter 2

Review of existing challenges and opportunities
facing the livestock sector, along with a critical

anlaysis of whole-farm system carbon footprint
research for sheep and beef cattle production

$

Chapter 3

Presentation of the methodological approach of
the study, including the development of the beef
cattle and sheep carbon footprint Frameworks

4

Chapter 4

Presentation of detailed inventories, along with
initital GHG emission analyses and indentification
of carbon footprint influencing farm practices, for

each of the investigated case study farms

$

Chapter 5
Carbon footprint analyses of the case study
farms, along with discussion of key findings in the
context of other studies

$

Chapter 6

Examination of the impact of perennial pasture
on the carbon footprint of livestock production
through scenario analyses

$

Chapter 7
Examination of the impact of farm practices for
mitigation potential on the carbon footprint of
livestock production

$

Chapter 8
Conclusion and recommendations

Figure 1.1 - Thesis outline
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2 LITERATURE REVIEW

2.1 Introduction

This Chapter will explore the role of ruminant livestock with regards to climate change,
alongside the key challenges and opportunities arising for both the international and
southern Australian livestock sectors. In recognising the commitment of the livestock
sector to reduce emissions despite lack of widespread mitigation to-date, the potential
of whole-farm system analyses to enable farm-scale carbon footprint analyses and
targeted assessment of potential mitigation strategies is investigated. A
comprehensive review of existing international and Australian livestock whole-farm
analyses is undertaken, identifying current knowledge gaps and opportunities, along
with methodological considerations to enable further improvements in whole-farm
analyses. Finally, promising mitigation strategies for on-farm adoption by producers

into the short-term are highlighted for further investigation.

2.2 Ruminant livestock: both a source of GHG emissions
and vulnerable to climate change

The production of livestock is associated with a number of negative environmental
impacts; along with competing for increasingly scarce resources, the sector
contributes to land degradation, water pollution, biodiversity and climate change
(Steinfeld et al., 2006). In particular, the contribution of livestock to climate change
draws substantial attention as the sector contributes 14.5% of global anthropogenic
emissions (Gerber et al., 2013). However, livestock production, along with agricultural
production, is also more vulnerable to climate change than any other industry. The
livestock industry, both as a net emitter of GHG emissions whilst also susceptible to
the impacts of climate change, means it that has become the focus of a wide range
of stakeholders and countless proposed interventions. Based on the presented
evidence, to date all have fallen short of what is required to achieve sustained and

viable change.

2.2.1 GHG emissions from livestock production systems

The principal emissions produced by livestock production systems include methane
(CHa), nitrous oxide (N2O) and carbon dioxide (CO-). The contribution of these non-
carbon dioxide emissions to total anthropogenic emissions is significant, with
methane emissions from the livestock sector contributing 44% of anthropogenic

methane emissions, and nitrous oxide comprising 53% of anthropogenic nitrous oxide
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emissions (Gerber et al., 2013). Methane and nitrous oxide are much more effective
at trapping heat in the atmosphere to that of carbon dioxide and over a 100-year time
period, the global warming potentials (GWPs) are 28 and 265 times greater than
carbon dioxide, respectively (IPCC, 2013). Applying these GWPs converts these
gases to carbon dioxide equivalent (CO2-e), enabling the three GHGs to be compared
for their respective contributions to global warming. This means that whilst the
livestock sector produces lower quantities of actual methane and nitrous oxide than
carbon dioxide, the higher GWPs of the two means that, in terms of CO-e, their
impact is far greater. In fact, in terms of CO2-e, methane and nitrous oxide emissions

make up over 73% of global livestock sector emissions (Gerber et al., 2013).

Ruminant supply chains are the primary source of global emissions produced by the
livestock sector, contributing 80% of total emissions (Opio et al., 2013). There are
multiple processes in these chains which contribute to these emissions. Methane is
produced predominantly through enteric fermentation by ruminant livestock, but also
through the anaerobic decomposition of livestock manure. Nitrous oxide is released
both directly and indirectly from soil. Direct pathways include nitrous oxide produced
through; the application of organic and inorganic nitrogen (N) fertilisers, manure
management and the decomposition of organic material including animal waste and
plant material. Indirectly, nitrous oxide is produced through leaching and runoff from
soil and atmospheric deposition of N. Carbon dioxide is generated through the
production, transportation and on-farm consumption of farm inputs such as chemicals,
livestock feed and fuel, while also being released from soil via urea hydrolysis and
following applications of lime (LEAP, 2015b, 2016).

Emissions also arise from land use (LU, soil carbon losses) and from direct land use
change (dLUC, i.e. forest to cropland, forest to pasture). Land use can also act as a
sink, through soil C sequestration. It is a requirement of the Australian National GHG
Inventory (DISER, 2020b) and core standards for carbon footprint analysis (ISO,
2018) to report LU and dLUC separate to other emissions. This is because there still
remains much uncertainty regarding data availability, data resolution and the most
appropriate methodological approach to calculate these emissions (LEAP, 2015a). It
is for these reasons, that these emissions have been excluded from most analyses to
date.

Of the emissions sources described, enteric methane production is the predominant
source in ruminant production systems. So much so, that it comprises almost 6% of
global anthropogenic emissions, or 40% of the global livestock sector's emissions

(Gerber et al., 2013). Enteric methane is a by-product of ruminal fermentation, the
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process by which ruminants can digest high-fibre plant material unsuitable for
monogastric livestock. However, with an energy content of 55.22 MJ/kg (Brouwer,
1965), it also represents an energy loss, in the range of 8-14% of the digestible energy
intake of ruminants (Cottle et al., 2011; Johnson & Johnson, 1995). Hence, along with
a being significant source of anthropogenic emissions, enteric methane represents a

loss of potential productivity and profitability to producers.

Similar to enteric methane, many of the other emissions produced in ruminant
production systems represent both the release of emissions into the atmosphere and
a loss of energy or nutrients. Nitrous oxide from animal waste, for example, is the
second largest source of global livestock emissions (15-16%) and represents
undigested protein consumed by livestock. The third largest source, synthetic fertiliser
application (12%) in part represents inefficient input use (Gerber et al., 2013; Smith
et al., 2014). In fact, emissions from fertiliser are set to overtake those from animal
waste if current growth trajectories continue, reflecting the increased reliance on
higher inputs to achieve productivity gains (Smith et al., 2014). So while the release
of emissions to the atmosphere exacerbates the effects of climate change, they also
represent inefficiencies in the system, often with economic implications for supply

chains. Reducing these losses will have widespread benefits.

2.2.2 The impact of climate change on livestock production systems

Global climate is changing, driven by human-induced increases in atmospheric GHG
concentrations. The past three decades have been successively warmer than any
other decade since 1850 (IPCC, 2013). Accompanying the sustained increases in
global surface temperature has been observed warming and acidification of oceans
and water bodies, rising sea levels and changing precipitation patterns, amongst other
effects. None of these variations can be explained by natural variability (Rosenzweig
et al.,, 2008). These changes have already impacted agricultural output and it is
estimated that over the past 30 years global agricultural production has been 1 to 5%

lower per decade than without these observed changes to climate (Porter et al., 2014).

Projected climate change predicts a continuation and amplification of observed
changes to climatic variables, along with increases in extreme weather events such
as droughts and floods. Global surface temperatures are predicted to increase by
between 0.3 and 4.8 °C by 2081-2100, relative to 1986-2005 baselines (IPCC, 2013).
The lowest increase represents the most ambitious scenario, whereby emissions
peak around the time of this thesis (2020) and decline rapidly after. It is widely

accepted that this scenario is unachievable, and global efforts formalised in the Paris
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Agreement in December 2015 are to limit warming to between 1.5 to 2°C (UNFCCC,
2015). Growing evidence suggests that even if the lower target of a 1.5°C increase
was successfully met, global agricultural productivity would still decline, with regions

such as tropical or dryland areas, more vulnerable (Hoegh-Guldberg et al., 2018).

The livestock sector’s reliance on natural resources makes it vulnerable to effects of
climate change. Overwhelmingly, observed and projected changes to climate have,
and will continue to, negatively influence livestock production (Porter et al., 2014),
with changes to the quantity, quality and composition of feed, reduced water
availability, heat stress on animals, increased persistence of pests and diseases, and
decreased persistence of livestock species in certain areas (Henry et al., 2018b;
Rojas-Downing et al., 2017). The social and economic ramifications of these will be
significant for producers, particularly those in developing regions whereby farms are
often not diversified and livestock are the sole source of income and thus livelihoods
(Porter et al., 2014; Thornton et al., 2009).

The observed and projected impacts of climate on livestock are temporally and
spatially variable, influenced by variations to climatic factors across geographical
regions, socioeconomic conditions and livestock production systems. The way
different production systems are exposed to changes to climate are diverse. For
example, intensive industrial livestock systems, often located in more urbanised
regions, will be affected indirectly, through rising input costs (particularly feed and
water) and competition for other land uses. By contrast, low-input extensive grazing
systems, dependent on native grasslands or farm-produced pasture supply, will be
affected directly through changes to forage production and the incidence of pests or
disease (Rivera-Ferre et al., 2016). In fact, extensive grazing systems are most

vulnerable, due to this dependence of forage production on climatic factors.

The intra- and inter-annual variability of climatic factors influencing pasture have
increased and are projected to continue to do so, particularly in regions where
livestock have economic or food security importance (i.e. Australasia and sub-
Saharan Africa, respectively (Sloat et al., 2018; Stagge et al., 2017)). Overall, the
projected changes to global pasture production and quality under climate change will
be negative. However, the impacts will be regionally specific; for example, in
temperate regions such as Europe, increased temperatures are likely to result in
extended growing seasons, but along with a higher incidence of frost during winter,
pasture quality will decline (Ghahramani et al., 2019). By contrast in tropical and
subtropical regions, combinations of reduced rainfall and higher temperatures are

likely to reduce pasture production and quality (Henry et al., 2018b). Changes to
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climate will also influence the persistence of pasture species. Increased atmospheric
carbon dioxide levels will favour temperate (C3) species while warmer temperatures
will favour tropical (C4) species. The net effect on the outcome of pasture composition
is uncertain and will be location-specific (Moore, 2012; Porter et al., 2014). For
example, the modelled positive effects of carbon dioxide fertilisation in Australian
pasture systems are insufficient to offset the negative impact of reduced rainfall and
increased warming (Ghahramani & Moore, 2016). The diversity in the projected
impacts of climate change on livestock systems globally, demonstrates that the
importance of targeted mitigation tailored to the geographical, political and socio-

economic contexts under consideration.

2.3 Livestock production in southern Australia

2.3.1 The southern Australian livestock industry

In Australia, the livestock industry is dominated by the production of beef cattle and
sheep on broadacre grazing systems (Moore et al.,, 2009a). Of the 394 million
hectares dedicated to agricultural production in Australia, approximately 87% is used
for grazing purposes (ABS, 2018). Almost 90% of this grazing land is used for
livestock grazing rangelands predominantly in northern Australia and is dominated by
native vegetation. The remaining 10% of allocated grazing land is predominantly

improved rainfed pastures, grazed by livestock at higher stocking rates (Figure 2.1).

Australia’s Land Use
| Conservation
. Cropland and herticulture
B Forestry

B Cther ]
|| @razing (modified pastures)
D Grazing (native vegetation)

B urban

Figure 2.1 - The geographical distribution of various land uses across Australia
(Sourced from ClimateWorks, 2020)
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Figure 2.2 shows that these improved pastures are concentrated in southern
Australia, where Mediterranean type climate and temperate agroecological zones

dominate.

Despite the range of agroecological zones across Australia, following the patterns of
typical grazing systems, livestock production can be broadly differentiated between
northern and southern Australia. Northern Australian livestock systems, located in
Queensland, northern Western Australia and the Northern Territory, exhibit summer-
dominant rainfall with distinct wet and dry seasons. Unsuitable for sheep production,
this region is characterised by the hardier Bos indicus cattle breeds, typically grazed
at low stocking rates over vast properties owned by large corporate entities. Cattle
are destined for either live export, predominantly to Asian markets, or sent to southern
Australia for finishing prior to slaughter and subsequent export for large scale

consumption in countries such as the USA (PwC, 2011).

Figure 2.2 - The agroecological regions of Australia
(Adapted from ABARES (2018))

Though southern Australia comprises of a number of different climatic zones across
NSW, Victoria, Tasmania, Southern Australia and southern Western Australia, the
region overall is characterised by winter-dominant rainfall patterns. Suitable for both
sheep and cattle production, livestock are typically produced in more intensive
systems, mixed (i.e. crop and livestock) or specialised, with more productive
temperate, or more recently subtropical, pastures enabling higher stocking rates.
Sheep are predominantly Merino, produced for both wool and meat, crossbred Merino

and specialist meat breeds. The majority of lamb (66%) and mutton (96%) produced
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is exported, predominantly to Chinese, Middle Eastern and USA markets (MLA,
2019b). Cattle in southern Australia are characterised by higher weaning and growth
rates along with higher stocking rates, enabled by climatic conditions and ability to run
Bos taurus breeds. The resultant premium beef is sold to high value export markets
such as Japan and Korea. Feedlot finishing has gained importance in recent decades,
increasing finishing efficiencies of cattle destined for both those premium export

markets and also domestic consumption (Wiedemann et al., 2015d).

Together, these systems are important contributors to the economic growth of
Australia (Stokes et al., 2010), with the red meat and livestock sector contributing
$18.5 billion, to Gross Domestic Product (GDP), or 44% of the agricultural industry’s
total contribution to GDP (MLA, 2019e). Though the southern beef industry accounts
for only 25% of grazing land dedicated to beef (PwC, 2011), it supports 40% of
Australia’s cattle herd and is responsible for 46% of the gross value of national beef
production The southern sheep meat industry contains more than 95% of Australia’s
sheep flock and is responsible for more than 99% of the gross value of sheep meat
production (ABS, 2020; MLA, 2019e). The red meat sector is heavily dependent on
the export market, with over 65% of annual beef and sheep meat production exported,
either through carcass or live export. Despite burgeoning international demand for
Australian livestock products, the national cattle herd and sheep flock has been falling
(MLA, 2019e), a result of the widespread drought conditions experienced by large
parts of Eastern Australia since 2017, major flood events in Queensland in 2019 and
bushfires through southern Australia in 2019/2020. This perhaps, shows insight into
the increased weather events Australia is expected to encounter under projected
climate change. The industry will need to continue to innovate and adapt to develop

the resilience required to weather these changes into the future.

2.3.2 Challenges facing broadacre livestock producers in southern
Australia

Livestock producers in southern Australia’s agricultural regions have a long history of
adaptability and innovation, spurred by challenging conditions. These regions are
characterised by highly variable climate, particularly rainfall, along with soils typically
low in fertility, soil organic carbon and plant available water capacity (Lawes &
Robertson, 2012; Turner & Asseng, 2005). Livestock production systems throughout
southern Australia are reliant on pasture systems and so producers typically run low-
input systems with a high degree of flexibility to remain resilient in the face of inter-

annual variability. Winter-dominant rainfall patterns mean that producers must
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contend with an annual feed gap. The length and timing of this gap is determined
primarily by pasture supply which in turn, is primarily determined by climatic factors
such as rainfall and temperature. Managing this gap is of primary concern to
producers as it determines the carrying capacity of the enterprise and annual
supplementary feed requirements, a large cost to the system (Moore et al., 2009a).
In this sense, if not well-managed, it also represents a limitation to the productivity

and profitability of an enterprise.

Whilst climate variability is one of the greatest sources of risk for Australian agriculture
(Kingwell et al., 2013), the spread of agriculture has introduced a suite of additional
environmental issues that producers now must contend with. The extensive clearing
of deep-rooted perennial native vegetation and subsequent replacement with shallow-
rooted annual crops and pastures has contributed to widespread secondary salinity
and waterlogging exhibited on agricultural land (Dear et al., 2003; Turner & Asseng,
2005). Decades of over overgrazing by livestock and excessive cultivation of already
fragile soils has also resulted in soil degradation in the form of soil erosion, soil acidity,
increased soil water repellence and reduced nutrient cycling. This severe land
degradation, paired with significant inter-annual climate variability has resulted in a
focus on sustainable production by research organisations, industry bodies and
farmers alike (Chapman et al., 2009; Wolfe, 2009). Consequently, a suite of
sustainable and cost-effective farming systems and practices specific to agricultural
livestock regions have been implemented. These include the introduction and
breeding of more productive livestock and pasture species, the use of fertilisers and
legumes to enhance soil fertility, reduced tillage and tree planting, the application of
lime to soils, the adoption of rotational grazing and phase cropping systems,

controlled stocking rates and the introduction of perennial species (Wolfe, 2009).

In addition to climatic and environmental challenges, livestock producers are faced
with a number of socioeconomic challenges, ranging from declining terms of trade,
increasing costs of inputs, consumer demand for “ethical, clean and green” products,
labour shortages, continued changes to policy and declining research support. The
success of a farming enterprise, or the livestock sector, is determined by its adaptive

capacity in the face of such challenges.

2.3.2.1 Climate change
Broadacre livestock producers in southern Australia face two main climate risks;
inherent climate variability characteristic of the region and the ongoing exposure to

climate change. Where climate variability refers to short-term seasonal or inter-annual
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fluctuations of climatic variables, climate change refers to long-term trends in climatic
factor averages and variability occurring over decades or longer (Loch et al., 2012).
Climate change increases the risk exposure of production systems and adds
complexity to management decisions that already must consider inter-annual climate

variability, along with a suite of other factors.

Climate has already demonstrated sustained changes in Australia. Australia’s climate
has warmed by 0.9 °C since 1910, accompanied by an increased frequency of
extreme heat events and increased bushfire risk (CSIRO & BOM, 2015). Rainfall
distribution, while more variable, has also changed, with sustained drying in the south-
west and southern-east regions of Australia, particularly over the cooler months which
historically provide the rainfall farmers are so dependent on. This drying has been
particularly significant in south-western Australia where persistent declines have been
observed since the 1970s, compared to the south-east which first observed drying
from the 1990s. Declines in cool season rainfall have been as much as 40% in parts
of the south-west region (IOCI, 2012). All of these changes are far greater than what
would be expected from natural climate variability and are consistent with the effects
of increased atmospheric gas concentration (CSIRO & BOM, 2015; IPCC, 2014a).

Figure 2.3 - Observed trends in (a) average annual temperature and (b) average annual
rainfall, in Australia from 1960 to 2019

(Sourced from (BOM, 2020))

The warming exhibited in southern Australia is set to continue under projected climate
change, with average annual temperatures projected to increase by 0.6-1.3 °C as
early as 2030. By the end of the century, projected temperatures are expected to
range from 1.4-5.1 °C, with the lower value representing a scenario whereby
emissions peak around 2040 and the upper value if business was continued as usual
(Figure 2.3a)(CSIRO & BOM, 2015). There remains a degree of uncertainty regarding
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projected changes to rainfall amounts and patterns (Kingwell et al., 2013), due to
competing rainfall drivers; however, across most regions in southern Australia there
is high confidence that the observed declines in cool season rainfall will continue.
South-western Australia is projected to experience more significant declines (Figure
2.3b), with average annual rainfall falling by up to 20% by the end of the century and
cool season rainfall by 32%; far greater than that predicted in south-eastern Australia
(IPCC, 2014a) Along with sustained changes in climatic factors, the incidence and
severity of weather events, such as droughts and bushfires, is predicted to increase
across southern Australia. Whilst the actual presentation of climate change and its
impact on livestock production systems will vary regionally (Figure 2.4) and by

enterprise, overwhelmingly the outcome is predicted to be negative (IPCC, 2014a).
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Figure 2.4 - Projected changes to average (a) annual temperature and (b) rainfall in Australia
to 2046-2065 and 2081-2100 under two emission pathways (Sourced from IPCC (2014a)).
RCP8.5 represents an emission pathway whereby no adaptation is adopted and emissions
continue to increase in line with increasing demands. RCP2.6 by contrast, represents a
pathway whereby emissions peak in 2020 and then decline, a result of extensive and global
mitigation.

The dependence of broadacre livestock systems in southern Australian on pastures
as the primary feed source means that they will be particularly vulnerable to the effects
of projected climate change. Modelling has shown that without adaptation and only
managing stocking rates for erosion risk, projected climate change across 2030 to
2070 could reduce pasture production in livestock systems in southern Australia by
between 9 and 14%, respectively. However these declines would disproportionately
affect operating profit, with respective declines from 27% in 2030 to 48% in 2070
(Moore & Ghahramani, 2013). Mixed crop and livestock enterprises, typically
distributed through lower rainfall regions, are projected to become less viable,

particularly in drier sites where increased crop yield variability will affect returns and
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potential positive effects on pasture production from increased atmospheric carbon
dioxide concentrations will be offset by reductions in rainfall and higher temperatures
(Ghahramani & Moore, 2016). Higher rainfall areas are likely to be better able to
withstand projected changes to climate, with pasture production projected to increase
in some regions (Bell et al., 2012b). The increased frequency and duration of droughts
will make it more difficult for producers to recover from what is already one of the
greater risk exposures of broadacre farming, with cattle herds predicted to take longer
to recover from drought in projected climate change (Godde et al., 2019). Though the
actual magnitude of effects are predicted to vary across the livestock sector, the
consensus is that, without systemic change to the sector the outcome will be negative
in terms of both productivity and contribution to GDP (McRobert et al., 2019).

Though not the focus of this thesis, it is important to acknowledge that climate change
in the livestock sector will have far reaching effects beyond direct impacts on the
productivity and profitability of the livestock systems. Projected climate change will
exacerbate other pre-existing stresses encountered by broadacre farmers, such as
invasive weed species, diseases, water scarcity and resource fragmentation (Howden
et al., 2008). Reduced agricultural production arising from climate change will impact
the sector’s export competitiveness (McRobert et al., 2019). Given the dependence
of the sector on the export market this would have serious ramifications along supply
chains and present severe risks to the viability of the sector. Furthermore, it will impact
communities that are so heavily reliant on agriculture through the damaging of social
capital. It is likely to further highlight and amplify the social, economic and health

inequalities already experienced by regional communities (Hughes et al., 2016).

Without widespread adaptation by the agricultural industry, climate change could
result in a GDP loss of 5% by 2050 (Gunasekera et al., 2007). With regional
adaptation, Heyhoe et al. (2007) expect this economic impact to be halved. Broadacre
livestock producers in southern Australia have already demonstrated that they can
perform in a highly variable climate with significant related challenges such as water
scarcity and soil degradation through the development of innovative climate risk
management practices. Climate change amplifies these challenges and delivers new
ones and hence to combat the projected effects, farmers need to continue to adopt
existing and new risk management practices, alongside coordinated policy measures
which encourage widespread adaptation of these practices (Howden et al., 2008).
Ultimately, the overall effect of climate change on the productivity and economic
viability of livestock production in southern Australia will depend on how much it is

possible to adapt to reduce the impact of such change.
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2.3.3 How is the livestock sector addressing climate change?

The livestock sector must address climate change with dual focus; implementing
strategies to reduce emissions while adapting to improve its resilience to projected
climate change impacts. The Australian agricultural industry contributes 13.5% to
national net emissions, behind only the energy and transport sectors (excluding LU
and dLUC per reporting requirements (DISER, 2020b)). Most of these emissions arise
from ruminant livestock, with enteric fermentation alone comprising almost 70% of
agricultural emissions. It is likely that the actual contribution of agriculture, and thus
the livestock sector, to net emissions is greater than 13.5% as the Australian National
GHG Inventory, from which these figures are obtained, excludes emissions from the
manufacture and transportation of farm inputs (i.e. fertilisers, machinery, livestock
feed) as well as emissions associated with on-farm fuel and electricity usage.
Regardless, as a significant source of GHG emissions, the livestock sector has

opportunity to share a responsibility to mitigate its contribution to climate change.

Under the 2015 Paris Agreement on Climate Change, Australia has committed to
reducing GHG emissions by 26-28% below 2005 levels by 2030 (UNFCCC, 2015).
Unlike other countries which have assigned specific targets to their agricultural sector,
Australia’s target is economy-wide (Eckard & Clark, 2020b). Despite this, all sectors
are expected to contribute to this target. Excluding the carry over units from Kyoto
that the federal government intends to apply in order to meet the current target,
Australia is not on track to fulfill its commitment, with net emissions increasing
annually since 2014 (DISER, 2020b). At present, the fulfiiment in entirety of
commitments made by all signatories to the agreement would only limit warming to
between 2.0 and 3.0 °C, greater than the ultimate target of 1.5-2.0 °C established at
the Agreement inception (UNFCCC, 2015). The initial targets established by parties
are set to be revised upwards in 2020 in accordance with the Agreement’s ultimate
target. This will make Australia’s path to achieving its commitment increasingly difficult

without immediate and coordinated national action.

The development of climate change policies in Australia has, and continues to,
encounter many obstacles, amplified by the fluctuating political landscape of the past
decade. In 2012, a Carbon Pricing Scheme was introduced through the Clean Energy
Act 2011 by the then-Labour government. The scheme initially assigned a fixed
carbon price directed at liable entities such as large polluters, with the intent that this
would support the growth of clean energy technologies, before transitioning to an
emissions trading scheme (ETS) in 2015 (CER, 2015). Agriculture was excluded from

this scheme and producers were instead encouraged to participate in the Carbon
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Farming Initiative (CFl), a voluntary initiative which by which participants could gain
carbon offsets by conducting approved projects which sequester carbon or directly
reduce GHG emissions. These earned credits could then be sold to entities with
liabilities under the carbon pricing scheme (Climate Change Authority, 2014).
Following the repeal of the Carbon Pricing Scheme in 2014 by the newly formed
Liberal government, the CFl was amended to establish the Emissions Reduction Fund
(ERF) which was the cornerstone of the Government’s Direct Action Plan (DAP) to
reduce GHG emissions. Unlike the CFI, the ERF is to open to all sectors of the
economy and the federal government is the sole purchaser of offsets polluters to

reduce emissions (Climate Change Authority, 2014).

The Emissions Reduction Fund (ERF), recently renamed again, to the Climate
Solutions Fund in 2019 along with an addition $2 billion of funding allocated to future
abatement over the next 15 years, has become the Government’s default climate
change policy (DISER, 2020a). In the context of the broadacre livestock sector, such
eligible projects exist either through vegetation management (i.e. tree plantations and
regeneration of native forests) or agriculture specific management, including soil
carbon sequestration, feeding cattle nitrates to reduce enteric methane, or beef herd
management through improved emissions intensity (i.e. emissions per unit of
liveweight). Despite the opportunities presented for producers to participate in ERF
approved projects, uptake has been limited, and to only a few project types. Of the
total 811 projects under the ERF at 2020, over half involved regeneration of native
forests on agricultural land and only 78 projects fell under the agriculture category. Of
these, only five were being conducted through beef herd management (Macintosh et
al., 2019). This demonstrates that mainstream agriculture is still not engaged with the

ERF and carbon offset farming, even after almost a decade of operation.

In parallel to federal policies, and in many ways driven by the lack of realised impact
from those government policies, industry-driven initiatives are being established to
drive the reduction of emissions from the Australia livestock sector. An example of
such a program is the “Carbon Neutral by 2030” strategy, launched in 2017, which
established a target for the Australian red meat sector to become carbon neutral by
2030. Using annual emission data from the Australian National GHG Inventory
(NGGQI), the initiative states that the red meat sector is well on its way to neutrality,
already having achieved a 57.6% reduction in total emissions from the baseline year
in 2005, to the 2016 reporting period (ABSF, 2019). The data from which this figure is
calculated considers emissions from LU and dLUC, along with those associated with

livestock production. Per the NGGI, it does not consider pre-farm emissions (i.e.
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chemical and supplementary feed production and transportation). In fact, an analysis
of the results of the study upon which this figure is based (Mayberry et al., 2019),
revealed that more than 95% of this reduction in sector emissions is a result of falling
emissions from the slowing of deforestation activities on livestock farms. The greatest
reduction in land clearing activities, and thus emissions, occurred in the first five years
of the reporting period, after which it began to plateau (DISER, 2020b). Total
emissions associated with the production of livestock (i.e. enteric methane, manure
methane, soil emissions) however, remained relatively constant during the ten-year
period. Opportunities for further emission reductions through reduced land clearing
are limited; the analysis of the results presented by Mayberry et al. (2019), indicated
that even if deforestation on livestock farms was to stop completely by 2030 it would
achieve less than half the remaining required emission reduction. To meet this
ambitious goal of carbon neutrality within a decade, the red meat sector will instead
have to achieve these emission reductions through other pathways, namely through
emissions associated with the production of livestock which, at current trajectory, is
far from achieving the scale of reductions required. Regardless of the task at hand,
the initiative demonstrates the commitment of the industry and stakeholders to
reducing the footprint of the industry and to enforce short-term action through

significant investment in R & D and widespread policy development.

Despite the lack of continuity and hampered progress in developing a nationally
coordinated climate policy, Australian agriculture is moving forward with the
development and implementation of practices to both adapt to and mitigate a
changing climate. The livestock sector has made some good progress, either through
the decreased rates of deforestation as outlined above, or through productivity
improvements exhibited through the production of improved livestock production with
lower resources and GHG emission output (Wiedemann et al., 2015d). Considerable
research has been undertaken to identify strategies to mitigate emissions from
livestock enterprises (Beauchemin et al., 2020; Eckard & Clark, 2020b; Guyader et
al., 2016; Hristov et al., 2013a; Hristov et al., 2013b) and to adapt these enterprises
to climate change (Ghahramani et al., 2019; Henry et al., 2018b; Rivera-Ferre et al.,
2016). However, overall uptake of these strategies by farmers to-date has been low,
hampered by factors such as cost constraints, uncertainty resulting from impaired
knowledge transfer to producers from researchers, lack of access to the technology
itself and lack of demonstrated success by other adopters (Eckard & Clark, 2020b;
Kragt et al., 2017; Pannell et al., 2006). Despite this, farmers have and continue to,

implement other practices on their enterprises to address the incremental climatic and
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additional risks they face, along with changing consumer demands. The continued
adaptive capacity and resilience demonstrated by farmers in the face of challenging
conditions is vital to adapt to Australia’s projected climate. However, they need the
support of Government, industry, and the dissemination of effective solutions if they
are to address the challenges posed (Hochman et al., 2013; Macintosh et al., 2019).
Clearly, Australia cannot continue its current trajectory if it is to meet the mitigation
targets established by both industry and Government whilst addressing projected

climate change and retaining productivity.

2.4 Whole-farm system analysis to quantify GHG emissions

The previous Section highlighted that existing climate policies and research targeting
the mitigation of GHG emissions from livestock enterprises have largely focussed on
component-level mitigation. There has been poor uptake of such strategies by
Australian livestock producers, hampered by barriers such as cost and uncertainty.
Whole-farm system analysis presents an opportunity to address these barriers, by
improving the information available regarding the current operations of farming
systems as well as examining the effect of strategies at the scale upon which farmers

operate and make key management decisions.

241 Principles and benefits of whole-farm system analyses

Livestock production enterprises are complex biological systems comprised of
multiple interacting components such as soil, crops, pasture, livestock, farm inputs
and climate. A whole-farm system approach enables each component to be
considered and the many interactions between components to be captured. This may
be in the context of economics, productivity or environmental impact such as GHG
emissions. Because of this, whole-farm system modelling is recognised globally as a
valuable tool in decision-making processes and the prioritisation of research
investment where field experimentation would be too expensive or impractical (Eckard
et al., 2014; O'Brien et al., 2016).

In the context of emissions, whole-farm analysis can be applied to quantify overall
emissions from a farming system along with the components or processes within the
system with the greatest environmental impact. It can also be utilised to examine the
effect of a mitigation strategy at farm-scale, revealing interactions or impacts that may
not be obvious when considered only in a component-level analysis (Rawnsley et al.,
2016; Schils et al., 2007). Most mitigation strategies have been developed to target
emissions arising from one component of the farming system. At a whole-farm scale

that strategy may have lower or even higher than expected mitigation, and unintended
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effects on other measures such as productivity. For example, Harrison et al. (2014a)
examined the effect of improving genetic feed-use efficiency of cross-breed sheep in
eastern Australia, finding that animal production was higher and enteric methane
emissions lower for the same level of intake. At a farm level the reduced pasture
intake meant that the farmer increased stocking rates, resulting in a net increase in
emissions. This demonstrates the importance of examining interventions at a whole-

farm scale.

When examining whole-farm emissions, it is also important to examine results in
terms of total or net emissions and productivity. Typically, a decline in total emissions
is linked to lower productivity, in the case of livestock production, lower liveweight
production. A farmer is unlikely to adopt a practice which reduces productivity and
thus profitability, regardless of its impact on farm emissions (Crosson et al., 2011;
Foley et al., 2011). Instead, the most common unit of measurement in whole-farm
emissions analyses is emissions intensity (El), or emissions produced per unit of
product. An example of the importance of El is demonstrated through the examination
of GHG emissions produced by the Australian beef herd over a 30-year period. During
this period, total emissions rose by 19%, however the El (kg CO,-e/kg LW) decreased
by 14% (Wiedemann et al.,, 2015d). These productivity gains, achieved through
measures such as improved herd productivity and feedlot finishing, would not be
evident through examination of emissions alone. Examining the effect of an
adaptation or mitigation practice using El is therefore a valuable approach as it

considers the dual goal of productivity gains and emission reduction.

One of the primary benefits of whole-farm system emissions analysis is the flexibility
that it affords when addressing various research questions. Whole-farm approaches
have been applied to quantify livestock emissions for a number at numerous scales.
For example, in the case of beef cattle, analyses have been conducted to quantify
emissions of the global livestock herd (Opio et al., 2013), of national herds (Ledgard
et al., 2011; Legesse et al., 2016; Wiedemann et al., 2015d), regional herds (Dick et
al., 2015a; Pelletier et al., 2010; Toro-Mujica et al., 2017), or individual case study
farms (Eady et al., 2011; Peters et al., 2010). At national or regional scales, such
analyses are useful for identification of trends or benchmarking analyses, both of
interest to policymakers and other stakeholders interested in broader implications of
results. For farmers, local or individual farm-scale analyses are of greatest interest,
as they enable the examination of results specific to their enterprise type, climate and
location (Cottle et al., 2016). There is widespread consensus that analyses of the

impact of adaptation or mitigation strategies is recommended to occur at this smaller
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scale, as it accounts for the diversity of farming systems and the ensuing differences
in effectiveness of strategies between farms (Crosson et al., 2011; Del Prado et al.,
2013; Rawnsley et al., 2016).

There are three common types of whole-farm emission analysis tools; biophysical
models, whole-farm GHG calculators following national GHG reporting guidelines and
Life Cycle Assessment (LCA) frameworks. The suitability of each type depends on

the research question posed and the target recipient of the results.

2.4.1.1 Biophysical models

Agricultural biophysical models are mechanistic tools which can simulate detailed
whole-farm interactions. In southern Australia such models have been developed for
crop systems (APSIM, (Holzworth et al., 2014; Keating et al., 2003), dairy (DairyMod,
(Johnson et al., 2008), and pasture (GrassGro, (Freer et al., 1997; Moore et al., 1997).

GrassGro has been used extensively to model different pasture and livestock systems
across regions of southern Australia (Alcock & Hegarty, 2011b; Browne et al., 2015;
Clark et al., 2003; Cottle et al., 2016; Ghahramani & Moore, 2015; Harrison et al.,
2014a; Harrison et al., 2014b; Moore & Ghahramani, 2013; Thomas et al., 2012). The
software acts as a decision support tool which can model the productivity, economic
or emission performance of a livestock system, in daily time steps, for a chosen
interval. It does this through the simulation of interactions within and between the
biophysical components (i.e. soil, climate, pasture, animals) and managerial
components (i.e. stocking rate, soil fertility, grazing management, livestock
reproductive management) of the system. The model is also able to capture temporal

variability, by conducting inter-annual simulations.

Biophysical models can be quite complex and require experienced users to
successfully conduct in-depth simulations. For example, despite producing farm-
specific daily output data, a key limitation of GrassGro in the context of whole-farm
emission analysis is that it only considers enteric methane production. Other farm
emission sources including, nitrous oxide emissions from soil, manure methane and
carbon dioxide from farm input production and transport are excluded. The model also
calculates animal emissions using different methodological approaches and EFs to
the NGGI recommendations, following Blaxter and Clapperton (1965) for both sheep
and beef enteric methane emissions as opposed to Howden et al. (2004) and
Charmley et al. (2016), respectively. Regardless, biophysical models are useful for
local- or individual farm-scale analyses and the examination of different management

practices. They can be scaled up, to regional scale for example, but this would have
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to occur through the aggregation of a large sample size of modelled locations.

2.4.1.2 Farm-scale GHG emission calculators

To comply with the GHG emissions reporting requirements under the Paris
Agreement, each party to the agreement must follow the guidelines developed by the
Intergovernmental Panel on Climate Change (IPCC) (IPCC, 2006) when reporting
national emissions. In considering the diversity of global farming systems, the
availability of data and the varying level of expertise across participating countries,
there is a three-tier system for quantifying emission sources from agriculture using
these guidelines. Each successive tier requires a greater level of detail and improves

the robustness and accuracy of results.

The adopted Australian methodology for reporting national agricultural emissions
follows a mix of Tier 2 (country-specific methodology) and Tier 1 (IPCC international-
level methodology) approaches, along with both country-specific and IPCC default
emission factors (DEE, 2019). Two key farm-scale static GHG calculators have been
developed which specifically follow the NGGI methodologies. These are the Sheep
(S-GAF) and Beef (B-GAF) GHG Accounting Tools (Eckard & Taylor, 2016) and the
FarmGAS tool (AFI, 2016). While each tool varies slightly in its functions, both
produce emission results in line with IPCC requirements and are quite user-friendly

in their operation.

In following the IPCC and NGGI, however, these tools are subjected to the same
limitations of these approaches. For example, one of the primary criticisms of the
IPCC methodology, and thus the NGGI, for modelling farm-level emissions is that it
excludes some emissions sources, such as emissions associated with the production
and transport of pre-farm inputs and on-farm non-renewable fuel usage (Crosson et
al., 2011). The S-GAF and B-GAF tools, as a result, do not consider emissions
associated with the production and transportation of farm inputs or pasture residue.
FarmGAS excludes these emission sources, along with carbon dioxide sources such
as liming or urea application. The exclusion of these emissions means that these tools
underestimate whole-farm emissions, to a degree that can be quite substantial in
more intensive livestock systems, such as those which incorporate feedlots (Crosson
etal., 2011).

The representativeness of the NGGI has been criticised its use of IPCC default EFs
for a number of emission sources (Thamo et al., 2013). These EFs are sourced from
studies based on Northern Hemisphere agriculture which can have very different

agricultural conditions and operations to Australia (Thamo et al., 2013). Further to
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this, the NGGI applies default state or national averages for parameters and requires
only seasonal or annual inputs. Whilst the GHG calculators enable users to input
study-specific parameters to calculate most emission sources, these default
parameters are applied if other information is not available. The level of detail inputted
into each tool and in the calculated outputs are dependent on the design of the tools
themselves. For example, both FarmGAS and S-/B-GAF only enable seasonal or
annual calculations, stock classes are pre-defined and do not account for than one
feed type simultaneously (i.e. annual or perennial pasture, crop stubble). S-/B-GAFs
do not include a cropping component which means it is not possible to account for
emissions which may arise from livestock grazing stubble as part of a farm’s grazing
management strategy, or the emissions associated with producing supplementary
feed from on-farm crops. These are all limitations with flow-on effects from the direct

application of the Australian GHG reporting guidelines.

Therefore, whilst these tools are useful for benchmarking at a national or state-level,
they are less suitable in the analysis of local-scale or individual farm-scale as they
cannot consider a number of interactions between farm components (i.e. climate, soil
and pasture) and mask the heterogeneity which exists at this smaller scale (Young et
al., 2016). This can have ramifications when examining the effectiveness of mitigation

strategies, for example, or the comparison of different farming systems.

2.4.1.3 Life cycle assessment

Life cycle assessment (LCA) is a well-established research method used to evaluate
and quantify the resource use and multiple environmental impacts associated with the
production and use of a product. Practitioners are guided by a set of core standards
(ISO, 2006a, 2006b) which separates LCA into four phases (Figure 2.5).

Goal & scope # Inventory # Impact
definition - analysis - assessment

1 i1 i1

Interpretation

Figure 2.5 - The four phases of life cycle assessment (LCA)
(Adapted from (ISO, 2006a))
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Goal and scope definition
This phase involves firstly, the establishment of the study objectives along with
the intended use of results. The scope of the study is then clearly defined in a

manner that reflects the goal through;

i) The functional unit (FU) reflects the product being assessed and is a
quantitative measure of the function of the system (i.e. kg liveweight, kg
greasy wool), enabling comparison between different systems or when
applying mitigation strategies (LEAP, 2016).

i) The clear setting out of the system boundaries of the study which
determine both the stages of the production system are considered and
hence which inputs and outputs are included or excluded.

iii) The selection of impact categories to be assessed; that is, the
environmental impacts (i.e. climate change, acidification, water use or
resource depletion) associated with the product’s life cycle.

iv) Where a production system produces co-products along with the product
in question, choice of method to allocate environmental impact between

products (see section x for more detail).

Inventory analysis
All inputs (resources used) and outputs (products, co-products, emissions and
waste generated) within the system boundaries are quantified and compiled
into a life cycle inventory (LCI). This phase is essential as the results of an
LCA are only as good as the data included in the inventory. Inventories range
in complexities, with the inventories of agricultural products typically

comprising several hundreds of measured and modelled inputs and outputs.

Life cycle impact assessment

Following completion of the LCI, the flows of resource use and generated
emissions are assigned into the chosen impact categories (i.e. climate change)
and converted to common units (i.e. CO2-e) using characterisation factors (i.e.
GWPs) to obtain an aggregated value for the impact category examined. This
conversion into common units makes it possible to examine the potential
environmental impact of individual inventory flows, a particular stage of the

product system, or the entire life cycle of the product in question.

Interpretation
LCA is an iterative process and the interpretation phase is important to:

i) ensure the robustness and accuracy of data and results.
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i) evaluate the inventory analysis and impact assessment against the
study goals and scope.
Once these are deemed satisfactory, interpretation then involved the

development of study conclusions and recommendations.

Initially, LCA was applied to industrial products and processes (Roy et al., 2009),
whereby outputs typically are produced using fixed outputs with little to no spatial or
temporal variation. Agricultural products by contrast, are produced in complex
biological systems which typically display high intra- and inter-annual variability and
will differ substantially across locations. Further to this, unlike most industrial
processes, agricultural systems self-produce many of the resources utilised in the
production process, such as soil, pasture and livestock, with complex interactions
between each (Harris & Narayamaswamy, 2009). Consequently, the inventory stage
of an agricultural LCA is more complex than those of manufacturing or other industrial
LCAs, and typically involves extensive modelling to define both the inputs and outputs

of the system.

Despite the added complexities, if applied appropriately with data of sufficient quality,
LCA is a valuable tool to quantify the environmental impact of an agricultural product.
It enables the calculation of all emission flows within the system, both those
recommended in the IPCC Guidelines and the NGGl, along with others not considered
in other approaches, such as emissions associated with the production and
transportation of pre-farm inputs. Although subject to a number of the limitations
experienced by the GHG calculators described in the previous section, such as the
use of some IPCC default EFs and the fact it is also a static model not a biophysical
model, LCA allows flexibility in terms of calculations and is adjustable to address the
specific research question posed. Livestock LCAs can be conducted using LCA-
specific software such as Simapro (PRé Consultants, 2014; Ruviaro et al., 2015;
Wiedemann et al., 2016a) or in tailor-made frameworks with varying degrees of
complexity (Dougherty et al., 2018; FAO, 2016; O'Brien et al., 2016). Depending on
the data applied, LCA can also examine impacts at the animal, herd, paddock or
system level, across regions and years, enhancing the scope of potential analyses. It
can be applied to quantify the overall impact of producing an agricultural product, to
identify “hotspots” or components of the system which contribute the most to the
overall impact, or to examine the potential effect of adaptation or mitigation practices
across the farming system. Section 2.5 highlights this diversity in approach through a

review of conducted livestock LCA studies.

In dealing with such complex systems there arises a number of methodological
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considerations such as how to allocate impacts across multiple products (i.e. wool
and meat) and how to compare studies given the range of assumptions that can be
made in terms of data use, system boundaries and emission methodologies. These

considerations are explored further in later Chapters.

In LCA studies the livestock production system is commonly broken into three core
stages; feed production (cradle-to-mouth), animal production (cradle-to-farm-gate;
where upstream processes aside from feed-related are considered) and primary
processing (primary wool, milk and meat processing facilities) (LEAP, 2016). Other
downstream stages less considered include secondary processing (production of
more complex food products, clothing), retail distribution, human consumption and
waste management. Traditionally, full LCAs consider the entire life cycle of a product
(production > processing > distribution > consumption > waste). However, due to the
complexity of the livestock system with its extensive supply chains and many product
pathways, most livestock LCA studies focus on one or two of these stages and are
considered “partial LCAs”. The stage which receives the most research attention is
the farm, or primary production, stage as it is typically responsible for the greatest
proportion of impact along the supply chain (Ledgard et al., 2011; Lieffering et al.,
2011; Wiedemann et al., 2015b).

LCAs often consider multiple environmental impacts, such as GHG emissions, land
use, water consumption, non-renewable energy use and eutrophication. In
agricultural LCAs, for certain impact categories there remains a high degree of
uncertainty (McClelland et al., 2018). However, methodological approaches are
continually being refined and data availability improved and so more and more,
studies are considering multiple impacts. A recent review found that even with these
improvement and recommendations for multi-criteria analyses, most studies only
consider one to three impact categories (McClelland et al., 2018). Overwhelmingly,
studies which consider GHG emissions dominate livestock LCA studies. A study
which considers only GHG emissions is termed a “Carbon Footprint”, as opposed to
a multi-criterion LCA (Cowie et al., 2012). Despite this, a carbon footprint analysis
adopts the same approach and is effectively a subset of a complete LCA (Desjardins
et al., 2012; Jones et al., 2014). Similar to LCAs, carbon footprint analyses must also
adhere to a set of core standards, ISO 14067 (1SO, 2018).

2.4.1.4 Integration of tools to conduct whole-farm system analyses
Each of the tools described in the previous sections present both advantages and

limitations in their ability to conduct whole-farm system GHG emission analyses. For
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example, biophysical models such as GrassGro are able to capture and model the
interactions between climate, soil, plants and animals in such a way that can calculate
detailed daily timestep data for the location under examination, however in terms of
GHG emissions, only calculate enteric methane emissions and do so using a different
approach to national reporting recommendations. Farm-scale GHG calculators, while
in line with international and national emission reporting requirements and quite user-
friendly, do not consider all emission sources. Default EFs and parameters are based
on state or national averages, along with a restricted scope of analysis and means
that whilst these tools may be useful for benchmarking at a national or state-level,
they are less suitable in analyses at local-scale or individual farm-scale or examination
of management practices. LCA, or carbon footprint analysis in the context of GHG
emissions, considers all emissions arising on a livestock production system,
regardless of the type of application. In line with good practice, animal and soll
emissions are calculated following IPCC and NGGI requirements, which means that
LCA is also subject to default agriculture EFs. However, LCA has greater flexibility
than other tools as it can be conducted outside of LCA-specific software and can be
developed in such a way that allows it to accommodate a more in-depth analysis of

whole-farm emissions than other static whole-farm models.

To overcome the limitations associated with individual whole-farm tools, numerous
studies have instead adjusted their methodological approaches to accommodate
multiple tools. Harrison et al. (2014a), for example, aggregated the daily time step
outputs from GrassGro to seasonal emissions calculated using S-GAF, to examine
the effect of various management practices on an experimental farm in Victoria,
Australia. Similar approaches were adopted by other sheep and beef production
studies located in south-eastern Australia (Browne et al., 2015; Browne et al., 2011;
Doran-Browne et al.,, 2015). Cottle and Cowie (2016) and Cottle et al. (2016)
integrated daily GrassGro outputs into monthly emissions calculations following NGGI
guidelines to quantify emissions across multiple enterprises in southern Australia. In
a different approach, Eady et al. (2011) combined B-GAF and FarmGas with Simapro
to calculate whole-farm emissions from case study beef cattle enterprises in
Queensland, Australia, enabling consideration of all emission sources. Others have
combined all three tools, such as Brock et al. (2013) who used daily timestep data
from GrassGro to generate seasonal animal and soil emissions in S-GAF which were
then entered into Simapro to conduct an LCA of wool production in NSW, Australia.
Both southern Australian beef enterprises and livestock production enterprises in

south-western Australia are underrepresented in studies which integrate such farm-
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scale tools.

The integration of multiple tools has been adopted as the chosen approach in several
international studies. For example Beukes et al. (2011) used a country-specific
mechanistic biophysical model in conjunction with a whole-farm GHG calculator to
examine the effect of various mitigation strategies on the GHG emissions associated
with dairy production in New Zealand. Foley et al. (2011) combined the output of a
bioeconomic model with a tailor-made GHG emission calculator to examine the effect
of different beef production systems in Ireland. Toro-Mujica et al. (2017) applied a
country-specific bioeconomic model in line with an LCA approach to develop an
approach which enabled the calculation of the carbon footprint of sheep production in

the semi-arid zone of Chile.

The integration of multiple farm-scale tools has the potential to improve the accuracy
of whole-farm results. Integrating outputs from biophysical models into emission
calculators or LCA frameworks reduces the uncertainties associated with modelling
individual emission sources, particularly those dependent on animal and plant
parameters such as enteric methane and excreta nitrous oxide emissions. Integration
of biophysical models and NGGI-following GHG calculators, whilst a valuable
approach, does not incorporate all emission sources. In addition to this, it often results
in the daily time step data of GrassGro being aggregated to seasonal averages. This
makes it difficult to capture the intra-annual variations which may occur at monthly
intervals (Cottle & Cowie, 2016; Cottle et al., 2016). For example, growth and feed
quality patterns of pasture species which do not align with the traditional seasons or
animal practices such as lambing/calving or sale which occur predominantly across
specific one or two months. As demonstrated above, there is a lack of Australian
research which uses integrated biophysical models and LCA approaches. Given that
both tools can be suitable for farm or local-scale analyses, there is great potential for
their integrated application in the examination of the carbon footprint of livestock

enterprises in southern Australia.

2.5 A review of whole-farm system GHG emission analyses
in livestock production systems

This Section presents a review of international and Australian livestock LCAs and

carbon footprint studies. Internationally, there is a plethora of sheep and beef cattle

LCAs and carbon footprint studies. This Section sets out to highlight those deemed

most pertinent to the present study. The merits of different approaches,

methodological considerations and current gaps in research are explored.
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In considering Australian-centric research, alongside the existing LCA and carbon
footprint studies examined (Table 2.1), this review considers select livestock studies
which have conducted whole-farm system GHG emission analyses. As these studies
exclude one or more emissions sources (i.e. pre-farm emissions, soil emissions) and
have not followed the four phases of LCA, they cannot be considered carbon footprint
analyses. However, as they conduct detailed analyses of the livestock component,
often through the integration of biophysical modelling and examination of target
mitigation strategies, they have contributed to the further understanding of whole-farm
system analysis. These studies are considered in in the context of potential mitigation

strategies for adoption in the later sections of this Chapter.

2.5.1 Common goals of whole-farm carbon footprint studies

In their examination of global livestock LCA and carbon footprint studies, LEAP (2016)
stated that the goals of livestock studies largely focus on one of three categories;
“hotspot identification”, “commodity analysis” and “benchmarking”. Henry (2012)
grouped these three categories into two, highlighting that the goals of these studies

usually align with the scale upon which they are conducted.

- Firstly, comparative analyses of commodities and/or benchmarking analyses
are typically conducted at regional or country scale. These studies
predominantly apply regional, national, or even international data to produce
results.

- Secondly, studies which examine specific supply chains for the purpose of
hotspot identification or comparative analyses of methods of production, for
example. These studies predominantly apply case study farm or modelled
case study farm data.

- In addition to the above, the literature review in the present study determined
an additional goal in a smaller subset of studies, the analysis of mitigation
strategies. Such analyses have been conducted both with the application of
regional or countries average data, as well as farm-specific data, with varying

outcomes.

A large proportion of studies, particularly earlier publications, conducted
benchmarking and/or commodity analyses through the application of regional or
national averages. For example, Ledgard et al. (2011) and Lieffering et al. (2011)
employed national survey data to ascertain the carbon footprint of exporting lamb and
beef, respectively, from New Zealand to the UK. Nguyen et al. (2010) quantified the

carbon footprint of “typical” beef production systems in the European Union (EU),
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applying EU averages. Similarly, Casey and Holden (2006) and Mogensen et al.
(2015) applied national survey data to quantify country-level carbon footprint
estimates of “typical” beef production systems found in Ireland, Denmark and
Sweden, respectively. The carbon footprint of sheep production in Chile and Australia
has also been benchmarked using national and state averages (Toro-Muijica et al.,
2017; Wiedemann et al., 2016b). Vergé et al. (2008), Legesse et al. (2016), Capper
(2011) and Wiedemann et al. (2015d) used census and national data to generate
comparative carbon footprints of national beef production across decades (i.e. 1986-
2010) in Canada, the USA and Australia, respectively. Other studies have applied
large-scale regional averages to compare livestock production across regions within
a country (Pelletier et al., 2010; Wiedemann et al., 2015c; Wiedemann et al., 2016c).
The primary benefits of conducting analyses at this scale are that they generate useful
production averages to inform policy makers and can also act as scoping analyses to

generate findings for further investigation.

However, the use of the census or regional/national averages which enable the
generation of estimates of the environmental impact at national or regional levels, also
means that downscaling the findings to farm or local levels is accompanied by high
risks of misinterpretation. A production average is not representative of the temporal
or spatial differences which occur within that average. For example, Casey and
Holden (2006) examined the effect of different strategies, such as shorter turnoff and
different dietary components, on the carbon footprint of typical Irish beef production
generated using the national averages. They then made recommendations for future
application of strategies based on the analyses conducted on the “national average”
production system. Livestock production systems are extremely diverse and so the
suitability and magnitude of impact of such strategies will also vary across those
systems. For example, in the eastern Australian beef production benchmarking
analysis conducted by Wiedemann et al. (2015c), results were generated for both
regional average farms (RAFs) modelled from ABARES data and case study farms
(CSFs) in the same region. For both regions considered, RAFs overstated the
average carbon footprint obtained from CSFs in that respective region, by 3-7%. The
footprint of the CSFs varied by up to 25%. Applying the same approach to sheep
production in southern Australia, RAFs overstated the average footprint of the CSFs
by 4-23% (Wiedemann et al., 2016¢). Individual footprints for the CSFs in this study
were unavailable so it was not possible to calculate the variation between these CSFs.
The approach adopted by these studies is useful as it considers both regional

averages and individual farms. It also demonstrates that along with the diversity of
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impacts across different farms, regional averages can be quite distinct from averages
taken by a sample of case study farms. These studies did not investigate why these
footprints differed and did not provide comprehensive enough results to enable such
an investigation. They highlight why caution should be made when downscaling or

extrapolating findings using such averages.

A second limitation of applying large-scale average data to conduct carbon footprint
analyses is the interpretation afforded. Livestock systems are complex and thorough
carbon footprint analyses of such systems involve the integration of large quantities
of inter-related parameters. Census and national data are often not available at this
level of detail and this can make the ensuing interpretation of the carbon footprint
difficult as it may not be possible to identify influencing factors. For example, Dyer et
al. (2014) compared the carbon footprint of sheep and beef production in Canada,
alongside a comparison across eastern and western Canada, through the application
of census data into a GHG calculator. They found that the El of sheep production
(expressed as kg CO»-e/kg protein) was higher than that of beef production and that
there were differences across regions. However, the ability to investigate the factors
influencing this difference was limited as the data and model did not distinguish
between several potentially influencing factors, such as animal fecundity, breed,
slaughter weights and age amongst production livestock. Whilst comparisons were
made within the study and with others, without the ability to conduct detailed analyses
of the factors influencing these Els, these were largely inferences from final El values.
Whilst studies such as this are useful in scenarios where no prior carbon footprint has
been conducted for the country, region, or industry in question, their primary benefit
is clearly as a scoping analysis as the data is often not comprehensive or

representative enough to conduct more in-depth analysis.

The review of literature revealed that livestock LCA and carbon footprint studies which
examine specific supply chains through the application of case study data or modelled
case study data are increasingly common. Though such approaches were evident in
earlier studies (Beauchemin et al., 2010; Eady et al., 2011; Edwards-Jones et al.,
2009; Peters et al., 2010; Veysset et al., 2010), recent studies apply farm-specific
data in across benchmarking/hotspot analyses (Bragaglio et al., 2018; Cerri et al.,
2016; Dougherty et al., 2018), examination of farm practices with productivity and
mitigation potential (Becofa et al., 2014; Hyland et al., 2016; Jones et al., 2014; Nieto
et al., 2018; Toro-Muijica et al., 2017; Veysset et al., 2014) and in-depth analysis of
productivity and mitigation strategies (Bogaerts et al., 2017; McAuliffe et al., 2018;

Stanley et al., 2018). The primary benefit of farm-scale approaches such as these are
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that they capture the diversity of farming systems and can identify farm characteristics
and practices which influence the carbon footprint of a system. Such a targeted
approach is recognised as the most appropriate method for examining the impact of
mitigation strategies as the calculated effectiveness of a strategy is farm-specific
(Crosson et al.,, 2011; Del Prado et al., 2013; Rawnsley et al., 2016). Whilst
benchmarking and hotspot analyses conducted using regional averages may present
information of most interest to policy makers and to industry as scoping analyses,
farm-specific analyses provide information directly relevant to producers and a

targeted pathway to increased on-farm mitigation.

2.5.2 Methodological considerations

Whole-farm analyses are a preferred approach in the quantification of the
environmental impact of a product or process. However, the calculated impact is not
only determined by variations in primary data, such as specific farm characteristics
and practices, or data quality as described above, but also by variations in
methodological approaches (Basset-Mens et al., 2009). Despite attempts to
streamline methodologies and data quality control across livestock carbon footprint
and LCA studies (LEAP, 2015a, 2015b, 2016), there remains difficulty in comparing
the results of whole-farm studies because of such diversity in approaches. Table 2.1
demonstrates the heterogeneity of approaches across Australian studies, with
differences in the functional unit, systems boundaries, allocation method, emission
calculations and data sources applied. In some cases, the goals of these studies
overlap, however despite this, a direct comparison of results is fraught with risks of
misinterpretation of findings. Yet studies continue to make such comparisons, despite
wide recognition across the field that differences in results are only partly a result of
the differences in farm characteristics and practices that they are examining, but
mostly a result of divergences in methodological approaches and data quality control
(Crosson et al., 2011; de Vries & de Boer, 2010; Del Prado et al., 2013; Zervas &
Tsiplakou, 2012).

This Section outlines some of the primary methodological considerations when
comparing results across studies. These considerations, particularly in the context of
the literature reviewed, played an important role in the development of the research

design in the present study and interpretation of findings.

2.5.2.1 Functional unit
Whilst the results of whole-farm analyses are typically presented in terms of El, a

measure of productivity which theoretically should enable comparison between
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products and studies, its application as a metric of emissions efficiency of livestock
production systems is limited as it is dependent on the methodological approach and

data quality of the study itself (Flysjo et al., 2011).

Along with this, the adopted FU in livestock studies varies widely, with units of
measurement ranging from livestock units sold (i.e. finished beef calf; Ogino et al.
2004, 2007), total liveweight sold (i.e. kg LW; Hyland et al., 2016; Wiedemann et al.,
2016b, liveweight sold from a particular stock class (i.e. kg lamb sold; Toro-Mujica et
al., 2017; Dougherty et al., 2018), carcass weight sold (i.e. kg CW sold; Beauchemin
et al., 2010; Stanley et al., 2018), liveweight gain on-farm (i.e. kg LWG; Ruviaro et al.,
2015); Cerri et al., 2016), protein sold (kg protein sold; Vergé et al., 2014), to area
grazed (i.e. ha; Foley et al., 2011; Nieto et al., 2018). Such variation is also exhibited
between Australian studies (Table 2.1). It is not possible to compare studies which
have employed different Els. Whilst conversion to comparable metrics is possible, it
requires that the respective studies present their inventories (i.e. livestock
characteristics) and emissions results in sufficient detail. However, the detail of
inventory and emission information included in studies varies widely, making

comparisons between FU and other results, such as hotspots, difficult.

A second consideration is the suitability of the FU chosen. For example, adopting a
FU of carcass weight where the study system boundary is at the farm-gate represents
a mismatch of metrics as the boundary is prior to slaughter (LEAP, 2016). This will
increase El as compared to studies which consider liveweight at the farm gate.
Similarly, the consideration of only one stock class in the FU (i.e. lamb) without
allocating emissions between stock classes sold can drive up El as it does not
consider total product sold (i.e. cull animals). A third example is the use of Els based
on animal product versus farm area. Foley et al. (2011) found that in terms of
emissions/ha, low producing farms were more emissions efficient than intensive farms
in the USA, however, when emissions efficiency was examined in terms of carcass
weight produced, the intensive farms were between 4 and 18% more efficient. Nieto
et al. (2018) compared backgrounding and cow-calf pasture systems in Argentina,
finding that on a per hectare basis, backgrounding enterprises were 30% less efficient
than pasture-based systems, yet in terms of liveweight production, backgrounding
was 71% more efficient. Presentation of results in terms of farm area can thus imply
that poorly managed pastures at low stocking rates are more efficient than productive
pastures with higher carrying capacities. These examples highlight the importance of

FU and the potential for misleading interpretation when comparing different FUs.

40



2.5.2.2 System boundary

A second methodological consideration is the acknowledged inconsistencies in
system boundaries across studies (Desjardins et al., 2012). While some studies
consider post-farm stages such as processing (Peters et al., 2010) and export
(Wiedemann et al., 2015b; Ledgard et al., 2011; Lieffering et al., 2011) in line with
their specific research questions, others can omit activities within stages which can
impact the carbon footprint, such as the exclusion of breeding herd activities (Biswas
et al., 2010; McAuliffe et al., 2018; Ogino et al., 2004), typically the largest source of
on-farm emissions. Multiple European studies integrate surplus animals from dairy
systems into their investigations of beef cattle carbon footprints (Casey & Holden;
2006; Nguyen et al., 2010; Mogensen, 2015). Importantly, studies may omit emission
sources whose inclusion is required in line with good practice guidelines (LEAP,
2015a; 2015b; 2016), such as pre-farm emissions, soil emissions and emissions
associated with LU and dLUC. While LU and dLUC are excluded by most studies or
reported separately following such guidelines in acknowledgement of the high degree
of uncertainty the exists regarding its calculation and data quality, other emission
sources should be included as common practice. For example, few studies include
pasture residue emissions (Eady et al., 2011; Brock et al., 2013; Cottle & Cowie,
2016) despite presented methodologies in IPCC and NGGI guidelines, while others
exclude soil or certain pre-farm emissions (Casey & Holden, 2006; Foley et al., 2011;
Ripoll-Bosch et al., 2013; Mogensen et al., 2015). Such omissions have been made
across multiple whole-farm analyses conducted in Australia which have instead
prioritised examination of animal emissions such as enteric methane (Browne et al.,
2011; Browne et al., 2015; Harrison et al., 2015; Cottle et al., 2016; Cullen et al., 2006;
Harrison et al., 2016; Taylor et al., 2016). It is important to consider such variations

when comparing studies as few are alike in their choice of boundaries.

Comparison can be made where results are amended to reflect boundaries, through
the exclusion of post-farm stages or alignment of emission sources included for
example. However, this can only be performed where studies present findings in
sufficient detail, for example inter- and intra-emission source breakdowns. However,
as for FU considerations, the inconsistency in presented results across studies means

that such interpretation is rarely possible

2.5.2.3 Allocation of co-products
Where livestock production systems produce multiple co-products (i.e. wool, meat,

milk) the calculated environmental impact of the system must be allocated between
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these co-products. The approach adopted to handle co-production must be
appropriate to the specific farming system in question and carefully considered as the
choice of methods can have a considerable impact on final distribution of impacts
(ISO, 2006b). Whilst Chapter Three outlines the specific approaches, this Section

presents key challenges and criticisms.

Dealing with co-production in LCA has been, and continues to be, a subject of debate
and discussion amongst practitioners. The key issues raised are that of the
inconsistencies in approaches to solve co-production; driven by the difficulty in the
interpretation and implementation of ISO standards (Pelletier et al., 2015), particularly
in complex biological systems where causality is not as easily identified as in industrial
processes (Mackenzie et al., 2017). The interconnectivity between outputs in
agricultural systems makes it difficult to apply consistent principles. On top of this, few
published LCA studies provide justification for and details of, their specific chosen
approach. This produces a range of largely incomparable results where different
allocation methods can often contradict each other, and the choice of one method
merely represents one solution out of many. To combat this, there have been
numerous calls for greater clarity to be provided alongside the ISO standards and the
provision of more detailed guidelines of which how and when to adopt different
approaches for handling co-products (Curran, 2007; Mackenzie et al., 2017; Pelletier
et al., 2015; Weidema, 2018). Though there have been efforts to combat this with
publications such as LEAP (2015b, 2016), the issues with inconsistent co-handling

methods as described above are still prevalent.

Where the handling of co-products is required, most studies opt to allocate
environmental impact between products. Biophysical approaches are the preferred
form of allocation; however, most studies refer to simpler forms of allocation such as
economic or mass allocation to avoid the complexity of this method. Another criticism
is misuse of biophysical allocation by practitioners who use common physical
properties as a basis for the allocation without justification of how these reflect causal
relationships in the system, which means the approach is misleading (Mackenzie et
al., 2017). In other situations, practitioners may apply biophysical allocation as
preference over economic allocation following ISO guidelines, to outputs that are only
classified as co-products because of their perceived economic value (i.e. manure from
feedlot). The basis of this allocation is thus purely economic, which is what they were
avoiding in the first place (Mackenzie et al., 2017). Historically, economic allocation
has presented as the most common form of allocation (Biswas, Graham, Kelly, &
John, 2010; Brock et al., 2013; de Vries & de Boer, 2010) due to its simplicity.
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However economic allocation factors are susceptible to market price volatility and
because of their reliance on specific market prices, obtained results cannot be
compared between regions, time periods, or livestock breeds, for example.
Wiedemann et al. (2015a) argued that economic allocation also opens the possibility
of burden shifting between different products (i.e. wool and meat) as economic value
changes over time. For these reasons, biophysical allocation methodologies are the

more preferred approach in current LCA and carbon footprint analyses.

The above reasons highlight that not only is the choice of allocation method critical,
but the results of studies which have applied different allocation methods cannot be
directly compared. Numerous Australian (Cottle & Cowie, 2016; Eady et al., 2012;
Wiedemann et al., 2015a) and international studies (Casey & Holden, 2005;
Cederberg & Stadig, 2003; Dougherty et al., 2018; Flysjo et al., 2011; Gac et al., 2014;
Lieffering et al., 2011; Nguyen et al., 2012; Weiler et al., 2014) have examined the
effect of different partitioning and allocation approaches in beef cattle and sheep
production systems, highlighting the high variance (up to 50%) in results due to those
different allocation assumptions. There can also be high variations within allocation
types; for example, the price of wool is higher in Australia than in other countries
where the primary focus of sheep production is meat (i.e. Canada). In such cases, the
allocation of emissions to sheep meat will be lower in Australia and differences in
respective Els between the countries may not represent efficiency differences, but

rather allocation. This is explored further in Chapter Five.

2.5.2.4 Emission calculations and emission factors

The choice of methodology to calculate emissions can have substantial impact on the
carbon footprint of livestock production, particularly when the emission source is
traditionally a hotspot such as enteric methane (Brock et al., 2013; Dougherty et al.,
2018). For example, Tier one approaches to calculate enteric methane production
apply a flat conversion rate, regardless of animal or feed characteristics (IPCC, 2006).
Given that the primary uncertainties in the calculation of enteric methane lie with the
characterisation of livestock diets and growth curves, it follows that Tier one
approaches have assigned uncertainties of up to 50% (Crosson et al., 2011). In
instances where Tier one approaches are adopted (Cerri et al., 2016; Edwards-Jones
et al., 2009; Jones et al., 2014) the performance of livestock systems will not reflect
the inherent heterogeneity between and within farms, regardless of the other farm

characteristics considered.

By contrast, Tier two methodologies do consider animal and diet characteristics,
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reflected in the assigned uncertainty of 20%, and are the most common approach of
international studies. However, while detailed animal information is required for this
approach, animal diet is considered only through a conversion factor to account for
quality, with factors provided for roughage-dominant and concentrate-dominant diets
only. Whilst this enables examination of strategies such as intensification through
concentrate diets (O'Brien et al., 2016; Pelletier et al., 2010), without the adoption of
specific factors there is no differentiation across countries and region, not does it
account for different pasture types or intra-annual variations. The inability to consider
the influence of pasture using these IPCC approaches could provide reason as to why
so few studies have examined the potential impact of pasture or temporal changes

on the carbon footprint of livestock enterprises.

The varying uncertainty in such approaches highlights why caution must be taken
when comparing studies which have adopted different approaches. Comparing the
results of studies to those with methodologies which attempt to reduce this uncertainty
further, such as the NGGI which considers seasonal differences in animal and pasture
characteristics or biophysical model outputs which present highly specific and daily
timestep results, is likely to present even greater risk of misinterpretation. In fact, the
differences in carbon footprints following the application of difference methodological
approaches be as much as 15% (Dougherty et al., 2018) or 27% (Brock et al., 2013).
In another example, Vergé et al. (2008) and (Legesse et al., 2016) both calculated
the carbon footprint of the Canadian beef industry in overlapping time periods,
obtaining different Els (8-14% differences) for each of the periods examined. The
differences, as noted by the studies, was not due to data sources, rather different
methodological approaches, particularly for the calculation of enteric methane.
Despite such uncertainties, most studies continue to make direct comparisons with
no acknowledgement of the different approaches adopted, the uncertainty which
accompanies such approaches and that the presented differences are, in part due to
methodological differences, not differences in farming systems or employed

mitigation.

Another consideration is the change in recommended methodologies to calculate
emissions as improved approaches are developed. For example, prior to 2018 the
NGGI recommended the calculation of cattle intake following the approach of Blaxter
and Clapperton (1965). This has now been replaced by the methodology developed
by Charmley et al (2016). Similarly, the NGGI removed its requirement for the
calculation of emissions arising from the N-fixation of legume pasture and crops in

2018, alongside the introduction of the requirement to calculate pasture residue
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emissions in line with IPCC methodologies. On a broader scale, the specific GWPs
adopted by the IPCC have changed with the release of each report, altering the
respective weightings of nitrous oxide and methane. In each case, these changes will
influence the final carbon footprint of the livestock system under analysis. Comparison
with studies conducted prior to such changes will reflect these differences in
methodologies, masking any accompanying differences in system characteristics or

management practices.
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Table 2.1 - Summary of Australian beef cattle and sheep LCA and carbon footprint studies

Study Country/ Goal LCA/ carbon FU Data source System GHG Allocation Mitigation El
region footprint boundary methodology analysis
Beef cattle and sheep production
(Peters et al., Australia To examine Australian LCA - Kg CSF (livestock & farm input data) Cradle to NGGI Mass No WA sheep — 7.2-8.3;
2010) (sheep - red meat productionto 4 impact HSCW  NGGI average (pasture data) processing Vic beef — 8.2-11.5
WA, beef -  improve accuracy of categories plant exit
NSW & Vic) research approach NSW beef - 9.8-10.2
kg CO,-e/ kg HSCW
(Wiedemann Australia To determine the impact LCA - Kg retail CSF and modelled RAF (data Cradle in IPCC Tier 2 - Biophysical No Sheep — 16.1 kg CO,-
et al., 2015b) (sheep — of the production, 4 impact  cuts of  sourced from (Wiedemann et al., Aust. to pre- cattle enteric (sheep on- e/kg lamb
NSW, SA & processing and transport  categories Deef/ 2015c; Wiedemann et al., 2016b))  retail CH, farm stage) Beef — 23.4-27.2 kg
Vic; of Australian beef and lamb National average data (Feedlot, Qistribution NGGI- sheep Economi_c CO.-ef kg beef
beef - NSW lamb to the USA processing & transport data) in USA enteric CH, (processing
& QLD); &all other  stage)
USA sources
Beef cattle production
(Eady et al., Australia To conduct LCAs of two  LCA - Kg LW  CSF (livestock and farm input data) Cradle to NGGI Economic- No 14.4-20.8 kg CO,-e/
2011) (QLD) beef pr_oduc_tlon 2 impact NGGI average (pasture data) farm gate s?o_cl_( class kg LW*
enterprises in QLD categories division
(Ridoutt et Australia To calculate and LCA - Kg LW  Simulated CSF using state average Cradle to NGGI Economic No 10.1-12.7 kg CO,-e/
al., 2011) (NSW) compare the water and 2 impact data farm gate (for culls) kg LW
carbon footprints of six categories
beef enterprises in
southern Australia
(Wiedemann Australia To conduct a LCA - Kg LW  CSF (livestock and farm input data) Cradle to IPCC Tier 2 - None No CSF - 10.6-11.9
etal., 2015c) (NSW & benchmarking LCA of 4 impact Modelled RAF using state survey, ~farm gate Enteric CH, RAF — 12.2-12.4 kg
QLb) grass-fed beef production  categories CSF and NGGI data NGGI - all CO,-e/ kg LW
in eastern Australia Sources for pasture data not stated other sources
(Wiedemann Australia To quantify the trend in LCA - Kg LW  National survey data (livestock & Cradle to NGGI None No 1981 -15.3
et al., 2015d) the impact of beef cattle 4 jmpact farm input data) farm gate 2010 — 13.1 kg CO,-
SB(;%UCUO” from 1981- categories NGGI average (pasture data) el kg LW
(Taylor & Australia To quantify the carbon Carbon Kg LW  CSF (livestock & farm input data) Gate to gate NGGI None Yes Baseline- 4.3-6.3
Eckard, (QLD) footprint of 3 beef footprint Sources for pasture attributes data Scenarios- 4.1-5.4 kg
2016) backgrounding herds not stated COz-el kg LW
(Wiedemann Australia To conduct a LCA - Kg CSF (livestock & feedlot input data) Gate to gate IPCC Tier 2 - None No 4.6-9.5 kg CO,-e/ kg
etal.,, 2016a) (NSW, benchmarking LCA of 4impact LWG enteric CH, LWG
QLD, Vic)  feedlot finished beef categories NGGI - all

other sources
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Sheep production

(Biswas et
al., 2010)

(Eady et al.,
2012)

(Brock et al.,
2013)

(Cottle &
Cowie, 2016)

(Wiedemann
et al., 2016b)

(Wiedemann
et al., 2016¢c)

Australia
(Vic)

Australia
(WA)

Australia
(NSW)

Australia
(NSW &
WA)

Australia
(SA, NSW &
Vic)

Australia
(NSW, SA &
WA)

To compare to the carbon
footprint of wheat, sheep

meat and wool

To quantify the carbon
footprint of agricultural
system with multiple co-

products

To quantify the carbon

footprint of wool
production in the

Southern Tablelands of

NSW

To quantify the carbon

footprint of sheep

production, through the
examination of different

allocation methods

To conduct a

benchmarking LCA of the
production of export lamb

To conduct a

benchmarking LCA of
wool production in major
Australian wool producing

regions

Carbon
footprint

Carbon
footprint

Carbon
footprint

Carbon
footprint

LCA -
5 impact
categories

LCA -

5 impact
categories

Kg
sheep
meat

Animal
unit

Kg
greasy
wool

Kg
greasy
wool

Kg LW

Kg
greasy
wool

Research trial (livestock &
experimental plot data)

Sources for pasture/crop stubble
attributes data not stated

CSF (livestock and farm input data)
Sources for pasture/crop stubble

attributes not stated

CSF (GrassGro model input data &

farm input data)

CSF-specific GrassGro modelled
output (livestock & pasture data)

CSF

(livestock & farm input data)
Sources for pasture/stubble

attributes not stated

One CSF sourced from Wiedemann

and Yan (2014)

CSF (livestock & farm input data)
Modelled RAF using state survey

data & NGGI data

Pasture intake calculated to be
residual from NGGI predicted feed
intake less supplementary feed.

Feed attribute data used to
calculate these values not stated

CSF (livestock & farm input data)
Modelled RAF using state survey &

NGGI data

Pasture intake calculated to be
residual from NGGI predicted feed
intake less supplementary feed.

Pasture attributes assessed visually

on-farm

Gate to gate Flat conv-

Cradle to
farm gate

Cradle to
farm gate

Cradle to
farm gate

Cradle to
farm gate

Cradle to
farm gate

ersion rates -
enteric CH,4

Experimental
data - N;O
emissions

NGGI

NGGI

NGGI

NGGI

NGGI

Economic

Biophysical
& economic

Economic

Protein
mass, mass
& economic

Protein
mass

Protein
mass

No

No

No

No

No

No

5.1-5.6 kg COz-e/ kg
sheep meat

Biophysical — 2.6-3.7
kg COze-/kg LW
Economic — 2.7 kg
CO,-e/kg LW cull
ewe, 6.2 kg CO,-e/kg
LW lamb *

24.9 kg CO,-e/kg
greasy wool
5.3 kg COz-e/ kg LW*

PMA -20.7

Mass — 8.5
Economic — 35.8 kg
CO,-e/kg wool;
PMA - 6.3

Mass — 8.5
Economic — 3.6 kg
COz-ef kg LW
CSF-6.0-6.2

RAF — 6.5- 7.3 kg
COy-el kg LW

CSF - 19.5-25.0

RAF —20.1-21.3 kg
COy-¢e/ kg greasy
wool
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2.5.3 Gaps in International and Australian research

2.5.3.1 Geographical distribution of livestock studies

The literature review revealed that, to-date, livestock LCA and carbon footprint
research has predominantly been focussed on OECD countries. With the exception
of smallholder dairy farming in Kenya (Weiler et al., 2014) and smallholder beef
production in Thailand (Ogino et al., 2016), the only other studies conducted in non-
OECD countries include a suite of beef cattle carbon footprint analyses conducted in
Uruguay (Becona et al., 2014; Modernel et al., 2013; Picasso et al., 2014), Argentina
(Nieto et al., 2018) and Brazil (Bogaerts et al., 2017; Cederberg et al., 2011; Cerri et
al., 2016; de Figueiredo et al., 2017; Dick et al., 2015a, 2015b; Ruviaro et al., 2015;
Willers et al., 2017). The concentration of studies in these southern American
countries reflects the importance of the beef cattle industry in the region (Gerber et
al., 2013). Clearly there is a gap in research conducted in non-OECD, developing
countries, where smallholder farming dominates livestock production. Given the
contribution of smallholder producers to global livestock production and concurrent
emissions, along with the distinct method of production in such systems as compared
to larger scale systems (Desjardins et al., 2012), there is scope for further research

beyond the existing global-scale estimates (Opio et al., 2013).

2.5.3.2 Sheep production

In addition to the differences in the global distribution of conducted LCA and carbon
footprint research, there is a clear discrepancy in the research attention directed to
beef cattle production as opposed to sheep production. The number of beef cattle
studies reviewed outnumbered the number of sheep studies by almost four-fold. The
studies reviewed only included those with primary focus on meat production, however
similar observations were made for studies investigating the impact of dairy cattle as
compared to dairy sheep production (Marino et al., 2016). Of the international sheep
production studies examined, many were ether national benchmarking/commodity
analyses which only considered national or regional averages (Dyer et al., 2014;
Ledgard et al., 2011; O'Brien et al., 2016; Opio et al., 2013; Toro-Mujica et al., 2017),
or applied case study farm data but utilised Tier one IPCC methodology in the
calculation of animal emissions (Edwards-Jones et al., 2009; Hyland et al., 2016;
Jones et al., 2014). The Tier one approach applies a flat conversion rate to animal
emissions which doesn’t consider differences between stock classes, diet or intra-
annual variations of either (IPCC, 2006). All international sheep production studies
have specifically focussed on lamb production, with wool considered a by-product.

The co-production of both meat and wool in these systems was dealt with through the
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application of allocation, primarily on an economic or biophysical basis. Allocation
method can significantly alter the results of carbon footprint analyses (Cottle & Cowie,
2016; Wiedemann et al., 2015a) and represents an additional reason as to why the

comparison of studies is so difficult and fraught with misinterpretation.

Globally, most sheep production carbon footprint research conducted thus far has
occurred in Australia where, unlike international observations, a similar level of
attention has been directed towards Australian beef cattle and sheep production
(Table 2.1). This reflects the importance of the sheep meat and wool industries in the
Australian agricultural sector (MLA, 2019e) compared to other countries, for example
Canada where the respective contribution is small (Dyer et al., 2014). A total of nine
Australian sheep LCA or carbon footprint studies were sourced. However, only three
considered meat as the primary product (Peters et al., 2010; Wiedemann et al.,
2015b; Wiedemann et al., 2016b) with the remaining six centred on either wool
production (Brock et al., 2013; Wiedemann et al., 2016c), a comparison of different
farm-produced outputs (Biswas et al., 2010) or the investigation of allocation
methodologies (Cottle & Cowie, 2016; Eady et al., 2012; Wiedemann et al., 2015a) ,
with meat considered a by-product of the process. The first sheep meat-centric study,
Peters et al. (2010), collected two years of data from a Merino wool:meat enterprise
in south-western Australia in their undertaking of the first livestock LCA conducted in
Australia. This study considered pre-farm to processing stages and applied mass
allocation of emissions. Wiedemann et al. (2016b) conducted a cradle-to-farm gate
LCA to quantify the impact of the production of lamb for export in south-eastern
Australia, using the approach outlined earlier of considering regional average data
and individual case study farms. It was not possible to ascertain the number or specific
characteristics of the case study farms applied in this study as all inventory data and
results were presented as averages only. The other sheep meat study, Wiedemann
et al. (2015b), used the same case study farm data, with the addition of meat
processing, international transportation and warehouse distribution, in their

consideration of the additional impact of export to the USA.

Regardless of primary product, of the Australian sheep studies examined research
has been overwhelmingly concentrated in south-eastern Australia. Aside from the one
sheep meat case study considered in Peters et al. (2010), only three other studies
considered sheep production in south-western Australia (Cottle & Cowie, 2016; Eady
et al., 2012; Wiedemann et al., 2016c¢). Eady et al. (2012) investigated the impact of
different allocation methodologies on the carbon footprint of a mixed crop and Merino

sheep enterprise in an undisclosed location in south-western Australia, with focus on
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wool and crop production. Similarly, Cottle and Cowie (2016) also investigated the
impact of allocation with the study separated into two components, the first a detailed
carbon footprint analysis of two case study farms, one of which was a mixed crop and
Merino enterprise in the great southern region of WA. The second involved a large-
scale analysis of GrassGro modelled southern Australian enterprises obtained from
another study (Moore, 2012), however this component was not a carbon footprint as
only animal emissions and some soil emissions were considered. Wiedemann et al.
(2016c¢) considered four sheep production enterprises in the Wheatbelt region of WA
as part of their benchmarking analysis of wool production in Australia. As for the other
benchmarking LCAs conducted by this author, the study applied both regional
average farms using survey data and case study farms. The study did not state how
the information from the case study farms was collected and, as per their other
studies, presented the results only as an average so it as not possible to examine the

particular characteristics of each case study farm.

The review of sheep LCA and carbon footprint studies revealed that along with a lack
of in-depth analyses of carbon footprints in study findings, very few examined the
factors influencing the carbon footprint of the production systems considered or the
influence of potential mitigation strategies. For those which did, most considered such
influencing factors qualitatively without any quantitative analysis. Instead, most sheep
studies focus on benchmarking sheep production in a country or region, along with
hotspot analysis. Considering that enteric methane production was overwhelmingly
the dominant hotspot across the reviewed studies, there would be benefit in

examining the factors influencing this hotspot.

Internationally, there has been greater focus on examining the influence of different
farm practices than in Australia. For example, Ripoll-Bosch et al. (2013) compared
the carbon footprint of three sheep production systems of varying degrees of
intensification in Spain, while Jones et al. (2014) compared the carbon footprint of
three typical sheep production systems in the UK before conducting an analysis to
ascertain the key farm practices which influenced the resultant footprints (i.e. ewe
fecundity, concentrate use, growth rate). Toro-Mujica et al. (2017) developed a
comprehensive carbon footprint calculator which enabled the calculation of a range
of simulated sheep production farms along with accompanying analysis to identify the
factors influencing the carbon footprints of these farms (i.e. pasture yield, reproductive
rates). O'Brien et al. (2016) also examined the influence of intensification in sheep
farms in Ireland, finding that differences in pasture quality influence the carbon

footprint. This is also one of the few studies to consider pasture differences.
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By contrast, in Australia, sheep LCA and carbon footprint studies have largely
focussed on benchmarking production (Wiedemann et al., 2015b; Wiedemann et al.,
2016b; Wiedemann et al., 2016c) or analysing methodological issues (Cottle & Cowie,
2016; Eady et al., 2012; Wiedemann et al., 2015a). Whilst Peters et al. (2010) made
comparisons between the carbon footprints of sheep and beef case study farms,
determining that factors such as faster turnoff rate and purchased stock influenced
these differences, these were made on qualitative comparisons of results.
Wiedemann et al. (2016¢) examined the effect of lamb age but only in the context of
wool and on regional average farms. No other Australian study has investigated the
influence of farm practices or mitigation. In addition to this, most studies do not
breakdown the carbon footprint into individual emission sources, rather only in the
context of a production stage such as on-farm or processing (Peters et al., 2010;
Wiedemann et al., 2015b), an emissions type such as methane or nitrous oxide
(Wiedemann et al., 2016b; Wiedemann et al., 2016c), or as a co-product total (Eady
etal., 2012). This makes it difficult to conduct any further interpretation of such studies
or make comparisons. The only studies which presented such results in detail were
Biswas et al. (2010) and Brock et al. (2013), both of which presented emissions across
all sources. However, Biswas et al. (2010) did not consider emissions from the
breeding herd and applied a flat enteric methane conversion factor in line with IPCC
Tier one methodology, while Brock et al. (2013) applied GrassGro output to calculate
the carbon footprint, representing the most comprehensive analysis and presentation
of results of all the Australian sheep studies. These differences further hinder
comparison and highlight the variation in approach across studies. No studies have

examined emissions across livestock classes or intra-annual variations.

Globally, sheep play a vital role economically, culturally and in terms of food security,
alongside their contribution to GHG emissions. Despite this, it is clear through the
review of existing sheep meat production studies, that this is a field requiring further
research attention and has been highlighted by multiple studies (Jones et al., 2014;
Marino et al., 2016; Zervas & Tsiplakou, 2012). In Australia, though the impact of wool
production has received some attention, far less has been directed towards examining
the impact of sheep meat production. There is also a clear gap in research conducted
in south-western Australia. Most Australian sheep LCA and carbon footprint research
thus far have focussed on benchmarking analyses of various sectors within the sheep
industry or analyses of methodological approaches. Whilst these are invaluable
bodies of research, if progress is to me made towards the reduction of emissions in

line with national and international targets, going forward focus must be instead on
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identifying and examining the effectiveness of farm strategies with mitigation potential.
For this to be effective, it needs to be conducted at farm- or local-scale, not at regional

or national levels which mask the diversity of farming systems in Australia.

2.5.3.3 Beef production

The review of beef production LCA and carbon footprint studies highlighted the
diversity which exists between production systems. Despite the inability to directly
compare results, the observed heterogeneity in impacts between the studies can at
least partially be attributed to the range of production systems exhibited. For example,
European and North American beef production typically occurs in more intensive
systems than Australian or South American systems. This reflects the fact that
European and North American cattle must be housed indoors for at least a portion of
the year in these regions and are typically finished in feedlots for considerable periods
prior to sale (Beauchemin et al., 2010; Mogensen et al., 2015; Pelletier et al., 2010).
Such systems are input-, labour- and infrastructure-intensive (Desjardins et al., 2012).
By contrast cattle in Australia and southern America are predominantly produced on
pasture in extensive grazing systems which require low levels of management
(Becona et al., 2014; Dick et al., 2015a; Ridoutt et al., 2011; Wiedemann et al.,
2015c). These exhibited differences are reflected in the distribution of emissions
produced by the respective production systems. For example, manure emissions are
typically a key emission source in more intensive systems, reflective of the
requirement to maintain a liquid manure management system (Crosson et al., 2011).
These systems also typically exhibit a higher contribution of emissions arising from
the production of inputs, reflective of the requirement for large quantities of externally
sourced feed (Ogino et al., 2004; Ogino et al., 2007). By contrast, these emission
sources are typically negligible in extensive production systems, with enteric methane
overwhelmingly the dominant hotspot in the carbon footprint of such systems
(Desjardins et al., 2012).

Internationally, the review of beef cattle studies revealed that investigation of
strategies influencing environmental impact, along with analysis of potential mitigation
strategies, has been a primary driver of studies conducted to date. This is evident in
even the early beef cattle studies, where focus was on investigating the influence of
selected strategies such as finishing period, feedlot ration, turnoff periods and
fecundity (Beauchemin et al., 2011; Casey & Holden, 2006; Lieffering et al., 2011;
Ogino et al.,, 2004; Ogino et al., 2007; Stewart et al., 2009). Others conducted
comparative analyses which examined the impact of different production methods on

the carbon footprint of beef cattle systems (Nguyen et al., 2010; Pelletier et al., 2010;
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Veysset et al., 2010). Though some of these early studies employed methodological
approaches now not recommended for mitigation analysis, such as the use of regional
or average data, Tier one IPCC methodology, or narrower system boundaries, such
as the exclusion of breeding herd emissions, they were important foundational studies
for beef cattle carbon footprint analysis. More recent beef cattle studies have built on
the level of analyses conducted in these earlier studies, for example through the
examination of farm practices influencing the carbon footprint across a suite of
representative case study farms (Bragaglio et al., 2018; Nieto et al., 2018) or
examining the effect of temporal changes (Hyland et al., 2016). A recent carbon
footprint analysis examined the influence of intra-farm emissions distributions through
an approach which considered the heterogeneity of animal performance on an
individual animal scale and considering intra-annual variations (McAuliffe et al., 2018).
This represents a deviation from other studies which typically aggregate results
through the production year or across the herd and aligns with the callings for detailed
farm-level approaches in examining carbon footprint and mitigation strategies going

forward (Rawnsley et al., 2016).

In Australian LCA and carbon footprint studies by contrast, little attention has been
directed towards investigating the mitigation potential of strategies in beef production
systems. Instead, most research conducted to date has focussed on the
benchmarking of beef production or examination for the purpose of hotspot analysis
only. Of the seven Australian beef cattle LCA and carbon footprint studies reviewed,
the primary goals of three were the benchmarking of broadacre beef production and
feedlot beef production in eastern Australia (Ridoutt et al., 2011; Wiedemann et al.,
2016a; Wiedemann et al., 2015c), while another conducted a comparison of the
environmental performance of the national beef industry between 1981 and 2010
(Wiedemann et al., 2015d). The remaining three studies employed detailed case
study records to quantify and compare the impact of specific beef production systems.
For example, Peters et al. (2010) investigated and compared the environmental
impact of a premium export beef supply chain and an organic beef supply chain, both
located in eastern Australia. Similarly, Eady et al. (2011) quantified and compared the
carbon and water footprints of two broadacre beef enterprises in north-eastern
Australia, differing in their primary product, weaners and finished steers, respectively.
Taylor and Eckard (2016) examined the carbon footprint of three beef herds in north-
eastern Australia. Though each study had conducted analyses utilising detailed case
study data, the level of interpretation afforded by each differed. Whilst each of these

studies identified either stages (i.e. feedlot; Peters et al. (2010)), emission sources
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(i.e. breeding herd; Eady et al. (2012)) or specific management practices (i.e. grazing
management; Taylor and Eckard (2016)) influencing the carbon footprint, through the
conducted comparative hotspot analyses, few presented findings beyond this. Taylor
and Eckard (2016) was the only study to conduct an additional layer of analysis, by
modelling the potential impact of alternate herd management strategies on the carbon
footprint of the examined case study farms. Whilst Eady et al. (2012) conducted a
preliminary analysis of the potential influence of carbon sequestration from tree
plantings, along with Peters et al (2010), any discussion of potential abatement

strategies was restricted to qualitative discussions.

The review of beef cattle LCA and carbon footprint studies highlighted that while more
research attention has been directed towards the identification and investigation of
strategies with mitigation potential than for sheep production, it has thus far been more
concentrated in the more intensive systems of Europe and northern America. Whilst
studies centred on extensive beef production in southern America have prioritised
quantitative investigations into improving the carbon efficiency of such systems, in
Australian broadacre systems more focus has instead been directed toward the
benchmarking and primary hotspot analysis of beef production the south-eastern and
north-eastern regions of the country. Furthermore, the inconsistency in the
presentation of assumptions, data sources and results analysis between studies
makes it difficult to draw further interpretation beyond the acknowledged findings of
the study and extrapolate this to comparisons with other conducted or proposed
studies. As for Australian sheep production, there is clearly a lack of LCA or carbon
footprint research dedicated to the quantitative analysis of potential mitigation
strategies applicable to beef production. In addition, to date no beef cattle studies
have been conducted in south-western Australia. Given both the diversity of beef
cattle production systems across Australia and the drive for carbon neutral beef, these

are critical knowledge gaps.

2.5.3.4 Consideration of pasture systems

As one of the primary considerations of the present study was the investigation of the
potential influence of pasture, specifically annual versus perennial pasture systems,
the review of existing LCA and carbon footprint studies set out to ascertain the level

of prior research attention that has been directed towards such investigations.

Internationally, consideration of pasture has primarily focussed on the comparison of
grass- and concentrate-based production methods (Casey & Holden, 2006; Pelletier
et al., 2010; Foley et al., 2011; Capper et al., 2012; Ogino et al., 2016; Bragaglio et
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al., 2018). In line with the constraints of the IPCC Tier two methodologies as described
in Section 2.5.2, it follows that perhaps analyses were restricted to examination of
only pasture versus concentrate because methane conversion factors are only
available for each, preventing further breakdowns within pasture types. More recently,
the depth of analyses has expanded to the comparison of degraded, unmanaged and
improved pastures, primarily in southern American extensive systems. The recent
focus on different pasture systems in the region likely reflects the strong economic
contribution of the livestock sectors, particularly beef, driving the advancement of
methodologies to enable such analyses, either through specific methane conversion
factors (Modernel et al., 2013; Ruviaro et al., 2015; Nieto et al., 2018) or the
development of empirical, stochastic whole-farm models (Toro-Mujica et al.,2017).
One study (de Figueiredo et al., 2017) however, employed flat enteric methane
conversion rates, despite a research goal of comparing different pasture systems,
while another (Dick et al., 2015) did not identify the specific methane conversion
factors adopted, highlighting the importance of considering adopted methodology in
the interpretation of results. In addition to these southern American studies, a recent
UK study examined the intra-annual variations of pasture quality through the
integration of fortnightly measurements into carbon footprint analyses, the only
international study examined to make such intra-annual and comprehensive
calculations (McAuliffe et al., 2018). No international study examined however, has
assessed perennial versus perennial pasture systems in the context of an LCA or

carbon footprint analysis.

In Australia, no LCA or carbon footprint study conducted to-date has considered the
potential influence of pasture, whether it be in the context of overall attributes or as a
comparison between annual and perennial systems. Enteric methane production, the
primary hotspot of all the reviewed studies, is determined by feed intake, which in turn
is a function of livestock physical and physiological characteristics along with the
attributes of the pasture or feed consumed by that animal (DISER, 2020b). Whilst
most of the studies provided detailed explanations regarding the assumptions and
data sources behind livestock characteristics, in few instances was such information
provided for the feed attributes applied in the emission calculations. In fact, of all the
Australian studies considered, only Brock et al. (2013) considered detailed pasture
data specific to the case study farm, applying farm-specific daily time-step GrassGro
modelled annual pasture data. They were also the only study to present details of the
pasture attributes applied. Most other studies have applied seasonal state average
pasture data obtained from the NIR (DISER, 2020b). This data does not distinguish
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between perennial or annual pasture, the influence of grazing management on
pasture, or the diversity in pasture attributes evident across farms or even regions
(DISER, 2020Db).

Whilst the adoption of seasonal state average pasture data may be deemed suitable
for studies which are conducting benchmarking analyses using state averages for
other calculation data, the appropriateness when conducting analyses using farm-
specific or regional averages for other data sources must be questioned given the
potential impact on final hotspot results. For example, the NIR states that, for beef
cattle, pasture dry matter digestibility (DMD) and crude protein (CP) content in
summer and autumn in southern WA is between 58-50% and 7-10%, respectively. By
contrast, validated modelled mixed annual: perennial grass pasture in the same
region for the same period yielded DMD of between 67-68% and CP content of 13-
14% (Thomas et al., 2012). Similarly, field observations throughout southern WA
found that the average DMD and CP of various perennial grass species during the
non-growing season ranged from 63-68% and 12-15%, respectively, whilst the
attributed for annual species ranged from 44-52% and 5-9%, respectively (Moore et
al., 2009b). This diversity is not captured in the adoption of average data. In fact,
Brock et al. (2013) examined the influence of different calculation methods and data
sources on calculated enteric methane output, finding that the NIR averages
underestimated methane output by 16% as opposed to when farm-specific seasonal
pasture data was applied. In both instances only annual pasture was considered. It
follows that the magnitude of such differences could be greater if the farm-specific
data considered perennial pasture, which can make use of out-of-season rainfall to
continue to provide quality feed through the dry season (Descheemaeker et al., 2014;
Monjardino et al., 2014). Clearly there is a gap in current LCA and carbon footprint
research regarding the consideration of pasture data and the consideration of pasture
system differences. The push for farm-level analyses and examination of mitigation
strategies should be accompanied by a concurrent improvement in the accuracy of

pasture and feed data, the primary influences of animal emission hotspots

There are, however, a number of Australian whole-farm system studies, which have
considered the influence of pasture on emissions. Whilst not considered LCAs or
carbon footprints due to the exclusion of certain emission sources, they predominantly
conducted these analyses through biophysical modelling. These studies examined
the impact of improved pasture quality and grazing management through the
introduction of legumes (Cottle et al., 2016), comparisons of different pasture swards

(Harrison et al., 2014a), the introduction of pasture species with enteric methane-
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inhibiting properties (Doran-Browne et al., 2015), consideration of perennials grasses
(Bell et al., 2012a; Thomas et al., 2012) and the consideration of perennial shrubs
(Harrison et al., 2016; Harrison et al., 2015; Taylor et al., 2016). Whilst these studies
did not follow the LCA principles adopted in the present study, they were critical in
informing the methodological approach of the study in the context of pasture

considerations.

2.6 Mitigating emissions in livestock production systems

The previous Sections outlined that widespread mitigation through the southern
Australian livestock sector is required if emissions reduction targets are to be met.
However, multiple barriers to the uptake of mitigation have hampered such progress
(Herrero et al., 2015; Kragt et al., 2017), including;

- Economic or productivity implications

- High costs of implementation

- Accessibility by farmers

- Farmer uncertainty regarding potential benefits; and

- Lack of policy incentives and low returns from carbon prices.

Reducing the carbon footprint of a farming enterprise is in most cases considered
secondary to the primary motivators of productivity and profitability. As such, the most
promising strategies for adoption by livestock producers are those which also improve
productivity (Hyland et al., 2016; Nieto et al., 2018). As productivity is typically
examined at a whole-farm scale, it follows that the most appropriate method for
assessing a strategy for mitigation is also at farm-scale, enabling the capture of all
interactions between farm components (Rawnsley et al., 2016). In addition to this, just
as livestock production systems are incredibly diverse in their individual
characteristics and employed management practices, there will be no one size that
fits all when it comes to mitigation. The actual impact of strategies will be farm-specific
and the best approaches are those which consider this through locally and regionally

appropriate analyses based on local research.

2.6.1 Opportunities for mitigation

There is a plethora of studies which have reviewed in detail the mitigation strategies
available for ruminant production systems (Beauchemin et al., 2020; Eckard et al.,
2010; Eckard & Clark, 2020b; Henry et al., 2012; Herrero et al., 2016; Hristov et al.,
2013a; Hristov et al., 2013b; Leahy et al., 2019). It is not the purpose of this Section

to repeat the findings of these reviews, specific strategies are examined in later
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Chapters, but rather to highlight promising mitigation pathways in the context of what

has been outlined above.

Investigation into the most appropriate mitigation strategies in livestock production
has primarily centred in the reduction of methane and nitrous oxide emissions,
particularly those arising from livestock. In the context of broadacre livestock systems,
such strategies typically fall into two key categories; animal management and grazing
management. In most cases, these strategies act to reduce emissions by one of two
paths, a direct reduction of emissions or an indirect reduction of emissions through

improved productivity.

The first pathway, the direct reduction of emissions, typically occurs through practices
such dietary supplementation, rumen modifiers and breeding for low-emitting
livestock (Eckard & Clark, 2020b). Whilst such technologies have demonstrated
potential in the reduction of emissions, many are typically suited to intensive systems,
are not currently accessible to producers for economic or feasibility reasons and
require further research investment before their promotion for widespread adoption
(Zervas et al., 2012; Beauchemin et al., 2020). To-date, research into these strategies
has been concentrated at a component level, however some analyses have been
conducted at whole-farm scales, with mixed results. For example, Harrison et al
(2016) examined the impact of nitrate supplementation on broadacre beef production
in northern Australia, finding that whilst El reduced by 4%, farm productivity remained
unchanged while farm gross margins increased by 37%. Similarly, while dietary
supplements can reduce animal emissions, on a whole-farm scale they do not
necessary reduce El as increased pre-farm emissions, along with potential negative
implications of the supplement on production, may offset such reductions (Williams et
al., 2014). While genetic improvements such as traits for fecundity, methane yield and
feed conversion efficiency demonstrate potential in reducing modelled Els, many are
not yet commercially available in Australia and interactions with other animal
characteristics are yet unknown (Alcock & Hegarty, 2011a; Alcock et al., 2015;
Harrison et al., 2014b). For example, the effect of breeding for low methane emitting
livestock has unknown impacts on other parameters such as meat quality. While
technologies which operate through a direct reduction of emissions are promising on
a component level, their performance at whole-farm scales are mixed, and at present
they often do not provide the co-economic and productivity benefits that drive on-farm

adoption.

The second mitigation pathway in livestock systems, the indirect reduction of

emissions through improvements in the efficiency with which liveweight is produced,
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often provides concurrent economic and productivity benefits for the system .(Herrero
et al., 2015). Because of these co-benefits, they are more likely to align with farmer
motivators and thus have increased potential for uptake by producers in the shorter-
term. As such these mitigation strategies, typically occurring through increased
reproductive or feed conversion efficiencies, have been the focus of more LCA and

carbon footprint analyses than strategies operating through the first pathway.

Mitigation through improved reproductive efficiencies occurs through a shift in
emissions away from breeding livestock to livestock produced for sale. In doing so, it
increases the quantity of emissions that are offset by saleable liveweight production.
Strategies to increase reproductive efficiencies have been found to reduce the carbon
footprint of livestock production internationally. Such strategies include increased
fecundity, increased weaning rates, breeding animal longevity and reducing joining
ages (Ledgard et al., 2010; Beauchemin et al., 2011; Lieffering et al., 2011; Becofia
et al., 2014; Jones et al., 2014; Dick et al., 2015; Toro-Mujica et al.; 2017; Dougherty
et al., 2018; Nieto et al., 2018). In Australia, while no carbon footprint or LCA studies
have explicitly examined the impact of such strategies, it has been the focus of
numerous whole-farm studies typically through the biophysical and economic
modelling of simulated production systems (Alcock & Hegarty, 2011a; Alcock et al.,
2015; Browne et al., 2015; Browne et al., 2011; Cullen et al., 2016; Harrison et al.,
2014a; Harrison et al., 2016; Harrison et al., 2014b). These strategies are explored

further in later Chapters.

Mitigation through improved feed conversion typically operates through higher growth
rates and turnoff rates resulting from improved feed quality and grazing management.
Improvements in pasture quality and grazing management were the focus of Section
2.5.3.4. Intensification through increased concentrates in diets and increased feedlot
finishing periods are another recommended mitigation strategy through improved diet
quality. This strategy has received the most attention by international LCA and carbon
footprint studies (Nguyen et al., 2010; Beauchemin et al., 2011; Foley et al., 2011;
Pelletier et al., 2011; Ogino et al., 2016; Bragaglio et al., 2018) and has been found
to be effective in the reduction of the El of livestock production. Whilst Australia has
observed an increase in commercial feedlot finishing (Wiedemann et al., 2016a),
unlike international systems where livestock production is typically more intensive,
increased commercial grain-finishing may have limited potential in Australia where
there is a greater dependence on broadacre livestock production. In addition to this,
consideration must be directed to other impacts associated with such intensification,

such as increased arable land requirements for feed crop production (Wiedemann et
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al.,, 2016a), increased emissions from the production and transportation of the
additional grain (O'Brien et al., 2016), and that the increased allocation of grain to
livestock production can divert supply from human consumption as opposed to
livestock on pasture which has no feed value to humans (Desjardins et al., 2012).
Despite this, there may be opportunities for smaller scale, on-farm targeted feedlot
finishing of Australian livestock in conjunction with improved herd/flock productivity
(Alcock & Hegarty, 2011a; Cottle et al., 2016; Harrison et al., 2014a).

A third, less explored option for mitigation, is the offset potential of increased soil
carbon through sequestration and improved farm management. Agricultural soils are
important stores for carbon (Soussana et al., 2010) and this has been promoted as a
promising option to mitigate emissions (Lal, 2004; Lal et al., 2007). In Australia
however, the results of the sequestration potential of pasture are mixed (Chan et al.,
2010; Lam et al., 2013; Meyer et al., 2016; Sanderman et al., 2013; Wilson et al.,
2011) and inclusion in whole-farm analyses limited to-date because of the high
uncertainties associated with methodological approaches, understanding of the long-
term persistence of sequestration, and regionally-relevant data availability. Driven by
its inclusion as an ERF-recognised abatement strategy, more attention has been
directed towards investigating whole-farm abatement potential of tree planting. Whilst
reforestation and afforestation can offset whole-farm emissions, at current carbon
prices the strategy is economically unfeasible for producers (Doran-Browne et al.,
2017; Doran-Browne et al., 2016; Mayberry et al., 2019). Whole-farm studies such as
these and others (Henry et al., 2015a; Henry et al., 2015b), recommend caution when
calculating the impact of and recommending such sequestration strategies and clearly
further research and policy investment needs to be directed towards improving its

potential as a mitigation option.

Reducing the carbon footprint of livestock enterprises by improving the efficiency of
liveweight production is a promising option for mitigation. In the context of on-farm
adoption, such strategies can overcome the prevailing barriers to on-farm adoption
as they can be accompanied by concurrent economic and productivity benefits, are
accessible by producers in the short-term, and importantly, have demonstrated
uptake and success by other producers. International studies which have examined
the factors influencing the carbon footprint of case study farms found in all cases,
farms with lower footprints employed either improved reproductive, feed conversion
or grazing management strategies, or a combination of the three (Becona et al., 2014;
Jones et al., 2014; Veysset et al., 2014; Toro-Mujica et al., 2017; Nieto et al., 2018).
These studies also highlight the opportunities for mitigation through the adoption of
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strategies with productivity benefits. In fact, it is estimated that widespread adoption
of such strategies could reduce emissions from the global livestock sector by 30%
(Gerber et al., 2013). Whilst many whole-farm studies examine mitigation potential on
modelled farming systems and present options for adoption based on these
simulations, the exhibited variation in farm characteristics, practices and resultant
carbon footprints across case study farms emphasise the importance of conducting
analyses which consider that carbon footprints and thus the effect of mitigation

strategies will be farm-specific.

2.7 Conclusion

This Chapter explored the challenges facing the international and southern Australian
livestock industries. Uptake of mitigation strategies by producers has been slow,
hampered by inconsistent and ineffective policies, a lack of cost-effective strategies
for uptake and uncertainty regarding such strategies. Overcoming these barriers is
essential if emissions reduction targets are to be met and farmers progress towards

enhanced resilience in the face of climate change and other risk factors.

There is opportunity for the adoption of strategies with both productivity and mitigation
benefits, however the effect of such strategies will be farm-specific. Farm-specific,
whole-farm system carbon footprint analyses are promising options for the
examination of the carbon footprints livestock enterprises and targeted identification
of strategies with mitigation potential. Despite this, while considerable effort in
Australia has been directed toward benchmarking the carbon footprint of livestock and
the investigation of associated methodological approaches, there remains a distinct
gap in research conducted in south-western Australia, in farm-scale carbon footprints
and in the investigation of practices which influence these footprints, such as animal
and grazing management. Furthermore, there is a need to develop approaches which
conduct in-depth, intra-farm carbon footprint analyses of livestock production systems

to enable such farm-specific and targeted assessments.
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3 METHODOLOGY

3.1 Introduction

The previous Chapter highlighted multiple gaps in existing livestock carbon footprint
research, including a lack of intra-farm analyses, consideration of the influence of
different pasture systems and widespread investigation into strategies with mitigation
potential. It also highlighted the lack of farm-level carbon footprint research pertinent
to livestock production in south-western Australian. From a methodological
perspective the review demonstrated a need for research that integrates farm-specific
data with detailed carbon footprint analyses to consider intra-farm scale analyses and

application of potential mitigation strategies.

This Chapter outlines the methodological approach developed to address these gaps
and achieve the goal of the present study. There are seven identified stages (Figure

3.1), each addressing one or more of the research objectives of this study.

Objective one - Develop a comprehensive tool that allows the calculation of the carbon
footprint of sheep and beef cattle enterprises and examination of ensuing mitigation

strategies.
And;

Objective two - Quantify the carbon footprint of livestock production systems in south-

western Australia, with focus on perennial versus annual pasture systems.

Stages one to four: Following LCA guidelines, the study goal and scope were
established to inform the methodological approach. In particular, the development of
two carbon footprint calculators, tailored to sheep and beef cattle respectively. The
calculators are referred to as “Frameworks” for the remainder of this thesis. These
Frameworks were developed to address the specific objectives of this study. For
example, they enabled the integration of livestock, pasture, crop and feedlot
subsystems, permitted monthly calculations and the capture of the characteristics of
farm-specific livestock classes. This meant that the biophysical model GrassGro could
be employed to give a more tailored estimate of emissions from specific locations.
Importantly, it also enabled a detailed examination of practices influencing the carbon
footprint of a livestock production system and the mitigation potential of other

practices. See Sections 3.3 and 3.4 for further detail.
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Objective three - Examine the mitigation potential of identified strategies on the carbon
footprint of livestock production systems and provide regionally appropriate

recommendations for application.

Stages five and six: Using the results obtained in the previous stages of this study,
the potential of selected practices to mitigate the carbon footprint of the livestock
farming systems was examined. Examined practices were selected based on a

number of criteria, including productivity, profitability and ease of adoption on farm.

Following these analyses, stage seven involved the provision of recommended
strategies for potential application in livestock production systems in south-western

Australia. Section 3.5 outlines this in greater detail.

3.2 An integrated approach to whole-farm carbon footprint
analysis

In the review conducted in Chapter Two, the necessity for an integrated approach

when conducting whole-farm system analyses was highlighted. Furthermore, it unified

the call for farm-level analyses when examining potential mitigation strategies. At the

inception of this research, it became obvious that the only way to address the study

objectives was to adopt such an approach. This Section briefly outlines the rationale

behind the integrated approach adopted in this study.
The three essential components of the study objectives were the;

- analysis of livestock production systems in south-western Australia
- differentiation between the impact of annual and perennial pasture systems
on the carbon footprint of livestock production; and

- examination of the impact of potential mitigation studies.

Though the study always intended to follow an LCA approach, it became clear that to
successfully complete the above components, a dedicated carbon footprint calculator
would have to be developed. This was because existing Australian calculators and
biophysical models did not permit one or more of the following, all of which were

deemed necessary to complete the study objectives.

- Monthly calculations

- Examination of multiple feedbases (i.e. pasture, crop stubble, feedlot)

- Calculation of individual dietary components (i.e. pasture vs supplement)

- Differentiation between physiological status of a stock class (i.e. growing vs
maintenance, dry vs lactating)

- Integration of livestock, pasture, crop and feedlot systems in a farming system
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- Calculation of pre-farm emissions (i.e. input production and transportation)

- Adoption of the 2018 Australian National Inventory Report (NIR) methodology
(DISER, 2020b) for calculating emissions in accordance with IPCC guidelines
(IPCC, 2006)

The requirement for monthly calculations can be applied as an example to
demonstrate the importance of the above factors. Seasonal or annual calculations are
insufficient where the relative performance of pastures is required. Annual growth
patterns and nutritive attributes vary considerably over a production year and between
pasture species. Such differences will have flow-on effects to other components of
the farming system, including livestock productivity and emissions output. Annual and
seasonal calculations mask these differences. For example, pasture growing seasons
do not always align with the traditionally defined starting or end months of a season.
Growing seasons differ across regions or pastures and so conducting seasonal
calculations which do not align with the respective growing months can skew results.
Monthly calculations also allow the impact of farm practices to be examined, such as
time of lambing. As such, in this study monthly calculations were required to examine
differences between pasture systems, the employed management practices and the

effect of potential mitigation strategies.

Existing Australian GHG calculators calculate emissions on seasonal or annual time-
steps with limited flexibility with regards to the differentiation between feedbases and
stock classes. For example, the considered calculators did not permit the examination
of more than one feedbase (i.e. pasture, crop stubble) on an enterprise
simultaneously and or the calculation of multiple dietary components (i.e. pasture vs
supplementary feed). This made it difficult to make comparisons between different
pastures or to model the effects of rotational grazing across feedbases. The inability
of these calculators to quantify supplementary feed requirements, a performance
indicator of a feedbase, prevented the calculation of revised animal emissions where
supplementary feed was provided alongside pasture, for example. It also made it
difficult to examine the effect of implementing of a potential mitigation strategy and
the calculation of emissions associated with the production and transportation of

supplementary feed.

While biophysical models such as GrassGro do enable monthly calculations, they are
limited in terms of the feedbases they can model. They also calculate animal
emissions only, omitting other emission sources such as soil and pre-farm, and thus
cannot undertake a full carbon footprint analysis. Animal emissions are also

calculated using different approaches to those recommended by the 2018 NIR.
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Given the above considerations, it was decided to develop whole-farm carbon
footprint calculators for sheep and beef cattle. Whilst GrassGro was unsuitable for the
purpose of conducting the carbon footprint analyses, its ability to capture the complex
interactions between climate, soil, pasture and livestock, meant that it could provide
farm-specific modelled monthly pasture data which could be integrated into the
calculators. This integrated approach permitted detailed carbon footprint analyses of
livestock production systems, considering multiple pasture systems and the

examination of potential mitigation strategies.

3.3 Development of a whole-farm carbon footprint framework

This Section outlines the steps undertaken to develop the sheep and beef cattle

carbon footprint Frameworks adopted in this study.

To conduct the carbon footprint analyses in this study, LCA methodology was
followed. While a carbon footprint examines one environmental impact category, GHG
emissions, LCAs consider multiple impact categories. Despite this difference, the
approach is fundamentally the same, guided by sets of core standards (ISO, 2006a,
2006b, 2018). These standards separate the approach into four phases. Each phase

is reflected in the methodology outlined in the following Sections of this Chapter.

1. Goal and scope definition (Sections 3.3.1-3.3.2)
2. Inventory analysis (Sections 3.3.3-3.3.4)
3. Life cycle impact assessment (Sections 3.3.5-3.3.6)

4. Interpretation (Section 3.3.7)

Following this, Sections 3.4-3.5 of this Chapter outline the additional tasks conducted

to enable the successful completion of the above four phases.

3.3.1 Goal

The goal of the carbon footprint analyses conducted in this study was to investigate
the whole-farm carbon footprint of livestock production systems in south-western
Australia and to identify strategies which have potential to reduce the footprint of such

systems. Specifically to;

- Develop a comprehensive tool which allows the calculation of the GHG
emissions produced by a sheep or beef cattle enterprise and the analysis of
potential mitigation strategies

- Quantify the carbon footprint of livestock enterprises located in major farming
regions in south-western Australia, including an analysis of the impact of

different pasture systems; and
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- Investigate the mitigation potential of selected strategies as applied to the

considered enterprises.

The functional unit (FU) adopted in this study was kilograms of saleable liveweight at
the farm gate. The results of the carbon footprint analyses were presented as carbon

dioxide equivalent per kilogram of liveweight produced for sale (kg CO2-e/kg LW).

Following the approach of other carbon footprint studies, as described in Chapter
Two, this FU is also referred to as “emissions intensity” (El) and serves as a measure

of comparison between and within the examined livestock production systems.

To address the goal and objectives of this study, first and foremost the standards
outlined in ISO 14044 and ISO 14067 were adhered to. As a good practice guide for
the carbon footprint calculation of livestock systems, LEAP (LEAP, 2015b, 2016) was
also followed where appropriate and has been cited accordingly. Where decisions

were also guided by other sources, these are specified separately.

3.3.2 Scope

This study conducted “cradle-to-gate” carbon footprint analyses of sheep or beef
cattle production. As a carbon footprint analysis, one environmental impact category,

“GHG emissions”, was considered.

Total GHG emissions produced on a livestock production system over a period of 12
months, a calendar year, were calculated using multi-year averaged data obtained
directly from the farm or from secondary sources such as GrassGro modelled output.
Each carbon footprint considered the GHG emissions associated with the production

saleable liveweight, from resource extraction to the farm-gate.

Some of the livestock production systems examined in the present study produced
co-products alongside the production of liveweight for meat (i.e. mixed crop-livestock
enterprises, wool production). It was necessary to allocate the calculated whole-farm
emissions between these co-products before examining the carbon footprint of

saleable liveweight production. Section 3.3.6 details the specific approach adopted.

3.3.2.1 System boundaries

The system boundary of this study included the inputs and associated emissions
resulting from all upstream and on-farm processes and required inputs associated
with the production of liveweight sold at the farm gate (Figure 3.2). These can be

separated into pre-farm and on-farm processes.
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3.3.2.1.1 Pre-farm processes

The pre-farm processes considered in this study include the production and

transportation of all externally sourced inputs used on-farm including;

lime and chemicals such as pesticides, herbicides and fertilisers applied to
pasture and feed crops

veterinary products such as drenches and vaccinations

on-farm machinery such as tractors and spraying implements

fuel used during on-farm operations

seed or seedlings used to sow pasture or supplementary feed crops; and

purchased supplementary feed such as molasses, mineral licks and grain.

Pre-farm emissions arose primarily from the manufacture of these inputs and their

transportation to the farm. The methodologies adopted to calculate these emissions

are detailed in Section 3.3.4.5. Notable pre-farm assumptions applied in this study are

outlined below.

Where income crops, that is crops produced for off-farm sale, were also
produced in an enterprise, the emissions associated with the production and
transportation of inputs specific to these crops were excluded.

In the case of the sheep enterprises, emissions resulting from the production
and transportation of inputs used specifically for wool production were
excluded.

Following other studies, the packaging of inputs was excluded in line with its
to its minor contribution (Brock et al., 2013).

Emissions associated with on-farm buildings were excluded, following the
approach of other studies and acknowledging the difficulty in quantifying such
inputs (Foley et al., 2011; Jones et al., 2014; O'Brien et al., 2016; Ridoutt et
al., 2011; Wiedemann et al., 2016b).

Where emission factors (EFs) for inputs were unavailable, EFs from
comparable products were applied. The contribution to the overall farm
emissions of livestock production systems by these inputs is typically minor
and as such the substitution of surrogate data from similar products was

determined to have a minor influence on the final results.
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3.3.2.1.2 On-farm processes

The on-farm processes considered within the system boundaries included;

pasture and supplementary feed crop production; and
livestock production, including the breeding flock/herd, purchased stock; and

agisted/backgrounded stock on pasture, crop stubble and within the feedlot.

Multiple emissions were produced during these on-farm processes, including;

carbon dioxide emissions produced through the on-farm combustion of fuel
during on-farm machinery operation and following the application of either
lime, dolomite, or urea fertiliser to soil

methane emissions were produced directly through enteric fermentation and
indirectly from animal manure

direct nitrous oxide emissions from soil following the application of nitrogen
(N) fertilisers, animal excreta and the decomposition of crop and pasture
residues; and

indirect nitrous oxide emissions from the leaching and runoff of N from soil and

through atmospheric deposition following the volatilisation of N applied to soil.

Notable on-farm assumptions applied in the present study are outlined below.

Emissions associated with the production of income crops were excluded,
including all emissions arising from machinery operation and chemical

application, along with soil emissions.

Emissions from the production of crops purpose-grown to provide on-farm
supplementary feed were included. This was because the product produced
(i.e. grain and hay) could be attributed entirely to livestock, the focal product

of the carbon footprint analysis.

Where livestock grazed crop stubble, the animal emissions produced during
the period grazed, such as enteric methane and nitrous oxide from excreta,

were considered within the system boundaries of the study.

The inputs and processes associated with the production of purchased or
agistment livestock were only considered once the stock entered the farm.
Inputs and emissions from the production of the stock prior to this were
excluded in acknowledgement of the difficulties encountered when collating
such detailed upstream data. Most studies do not explicitly state how or
whether they have considered the pre-farm emissions associated with
purchased or brought in livestock (Hyland et al., 2016; Wiedemann et al.,
2016b; Dougherty et al., 2018; Nieto et al., 2018; Bragaglio et al., 2018, for
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example). Only three of the studies reviewed for this thesis acknowledged this
emission contribution. The first, an Australian red meat LCA study, made the
assumption to exclude this emission source, citing the same reasons as this
present project (Peters et al., 2010). The second, an Australian benchmarking
study (Wiedemann et al., 2016a), included the pre-farm contribution of
Queensland cattle to feedlot finishing, however they drew these values from a
previous benchmarking paper published by the same author which quantified
the farm stage impacts of cattle production in the same region. (Eady et al.,
2011) also considered the pre-farm contribution of purchased cattle, with the
quantified impact cited to be sourced from an LCI generated by the author’s
research organisation. No further detail was provided to enable further context
regarding the specifics of this obtained impact. In practice, the quantification
of the pre-farm contribution of purchased or brought in cattle requires a carbon
footprint analysis of that upstream stage, another farm. This would require
another study with scope similar to the present study, centric to cattle
production in northern WA. As this is outside the reasonable expectation of
the present study it has been excluded, but however warrants further

investigation for future carbon footprint analyses of livestock systems.

The GHG emissions associated with land use (LU, i.e. soil sequestration) and
direct land use change (dLUC, i.e. C change following conversion of land use
type) were not included in this study due to scope and data availability
constraints. As discussed in Chapter Two, these emission sinks and sources
are often omitted, due to a lack of appropriate and relevant data at both
regionalised and finer scales, along with the many uncertainties which
coincide with the calculation of these emissions. The few Australian studies
which do consider dLUC conducted analyses at state or regional scales,
utilising regional standardised datasets (Henry et al., 2015a; Wiedemann et
al.,, 2015d). These studies acknowledged the considerable uncertainty
inherent in their results and recommended caution in their interpretation given
the lack of available data in a spatially and temporally disaggregated format.
A unified call has been made for comprehensive and transparent data at a
finer resolution, particularly with regards to soil carbon fluxes associated with
both LU and dLUC, in order to provide confidence in quantified impacts (LEAP,
2015b). Translating such results to farm-scale is not possible at present.
However, Chapter Six explores the potential impact of C sequestration from
LU using data sourced from literature.

Emissions associated with on-farm electricity use were excluded. Common

71



sources of on-farm electricity use include; water irrigation, livestock housing,
milking and shearing (LEAP, 2015b). Of these, the only source applicable to
the enterprises assessed in this study was that from shearing. However, as
emissions from wool were excluded this data was not included in the inventory.
According to LEAP (2015b) other, more significant, contributions from
electricity occur in stages further down the supply chain, such as meat
processing. As these stages fell outside the system boundary of the present

study, these emissions were excluded.

- Fuel usage from on-farm machinery operation was included for both farm-
owned machinery and contractors involved in on-farm activities (LEAP,
2015b).

3.3.3 Farm selection and data collection

3.3.3.1 Case study farms

Case study farms were selected on the basis that their participation would enable a
range of livestock enterprises to be represented. The following factors were

considered during the selection process:

- Location (within key agricultural zones in south-western Australia)
- Annual rainfall (low, medium and high rainfall zones)

- Enterprise type (sheep, beef, mixed system)

- Pasture species (annuals, perennial grasses, perennial shrubs)

- Availability of farm records

Each selected case study farm maintained a perennial pasture component within their
pasture system which enabled the study to investigate the potential impact of
perennials on the carbon footprint of broadacre livestock systems. The establishment
of perennials in each system meant that, in some instances, the farms were able to
adopt some productivity-enhancing practices, enabled by the increased productivity
of maintaining perennial pasture (explored in later Chapters). This, in some instances,
set them apart from some of the approaches of more traditional annual pasture
dominant livestock production systems in the region. In the present study, it enabled

close examination of the impact of such practices on the carbon footprint.

In total, four case study farms, located in the Northern Agricultural Region (NAR), the
Wheatbelt and the Great Southern were analysed. Six farms were initially selected;
Lancelin, Dongara, Moora, Wickepin, Bremer Bay and Manypeaks, each denoted by
the town they were in closest proximity to. These farmers were recommended by

various contacts made in the beginning months of the research. However, two farms
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were omitted during the process of the study; Moora and Manypeaks. Moora was
eliminated in the first year of the study as the farmer sold the farm. In the third year of
the project, Manypeaks was also removed due to study workload constraints and data
availability issues. ldeally, to obtain a more representative range of sites, it would
have been desirable to include these two farms. However, the scope of the project
was already substantial and it was determined that the existing farms enabled
sufficient analyses to address the study objectives. The carbon footprint Frameworks

provide opportunity for further locations to be modelled into the future.
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Figure 3.3 - Locations of each case study farm in south-western Australia
(locations are approximate)

3.3.3.2 Primary sources of data

The primary sources of data for this study were the participant farmers. Every possible
attempt was made to incorporate as much of the data provided by the farmer and as
accurately as the Frameworks would permit. In some cases, primary data was also
obtained from external organisations, such as DPIRD or universities, who had

conducted on-farm trials and collected information relevant specific to the property.

3.3.3.2.1 Questionnaire development

Two farmer-orientated questionnaires were developed in the opening months of
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research; one tailored to sheep production and another tailored to beef cattle
production (Appendix B). The purpose of these questionnaires was to obtain sufficient
information to calculate the carbon footprint of each case study farm. The information

collected included;

- property information (location, soil type, rainfall)

- pasture information (species, area, seeding rates)

- crop information (varieties, area, seeding rates)

- livestock information (stock numbers, liveweights, breeding information)
- grazing management

- production calendars

- chemical use (animal, pasture and crop); and

- machinery operation.

Each participant farmer was emailed a questionnaire to complete prior to any farm

visits and interviews.

3.3.3.2.2 Ethics approval and consent forms
Ethics approval for this project was granted by the Curtin University Human Research
Ethics Committee in 2014. The research was considered “low risk” as participant

involvement was restricted to surveys, interviews, verbal and written communications.

Prior to commencing data collection, all participants were required to