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The authors advise that on page 500, there were two transcription errors in the reporting of equivalent liveweight impacts
in the study.

The correct text is as follows:

Sentence one of paragraph two should read, ‘On liveweight basis, per kilogram, impacts in this study were
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values fell at the lower bound of the range reported for Serbian production (Skunca et al. 2018) and were lower than the
reported value for Japanese production (Ogino et al. 2021)’.
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ABSTRACT

Context. Steadily increasing consumption of chicken meat (Australia’s most consumed meat
protein) has resulted in expanded production. With societal expectations that industries
improve sustainability, understanding baseline impacts is vital. Aims. This study determined
carbon footprint (kg CO,-e), fossil energy (M]), fresh water consumption (L), stress (L H,O-¢)
and scarcity (m3), and land-occupation (m?) impacts for conventional (C) and free-range (FR)
production systems, identified hotspots and the implications of changes in production over the
past decade, to establish targets for future improvement. Methods. In the largest study of
its kind, attributional life-cycle assessment with data collected for ~50% of birds processed
was used, reporting impacts per kilogram of the typical market mix of chicken products, and
boneless chicken. Uncertainty was assessed through Monte Carlo analysis, and results are
presented as the means and standard deviation. Key results. Slightly lower impacts per kilogram
of chicken meat product were observed for C production (2.1 + 0.03 kg CO,-¢, 18.0 + 0.3 MJ,
178.6 +22.4L,and 10.2 + 0.1 m?) than for FR (2.2 + 0.03 kg CO,-e, 18.5 +0.3 MJ, 189.6 +24.6 L,
and 10.6 + 0.1 m?). Feed production was the major hotspot, followed by grow-out and meat
processing. Land use (LU) and direct land use-change (dLUC) impacts associated with imported
soymeal added 1.7 + 0.3 and 1.8 + 0.3 kg CO,-e to C and FR respectively. FR carbon footprint
and land occupation were significantly (P < 0.05) higher. Since 2010, fossil energy, arable land,
and greenhouse-gas emissions have declined. One countertrend was LU and dLUC emissions,
which increased due to changed soy imports, resulting in a slightly higher C carbon footprint.
Conclusions. Multi-indicator analysis is fundamental to understanding, communicating, and
improving performance, and distinguishing between short-term fluctuations and long-term
trends. Since 2010, feed-production impacts have increased (due to imported soymeal in poultry
diets), indicating that alternative feed protein sources are a priority. Efficiency improvements
reduced per-kilogram impacts across other indicators, demonstrating a positive trend in
producing more food from fewer inputs. Implications. Australian chicken meat is a low-impact
animal protein. Future improvements require alternative feed proteins, technology adoption
and practice change to maintain or reduce impacts as production expands alongside consumer
demand.

Keywords: carbon footprint, chicken meat, energy, greenhouse gases, land use change, life cycle
assessment, sustainability indicators, sustainable agriculture, water stress.

Introduction

The environmental sustainability of industries and food products has become a key focus for
consumers and governments worldwide. Sustainability covers a broad range of topics, from
the purely environmental to socio-economic issues (WCED 1987). This is reflected in how,
although climate action is the most prominent sustainability issue, energy, water and land
are also priorities in Australian life-cycle assessment (LCA) of agri-food products (Harris
and Narayanaswamy 2009).

LCAs of chicken meat have, in multiple regions of the world, found that it is a low-impact
meat product (see Williams et al. 2006; Lesschen et al. 2011; Leinonen et al. 2012;
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Clune et al. 2017). For Australian production, Wiedemann
et al. (2017) reported greenhouse-gas (GHG) impacts that
were similar or slightly lower than those for chicken meat
overseas, with the majority of impacts arising from feed
production, meat processing and the grow-out phase for the
birds. The study used data from 2008-2009 and covered
two major supply chains but omitted some major production
regions and was therefore incomplete as a baseline for the
industry. Shifts in production region, productivity and feed
sources over the subsequent decade are expected to have
changed the environmental footprint of chicken meat,
and further insight is needed to understand change over
time before considering potential reduction targets into the
future.

In 2021, the Australian Government made a commitment
to deliver net-zero economy-wide emissions by 2050. The
pathway, outlined in Australia’s Long-Term Emissions
Reduction Plan (LTERP; Commonwealth of Australia 2021a),
is technology-driven and aims to facilitate emissions
reduction in all sectors of the economy by reducing the cost
of existing and emerging technologies and accelerating their
adoption. Understanding the contribution of fossil energy
to the environmental footprint of the Australian chicken
meat industry, and how it compares with other sources of
impact, is a first step in assessing how and to what extent
the industry can rely on the LTERP and decarbonisation of
electricity grids to reduce fossil energy consumption and
GHG emissions.

A key challenge the industry faces is how to accelerate
other viable emission reduction strategies and work with
supply industries, such as the feed grains sector, to reduce
impacts in the mid-term (2035) and long-term (2050).
A core principle of the LTERP is that the transition to a net
zero economy should not put industries, regions, or jobs
in jeopardy. Therefore, the chicken meat industry faces an
imperative to balance its economic and environmental
priorities while continuing to provide high-quality food. In
response to this, the industry is in the process of developing
a sustainability framework to assess, report and track change
in performance. Critical to the success of the framework is the
establishment of industry-wide benchmarks across a range of
environmental categories, identification of factors contribut-
ing to these impacts, understanding past performance, and
ongoing reporting to track performance over time.

While action on climate change is an imperative, assessing
a broader suite of indicators is beneficial to bring a more
holistic approach to improving performance, and to avoid
unintended burden-shifting. Water consumption, stress and
availability are major issues in the Australian environment
and counter-cyclical consumption and availability (i.e. where
consumption is greatest when availability is lowest) can
have far-reaching consequences (Mekonnen and Hoekstra
2016). Although the chicken meat industry is responsible
for water consumption and stress impacts, it is also exposed
to impacts arising outside its operation control in other
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industries, most notably via feed grains. Similarly, land
occupation is an environmental priority where, although
the chicken meat industry has a direct contribution to land
occupation and management, it is exposed to impacts arising
from outside its operational boundary.

This study provides a contemporary baseline for the
Australian chicken meat industry and focussed on environ-
mental impacts as one key area of sustainability. This
baseline is fundamental to the identification of major impact
sources, the investigation of mitigation strategies and to
supporting future improvement in industry performance in
the face of emerging market and economy-wide priorities.

Materials and methods

Goal and scope

The study was an attributional LCA of Australian chicken
meat production from conventional (C) and free-range (FR)
housing systems. All major production regions were assessed
using primary industry data, representing nearly 50% of birds
processed in Australia.

This study aimed to (i) determine carbon footprint, fresh
water consumption (water footprint) and water stress, fossil
energy and land occupation impacts for Australian C and
FR chicken meat production, (ii) assess impact hotspots in
the supply chain, and (iii) compare trends over the past
decade. This information will be used in subsequent work
to determine impact reduction pathways for the Australian
industry.

Impact assessment

The study assessed GHG emissions using the IPCC AR5
global warming potentials (GWP1¢g) of 28 kg CO,-e/kg CH,4
and 265 kg CO,-e/kg N,O as applied in the National
Greenhouse Accounts Factors (Commonwealth of Australia
2021b). GHG emissions associated with land use (LU) and
direct land-use change (dLUC) were included and reported
separately, as recommended in ISO 14067 (2018).

Demand for fossil fuel energy was assessed by aggregating
all fossil fuel energy inputs throughout the system and
reporting these per megajoule (MJ) of energy, using lower
heating values. Land occupation, reported in square metres
(m?), was assessed by aggregating impacts throughout the
supply chain.

As described in the following sections, freshwater
consumption (L) was assessed using methods consistent with
ISO (2014). Stress-weighted water use was assessed using two
methods, namely, the water-stress index (WSI) (Pfister et al.
2009) and the available water remaining (AWARE) method
(Boulay et al. 2018). Both methods aim to quantify the
impact of water consumption, on the basis of the relationship
between total freshwater consumption and freshwater
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availability. Areas with scarce water resources and/or high
demand have high levels of water stress.

While several other environmental indicators could
be assessed in addition to those selected, this study
covered the impacts that were deemed most significant for
Australia, and that have high weightings in international
systems, such as the Product Environmental Footprint
(Directorate-Generale for Environment 2021). Indicators
that are less mature in the Australian context, including
eutrophication, eco-toxicity and impacts on human health,
were not covered at this time but future work in these areas
would be warranted to provide a more comprehensive
environmental analysis.

All modelling was performed using SimaPro™ 9.3
(Pré-Consultants 2021).

Supply chains, system boundary and
functional units

Production from the following two housing systems
operating in six Australian states was investigated: C
housing (indoor housing with tunnel ventilation); and FR,
where birds are given access to an outdoor range area once
adequately feathered (on average, after 21 days). The FR
supply chain included farms in four of the six states to
provide a sufficiently large dataset.

The primary production supply chain included breeding
(rearing of parent birds, fertile egg production and hatchery

associated inputs. Inventory data were not collected for
grandparent and great grandparent breeding systems as
Wiedemann et al. (2017) found that these systems contributed
<1% of impacts.

As part of the study, data were collected from seven major
vertically integrated poultry producers to cover a 12-month
production period from 1 July 2019 to 30 June 2020. Data
were de-identified and aggregated to ensure that company
data remained confidential. Australian average processes
were developed for feed milling, meat processing, and
breeding and hatchery operations. State averages were
devised from the inventory data, including for grow-out
farming and ration composition, and were then weighted
according to each state’s contribution to total industry
production (Commonwealth of Australia 2021c¢). In the FR
supply chain, where inventory data for rations and grow-
out farming were not available for all states, an average of
the relevant data was used to avoid unduly weighting
against states for which full datasets were not available.

The endpoint of the supply chain is the cold storage
unit where chicken meat is stored prior to wholesale
distribution (Fig. 1). Results are presented relative to the
production of 1 kg of chicken meat product ready for
distribution to retail. The functional unit reflects the retail
product mix, including whole birds, bone-in and boneless
chicken meat portions. In addition, results are reported per
kilogram of boneless chicken portions, ready for packaging
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Life-cycle inventory

The study collected data from a representative cross-section
of the industry, representing some 50% of supply chains in
all major regions, and included meat processing, grow-out,
feed milling, breeding and hatching. Inventory data were
collected for the separate supply-chain stages, and methods
are described in the following sections. Background databases
used to model major inputs (excluding feed inputs) are
reported in Table S2.

Feed use and milling

Ration data for meat chickens were reported for each
company, and existing datasets were used for breeder feed
composition. All companies reported commodity inputs for
their feed, and those that operated their own feed mill
reported energy and water use and transport distances
(Table 1).

Birds are phase fed, and diets may change during the year
due to changes in the availability of commodities. The aggre-
gated meat chicken rations are described in Table 2, where
less commonly used inputs (although modelled individually)
are grouped under general headings for conciseness.

Feed production

Major feed grains were modelled from Australian grain
processes from the AusLCI database (ALCAS 2017), where
available (see Table S1). These processes included emission
factors from the Australian National Inventory Report (NIR;
Commonwealth of Australia 2021d). Average irrigation rates
in each region and the proportion of cropland irrigated were
used to determine the proportion of cereal grains produced in
dryland and irrigated systems (ABS 2021a, 2021b). Grain
processes were then aggregated to build an average market
process for the major cereal grains produced in each state.
Each process included the supply losses associated with the
provision of irrigation from rivers, bores, and dams. This
process was performed for the 2018-2019 and 2019-2020
financial years and then averaged. This average of two
financial years was preferred as it recognised that cereals
used in meat chicken feed in a given year were not necessarily
produced in that year but may have been surplus to
requirements in the previous year and stored.

Accounting for LU and dLUC emissions was difficult,
as datasets were not available that disaggregated these

Table I. Average feed milling inputs (n =4) for meat chicken feed per
1000 kg of feed.
Input Average Range
Electricity (kW h) 28.7 18.6-35.6
LPG (M) 60.7 0.0-145.3
Natural gas (M)) 1.8 0.0-7.2
Fresh water (L) 68.5 26.0-114.7
Transport (t.km) 75 10-100
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Table 2. Commodity inputs per 1000 kg of ration for the
conventional and free-range supply chains (n = 7).

Commodity Conventional Free range Range
Sorghum (kg) 66.7 66.7 0.0-160.0
Wheat (kg) 452.4 4524 200.0-527.5
Barley (kg) 99.9 99.9 0.0-300.0
Other cereals, e.g. triticale, 20.3 20.3 0.0-61.8
oats (kg)

Soybean meal (kg) 191.1 191.1 160.0-240.0
Canola meal (kg) 50.9 50.9 0.0-95.4
Other plant protein, 21.5 21.5 0.0-24.6
e.g. legumes, peas (kg)

Tallow/poultry oil (kg) 243 243 0.0-46.0
Meat meal (kg) 28.2 28.2 0.0-70.0
Other animal protein, 22.7 22.7 0.0-65.0
e.g. fishmeal, bloodmeal (kg)

Low input additives, 7.9 7.9 0.0-11.0
e.g. minerals (kg)

High input additives, 14.1 14.1 8.4-20.0
e.g. synthetic amino acids,

enzymes, premixes (kg)

Total (kg) 1000.0 1000.0

emissions by crop, as noted by Sevenster et al. (2020).
To understand the impact of a change in soil carbon, the
minimum recommended analysis period is one full crop
rotation (ISO 14067 2018); however, considering that
carbon changes occur over longer time periods influenced
by management and season, a longer averaging period may
be warranted. In the present study, national average datasets
from the NIR (Commonwealth of Australia 2021e) were used
to determine emissions and sequestration over the 5 years
preceding the inventory time period (2015-2019), reflecting
the recent change in soil carbon attributable to cropping.
Total carbon change over this time period was summed,
amortised and reported as an annual value for 2020.
This was considered appropriate to avoid unusual seasonal
influences on carbon sequestration or loss. Sequestration was
observed in the most recent 5-year period of 2015-2019
(—135 kg COs-e/ha, negative valuing reflecting removal of
CO, from the atmosphere). This change may be reflective
of long-term changes in crop management in Australia,
from cultivation to zero tillage and stubble retention, which
can increase soil carbon concentrations (Luo et al. 2010).
The effect of assessing a 2-year (with sequestration rate
of —145 kg CO,-e/ha) and 10-year (with rate of carbon loss of
34.2 kg CO,-e/ha) time sequence was considered as part of
the sensitivity analysis.

Imported soybean meal was modelled (see Table S1) using
data from the ecoinvent database (ecoinvent 2020) where
South America was the dominant market (98%), dwarfing
the next largest source, the United States (US), which
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accounted for only 0.2% of imported soybean meal in the
Australian market (OEC 2019).

Where model processes were unavailable for some small
dietary inputs constituting less than 3% of the diet, substi-
tutions were made with other feed inputs. As described by
Wiedemann et al. (2012), inputs requiring substitution
were typically low-cost products associated with low levels
of manufacturing and high-cost products that were typically
associated with high levels of manufacturing and interna-
tional transportation. The substitution ratio was informed
by economic value and known processing requirements;
low-cost inputs (e.g. salt) were substituted for other mined
products such as lime, and high-cost inputs (e.g. enzymes)
were substituted for synthetic amino acids.

Breeding and hatching

Data were collected from a limited number of producers and
augmented with previous industry datasets (Wiedemann et al.
2017). Major inputs are shown in Table 3. Water use was
collected from farm records and water was predominantly
used for drinking and cleaning. After ingestion, drinking
water was respired, excreted with manure or integrated into
the bird or egg and it was therefore treated as a consumptive
use. Likewise, cleaning water was considered freshwater
consumption; small volumes were used, and sheds were
left to dry out after cleaning, resulting in evaporation. Where

Table 3. Major inputs associated with breeding and hatching (n = 9)
per 1000 day-old chicks produced.

Input Australian average Range
Feed ration (kg as fed) 385.9 355.2-423.1
Electricity (kW h) 139.8 126.0-173.1
LPG (M) 234.0 195.0-262.4
Diesel (L) 25 04-11.5
Petrol (L) 0.3 0.1-0.8
Fresh water (L) 2301.7 1850.0-2571.7

water was supplied from a system incorporating open water
storages, evaporative losses were assessed and included in
the total freshwater consumption. Each of these flows resulted
in consumption or removal of water from the original
catchment.

Meat chicken grow-out phase

Flock performance, including feed intake and the total
mass of birds harvested, was determined from records
supplied by each company and it represents the actual
performance under commercial conditions (major inputs
shown in Table 4). In Australia, the grow-out phase is
typically contracted out to third-party growers responsible
for animal husbandry, housing, and litter management.
Records of bird numbers, water use, and energy use were
collected from FR and C farms operating in five states.
Drinking and cleaning water were handled as described for
the breeding flocks. Water used in evaporative cooling
systems was treated as a consumptive use.

Manure management

A mass balance, based on feed and bird production
data, was used to estimate manure excretion. Manure GHG
emissions (methane [CH,4], nitrous oxide [N5,0]) and indirect
emission precursors (ammonia [NH3]) were estimated
by predicting nitrogen (N) and volatile solids (VS) excretion
by using mass-balance principles and by applying emis-
sion factors for birds housed on litter from the NIR
(Commonwealth of Australia 2021d), including state-specific
factors for manure CH,; and emissions from range areas.
Subtracting N inputs (in feed) from N outputs in bird mass,
mortalities and eggs (in the case of breeders) gave excreted
N. Excreted VS was determined by subtracting manure ash
from excreted total solids (TS), which represented the
residual of non-digested feed (Dong et al. 2006). N retention
was determined using methods and factors determined
by Wiedemann et al. (2016a). Briefly, retention was

Table 4. Performance data for meat chickens in the grow-out phase (n > 50).
Item Conventional Range Free range Range
Production data
Final bird weight (kg) 26 22-27 2.5 1.8-3.1
Feed conversion ratio (kg feed per kg LW) 1.6 1.6-1.7 1.7 1.6-1.8
Inputs (reported per 1000 kg LW produced)
Feed ration (kg as-fed) 1608.0 1580.0-1696.0 1674.6 1600.0-1829.0
Day-old chicks 385.1 347.2-464.4 400.7 326.9-407.8
Electricity (KW h) 83.0 2.8-170.7 83.9 69.9-170.7
LPG (L) 17.9 0.0-20.6 18.0 5.5-35.7
Diesel (L) 0.8 0.0-2.1 0.9 0.5-3.5
Fresh water (L) 4882.1 3746.4-5233.3 5083.6 3747.0-7749.8
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determined using liveweight data from farms and poultry
composition data (Wiedemann et al. 2016a; see Table S3).

Manure was typically removed from the site and sold
as a low-value fertiliser and soil-amendment product and
was therefore treated as a residual, meaning no allocation
process was applied, and impacts from manure following
removal from the sheds were assumed to be attributed
to the system using it as a fertiliser (LEAP 2016). As grain
production occurred outside the system boundary and
tracing manure application and displaced synthetic fertiliser
through to grain produced for chicken meat feed was not
feasible, no reduction in synthetic fertiliser was modelled,
which was a conservative assumption.

At the farm level, indirect N,O was modelled from NH;
volatilisation. All sheds were assumed to be constructed with
impervious floors according to environmental regulations,
and therefore nitrate leaching from sheds was assumed
to be negligible. Leaching and runoff in range areas
(Commonwealth of Australia 2021d) were assessed for the
fraction of manure (20%) deposited in the FR area (Zeltner
and Maurer 2009; Commonwealth of Australia 2021d).

Meat processing

An average process (Table 5) was developed from
inventory data collected from meat-processing plants (n = 10)
operating across six states. All plants used water from
reticulated supplies. Two meat-processing plants had covered
anaerobic ponds, one of which utilised the biogas to generate
heat energy. Most plants utilised dissolved air-flotation
systems instead of uncovered ponds and treated effluent
water was typically released to sewer or, in limited cases,
used for irrigation.

The processing plants reported inputs relative to carcase
weight, but all produced a combination of chicken products,
including whole birds and both bone-in and boneless
portions. We report inventory inputs relative to carcase
weight, but results are reported relative to the average
product mix for chicken meat leaving the processing plant
as an average across the industry, which was 0.51 whole

Table 5. Meat-processing inputs (n = | 1) reported per 1000 kg of
carcase weight processed.
Input Australian average Range
Electricity (kW h) 146.2 80.0-233.0
Renewable generated 0.8 0.0-27.0
electricity (kW h)
Heat energy generated from 43.6 0.0-241.4
biogas (M])
LPG (M) 35 0.0-25.4
Natural gas (MJ) 347.5 0.0-1270.0
Diesel (L) 0.6 0.0-3.0

Fresh water (L) 6919.7 2826.5-10230.0
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birds, 0.16 bone-in chicken pieces, and 0.33 boneless
chicken pieces.

Handling co-production

Total product mass from the system was inclusive of meat
chickens, small volumes of meat from end-of-life breeding
hens, and edible offal. Co-products included manure, pet
food and processing by-products for rendering (co-products
from feed inputs arose outside the system boundary). Because
manure is a very low-value output from the system, it was
treated as a residual, as described previously. Meat processing
by-products (renderable products, pet foods) were handled
using economic allocation, as recommended in the LEAP
Guidelines (LEAP 2016; comparison between allocation
methods was performed by Wiedemann et al. (2012)).
Wiedemann and Yan (2014) previously described product
mass flows and edible yields. In this study, the economic
value of primary products represented 98.5% of the output
from meat processing, with the renderable and pet food
products contributing the remaining revenue. Impacts reported
per kilogram of chicken meat product were determined using
yield factors provided by each processing plant.

To determine impacts per kilogram of boneless chicken
meat, product volumes of whole dressed birds, and bone-in
and boneless portions reported by each processing plant
were used to derive the average Australian product mix at
the primary processing plant gate. Edible yields for the
whole dressed birds and bone-in portions were then
determined from factors reported previously (Wiedemann
and Yan 2014). The weighted average factor by which to
upscale results was then calculated on the basis of the
proportion of each product type in the market mix. It should
be noted that the functional unit is then 1 kg of boneless
chicken meat at the primary processing plant gate. The
proportion of whole birds that leave primary processing for
secondary processing was not included in this study.

Sensitivity analysis

The sensitivity of the model and results to key assumptions
and parameters was tested. Methodological details for the
sensitivity analyses are outlined in the Sensitivity analysis
methodology in the Supplementary materials.

Uncertainty analysis

After Leinonen et al. (2012), two types of uncertainty
(alpha and beta) in the input variables were considered.
Alpha uncertainty relates to variations among vertically
integrated processing networks, reflecting variation in the
inventory data collected, whereas beta uncertainties relate
to uncertainties in the model and background processes.
Monte Carlo analysis in SimaPro (Pré-Consultants 2021)
was used to assess alpha and beta uncertainty, using one
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thousand iterations to provide a 95% confidence interval for
the results. Results for C and FR production are presented
using the means and the standard deviation, and both alpha
and beta uncertainties were used to calculate the standard
deviation.

Alpha uncertainties included all grow-out farm input and
production data, and housing-specific manure factors, and
source regions for cereal grains. Beta uncertainties included
meat processing energy and water inputs, feedmilling energy
and water inputs, feed composition, breeding and hatchery
operation processes.

Comparison of the mean results between C and FR was
based on alpha uncertainties only, as beta uncertainties
were shared between both systems. Significant differences
were determined using the equation from Wiltshire et al.
(2009):

. IA-B
v/CVZ% x A? + CV2 x B2

where, A and B are the mean values and CV, and CVg are
coefficients of variance between the two systems.

Results

Impacts per kilogram of chicken meat product

GHG emissions (excluding LU and dLUC) were 2.1 +
0.03 kg COs-e/kg chicken meat product for C production
and 2.2 + 0.03 kg COy-e/kg for FR production (Fig. 2).
Emissions from LU and dLUC were 1.7 + 0.3 kg CO»-e/kg
chicken meat product for C and 1.8 + 0.3 kg CO,-e for FR.
LU and dLUC emissions were dominated by high levels
of soil carbon loss associated with the production of
soybeans on recently converted cropland in South America.
Carbon sequestration in Australian cropland amounted to
—0.06 kg CO,-e/kg chicken meat product, equivalent to
~2.5% of net emissions per kg of product. The carbon foot-
prints (including LU and dLUC) were, therefore, 3.8 + 0.3
and 4.0 + 0.3 kg CO»-e/kg chicken meat product for C and
FR respectively.

Feed production represented the largest contributing
stage for GHG emissions, with impacts ranging from 58% to
61% excluding LU and dLUC, and from 77% to 79% of
net LU and dLUC. Emissions from the grow-out phase were
17-21% of the total, excluding LU and dLUC, or 9-12%
including LU and dLUC, where energy use for housing and
manure emissions were the major contributors. For FR
production, emissions from manure (deposited on ranges
and in sheds) accounted for almost half of GHG emissions
during grow-out, compared with a quarter for C (indoor only)
production (excluding LU and dLUC). Meat processing
contributed 14-15% excluding LU and dLUC (7-8% incl LU
and dLUC), where the major emission sources were fossil
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Fig. 2. Greenhouse-gas emissions, fossil energy and freshwater
consumption from conventional and free-range chicken meat product.
Different letters on bars indicate significant differences between
total impacts assessed by Monte Carlo analysis based on the alpha
uncertainty and Wiltshire et al. (2009).

energy consumption and effluent treatment, with the latter
representing a smaller portion of impacts. Breeding and
hatchery operations accounted for 7% of emissions (excluding
LU and dLUC), or 4% where LU and dLUC emissions were
included.

Fossil energy use was 18.0 + 0.3 and 18.5 + 0.3 MJ/kg
chicken meat product for C and FR production respectively.
Feed production accounted for 61% of fossil energy use
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(averaged across C and FR, which did not differ substantially),
primarily from field operations and energy associated with
fertiliser manufacture. Meat processing (13%) and housing
(20%), averaged across C and FR, were also substantial
contributors to fossil energy use, with breeding and
hatchery operations accounting for the remaining 6%.

Freshwater consumption ranged from 178.6 + 22.4
to 189.6 + 24.6 L/kg chicken meat product for the C and
FR production systems. Water used for feed production,
predominantly for irrigation, accounted for 88-89% of
freshwater consumption per kilogram of chicken meat
product, averaged across C and FR, as they did not differ
substantially. Drinking and cooling water provided in the
grow-out phase constituted 5-6%, and meat processing a
similar proportion, whereas breeding and hatchery opera-
tions (1%) represented a smaller source of consumption.

Using the WSI method, stress-weighted water use was
128.0 + 14.5 and 140.8 + 14.5 L H,0-e/kg chicken meat
product for C and FR production respectively. Irrigation
water represented 91% of the stress-weighted water use,
averaged across C and FR. Using the AWARE method, water
scarcity was 23.1 + 1.7 and 24.5 + 2.2 m® for C and
FR production. The majority of water scarcity (67-68%;
representing slightly more in FR production) was attributable
to feed production. Grow-out (15%), meat processing
(11-12%), and breeding operations (6%) accounted for
significantly smaller portions of the scarcity.

Arable land occupation for C chicken meat production was
9.7 + 0.1 m?/kg chicken meat product, and 10.1 + 0.1 m?/kg
chicken meat product for FR production. When the small
amounts of land occupied by other supply chain stages
(housing, processing, breeding) were included, total-land
occupation was 5% higher than arable-land occupation.

Impacts per kilogram of boneless chicken
portions

Impacts per kilogram of bone-adjusted (boneless) chicken
portions are shown in Table 6. Results were 25% higher
than for the chicken meat product mix because of the loss
of mass associated with bones.

Differences between production systems

Across all impact areas, mean impacts were found to be
modestly higher in FR production than in C, but the only

statistically significantly (P < 0.05) different impact
categories were GHG emissions and land occupation.

Statistically significant results for land occupation and
GHG emissions were driven by higher feed conversion
ratios (FCRs) in the FR system, meaning higher volumes of
grain (and more cropland) were needed to produce 1 kg of
chicken meat which, in turn, increased emissions associated
with feed and led to greater emissions from manure.
Emissions from manure deposited on ranges were also
unique to the FR system.

Sensitivity analysis

The sensitivity of the results to production region and state
grid emission intensity were tested and analysis showed
that, for a model vertically integrated production system,
the carbon footprint using the most efficient energy network
(Tasmania, TAS) was 0.4 kg CO,-e lower than if the
production system operated with the least efficient energy
network (Victoria, VIC; Table S4), indicating the important
role that the decarbonisation of the energy network has in
reducing supply chain emissions for chicken meat.

The sensitivity of the results to FCR showed that a 0.1
improvement in FCR (relative to the Australian averages in
Table 4) reduced impacts across all indicators in both
conventional (C1) and free-range (F1) production (Table S5).
GHG (excluding LU and dLUC) was 4% lower, LU and dLUC
were 6% lower, fossil energy and water scarcity 4% lower,
and land occupation, water stress and water consumption
were 5% lower, than were the baseline results. Emissions
from manure were directly correlated with FCRs. Further to
this, the analysis showed that a 10% reduction in dietary
crude protein reduced GHG emissions (excluding LU and
dLUC) by 0.3% for FR (F2) when there was no change in FCR.

In this study, 11% of cereal grains in meat chicken feed for
processing companies operating on the eastern seaboard were
shipped from Western Australia due to drought-driven local
supply shortages. For some individual regions, the amount
was up to 25%. The sensitivity of this was tested (Table S6)
by comparing a scenario for a model vertically integrated
processor based in Queensland (QLD) that sourced 25% of
wheat from Western Australia (WA), in comparison to a
more typical year when all grain was sourced locally
(Scenario A). The sensitivity of the results to a for the
combined eastern seaboard grain supply (i.e. a combined

Table 6. Resource use and impacts for meat chicken production for conventional and free-range production reported per kilogram of boneless
chicken portions.
Production Fossil Fresh Stress-weighted AWARE Arable Greenhouse gases, Greenhouse gases, Total
energy (M)) water (L) water (L H,0-e) water (m®) land (m?) excluding LU and LU and dLUC (kg COy-e)
dLUC (kg CO,-¢) (kg CO,-e)
Conventional 224 222.9 159.8 289 12.1 2.6 22 4.7
Free range 23.1 236.7 175.7 30.6 12.6 2.8 22 5.0
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QLD, New South Wales (NSW) and VIC grain market) was also
tested (Scenario B).

The sensitivity of the results to methodological choice of a
5-year analysis period for soil carbon change in Australian
cropland was tested through comparison with a 2-year
period and a 10-year period. Analysis showed that, for the
2-year period of 2018-2019, carbon sequestration in
Australian cropland was slightly greater at —0.07 kg CO»-e/kg
chicken meat product, but that the 10-year period of 2010-
2019 was associated with soil carbon losses equivalent to
0.02 kg CO,-e/kg chicken meat (Table S7).

Discussion

In Australia, chicken meat represents nearly 50% of meat
consumption per capita and has been the most consumed
meat protein for over a decade (ACMF 2020). The industry
has expanded by 40% over that time, and with that growth
comes the challenge of sustaining output while reducing
environmental impacts. Achieving this balance will be aided
by gains made elsewhere in the economy, but the most
significant determinants will be the ability of the industry to
reduce emissions, energy, and water consumption, particu-
larly in upstream feed production. Improving performance
requires a thorough understanding of impacts, as described
in the following sections.

Main impact sources in the supply chain

For both C and FR systems, feed production was the
major impact source across all environmental indicators. Of
this, cereals were the major contributor to all indicators,
except for LU and dLUC, where soymeal was the major
commodity driving emissions. This study found that the
average emission intensity of feed was 0.45 kg CO,-e/kg
(or 1.09 kg CO,-e/kg, including LU and dLUC), compared
with 0.36-0.46 kg COs-e/kg (or 0.38-0.88 kg COy-e/kg,
including LU and dLUC; Wiedemann et al. 2017), adjusted
to AR5 values. The emission intensities of feed, excluding
LU and dLUC, in a study of UK production (Leinonen
et al. 2012) were approximately twice (1.11, 1.03 and
0.91 kg CO,-e/kg) that of this study, and feed production in
that study, still the major emission source, represented
slightly more of the total GHG impacts (70%).

A key driver behind the difference in emission intensity
of feed (excluding LU and dLUC) between this study and
the 2010 study was the increased N,O emissions from feed
grain production identified over the past decade. Brock
et al. (2012), studying grain production in 2010, found
that the emission intensity of wheat produced in central
New South Wales (NSW) was 0.2 kg CO,-e/kg, whereas
Simmons et al. (2019) reported the intensity as 0.315 kg
CO5-e/kg (both in AR4 values) for wheat from the same
region, an increase of more than 50% reported 8 years

later. This finding did not necessarily reflect the actual
increases in emissions, rather a better insight into key
emission factors and production systems, resulting in higher
reportable emissions for cereal grain. More generally,
Simmons et al. (2019) reported the emission intensities of
cereals produced in 14 regions, all of which were higher
than that reported by Brock et al. (2012) in their single-
region case study. This suggests that the reported emission
intensity of Australian wheat is higher than was previously
understood, resulting in an underestimate of impacts in
previous studies. At this time, the Australian feed grain
sector is yet to release a strategy for emission reduction,
meaning that there is no short-term indication on whether
a change in the emission intensity of feed grains (and the
emission intensity of meat chicken feed) can be expected.

The water and land footprints of chicken meat production
were also highly exposed to upstream impacts from feed
production. As most land occupation was attributable to
arable uses, the key variable influencing arable land use
was crop yield, which was influenced by source region and
use of irrigation (data not shown). Irrigation of grain
resulted in a trade-off between water and land, which
trended in different directions when comparing irrigated
and non-irrigated grain (high irrigation led to high water
consumption but lower arable-land occupation, and vice
versa). Accordingly, water consumption, stress-weighted
water use in the supply chain, and the emission intensity of
feed exhibited considerable variation based on grain source
regions (data not shown).

Although differences in freshwater consumption and water
stress are inherent, given general climatic differences among
source regions, the environmental impacts of grain and, by
extension, chicken meat are significantly affected by inter-
annual climatic variability. The freshwater consumption
and water stress results also demonstrate the potential of
inter-annual variability and the need for ongoing assessments
to establish a clear trend and benchmark for environmental
impacts. A severe drought on Australia’s eastern seaboard,
beginning in early 2017, which saw rainfall levels at or
below the previous record lows for a significant portion of
NSW and southern QLD, was made worse by record-high
temperatures that increased the evaporation rate of what
water was available (BOM 2019). The years 2017-2019
saw the record-lowest rainfall for NSW and the Murray
Darling Basin; record-low rainfall was also recorded in
parts of VIC and WA (BOM 2020). This had significant
repercussions for the average freshwater consumption and
water stress in each state’s grain market, which flowed
through to the chicken meat industry.

Drought conditions meant that the proportion of
irrigated grain available for feed on the eastern seaboard
was substantially and anomalously over-represented in
comparison to years where rainfall was closer to the average.
Water consumption in the NSW and QLD average wheat
markets of FY18/19 and FY19/20 for meat chicken feed
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was 114.5 and 80.3 L/kg wheat respectively; water stress was
113.4 and 44.0 L H,0-e/kg respectively. This indicates that
the regions in NSW from which wheat was sourced for
meat chicken rations relied on higher levels of irrigation
and water was considerably more scarce, to which the
AWARE indicators (13.6 and 8.2 m® respectively) align. In
comparison, water associated with the average WA wheat
market for meat chicken feed was 6.7 L/kg wheat, with a
WSI of 2.7 L H,0-e/kg as the vast majority of WA wheat
was grown in dryland conditions, even with the low rainfall
recorded in southern WA.

Although domestically produced feed grains accounted for
such a significant proportion of impacts, they were (except for
water consumption and stress) of a relatively low impact
compared with those of imported soybean meal. Demand
for this low-cost, high-protein commodity was high, not
only within the Australian chicken meat industry but also
in the egg and pork industries (Willis 2003). With soybean
meal being a major export commodity for South America,
global demand has driven a rapid expansion and the
conversion of pasture or forest to cropland (Arrieta et al.
2018), leading to substantial GHG emissions from dLUC.

As most imported soybean meal in the Australian feed
market is now derived from South American production,
compared with a decade ago where a greater volume came
from the USA, imported soybean meal has become a
significantly higher impact feed commodity (especially
in terms of LU and dLUC), driving the difference between
the LU and dLUC results from this study and those of
Wiedemann et al. (2017). The difference in emission intensity
between soybean meal produced in the USA (GHG emissions
of 0.28 kg CO5-e/kg, and LUC of 0.0001 kg CO,-e/kg) and that
produced in Brazil and Argentina (0.43 kg CO»-e/kg, and LU
and dLUC impacts of 3.27 kg CO,-e/kg) is such that, even in
supply chains where inclusion rates have fallen since 2010
and despite improvement in FCRs, impacts per kilogram
of feed, and chicken meat (where LU and dLUC were
included), are much greater (Ecoinvent 2020).

Utilising accredited soybean meal or alternative protein
sources (e.g. canola meal, field pea, animal meals) as a
partial or complete substitute for high-impact imported
soybean meal would reduce LU and dLUC emissions.
However, trade-offs and challenges may emerge as a
result of doing so. First, either option is likely to result in
higher cost rations, meaning that companies may need to
investigate the feasibility of passing costs onto customers to
maintain profitability, likely increasing the selling price of
chicken meat. Second, some alternative proteins may
reduce LU and dLUC impacts but increase impacts across
other indicators; cottonseed meal, for example, is a
by-product of a system with very high levels of irrigation,
meaning that it has a very high water footprint. Third,
sourcing difficulties may emerge as the availability of
canola and cottonseed meals in Australia is variable. An
alternative method, which would reduce net soil carbon
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losses from LU and dLUC and avoid at least some of
the issues described here, is to improve soil carbon in
cropland through, for example, changes to land management.
However, applying the offset to chicken meat production
would require industry-wide adoption or the ability to link
feed grains used in meat chicken feed to a particular
enterprise that is actively storing soil carbon.

Emissions and sequestration reported in the Australian NIR
showed no change in average annual emissions associated
with the conversion of forestland to cropland (described
here as dLUC). Given that soil carbon concentrations may
vary significantly year-to-year, averaging over a long
timeframe (e.g. the 10 years in the sensitivity testing) may
disguise variability and be less representative of soil carbon
change for a specific analysis period (Sevenster et al. 2020).
In the most recent 5 years to 2019, soil carbon losses from
dLUC in Australia have moderated and sequestration in
crop soils has increased, resulting in net sequestration of
—135 kg COs-e/ha or —145 kg COs-e/ha for the 2-year
period of 2018-2019. The net effect per kilogram of
chicken meat did not differ substantially under either time
frame (see section ‘Sensitivity analysis’). Given uncertainty
as to whether the sequestration (and benefit to net
emissions per kilogram of chicken meat) will continue over
time, and the magnitude of the LU and dLUC impacts from
imported soybean meal, the scope for reducing these
emissions to reduce the carbon footprint of chicken meat is
(on the basis of the current data) largely confined to
soybean meal.

As a key efficiency and cost indicator, FCR was also
found to be a significant factor influencing environmental
performance. Any improvement in FCR reduced impacts
across all indicators (see Table S5). Accordingly, a high
FCR resulted in higher impacts across all categories.
However, for an individual vertically integrated processor,
the effects of FCR improvement were not uniform
due to the influence of other factors, such as climate
(see section ‘Regional differences’).

The most significant contributions to carbon footprint,
energy, and water consumption, after feed production,
occurred at the grow-out farm and meat-processing plant. A
major contributor to GHG, and an environmental indicator
itself, was fossil energy. Many growers drew a proportion of
their energy requirements from renewable sources (almost
exclusively solar), but this accounted for only a small
portion of the total industry energy demand. Aside from
drinking water, the major consumptive use of water at the
farm was for cooling. Innovations or management changes
in cooling, such as combined sprinkler and evaporative
cooling pads (Dunlop and McAuley 2021) may offer
reductions in on-farm water consumption.

At the meat processing plant, average energy, water and
GHG impacts declined slightly compared with the 2010
study, indicating improved plant efficiency.
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Comparison with previous Australian study

The previous Australian study reported environmental impacts
for chicken meat production in 2008-2009, covering two of
the five major production states (Wiedemann et al. 2017).
While these previous results did not cover the breadth of
the industry, it was nonetheless informative to investigate
differences between the studies using the standard unit of
1 kg boneless chicken meat.

Impacts were found to have declined for energy, arable
land occupation, and there was a slight decline in carbon
footprint (excluding LU, dLUC) for C production, per
kilogram of boneless meat, but not when LU and dLUC
were included. The reduction in fossil energy consumption
was attributable to energy efficiency improvements and
increased solar adoption, particularly on farm, whereas the
reduction in land use was largely driven by the introduc-
tion of higher-yielding grain markets, particularly in VIC,
compared with only South Australia (SA) and QLD a decade
ago. Yields for wheat and barley in VIC in 2019-2020 were
2.48 and 3.05 t/ha, and 1.1 and 1.2 t/ha in NSW,
compared with 1.05 and 1.33 t/ha in QLD and 1.32 and
2.24 t/ha in SA (Australian Bureau of Agricultural and
Resource Economics and Sciences 2020), meaning that, on
average, both wheat and barley in this study were
produced on less land than in the previous analysis period.

Freshwater consumption and stress-weighted water
use were higher than in 2010 (Wiedemann et al. 2017).
The present study is an average of a greater number of
state markets for feed grains and a greater number of
catchments. However, water stress and consumption in QLD
and SA were also found to have increased over the decade,
contributing to the higher results in this study. Drought in
the analysis period of this study (and in the same regions
assessed previously) is likely to have skewed the results
substantially, meaning that the two studies do not provide
meaningful insight into any change in the water impacts
associated with Australian chicken meat. The previous study
did not report AWARE water.

Overall, results suggested that despite improving
FCRs since 2010 (evident in inventory data from 2010 and
2020 and in industry monitoring; ACMF 2020), evidence of
renewable energy adoption, and energy-efficiency gains at
meat processing plants, the environmental footprint of
chicken meat is critically reliant on the footprint of the
feed grain sector and South American soy production, and
increased impacts from these sources resulted in marginally
higher impacts than in the case studies from the 2010
study. However, there are three major factors that must be
considered when evaluating this outcome. First, the present
study assessed the whole country, while the 2010 study
reflected two regions only and utilised data from a small
number of farms supplying a total of five processing plants,
operating in QLD and SA. Second, in light of insights from
new research in the Australian grain sector, impacts from

feed grain may have been under-estimated in the previous
assessment. Third, severe drought in the analysis period had
wide-reaching effects and, so, although these results are
representative of the environmental impacts of Australian
chicken meat production in the 2019-2020 financial year,
and provide a baseline for the industry, ongoing assessment
is required to establish a trend of environmental perfor-
mance and to determine any anomalies. Ultimately, it is
apparent that ongoing productivity improvements are no
guarantee of sustained environmental improvement, high-
lighting the challenge for industries to reduce emissions
upstream impacts may result in countertrends.

Regional differences

Differences in fossil energy and water consumption were
observed among the regions assessed (data not shown).
The contribution of the state electricity grid was heavily
influenced by its emission intensity, i.e. the proportion of
energy derived from fossil fuels compared with renewable
sources (see Senstivity analysis methodology for detail and
Table S4 for results of the sensitivity analysis).

At the farm (breeder or grow-out), climatic conditions,
including humidity levels, were a major influence on water
consumption (data not shown). Farm water consumption
was highest in states that experience hotter weather due to
the need for cooling to maintain ideal optimal conditions
for birds; consumption should be monitored on a regional
basis to allow for identification of atypical consumption
within similar climates. Similar to water, energy demand
varied among regions and climates; higher energy demands
due to heating requirements were typically reported by
producers operating in states with cooler weather (data
not shown).

Some regional differences in feed composition were also
observed. However, whether rations were wheat- or sorghum-
based did not have a substantial effect on environmental
impacts. Whether irrigated or non-irrigated grain was used
was the greatest driver in regional differences among the
environmental impacts of feed production. In addition to the
implications for water consumption and stress, the drought
conditions on the eastern seaboard also meant that some
supply chains transported at least some of their cereal grains
by sea from WA. This was atypical and may have slightly
elevated the emission intensity of feed used by those
companies while lowering the water intensity; wheat produced
in predominantly dryland production in WA had a higher
emission intensity (0.37 kg CO»-e/kg) than did wheat from
NSW (0.29 kg CO»-e/kg), even before trans-national transport
was considered.

Comparison with international LCA results

Wiedemann et al. (2017) noted that the comparison of
LCA studies is confounded by differing system boundaries,
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assessment methods, and assumptions. For GHG, the
comparison of the results will not include LU and dLUC
impacts, as these were not typically assessed in the
comparison studies.

On a liveweight basis, per kilogram, impacts in this study
were 1.8 + 0.02-1.9 + 0.02 kg CO,-e, similar to those in
recent Japanese (Ogino et al. 2021) and Serbian (Skunca
et al. 2018) studies, but lower than the value reported in a
Brazilian study (da Silva Lima et al. 2019). Per kilogram of
meat product, results were also lower than the equivalents
(2.5-5.4 kg COy-e) from a study of Iranian meat chicken
production (Kalhor et al. 2016), although liveweight results
from this study were higher than those in that study.
Results presented here were lower than the global average
of 4.12 kg COs-e/kg bone-free chicken meat (excluding
LU and dLUC) reported by Clune et al. (2017) in their
meta-analysis. Aside from these more recent publications,
liveweight results were lower than in another Australian
LCA (2.6 kg COs-e, reported as 2613 kg COs-e/t LW;
Bengtsson and Seddon 2013), and impacts per kilogram of
meat product were lower than those reported for the UK
(Leinonen et al. 2012) and Tunisia (Ibidhi et al. 2017).

Differences in the emission intensity of feed are the
key driver of the comparatively low emission intensity of
Australian chicken meat. The average emission intensity
(excluding LU and dLUC) of meat chicken feed in the
present study of 0.45 kg COs-e/kg feed, although, on
average, higher than that in the 2010 study, was half of
those reported by Leinonen et al. (2012) for their standard
and free-range rations (1.03-1.11 kg CO,-e/kg feed), and
roughly a third of the intensity in Bengtsson and Seddon’s
(2013) study (1.9 kg COs-e/kg feed). Feed commodities
produced in Australia (i.e. commodities excluding imported
soybean meal or synthetic additives) are typically lower-
impact products due to zero-till farming and low rates
of fertiliser application, corresponding with comparatively
low emission factors. Although crop yields are also
comparatively low as a result, zero-till farming is the norm
in Australia, meaning that the fossil energy footprint per
1000 kg of grain is significantly lower than that in other
production systems. Despite the increase in the reported
emission intensity of Australian wheat (Brock et al. 2012;
Simmons et al. 2019) between this study and that of
Wiedemann et al. (2017), it remains a lower-emission
commodity than is produced in most northern hemisphere
systems.

Fossil energy consumption per kilogram of LW in this study
was 15.7 + 0.2 and 16.2 + 0.2 MJ/kg LW for C and FR
production. Similar to the value given for the USA (Pelletier
2008), these values fell slightly outside the upper bound of
the range reported for Serbian production (Skunca et al.
2018) and were lower than the reported value for Japanese
production (Ogino et al. 2021). Per kilogram of chicken
meat product, fossil energy consumption was slightly lower
than or consistent with the slaughterhouse and meat
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processing plant equivalents for Brazil and for the UK
(Leinonen et al. 2012).

Where water footprints were reported, these were found
to vary significantly. For Australian production, freshwater
consumption per kilogram of chicken meat product was
higher than the water depletion values for whole roast
chickens (52-60 L; Bengtsson and Seddon 2013). The water
footprint, dominated by water used in feed production,
reported for Tunisian chicken meat production (6030 L/kg
chicken meat) was substantially higher than that in this
study (Ibidhi et al. 2017). Excluding water associated with
feed production, consumption in this study was 20.4 + 2.6
and 20.8 + 2.7 L/kg chicken meat product, higher than the
equivalents for UK (Leinonen et al. 2012) and Brazilian
(Skunca et al. 2018) production.

Other than our previous study, no studies were found that
have reported stress-weighed water use using either WSI or
AWARE factors. However, as noted by Wiedemann et al.
(2017), the values from this study would presumably be
greater than the equivalents for production in cooler
climates, as there is a greater demand for and scarcity of
water than in several other regions.

Due to significantly lower crop yields in Australia, the
land occupation footprint of Australian chicken meat was
also slightly higher than for Tunisian production (Ibidhi
et al. 2017) and, despite a slight reduction over the decade
since Wiedemann et al. (2017) did their assessment, the
footprint was still higher than for UK production (Leinonen
et al. 2012).

A further factor contributing to the comparatively low
emissions from Australian chicken meat production is that
the Australian National Greenhouse Accounts (Commonwealth
of Australia 2021b), due to low moisture levels around poultry
sheds and N deficiencies in Australian soils, applies a factor to
determine indirect N,O (from NH; volatilisation) that is an
80% lower factor than the default IPCC value (Gavrilova
et al. 2019). This study relied on findings from Wiedemann
et al. (2016a), who found that manure N,O emissions from
grow-out litter-based housing were slightly higher than
the IPCC value, but methane conversion factors were signifi-
cantly lower.

The finding that FR production was a slightly higher-
impact system than was C production was consistent with
those of other comparative studies (Williams et al. 2006;
Leinonen et al. 2012). Leinonen et al. (2012), in the only
international chicken meat LCA found to report statistical
differences, also used the approach outlined in Wiltshire
et al. (2009). The authors found statistically significantly
different primary energy use between organic and non-
organic production, and that the higher carbon footprint in
the organic system was statistically different from that of
the standard indoor production system. No significant
differences between the FR and indoor production systems
were reported.
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Comparison with other animal proteins

Per kilogram of boneless product, GHG emissions for chicken
meat were lower than those of Australian pork and substan-
tially lower than for Australian beef and lamb but higher
than for shell- and protein-corrected eggs (Wiedemann
2018). Similarly, fossil energy was lower than the reported
footprints for boneless beef, lamb and pork, but higher than
shell- and protein-corrected eggs (Wiedemann 2018).
Although arable-land occupation for boneless chicken meat
was substantially higher than that for boneless beef and
lamb (Wiedemann et al. 2015a, 2016b; Wiedemann 2018),
total land occupation for boneless chicken meat production
was far lower, consistent with the trend (although still
higher than) identified for shell- and protein-corrected
Australian eggs (M. A. Copley and S. G. Wiedemann, unpubl.
data). Of the animal proteins compared here, stress-weighted
water use (WSI) was lower than all but shell- and protein-
corrected eggs; AWARE results were similar to (although
still higher than) the equivalent results for shell- and protein-
corrected eggs. Freshwater consumption was generally lower
than for boneless beef and fell within a similar range for shell-
and protein-corrected eggs. Therefore, compared with other
Australian animal proteins, boneless chicken meat is one of
the lowest environmental-impact products.

Greenhouse-gas mitigation

In light of the lack of improvement in the emission intensity of
chicken meat over the past decade, mitigation strategies
should be investigated, targeting major sources of emissions
associated with chicken meat production. Technologies
and management strategies targeting feed-related impacts
include reducing inclusion rates of high-impact imported
soybean via substitution with alternative protein meals or
certified soy, reduced dietary crude protein (see Nahm
2007; Wiedemann et al. 2016a), and FCR improvement
(see Mckay et al. 2007). Adoption of renewable energy or
energy-efficiency measures (see McGahan et al. 2014) could
be investigated to reduce fossil energy consumption and, by
extension, emissions. Carbon storage and sequestration
opportunities may arise from manure deposited on ranges,
vegetation (see Ramachandran Nair et al. 2010; Doran-
Browne et al. 2016) and application of spent litter to land.
Reducing emissions from manure may be possible with
the addition of litter additives (see Cockerill et al. 2020),
or through strategies such as covering stockpiles (see
Wiedemann et al. 2015b), and fertiliser replacement or
nutrient recovery (see Szogi et al. 2008; Craddock and Hollitt
2010; Warn 2013). Waste-to-energy technologies, such as
anaerobic digestion, combustion, gasification and pyrolysis,
may be prospective options to better manage manure and
generate energy (see McGahan et al. 2013).

A comprehensive assessment of all technologies and
management strategies is needed to identify the technical

mitigation potential, compatibility with other technologies
or practices, and the economic implications of adoption.
While some technologies are mature and proven in the
Australian chicken meat industry (e.g. solar), others, even if
adopted overseas, require further investigation to determine
their viability.

In line with their emission-reduction targets, state
governments have set targets to decarbonise energy grids
via changes to renewable sources of electricity generation
over fossil energy sources. Reducing the carbon footprint
of grid electricity should reduce the carbon footprint of
chicken meat. The extent to which the industry can rely
on this to reduce emissions in unclear. A quantified and
projected analysis is needed to model the emission intensity
and total emissions of chicken meat.

Conclusions

Australian chicken meat is a low environmental-footprint
food product. Modestly higher GHG emissions and land
occupation were found to occur in FR systems (P < 0.05)
than in C systems. This study found that the impact
of direct land-use change from imported soymeal was a
significant source of GHG emissions, which resulted in a
small increase in the carbon footprint per kilogram of
chicken meat compared with supply chains assessed 10 years
prior. Although impacts can be reduced through substitution
for alternative proteins or certified soybean meal, this will
likely increase cost of production.

Due to the high exposure of chicken meat to impacts
from grain production, this study showed that the impact of
drought led to higher water consumption than in average
years, pointing to higher levels of inter-annual variability in
impacts than was previously appreciated. A similar short-
term effect (resulting from improved land management)
was observed in the moderate levels of carbon sequestration
in Australian cropland which, when carried through to grains
used in meat chicken feed, may amount to an approximately
2.5% reduction in the carbon footprint of chicken meat.
Consequently, future analyses must acknowledge natural
variability while tracking longer-term, management-induced
trends in water consumption and stress impacts, and soil
carbon associated with grain production. This favours the
use of rolling averages (for example, over a 3-year period)
rather than single analysis years.

Notwithstanding small improvements brought about
by the decarbonisation of state energy grids, the lack of
significant improvement over the past 10 years indicates
that deliberate interventions via technology adoption and
practice change are needed to reduce the emission intensity
of chicken meat. In the face of expanding production,
substantial reductions in emission intensity will be needed to
maintain, rather than increase, total emissions. Quantified
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and projected analysis is needed to understand the level of
emission reduction required, building on this starting point
for the development of a robust, long-term sustainability
framework to track and report the improvement in industry
performance into the future.

Supplementary material

Supplementary material is available online.
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