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1. A meta-analysis of the efficacy and productivity consequences of mitigation strategies for
livestock methane emissions
Published as:
Almeida, A.K., Hegarty, R.S. and Cowie, A., 2021. Meta-analysis quantifying the potential of dietary
additives and rumen modifiers for methane mitigation in ruminant production systems. Animal
Nutrition: 7(4), pp.1219-1230. doi.org/10.1016/j.aninu.2021.09.005
Introduction
Recognizing the urgent need to address climate change, nations have agreed to reduce
greenhouse gas (GHG) output, aiming for net zero emissions by the second half of the century
(UNFCCC, 2015). Livestock enteric methane (CH4) contributes to 11.6% of global GHG emissions from
anthropogenic activities (Ripple et al., 2014), and efforts are being made to identify and encourage
actions to reduce these emissions (GRA 2020).
Enteric methane (CH4) emission represents a natural energy waste by the ruminant
fermentation process, and it is the main source of GHG in agriculture. Enteric CH4 accounts for 43%
of the GHG emissions from livestock, globally (Herrero et al., 2016). In Australia 73% of the GHG
emissions from the agriculture sector are CH4 (Figure 1). As CH4 has a relatively brief lifetime in the
atmosphere (i.e., from 8.4 to 12 years, Ehhalt et al., 2001), mitigating CH4 may represent a substantial
pathway to achieve climate stabilisation targets. In NSW, CH4 emissions are mainly due to the 25.2
million head of sheep and 4.73 million head of cattle (MLA, 2019). There are opportunities to reduce
CH4 emissions while improving ruminant efficiency from a metabolic to a farming system level. It is a
healthy reminder from Capper et al., (2009) that speaking of the change in the US dairy industry
since 1944 says “Modern dairy practices require considerably fewer resources than dairying in 1944
with 21% of animals, 23% of feedstuffs, 35% of the water, and only 10% of the land required to
produce the same 1 billion kg of milk. Waste outputs were similarly reduced, with modern dairy
systems producing 24% of the manure, 43% of CH4, and 56% of N2O per billion kg of milk compared
with equivalent milk from historical dairying.”
The developing suite of mitigation options for enteric methane have been regularly reviewed
(Martin et al., 2010; Cottle et al., 2011; Hristov et al., 2013; Grossi et al., 2019). Progress towards
carbon neutrality for the red meat sector in Australia may involve nutritional strategies, as well as
whole farm systematic approaches (e.g., vaccines, improving reproductive rate, stock number and
productivity, pasture management, genetics, among others). The nutritional approach, more
specifically, rumen manipulation, encompasses a wide range of possibilities (e.g., oils, algae, nitrate,
ionophores, protozoa population control, bacteriocins, phytochemicals, 3-nitrooxypropanol,
acetogens, organic acids, among others). In this meta-analysis, we focus on strategies that are likely
to be adopted in NSW and contribute to carbon neutrality by 2050. Therefore, the approach of this
assessment is to use CH4 mitigation data published since 2000 to quantify the technical potential of
strategies for CH4 mitigation by ruminants (cattle and sheep), as well as quantifying the co-benefits
and identifying barriers to implementation. The ultimate purpose of this assessment is to identify the
CH4 mitigation potential of system-based and nutritional strategies that may be adopted regionally to
inform the development of efficient policies to support CH4 abatement.
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Figure 1 Sources of GHG emissions (Mt CO2-e) in NSW emphasizing the agriculture sector contribution in 2016 (Source: State and Territory Greenhouse
Gas Inventories; DEE, 2016).
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Material and methods
Published literature screening
A database was created with publications from 2000 to 2020, using only reports of in vivo trials
that measured ruminant enteric CH4 emissions. Studies included addressed the effects of nutritional
(oils, algae, nitrate, ionophores, protozoa population control, bacteriocins, phytochemicals, 3nitrooxypropanol, acetogens, organic acids) as well as system-based abatement measures (vaccines,
improving reproductive rate, stock number and productivity, pasture management, genetics).
Keywords used to identify papers were as follows: “ruminant”, “enteric”, “methane emission”, and
one of the potential strategies. Pertinent literature cited in each considered article was also screened
for inclusion. All data were from articles published in indexed journals identified through searches
conducted using the Google Scholar search engine (https://scholar.google.com) from 18th of August
2019 to 26th of April 2020. Data were entered in an Excel spreadsheet in a systematic fashion in
which each row represented a treatment and each column represented an exploratory variable
(Sauvant et al., 2008). All publications used in the meta-analysis are listed in Section 3 and a
summary of the data is presented in Table 1. Data reported in divergent units of measure were
transformed to matching units. When a study did not report all needed results and it was possible to
calculate from the reported data, appropriate calculations were performed from the reported data.
The investigated factors were body weight (BW), dry matter (DM) intake, average daily growth
(ADG) (g/d), milk production (kg/d) diet chemical composition (crude protein, CP; neutral detergent
fiber, NDF; fat; and non-fiber carbohydrate, NFC), and digestibility of nutrients (DM, CP, fat and
NDF). Methane emissions were reported as methane production rate (MPR: g CH4/head/d), methane
yield (MY: g CH4/kg DMI) and methane emission intensity (MI: g CH4/kg animal product, typically milk
or liveweight gain).
Inclusion criteria
For inclusion in the meta-analysis, studies were required to have MY (g/kg DMI) measured, as
well as data reported on composition of diets and intake. Besides these, other variables required in
the dataset were digestibility, animal performance and rumen fermentation indicators (pH, molar
proportion of volatile fatty acids, and protozoa count), as previously described. Overall, 108
publications met these requirements and were included in the analysis (Table 1).
Statistical Analysis
The meta‐analysis was performed using the MIXED procedure of SAS (version 9.4, SAS/STAT,
SAS Institute Inc., Cary, NC), considering study as a random effect. Furthermore, to account for
variations in precision across studies, the inverse of the squared standard error of the mean (SEM)
(Wang and Bushman, 1999) of MY was used as a factor in the WEIGHT statement of the model (St‐
Pierre, 2001). The slopes and intercepts by study were included as random effects, specifying an
unstructured variance-covariance matrix for the intercepts and slopes. (St-Pierre, 2001). When
pertinent, covariates were included in the model based on previous literature, as listed in results
section. In this sense, if the covariate was found non-significant, it was then removed from the model
if P > 0.05 (St‐Pierre, 2001).
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Table 1 Description of the database used in the meta-analysis of the effect of different strategies
for enteric methane abatement.
Study
code

Source

Animal

Strategy

CH4 Method

n

1

Alemu et al. (2019)

sheep

phytochemicals, NO3

GreenFeed

22

Beauchemin et al. (2006)

beef

phytochemicals, oil,
organic acid

chamber

8

3

Beauchemin et al. (2007)

beef

oil

chamber

4

4

Beauchemin et al. (2009)

dairy

oil, protozoa control

chamber

4

Benchaar (2016)

dairy

Phytochemicals,
ionophores

SF6

8

6

Benchaar et al. (2015)

dairy

oil, protozoa control

chamber

6

7

Bird et al. (2008)

sheep

Protozoa control

chamber

7

8

Caetano et al. (2019)

beef

Phytochemicals

GreenFeed

10

Carulla et al. (2005)

sheep

Phytochemicals, protozoa
control

chamber

6

Carvalho et al. (2016)

beef

oil

SF6

9

Chung et al. (2013)

beef

Phytochemicals, protozoa
control

chamber

8

12

Cooprider et al. (2011)

beef

Ionophores

chamber

4

13

Cosgrove et al. (2008)

sheep

oil

SF6

2

14

Ding et al. (2012)

sheep

oil

other

3

15

Duthie et al. (2018)

beef

NO3

chamber

18

16

El-Zaiat et al. (2014)

sheep

phytochemicals, NO3

chamber

6

17

Fiorentini et al. (2014)

beef

oil, protozoa control

SF6

9

18

Grainger et al. (2008)

dairy

oil

SF6

6

19

Grainger et al. (2008b)

dairy

Ionophores

chamber/SF6

15

20

Grainger et al. (2009)

dairy

Phytochemicals

SF6

10

21

Grainger et al. (2010)

dairy

Ionophores

chamber/SF6

10/15

22

Granja-Salcedo et al.
(2019)

beef

NO3

SF6

10

23

Guyader et al. (2015a)

dairy

phytochemicals, NO3

chamber

4

24

Guyader et al. (2015b)

dairy

oil, NO3, protozoa control

chamber

4

25

Guyader et al. (2016)

dairy

oil, NO3

chamber

8

2

5

9
10

11

7

26

Haisan et al. (2014)

dairy

3-NOP

SF6

5

27

Haisan et al. (2017)

dairy

3-NOP

SF6

6

28

Hegarty et al. (2008)

sheep

Protozoa control

chamber

6

Hess et al. (2016)

sheep

Phytochemicals, protozoa
control

chamber

6

Hollmann et al. (2012)

dairy

oil

chamber

6

Holtshausen et al. (2009)

dairy

Phytochemicals, protozoa
control

chamber/SF6

4

32

Hosoda et al. (2005)

dairy

Phytochemicals

chamber

4

33

Hristov et al. (2013)

dairy

Phytochemicals

SF6

8

34

Hristov et al. (2015)

dairy

3-NOP

GreenFeed

12

35

Hulshof et al. (2012)

beef

NO3

SF6

8

36

Hünerberg et al. (2013a)

beef

oil

chamber

8

37

Hünerberg et al. (2013b)

beef

oil

chamber

4

38

Johnson et al. (2002)

dairy

oil

SF6

4

39

Jordan et al. (2006a)

beef

oil

chamber

10

40

Jordan et al. (2006b)

beef

oil

SF6

12

41

Jordan et al. (2007)

beef

oil

SF6

4

42

Jose Neto et al. (2019)

beef

oil

SF6

9

43

Kim et al. (2019)

beef

3-NOP

GreenFeed

9

44

Kinley et al. (2020)

beef

Seaweed

chamber

5

Klevenhusen et al. (2011)

sheep

Phytochemicals, protozoa
control

chamber

6

46

Lee et al. (2015)

beef

NO3

chamber

8

47

Lee et al. (2017a)

beef

NO3

chamber

7

48

Lee et al. (2017b)

beef

NO3

chamber

7

49

Li et al. (2012)

sheep

NO3

chamber

5

50

Li et al. (2013)

sheep

NO3

chamber

6

51

Li et al. (2018)

sheep

Seaweed

chamber

6

52

Liu et al. (2011)

sheep

phytochemicals, oil

chamber

8

53

Lopes et al. (2016)

dairy

3-NOP

GreenFeed

6

54

Ma et al. (2015)

sheep

Phytochemicals

chamber

6

29
30

31

45
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55

Ma et al. (2017)

sheep

Phytochemicals

chamber

6

56

Machmüller et al. (2000)

sheep

oil, protozoa control

chamber

3

57

Machmüller et al. (2001)

sheep

oil, protozoa control

chamber

3

58

Machmüller et al. (2003)

sheep

oil, protozoa control

chamber

3

Malik et al. (2017)

sheep

Phytochemicals, protozoa
control

SF6

10

60

Mao et al. (2010)

sheep

phytochemicals, oil

chamber

8

61

Martin et al. (2008)

dairy

oil

SF6

8

62

Martin et al. (2016)

dairy

oil

SF6

4

63

Martinez-Fernandez et al.
(2018)

beef

3-NOP

chamber

4

McGinn et al. (2004)

beef

oil, organic acid,
ionophores

chamber

8

65

McGinn et al. (2009)

beef

oil

SF6

30

66

Melgar et al. (2020)

dairy

NO3

GreenFeed

24

67

Moate et al. (2011)

dairy

oil

chamber

4

Moate et al. (2014)

dairy

Phytochemicals, protozoa
control

SF6

10

Mohammed et al. (2004)

dairy

Phytochemicals, protozoa
control

chamber

4

70

Moreira et al. (2013)

sheep

Phytochemicals

SF6

3

71

Mwenya et al. (2005)

dairy

Ionophores

other

4

72

Newbold et al. (2014)

beef

NO3

chamber

6

73

Nguyen and Hegarty
(2017)

beef

oil, protozoa control

chamber

6

74

Nolan et al. (2010)

sheep

NO3

chamber

4

Norris et al. (2020)

beef

Phytochemicals, protozoa
control

chamber

8

76

Odongo et al. (2007)

dairy

oil

chamber

6

77

Odongo et al. (2007b)

dairy

Ionophores

other

12

78

Olijhoek et al. (2016)

dairy

NO3

chamber

4

79

Oliveira et al. (2007)

beef

Phytochemicals

SF6

8

80

Patra et al. (2011)

sheep

Phytochemicals

chamber

4

81

Pen et al. (2007)

sheep

Phytochemicals

chamber

4

59

64

68

69

75

9

82

Rebelo et al. (2009)

beef

NO3

SF6

10

83

Reynolds et al. (2014)

dairy

3-NOP

GreenFeed

6

84

Romero-Perez et al. (2014)

beef

3-NOP

chamber

8

85

Romero-Perez et al. (2015)

beef

3-NOP

chamber

8

86

Roque et al. (2019)

dairy

Seaweed

GreenFeed

12

87

Rossi et al. (2017)

beef

oil

SF6

7

88

Santoso et al. (2004)

sheep

Phytochemicals

chamber

4

89

Silva et al. (2018)

beef

oil

SF6

6

90

Soltan et al. (2013)

sheep

Phytochemicals

chamber

6

Staerfl et al. (2012)

beef

Phytochemicals, protozoa
control

chamber

6

92

Sun et al., (2017)

beef

NO3

chamber

4

93

Tiemann et al. (2008)

sheep

Phytochemicals

chamber

6

94

Troy et al. (2015)

beef

oil, NO3

chamber

6

95

Van Wesemael et al.
(2019)

dairy

3-NOP

GreenFeed

10

96

van Zijderveld et al. (2010)

sheep

NO3

chamber

5

97

van Zijderveld et al.
(2011a)

dairy

oil, Phytochemicals

chamber

10

98

van Zijderveld et al.
(2011b)

dairy

NO3

chamber

5

99

Velazco et al. (2014)

beef

NO3

GreenFeed

10

100

Veneman et al. (2015)

dairy

oil, NO3

chamber

6

101

Villar et al. (2019)

beef

oil, NO3

chamber

4

102

Vyas et al. (2016)

beef

3-NOP

chamber

5

103

Vyas et al. (2018a)

beef

3-NOP

chamber

5

104

Vyas et al. (2018b)

beef

3-NOP, ionophores

chamber

5

105

Waghorn et al., (2008)

dairy

Ionophores

SF6

16

106

Wang et al. (2009)

sheep

Phytochemicals

chamber

4

Yang et al. (2017)

beef

Phytochemicals, protozoa
control

chamber

4

Zhou et al. (2011)

sheep

Phytochemicals, protozoa
control

chamber

3

91

107
108
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Differences between means were determined using the P‐DIFF option of the LSMEANS
statement, which is based on Fisher’s F‐protected least significant difference test. Significant
difference was declared at P < 0.05.
Results and discussion
Reducing enteric methane emissions by managing nutritional processes
Nutritional management can alter DMP and MY by multiple means that affect residual
hydrogen availability in the rumen or directly target methanogens. These means include:
• Quantity of fermentable material ingested (general positive relationship)
• Rate of digesta passage through the reticulorumen (negative relationship with
methane yield)
• Proportions of starch and fibre in ingested feed
• General suppression of fermentation or suppression of fibre fermentation (eg grainfeeding causing low pH; oil coating fibre and microbes)
• Unique steps in methanogenic biochemistry (vaccine, 3NOP, macroalgae)
While mitigation efficacy of these strategies have been reported and often combined in broadranging reviews (Martin et al., 2010, Cottle et al., 2011, Asizua et al., 2014, Patra, 2016, Grossi et al.,
2019), the effect of feed management on animal productivity is less well assessed. An appraisal of
abatement mechanisms and quantitative potential enteric methane abatement of each considered
dietary strategy, its risks and barriers to implementation in NSW, as well as potential co-benefits are
provided below.
Oils
Among the several dietary strategies specifically developed to mitigate enteric CH4 production,
oil inclusion in the diet is the one with most papers published in the last 20 years, that were included
in the meta-analysis (n = 35; see Table 1). Oils (i.e., polyunsaturated fatty acids and the mediumchain saturated fatty acids) have been previously recognised to suppress CH4 production in
ruminants (Blaxter and Czerkawski, 1966). For instance, adding oil to the ruminant diet reduces H2
producers (i.e., protozoa; Mao et al., 2010, Guyader et al., 2015), as well as methanogen populations
(Mao et al., 2010), and may act as a [H] acceptor through fatty acid biohydrogenation, although small
(Ungerfeld, 2015). Not surprisingly, among the papers included, only two (Johnson et al., 2002, Silva
et al., 2018) out of 35 showed that adding oil to the diet of dairy cattle, beef cattle, or sheep did not
affect enteric CH4 production.
Our results revealed that the MY potential mitigation ranges from 12 to 20% (95% CI of the
mean effect size; mean reduction of 15%). In this regard, for every increase of 1% of oil (10 g/kg DM)
supplying from 2.85 to 6.20% - 95% CI of oil inclusion, the MY was reduced by 1.02 ± 0.113 g CH4/kg
DMI or 4.37% (P < 0.01; RMSE = 4.56). Previous meta-analysis (i.e., 17 studies) examined the
reduction in MY in response to oil in the diet and reported that for each 1% oil added to the diet MY
were reduced by 5.6% (Beauchemin et al., 2007).The extent of the CH4 mitigation by dietary oil may
vary with basal diet, as negative effects have been reported on DMI, fibre digestion, as well as animal
performance, from adding oil to ruminants fed high-fiber diets (Beauchemin and McGinn, 2006,
Hollmann et al., 2012, Troy et al., 2015). Oil can be added to a low-fibre diet without impairing fibre
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Figure 2 Forest plot depicting the standardized mean effect of the estimated ratio of methane
yields for mitigation strategy vs control emissions (mean methane emission in treatment with
mitigation strategy divided by mean methane emission in control) and the 95% confidence interval
(95% CI). Values below 1.0 indicate that the mitigation strategy yields a reduction in methane
emissions. Source: Almeida et al., 2021.
digestibility, but not to high-fibre diets (Machmüller et al., 2001, Machmuller et al., 2003, Benchaar
et al., 2015). Therefore, there is a risk that these adverse effects on fibre digestibility could restrict
the use of oils as a mitigation strategy for grazing livestock. Oil addition within the range of the
present meta-analysis reduced DMI by 1.24 to 6.17% (Figure 3a), and reduced NDF digestibility by
6.30% to 13.0% (95% CI of NDF content from 29.8 to 42.4%; Figure 3b). No effect on growth rate
could be detected using the present database, whereas oil addition decreased milk production by
1.17 to 13.7% (95% CI). Supplementation with unsaturated fatty acid rich-oils may influence the
biohydrogenation, yielding the production of trans-10 18:1 fatty acid, which may result in a higher
level of anti-lypogenic CLA (trans-10, cis 12) production in the mammary gland ( Griinari and Bauman
1999; Odongo et al., 2007), and therefore may cause milk depletion (Baumgard et al., 2002). The
overall reduction in MI (g CH4/kg of milk or weight gain) ranged from 14.4 to 21.5% (P<0.01; Figure
3c). Moreover, the practicality of oil supplementation in the diet in a farm setting should be
evaluated considering its benefits in methane mitigation, as well as animal performance and cost of
feeding in each scenario. Oil as a mitigation strategy can readily be applied to feedlot and dairy
systems. The main barrier in grazing systems is the fibre digestibility reduction.
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Figure 3 Mean effect of the estimated ratio of diets containing oil and control diets in DMI (a), NDF
digestibility (b) and CH4 intensity (g CH4/kg animal product) (c). Source: Almeida et al., 2021.

Seaweeds
Seaweeds are macroalgae, being complex and diverse multicellular organisms that can grow in
both marine and fresh water environments (van der Spiegel et al., 2013). The term “seaweed” has no
taxonomic importance but is commonly used to refer to the marine algae (Makkar et al., 2016).
Based on the pigment involved in their photosynthetic process, seaweeds can be categorised as red
algae (Rhodophyceae), brown algae (Phaeophyceae), and green algae (Chlorophyceae) (Chapman and
Chapman, 1980). There are more than 13,000 species of macroalgae (Huisman et al., 1998) and some
species of macroalgae have recently been proposed as a novel ingredient in ruminant diets (van der
Spiegel et al., 2013, Halmemies-Beauchet-Filleau et al., 2018). Seaweeds vary in chemical
composition (Machado et al., 2014, Makkar et al., 2016), digestibility (i.e., 15 to 94% as reviewed by
Makkar et al., 2016) and show a wide diversity and content of secondary metabolites (Carroll et al.,
2019), including those by which CH4 mitigation is achieved (Dubois et al., 2013, Machado et al., 2014,
Kinley and Fredeen, 2015).
Previous studies have identified that the red macroalgae Asparagopsis taxiformis has a high
efficacy in CH4 abatement in vitro (Kinley and Fredeen, 2015, Machado et al., 2016, Machado et al.,
2018) and in vivo (Li et al., 2018) due to its high content of bromoform, a halogenated CH4 analogue
(Lanigan, 1972). Halogenated CH4 analogues inhibit the enzymatic activity (i.e., methyltransferase
enzyme) by reacting with the reduced vitamin B12 cofactor required in one of the final steps of CH4
formation, decreasing the cobamide-dependent pathway (Wood et al., 1968).
In vivo animal trials testing seaweeds as a mitigation option are only recently published. One
study in sheep (Li et al., 2018), one in dairy cattle (Roque et al., 2019) and one in feedlot cattle
(Kinley et al., 2020) are available, showing a dose dependent MY reduction from 30.0% up to 69.0%
(95% CI; P < 0.01; n = 3; mean reduction of 49.0%), when using Asparagopsis inclusion from 0.5% to
3.0%. Solving the equation of the relationship between MY and A. taxiformis intake generated by Li
et al., (2018) revealed reduction of 3.50 g CH4/kg DMI (i.e., or 23.3% CH4 mitigation) for every gram of
A. taxiformis intake, without decreasing DMI or affecting blood chemistry and pathology, but with
some effect on fermentation (Li et al., 2018). Roque et al., 2019 reported 38% DMI reduction and
reduced milk production when Asparagopsis was fed to dairy cows at 1% of dry matter.
A previous study reported moderate potential of seaweed to be market-ready as a ruminant
feed within 2 to 3 years (Halmemies-Beauchet-Filleau et al., 2018) and preparations are well
underway for marketing of a commercial product in Australia (CSIRO 2020;
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https://research.csiro.au/futurefeed/). The biochemical profile varies between species of seaweeds
(Machado et al., 2014, Carroll et al., 2019), and it seems that Asparagopsis is the most effective
macroalgae for CH4 mitigation. However, the effect of feeding macroalgae to ruminants on diet
digestibility, animal performance and health, together with CH4 abatement are yet to be extensively
addressed using in vivo trials. Moreover, the mitigation effect of seaweed appears to vary among its
species in vitro, and is influenced by basal diet (Machado et al., 2014, Machado et al., 2016, Maia et
al., 2016), thus future in vivo studies should focus on the influence of basal diet on seaweed
mitigation effect. The animal performance response in a pasture-based setting is yet to be defined,
and lifecycle analyses to address constraints linked with seaweed production itself must be
considered. Among caveats to tackle before the adoption of seaweed as a mitigation strategy is the
fact that high harvesting rates in the wild may disrupt the equilibrium of coastal ecosystems (Makkar
et al., 2016), also cultivation of seaweeds may increase bromoform production, which may damage
to the atmospheric ozone layer (Carpenter and Liss, 2000, Quack and Wallace, 2003).

Nitrate
The mechanism by which NO3- may lower ruminal methane production is through competition
with methanogenesis for reducing equivalents. Because NO3- has a higher affinity for H2 than does
CO2 in the rumen (Jones, 1972, Latham et al., 2016), CH4 production is reduced when feeding NO3- to
ruminants. In the rumen, NO3- is initially reduced to NO2- (nitrite) and then to NH3, decreasing the
availability of H2 for methanogens (Lewis, 1951, Nolan et al., 2016).
The current meta-analysis revealed that NO3-supplementation decreased MY by 15.7%
compared with a control diet (16.1±0.855 g vs. 19.1±0.853 CH4/kg DMI; P<0.01; n = 25) in ruminants.
Dietary NO3- inclusion from 17.2 to 22.1 g/kg DM (95% CI) led to MY reduction of from 10.0 to 22.1%
(95% CI; P <0.05; n = 25). Unlike oils, NO3- supplementation does not impair fibre digestibility (i.e.,
NDF digestibility; P=0.86; n = 12; Figure 4b), or DMI (P=0.86; n = 25; Figure 4a), which is a beneficial
outcome in grazing systems. Moreover, dietary NO3- supplies non-protein nitrogen to the rumen
biota, reducing the need for other dietary nonprotein nitrogen sources (Hulshof et al. 2012; Li et al.
2012).The overall reduction in CH4 intensity (g CH4/kg of milk or weight gain) from NO3- inclusion
ranged from 10.7 to 18.7% (P<0.01; n = 11 Figure 4c).
Since 2015, the Australian Emissions Reduction Fund has included a method through which
carbon credits can be generated for feeding of NO3- to grazing ruminants (DoE, 2015). The major
limitation of feeding NO3- to ruminants is the possibility of accumulation and absorption of
intermediates of NO3- reduction (i.e., NO2- into the bloodstream). Besides being a precursor to
carcinogenic compounds, NO2- can impair the capacity of blood to transport oxygen to an animal’s
tissues due to methaemoglobinaemia (Lewis, 1951, Sindelar and Milkowski, 2012, Bedale et al.,
2016). However, in most studies used in the present analysis, blood methaemoglobin concentrations
in nitrate-supplemented animals were higher than non-supplemented ones (Velazco et al., 2014,
Guyader et al., 2016, Rebelo et al., 2019). None of the included studies that measured blood
methaemoglobin levels observed clinical symptoms of methaemoglobinaemia (i.e., cyanosis and
hypoxia that may arise at methaemoglobin > 20% of total haemoglobin (Mensinga et al., 2003)).
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Figure 4 Forest plot depicting the standardized mean effect of the estimated ratio of diets
containing nitrate (NO3) and control diets in DMI (a), NDF digestibility (b) and CH4 intensity (g/kg
animal product) (c). Source: Almeida et al., 2021.

In this regard, management and nutritional strategies to reduce the risk of NO2- poisoning may
be used, including adapting animals to NO3- (i.e., microbial acclimation; (Lee and Beauchemin, 2014,
Nolan et al., 2016), slowing the rate of NO3- reduction reaction in the rumen (e.g., by encapsulated in
lipid; de Raphélis-Soissan et al., 2017), as well as combining different mitigation strategies (e.g., NO3+ oil; Nolan et al., 2016, Lee et al., 2017, Villar et al., 2019), allowing the reduction of NO3- level in the
diet. Evaluating the combined effect of using nitrate and an oil source for CH4 mitigation, the change
in MY varied from 38.6% MY reduction up to 3.5% MY increase; (95%CI; P < 0.05; n = 4). Although
these results were based on only four papers that evaluated the interaction of oil and NO3-, it seems
that the combination of NO3- supplementation with oil would reduce the likelihood of nitrate
poisoning.

Ionophores
Ionophores are compounds of diverse chemical structures that are able to anchor to the lipid
bilayer of cell membranes of organisms and translocate protons (H+) and metal ions (futile ion flux)
through the membrane leading to eventual death of the microbial cell (i.e., gram+ bacteria and
protozoa) (Russell and Strobel, 1989, Chow et al., 1994). Typically, this shifts the microbial population
toward gram- bacteria that are least sensitive to ionophores, at the expense of H+-, ammonia-, and
lactate-producing organisms, resulting in higher propionate production, less CH4, greater protein
availability and higher ruminal pH (Russell and Houlihan, 2003). In Australia, very few beef feedlots
would operate without an ionophore (monensin or lasaocid) though several non-ionophores can be
used (eg. Bambermycin or virginiamycin).
Several ionophores are registered and approved for use as feed additives (e.g., monensin,
lasalocid, narasin, laidlomycin), but this varies between countries, with laidlomycin not available in
Australia for example. The primary reason for modifier inclusion is to reduce the risk of lactic acidosis
and associated with this is a substantial improvement in animal health and performance and so feedyard economics. Monensin, the most widely used ionophore in ruminant nutrition, is produced by
Streptomyces spp. Over time, rumen microbes adapt, reducing the ionophore response, including the
CH4 mitigation (Callaway et al., 2003). Rotating ionophores and antibiotics (daily, weekly or biweekly)
may improve the effectiveness of ionophores on feed efficiency over time (Guan et al., 2006,
Crossland et al., 2017). As ruminal bacteria may become resistant to ionophores, one may argue that
ionophore resistance poses a public health threat, however genes linked to ionophore resistance in
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ruminal bacteria have not yet been identified, indicating that is not likely that ionophore resistance
can spread across microorganisms (Russell and Houlihan, 2003).
The present study revealed that including ionophores (monesin was used in the majority of
studies) in cattle diets reduced MY by only 4% (95%CI from 0.5 to 7.4%; P = 0.05; n = 10; Figure 2).
Moreover, the use of ionophores as a mitigation strategy is limited to the period prior microbiome
adaptation. Ionophores have been commonly used as a performance enhancer for four decades. The
current study showed only a modest MI reduction (g/CH4/kg ADG: 95%CI from 0 to 14.7%; P = 0.04; n
= 5). Ionophores affect ammonia production, changing the fermentation dynamics towards
improving energetics and N use in the rumen, as well as acidosis control. Ionophores are used mainly
in a feedlot setting and dairy herds (i.e., cattle fed high grain diets), and CH4 mitigation appear to be
only a small co-benefit of the use of ionophores.

Protozoa population control
Some methanogens in the rumen exist as endo- and ecto-symbionts with ciliate protozoa
(Finlay et al., 1994, Tokura et al., 1997) and such symbionts may account for up to 37% of the rumen
methanogens (Finlay et al. 1994). Although protozoa are a significant proportion of the biomass in
the rumen ecosystem, they are not essential (Williams and Coleman, 1992; Newbold et al., 2015). On
the contrary, some co-benefits of rumen defaunation (removing protozoa) have been reported, such
as increases in growth rate and live weight gain of ruminants (Eugène et al, 2004; Newbold et al.,
2015) especially when the feed is deficient in protein relative to energy content. In addition, rumen
protozoa are significant H2 producers, which due to their preferred production of acetate and
butyrate synthesis rather than propionate (Williams and Coleman 1992).
In brief, one may use physical and chemicals techniques to achieve defaunation of the rumen:
the most commonly used technique is the isolation of animals from their mothers at birth, followed
by use of detergents and other chemicals (e.g., sodium lauryl sulfate, alkanes, synperonic NP9,
calcium peroxide, copper sulfate), as well as emptying and washing the rumen (Hegarty et al., 2008;
Newbold et al., 2015). Moreover, some feed additives used to mitigate CH4 or as efficiency enhancers
may control protozoan population: ionophores, oil, and NO3 supplementation. It is noteworthy that
none of the available techniques are considered practical and/or efficient for commercial application
to the date.
When a protozoa population-controlling additive was used, the protozoa population reduced
by 23% (95% CI = 12 – 35%; P < 0.01; n = 22) but rumen MY diminished by only 2% on average (95%
CI = -0.16 – +14.0 %; P = 0.03; n = 22; Figure 2), noting variation inherent to diet. The reduction in MY
may be due to a reduced methanogen population, an altered pattern of volatile fatty acid production
and hydrogen availability; and dry matter digestion in the rumen. Our results did not show reduction
in DM digestibility (P = 0.91) or NDF digestibility (P = 0.87). The decline in methanogenesis associated
with removal of protozoa is greatest on high concentrate diets and this is in keeping with protozoa
being relatively more important sources of hydrogen on starchy diets, as many starch-fermenting
bacteria do not produce H2.
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Phytochemicals
For the purpose of the present study, a wide array of heterogeneous plant secondary
compounds with CH4 mitigation effects were grouped in phytochemicals (Patra and Saxena, 2010)
including tannin-rich feeds, essential oils, and saponins but excluding macroalgal bromoform. When
using phytochemicals as feed additives, one should pay close attention to the dose and quality, as
they may possess anti-nutritional characteristics at higher levels. The aim is to find the equilibrium
between the beneficial CH4 abatement and optimum nutrient utilisation. This balance is particularly
complex to attain as the composition and quantity of phytochemicals varies widely within natural
sources (e.g., legumes), even when fed as extracts. More than 200,000 plant secondary compounds
have been identified (Hartmann, 2007), and some have anti-methanogenic proprieties.
Saponins are high molecular-weight glycosides that occur in a variety of plants, with triterpene
saponins (i.e., saccharide chain units linked to a triterpene) more abundant in nature than steroidal
saponins (Hostettmann and Marston, 2005). The CH4-suppressing traits of saponin-rich plants are
related to the inhibition of rumen ciliate protozoa, which may enhance efficiency of synthesis of
microbial protein (Patra and Saxena, 2009). Similar beneficial effects on N and energy ruminal
metabolism have been observed when feeding tannins to ruminants (Norris et al., 2020). Tannins are
high molecular weight polyphenolic compounds soluble in water and have capacity to interact with
proteins (and carbohydrates) due to the presence of a large number of phenolic hydroxyl groups
forming complexes (Patra and Saxena, 2010). They exist as hydrolysable tannins (HT) and condensed
tannins (CT); both have antimethanogenic effects, however CT are usually used as feed additive as HT
represents high risk of toxicity to the animal (Field and Lettinga, 1987, McSweeney et al., 2001).

Essential oils
Essential oils are not based on long chain fatty acids but are bio-active molecules with
antimicrobial properties that can directly inhibit methanogens and hydrogen-producing
microorganisms. They include garlic oil, thymol, cinnamaldehyde, peppermint, menthol and
eucalyptus oils, as well as commercial blends. The type of essential oil will define the effect on CH4
production. Moreover, it is important to consider the potential anti-nutritional effect of essential oils
and also the adaptation of rumen microbes to essential oils, the change in flavour of animal products
due to presence of residues in meat and milk, as well as acceptability by the animals, which could
affect DMI (Rae, 1999, Calsamiglia et al., 2007). In this regard, the present meta-analysis indicated no
effect of phytochemical inclusion on DMI of dairy, beef cattle, and sheep (mean effect of 1.00 ±
0.00386; 95% CI 0.992 – 1.01; P = 0.81; n = 33; Figure 5).
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Figure 5 Mean effect of the estimated ratio of diets essential oils (diamond), saponins (triangle),
and tannins (circle) and control diets in methane yield, DMI, NDF digestibility and DM digestibility.
Source: Almeida et al., 2021.

Among studies included in the present analysis, 24% trialled saponins, 50% used tannins and
21% fed essential oils, while 5% of these studies examined other phytochemicals (e.g., flavonoids).
The estimated mean reduction on MY through phytochemical supplementation was 10% compared
with the control diet (16.7 ± 1.11 g vs. 18.6±1.12 CH4/kg DMI; P<0.01; n = 33), with tannins and
saponins having greatest effect (Figure 5). The observed mean reduction in MY due to phytochemical
supplementation ranged from 8 to 14 % (Figure 2; 95% CI; P<0.01; n = 33). Additionally,
phytochemical inclusion in the diet of ruminants affected fibre digestibility (mean reduction in NDF
digestibility of 4.69%; 95% CI 0.86 – 8.56; P = 0.02; n = 21), without affecting total tract DM
digestibility (mean effect 95% CI 0.97 – 1.01; P = 0.97; n = 21). Overall, phytochemical
supplementation tended to reduce CH4 intensity in ruminant animals (mean effect 0.922 ± 0.0351;
95% CI 0.83 – 1.00; P = 0.08; n = 21).
Notably the dietary inclusion of phytochemicals does not identify a simple recommendation
due to high variation in concentration and type of compound, and spatial and temporal
inconsistency.

3-nitrooxypropanol (3-NOP)
The commercially developed compound 3-NOP provides a novel and promising feed additive
used to mitigate CH4.It is a structural analogue of the nickel enzyme methyl CoM reductase produced
by the methanogenic archaea, thus it inhibits the last step of CH4 formation in the rumen (Duin et al.,
2016). Previous, studies have shown that 3-NOP is a potent CH4 suppressant, effective in a wide
range of diet types, exhibiting no DMI nor digestibility impairment in beef or dairy cattle (Romero18

Perez et al., 2014, Haisan et al., 2017, Jayanegara et al., 2017). Research has found that 3-NOP is
metabolised rapidly, not building up in the mammal’s bloodstream (Thiel et al., 2019a). Moreover, 3NOP and its metabolites were not found to have mutagenic or genotoxic potential (Thiel et al.,
2019b). Thus, 3-NOP does not seem to represent a food security threat or risk to animal health.
Reviewing previous studies, the in-feed doses of 3-NOP fed to ruminants ranged from 40 to
340 mg 3-NOP/kg DM (64.2 to 122 mg 3-NOP/kg DM; 95% CI) and responses are highly dose
dependent. From our meta-analysis, 3-NOP supplementation decreased ruminant methane emission
by 23.3% compared with a control diet (15.1 ± 0.995 g vs. 19.7±1.11 CH4/kg DMI; P<0.01; n = 14). The
mean reduction in the MY ranged from 18 to 39 % (95% CI; P < 0.01; n = 14; Figure 2). All individual
studies used in the present meta-analysis underscored the efficacy of 3-NOP in lowering enteric CH4
emissions (Table 1).
Previously, CH4 abatement achieved with dietary 3-NOP in ruminants was associated with a
decrease in DMI (Romero-Perez et al., 2014; Vyas et al., 2016) and this was borne out in the current
analysis where 3-NOP supplementation reduced DMI up to 4.5 % (P = 0.02; Figure 6a; n = 14). In the
present study, the 3-NOP supplementation did not alter fibre digestibility (i.e., NDF; P = 0.25; Figure
6b; n = 5). Moreover, the reduction in MY with 3-NOP ranged from 6.5 to 38% in dairy cattle (mean
of 22.2%; P < 0.01; n = 7) and from 1.5 up to 59% in beef cattle (mean of 30.0%; P < 0.01; n = 7). In
contrast, previous studies suggested stronger antimethanogenic effects of 3-NOP in dairy cattle than
in beef cattle (Dijkstra et al., 2018), and also that 3-NOP has a greater CH4 suppressing effect in highforage than high-grain feedlot diets (Kim et al., 2019). It seems that the antimethanogenic
effectiveness of 3-NOP differs between ruminant species; one may expect a larger variation within
the grazing beef compared to dairy production systems.

3-NOP added diets increase the trait
3-NOP added diets decrease the trait

Figure 6 Mean effect of the estimated ratio of diets containing 3-nitrooxypropanol (3-NOP) and
control diets in DMI (a), NDF digestibility (b) and CH4 intensity (c). Source: Almeida et al., 2021.

The overall reduction in CH4 intensity (g CH4/kg of milk or weight gain) from 3-NOP ranged
from 13.2 to 39.9% (P<0.01; Figure 6c). Thus, 3-NOP may offer a reliable and effective strategy for
CH4 abatement in beef, sheep and dairy cattle, yet as a relatively novel feed additive, there may be
resistance to adoption, particularly as the magnitude of the mitigation appears to differ between
ruminant species. Optimal doses of 3-NOP to be used are yet to be defined to enable registration as a
permitted feed additive, enabling the use of 3-NOP in the meat, wool and dairy industries in
Australia.
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Other feed additives with CH4 mitigation effects
Among the reviewed CH4 reduction strategies, it was found that comprehensive data regarding
the use of bacteriocins (for review: Garsa et al., 2019), organic acids and prebiotics (e.g., acetogens,
yeasts) (Martin et al., 2010, Patra, 2016) is too sparse to support adoption in the next 10 years.
Moreover, these technologies generally yield modest results in CH4 abatement, thus they were not
suitable to be included in the present meta-analysis.
2. Farm management practices as a route to enteric methane mitigation
On-farm management approaches to mitigate CH4 emissions may also be used. Usually they
involve management decisions and interventions targeted to increase productivity and/or minimise
consumption of feed by non-productive animals. In this regard, breeding strategies, reproductive
rate, stock number and productivity, pasture management, as well as vaccination, may contribute (in
some cases additively) as CH4 reduction strategies for the enterprise. Unlike most of the feed additive
strategies previously described in the section 1 meta-analysis, the whole farm system options may be
readily applied to grazing animals as well as feedlot and dairy cattle.
Modifications of the on-farm production system itself are particularly desirable in reducing
livestock emissions, because in general they use known and available technologies; do not require
new chemical products; and are associated with increased animal productivity. These changes
include intensification made possible through improved feedbase (Pinares-Patiño et al., 2009),
improved reproductive performance (Alcock and Hegarty 2011) and/or improved metabolic
efficiency of the animal, that could be achieved by breeding (Okine et al., 2006) or improved health
(Eckard et al. 2010). All these strategies rely upon decreasing the proportion of feed consumed (and
therefore the quantity of methane produced) by the breeding females in the flock or herd. By either
reducing daily emissions from this group or increasing the commercial product they yield, the
emission/unit product is reduced. Consequently, they provide significant flexibility for the land
manager to rearrange his land allocation and stock numbers around personal priorities for emission
and productivity targets (Alcock and Hegarty 2011).
The impact of changing the system’s feed or animal management on enterprise emissions is
wholly dependent upon what the manager chooses to do with livestock numbers and area under
grazing. All that these management strategies provide to a livestock manager is opportunity;
opportunity to choose the balance of emission change or productivity change they want. Alcock and
Hegarty (2011) explored this for lamb producers at Cowra in NSW and found most of the
management technologies considered reduced emissions intensity by 10% - 20% comparing the
worst with the best practices. However, if breeding stock are managed to be more productive (e.g.,
by superior nutrition leading to greater product/breeder) the farmer is faced with the challenge of
whether to:
•
•

increase stock numbers to gain extra product (for the same or more emissions).
reduce stock number to maintain previous product output with less enterprise emissions and
so make land available for other uses (eg. Tree planting, conservation zone)

The means by which animal and feed management can be changed to provide this opportunity
are described in the sections below.
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Animal management
There are multiple aspects of managing the animals in the grazing system that can affect
emission intensity and total emission from the enterprise. These include decisions around
reproduction, age at first joining, lifetime in the herd as well as health management and selection of
the genotype of the animals being bred. These changes are considered individually and then the
impact of changing reproductive rate (as a sum of these strategies) in NSW livestock by 5-10% is
assessed using simulations to verify the sensitivity of the current methodology used to calculate
methane emissions for the National Greenhouse Gas Inventory.
Age at first joining
Animals intended for breeding are not contributing economically until they deliver their first
progeny, but consume feed and generate GHG emissions throughout their life. So one way to
increase efficiency in breeding is to reduce the time before animals breed. This has substantial
impacts in reducing the emission intensity of milk (Christie et al., 2016) and of lamb, as well as
increasing profitability (Alcock et al., 2015; Tocker et al., 2020). Similarly, in beef production, joining
at a younger age was shown to be economically preferable to joining at later ages, irrespective of the
culling for age rule (Nunez-Dominguez et al., 1991). However a caveat remains that unless
replacement females are at a suitable weight to achieve successful early joining, then joining
underweight young animals will be disadvantageous to the economic yield of the flock (Farrell et al.,
2019) and it would be expected that the same adverse effect would diminish emission intensity gains
due to the supplementary feeding of lighter weight dry females that either fail to get pregnant or fail
to rebreed due to weight and condition.
Lifetime in the herd or flock
Culling for age is a standard management practice across most NSW beef and sheep
properties. Optimum age structure in a flock or herd can be readily estimated for optimised genetic
gain (eg. Turner et al., 1968). However, there is increasing awareness that culling for age is a
simplistic and far from optimum approach to manage flock structure as it fails to capitalize on the
opportunity of retaining high performing individuals in the herd/flock (Hatcher et al., 2018; Richards
et al., 2018). The implications of retaining the more-productive females in the flock/herd is two-fold
for emissions; (i) The number of non-productive females being reared to mating age is reduced,
resulting in less methane produced by animals not contributing to marketable livestock and (ii) The
non-productive (but methane producing) rearing period of replacements becomes a lower
proportion of the average lifetime of breeders in the herd/flock, so the emission intensity over the
lifetime is reduced. The same principles apply in dairy where extended lactations (within a year)
reduce emissions intensity of milk production (Lehmann et al., 2014). Doran-Browne et al. (2015)
found the economic impact of extending productive life was greater in the dairy herd than in wool
growing enterprises.
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Fecundity management
Consistent with reducing emission intensity, increasing the reproductive output can be
achieved by nutritional and animal management/culling as described above, but can also be modified
by targeted interventions to ovulation. Specifically, this includes ovulation stimulation by a
nutritional pulse (flushing; Banchero et al., 2021), and breeding for improved ovulation (Fogarty,
2009). An injection providing active immunization of sheep against androstenedione increased
ovulation rate and was commercially released (Fecundin; Coopers Animal Health Australia) but is no
longer available.
Harrison et al., (2014) showed that increasing fecundity, reduced emission intensity from 9.3
to 7.3 tCO2-e/t clean fleece weight plus liveweight, in a sheep breeding enterprise. There is scope
for strategic supplements to be used by breeding flocks in NSW to increase reproductive output and
consequently change herd/flock structure and reduce emission intensity.
Improved health management
Health management has a larger role in dairy than in beef or sheep enterprises and the role of
health management as an emission reduction strategy has been reviewed by Knapp et al. (2014). The
principal period of infectious and metabolic disease is in the first 60 days post-calving and disease in
this period is likely to multiply its impact by not only poor milk production but poor reproduction. A
5% reduction in culling for disease and associated rise in milk yield/cow was estimated to reduce the
emission intensity of milk by 8-12% (Knapp et al., 2014).
In sheep, culling for age at a younger age is undertaken, in part, to avoid the rise in dental
health problems as sheep change from “full mouth” with all teeth, through to broken then gummy as
teeth fall out with age. However, moving to a younger average age for such health reasons lowers
flock economic performance (Farrell et al., 2019). As previously identified, all health management
strategies that improve productivity per animal will reduce emission intensity (Hegarty et al., 2010).
The shorter lifetimes for beef cattle compared with dairy cattle and wool sheep mean that
health management has lesser importance as an emissions reduction strategy in beef. Nevertheless,
maintaining herd health through good husbandry including disease prevention practices is important
to achieving target growth rates and reproductive performance.
Genetics
Methane yield (MY) has been found to have a low heritability (0.1 – 0.2) in both sheep and
cattle but no undesirable correlation with economic (growth, reproduction or commercial) traits
(Herd et al., 2019). The converse implication of these low phenotypic and genotypic correlations
between methane yield and productivity traits is that there seems little scope for indirectly reducing
MY by selection for correlated traits. New Zealand has increasingly used direct measurement of GHG
emissions from sheep in portable accumulation chambers to underpin direct genetic improvement in
MY, and are looking to inform selection through breeding values (Jonker et al., 2018; Ludemann et
al., 2012) into a highly regulated seedstock supply chain for rams in that country. In Australia while
heritability of MY has also been shown for sheep (Robinson et al., 2014) and cattle (Donoghue et al.,
2015), the principal focus has been on implementing breeding values for beef in BREEDPLAN,
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Australia’s mechanism for providing Estimated breeding values (EBV) to cattle breeders. These
mechanisms are embedded in BREEDPLAN for the Angus breed but have not as yet been activated.
The key criticism of genetic improvement is the slow progress and that applying pressure on one trait
reduces pressure able to be applied on other traits. Despite this, the certainty of progress and the
readily-adopted mechanism for implementation make it a desirable approach, which could deliver
slow but steady improvement (Fennessy et al., 2019). While recognizing that the rumen and faecal
biomes are correlated with methane production (Andrade et al., 2020) and that buccal biomes have
also been assessed as potential selection tools for breeding for low MY, they are unlikely to develop
as stand-alone chemical markers in a genomic empowered world.
The ability to make genetic gain using genomic markers and genomic breeding values (Jonker
et al., 2018) will make breeding a far more attractive strategy in coming decades. In this regard,
previous studies indicated that MY of beef cattle may be reduced by 1.45% annually if genetic
selection is focused on CH4 (Fennessy et al., 2019). All of the above changes can improve the
reproductive performance, and the implications of this for NSW emissions are simulated below.

Simulations of NSW impacts of improved reproductive performance
The state inventory shows 91% of enteric methane is sourced from sheep and grazing cattle
(i.e., 92% of ruminant population; Figure 7). Moreover, cows (15,868,299 head) and ewes kept for
reproduction purposes (42,121,348 head) comprise 62% of the total ruminant population in NSW
(Figure 8), and contribute 60% of the state’s enteric methane emissions.
Simulations were run to assess the effect of an increase in reproductive rate on emissions and
emission intensity. Baseline values of average NSW beef cow (85%) and sheep (125%) fertility were
assumed. Simulations examined the emission impacts of improving reproductive rates by 5 and 10%.
The effects of raising the reproductive rate of breeders on NSW emissions, based on the state
ruminant population (ABS, 2018), were modelled considering adoption rates of 50, 60, 70 & 80%.
The method used in the national and state inventory to estimate enteric methane emissions
differs between sheep and cattle. Sheep emissions are based on calculations that include liveweight,
growth and dry matter digestibility (DMD) of feed to calculate dry matter intake (DMI), while beef
emissions rely on animal liveweight and growth to calculate DMI. There is an assumed relationship
between dry matter intake (DMI) and methane (CH4) production of 20.7 g CH4/kg DMI (Charmley et
al., 2015) for beef cattle, whereas for sheep the linear equation proposed by Howden et al. (1996) is
adopted: CH4 (kg) = DMI × 0.0188 + 0.00158.
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Figure 7 Contribution of each ruminant species and category (%) to the total enteric methane
production in New South Wales (NSW). Using the National inventory report methodology and total
number of ruminants in NSW (Source: AGEIS, ABS, from MLA, 2020), the total methane emission of
NSW was estimated as 527 M tonnes of CH4 per year.

Figure 8 Ruminant population by species (vertical bar) and categories (pie chart) in New South
Wales (NSW). The total number of ruminants in NSW is 31,031,785 head (Source: AGEIS, ABS, from
MLA, 2020), from which 86% are sheep, 13% are beef cattle and only 1% are dairy cattle.
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Sensitivity analysis
Considering that females for breeding purposes, between sheep (12,982,446 head) and beef
cows (2,617,012 head), are more than half of the ruminant population and emit 60% of the enteric
methane, targeting improved fertility in breeding females is a real opportunity to reduce methane
emission in NSW. The simulations were run reflecting a constant output of saleable animals, meaning
that as reproductive rate increased, the number of breeding females in the state decreased.
Specifically, improving fertility by 5% is predicted to result in a reduction in current emissions
by 1.56, 1.87, 2.18 and 2.50% for 50, 60, 70 and 80% adoption, respectively (Figure 9). Similarly, by
improving fertility by 10%, the expected abatement in methane emissions would be 2.97, 3.56, 4.16,
and 4.75% for 50, 60, 70 and 80% adoption, respectively (Figure 9).

Figure 9 Sensitivity of total methane production per year in New South Wales (NSW) to 5% and
10% fertility improvement in sheep and beef cattle compared to the baseline methane production.
In this simulation, the main driver in methane abatement (M tonnes/year) was the reduction
in breeding females while maintaining the same output. Using a different approach, a modelling
study of cattle properties in dry inland regions (Cullen et al., 2016) found that improved reproduction
gave a 22-28% decline in GHG emissions intensity (t CO2-e t–1 liveweight sold), largely due to higher
weaning rates, but would likely increase total methane production due to increase in number of
animals. This improved profitability by $38-62 000 due to more liveweight sold for the same breeder
numbers.
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Methanogen vaccines
Vaccination is a standard animal management practice in NSW and may offer a management
tool that reduces emissions without requiring animal or feed-base management change. Vaccines
have the potential to modify the ruminal microbiome targeting methane-producing microbes in the
rumen through a non-nutritional mechanism. The vaccine would induce a serum antibody response
against methanogenic microbes, resulting in CH4 abatement (Williams et al., 2009). These antibodies
flow via saliva into the digestive tract where the methanogens are inhibited (Wright et al., 2004). To
date, vaccination has not provided any effective and clear response in modifying CH4 emissions by
ruminants. Given the inherent diversity within the rumen, and amongst methanogens across the
globe, the use of vaccines to mitigate CH4 in ruminants faces challenges. Early in vivo studies showed
variation from 7% reduction of CH4 up to 20% increase in CH4 (Wright et al., 2004, Williams et al.,
2009). If an effective vaccine is developed, the vaccine may be universally applied to flocks and
herds. The New Zealand-based team that took over vaccine research from CSIRO has released data
showing immunoglobulin development in sheep (Subharat et al., 2016), but has not published
evidence of consistent mitigation being achieve in vivo.
Feedbase management
Improving quality of available forage
The key consequences of improved pasture quality occur through animal productivity impacts
such as faster weight gain and/or wool growth, shorter lifespan for slaughter animals, higher breeder
body condition score so reduced age to joining, so reduced need for replacement animals and
perhaps longer persistence in the herd/flock.
Thus, improving nutrition supports the implementation of the animal management strategies
described above.
Very simplistically and without considering known flow-on effects of improved digestibility on
growth (as the national inventory largely does not permit this), the effect of increased DMD for
sheep in NSW was simulated using the National Inventory Report
(https://www.industry.gov.au/data-and-publications/national-greenhouse-accounts-2019/nationalinventory-report-2019) framework. In the inventory, seasonal values for DMD are assumed to be 75,
61, 64, and 72% for spring, summer, autumn and winter, respectively for sheep only. Simulating a 5%
increase in the average digestibility of NSW pasture in each season, the estimated methane output
from the sheep industry would increase by 6% (considering 100% adoption rate), as a consequence
of increase in intake by grazing sheep. However, this simulation does not include DMD effects on
average daily weight gain in sheep, so does not reflect the reality of the biological system where
pasture and animals are interdependent.
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Figure 10 Sensitivity of total methane production per year in New South Wales to a 5%
improvement in dry matter digestibility of pastures across all seasons, based on the National
Inventory Report calculations, compared to the baseline methane production
(https://www.industry.gov.au/data-and-publications/national-greenhouse-accounts-2019/nationalinventory-report-2019).
In practice, however, improved DMD may not lift feed intake, so the realized impact is likely to
be no change in total methane produced but likely to be accompanied by an increase in growth, thus
the carbon footprint of the meat produced would decrease. While this is not apparent in the national
Inventory, reflecting its insensitivity, these system-effects on emissions intensity are the basis for
most progress in reducing the methane emissions from ruminant production. Therefore, the
responsiveness of the set of equations used in the framework must be improved before the producer
could benefit from carbon credit income from improving pasture digestibility. There must be a
coming together of feedbase change and animal number or management change, for a grazing
system to maintain some sort of equilibrium and thus to be sustainable. This coming together is
exemplified in the push to intensive animal agriculture and is discussed below.
Intensification of livestock systems
The impact of intensification on enteric emissions has been regularly displayed in the decline in
milk emission intensity that has been reported globally (Niu et al., 2018, Naranjo et al., 2020). Life
cycle assessment and whole-farm modelling has indicated the potential to reduce emissions intensity
of pasture-fed sheep and beef production through on- or off-farm feedlot finishing or supplementary
grain feeding (White et al., 2010; Harrison et al., 2014; Taylor and Eckard, 2016; Wiedemann et al.,
2017). As with improved reproductive performance, intensifying production creates opportunity to
raise more stock on the same land area or keep the same number of animals but on a reduced area
of land, while keeping product output unchanged. With “systems thinking” this gives the land
manager the opportunity to take some land out of grazing should they wish, perhaps for
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reforestation; this choice will depend on the balance of environmental and economic priorities for
the livestock manager. While the long-term impact of this has been modelled for sheep enterprises
in NSW (Alcock et al., 2015a; Doran-Browne et al., 2016), further system modelling on the merit of
land use change associated with intensity, animal efficiency and reproductive performance is
required especially for beef.
What is clear is that managing the animals through grazing, genetic selection, culling and early
breeding decisions, together with managing the pasture feedbase in its composition, quality and
potentially methane suppressing swards (see also phytochemicals section, above), supplementary
feeding and feedlot finishing have great potential to mitigate emissions both in absolute terms (kg
CH4/d) and in emission intensity of the livestock products. The enterprise –wide outcome is subject
to matching decisions on total livestock numbers and land area used. The efficacy of combinations of
subsets of this suite of decisions is evident in assessment in the dairy industry (Beukes et al., 2010),
sheep industry (Alcock et al., 2015), and in explaining differences in greenhouse outputs and
profitability of diverse beef enterprises (Harrison et al., 2016). These positive abatement responses
to animal and feed management are seen across globally-diverse feeding/grazing systems (GerssenGondelach et al., 2017), even when the assessment is made on a life cycle basis. This gives
confidence that a set of mitigation strategies can deliver consistent mitigation outcomes in grazing
systems across NSW.
Including methane suppressing forages in grazing systems
Just as anti-methanogen vaccines offer a methane-specific animal option, so antimethanogenic forages offer a methane-specific plant option for enteric methane mitigation.
No matter what grazing-based production system is in use, there is scope to change not only
the general nutritional value of the forage, but to introduce specific methane suppressing forages.
As described in the phytochemicals section, plants that have elevated levels of condensed tannins
offer the primary forage-based possibility of reducing enteric methane production while maintaining
or increasing animal performance. These include Lotus spp., (Banik et al., 2013), Desmanthus
(Suybeng et al., 2019) and the more tropically-adapted Leucaena and Gliricidia browses which are all
at commercial or near commercial stages of availability. Desmanthus is suited to the warm nonfrosting regions of NSW. Similarly, the tree legume Leucaena leucocephala is also suited to these
areas and can deliver commercially significant methane mitigation (Tomkins et al., 2019) but is not
currently recommended in NSW due to its propensity to become a weed. While other forages have
shown promise (eg Biserrula pelecinus, Eremophila glabra; Durmic et al., 2021) they are not close to
commercial release.
One of the key advantages of leguminous methane-active forages is the additional dietary
protein they supply which can be seasonally important in drier regions such as NSW’s north and
north-west. Thus, the advantage of these methane inhibitory forages is they not only suppress
emissions chemically, but can affect total diet digestibility and dry matter intake and therefore have
a flow-on catalytic role in stimulating animal liveweight gain and thereby moving the system to both
lower emissions and higher productivity.
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Conclusion
The meta-analysis assessed the available CH4 mitigation strategies in ruminant production
systems. In this regard, seaweed, 3-NOP, oil and NO3- , as feed additives, are among the most
promising technical options for direct abatement of livestock CH4 emissions from ruminant
production in the next 10 to 20 years.
However, whole-farm strategies that combine changes to on-farm management of livestock
and improved feed base provide multiple and interacting opportunities to reduce total enteric
emissions, emission intensity, and either increase production or reduce the land area used and
number of stock required, enabling mitigation at regional and global scales. Further investigation is
required of combinations of different strategies for CH4 mitigation using a systemic approach, to
inform policy recommendations.
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5. Estimated feasible abatement potential
Table 2 This table summarizes the practicality, availability, risks, barriers and co-impacts that are likely to influence adoption, and therefore the
realization of the technical potential identified through the meta-analysis (Part A). An estimate of feasible abatement potential per unit dry matter
intake is provided, based on consultant’s assessment, for different livestock production systems
Abatement
strategy

Abatement
mechanism

Ease of implementation

Risks and barriers

Co-benefits/disbenefits

Abatement
potential (%
reduction per unit
DMI)

Estimate of feasible
abatement in 2030:

Confidence for 2030

% Effectiveness1 /
% Adoption2

Dietary modification:
Macroalgae
(Asparagopsis
seaweed)

Bromoform inhibits
methanogenesis

Theoretically simple:
Easy to supply in ration
to lot-fed and
supplemented cattle.
Availability:
Unavailable. Requires
scaling up seaweed
production and
development of supply
chain.

Alternatively, effort
also underway to
produce active
ingredient using
biosynthesis.

Risk:

-ve

Industrial: ozone depleting,
volatile, potentially carcinogenic,
hydrocarbon

Halogenated ozonedepleting substance

Animal: high risk of failure: Few
in vivo studies – not yet proven
Early stages of technology
development w.r.t production of
bromoform.
Potential for adverse impact on
animal health.
Barriers: availability, cost of
growth and drying.
Unknown volatility.

Potentially carcinogenic.
Stability in dried form
unknown.
Seaweed production could
impact water quality.
Land required for algae
production.
Biosynthesis alternative
also requires land for sugar
production.

Reduction in enteric methane emissions per unit DMI in the year 2030 compared with 2020
Assuming a market incentive that removes cost barriers, and regulatory barriers removed
3 Extensive grazing - rangelands
4 More intensive grazing systems, generally on improved pastures
1
2
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30-69

50%

M

Suitability: intensive
systems

Ext cattle3 5%
Int cattle4 5%
Feedlot 60%
Dairy

60%

Sheep

5%

Will not require APVMA
registration as making
no label claim.

3-NOP

Inhibits
methanogenesis by
inactivating the
enzyme methyl
coenzyme M
reductase

Potentially simple:
lickblock or feed
additive
No impact on feed
intake and fibre
digestibility at mod
levels.
Moderate cost
Availability:
Commercialised
Undergoing registration
in Europe

Barriers: Not registered

+ve

18-39

Requires frequent ingestion

Enhanced productivity (3%
gain recorded)

Suitability: intensive
systems

Risk:
Industrial – none known
Animal – excess (>200 mg/kg
DM) can lower DMI

29%

-ve
No known residue
problems

Int cattle 30%
Feedlot

Cost: what market bears

Registration required
for Australian use.

Ext cattle 0%
Int cattle 2%

Adoption if slow
release available:
Ext cattle 30%

Product No known residue
problems

H

Feedlot 60%
Dairy

60%

Sheep

0%

70%

Dairy

70%

Sheep

10%

Slow-release forms
being tested.

Nitrate

Alternative
hydrogen sink

Simple: provide in lick
block.
No impact on feed
intake and fibre
digestibility.
Current ERF method for
grazing cattle in lickblocks.

Industrial risk – holding
potentially explosive nitrates
Livestock: Risk of death at high
rate (Risk controlled using lick or
slow release forms.)
Some adverse dairy experience

Can enhance wool
production?

-ve
Nitrate production is GHGintensive process

Product: Low risk of nitrate and
nitrite in milk
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+ve

10-22

16%
H

Suitability:

Adoption:

all grazing cattle
and sheep; feedlots,
dairy

Ext cattle 30%
Int cattle 10%
Feedlot 80%
Dairy

40%

Availability:
Commercially available

Oils

Suppression of
ciliate protozoa and
archaea,
biohydrogenation
of free unsaturated
fatty acids,
reduction in organic
matter
fermentation,
replacing
fermentable
carbohydrates

Simple: Easy to supply
in ration to lot-fed and
supplemented cattle.
Commercially available

Grazing animals. No.
Only in oilseed like
whole cotton seed

Availability:
unrestricted

Sheep

20%

Barrier: cost
Industrial: None

+ve

Livestock:

Opportunity to improve ω–
3 fatty acids for meat
quality.

7% limit in diet
No serious risk but can reduce
DMI and fibre digestibility, so
may not be suitable for animals
on high-fibre diet (grazing lower
quality pastures)
Product: may be additional
opportunity to alter ω–3: ω–6
positively

12-20

15%

Suitability: intensive
systems

Ext cattle 0%

Can lift energy intake & so
performance

H

Int cattle 5%
Feedlot 80%

-ve

Dairy

40%

Sheep

5%

Land required to produce
oil crops.

Barriers: cost & unsuitability for
grazing
Phytochemicals
feed additive
Eg
grape marc,
tannins
saponins
Forage: eg
Leucaena

Antimicrobial action
of tannins

Moderate complexity:
Additive: not readily
available in formulation
for easy delivery

Barrier:

+ve

cost,

Availability: limited,
inconsistent spatially
and temporally

productivity change

Legumes: Provides
additional protein source in
dry season to lift intake and
performance

Not APVMA approved

10%

L to M

Feed additive:
Ext cattle 0%
Int cattle 5%
Feedlot

10%

practicality,

-ve

Dairy

20%

Legumes: Cost to establish and
manage forage spp

Tannins can reduce protein
availability and diet
acceptability

Sheep

5%

Barrier:
Leucaena not approved for
planting in NSW (weed risk).
Tagasaste possible alternative
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8-14%

Legumes: Weed risk on
escape

Forage:
Ext cattle 20%
Int cattle 10%
Feedlot

0%

Ionophores

Inhibit ciliate
protozoa

Simple in feedlot, dairy
(add to
ration/supplement)
Moderate complexity
for grazing animals:
capsules?

Eliminate or long
term suppression of
protozoa

No commercial
protozoa control
strategy available

10%

Sheep

5%

Barrier:

+ve

0.5-7.4%

4%

Antibiotic rumen modifier

Enhanced productivity

Feedlot 90%

Low efficacy

Lower risk of acidosis

Short-term effect
only
Suitability: feedlots,
dairy.

cost
-ve

Availability:
Commercially available
(Monensin,
Salinomycin, Lasalocid)
Protozoa
control

Dairy

Perceived antimicrobial
stewardship conflict with
use
Risks: variable accordingly
methodology

Barriers:
Lack of practical technology

0%

Dairy 70%

-0.6-+14%

Increase protein flow so
increase productivity I
tropics and increases wool
growth

Suitability: feedlots,
dairy.

May be a compound
affecting all eukaryotic cells
(including animal gut &
tissue)

70%

Ext cattle 0%
Int cattle

Feedlot 90%

+ve

-ve

Dairy

H

2%

M

20%

L by 2030

If available:
Ext cattle 60%
Int cattle 20%
Feedlot

10%

Dairy

60%

Sheep

40%

Non-dietary strategies
Vaccines

Inhibits rumen
Archaea by salivary
immunoglobulins

Simple delivery

Risk:

Low cost

Principle of vaccine for rumen
microbe may be faulty.

Availability: unavailable

5

MLA 2018
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Effectiveness: 520%5
Suitability: All stock

M by 2050

Barriers: Unproven, Unavailable

Dairy & feedlot:
80%
beef & sheep: 20%

Breeding

Select for reduced
methane yield

Slow to deliver results,
but easy uptake,
permanent cumulative
benefit.

Risk: low

+ve

Selection may compromise other
economic traits

Increased profitability
Enhanced growth rate:
Reduced CH4 is correlated
with faster growth

Barriers

1.45% reduction per
year6
2030: 3-7%
Suitability: All stock

5%

H

Dairy: 80%
beef & sheep: 20%

Adoption:
2030
Dairy 0-10% beef 04%

Economic value on CH4

sheep 0-20%
2050: 15%
abatement
Adoption:
dairy 50-90%
beef/sheep 3050%7

Herd management

6
7

Improved emissions
intensity: Cull
unproductive
animals,
supplementary
feeding, grazing
management, to
increase product

Fennessy et al, 2019
Reisinger et al., 2018
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Simple:

Risk: Low

+ve

Known nutritional and
animal management
strategies

Barriers: none significant
(consistent with best practice)

Increased profitability

Effectiveness:
variable

Dairy: 5%
Adoption: 80%
Beef: 15%

-ve
May lead to more
productive animals so

Suitability: All stock
but mostly grazed
cattle and sheep

Adoption: 80%
Sheep: 10%

H

yield per unit feed
consumed

Pasture
management

Improved emissions
intensity: Lower CH4
per unit feed and
faster growth rate
with higher quality
diet: Encourage
higher quality
pasture species
through grazing
management,
pasture
improvement

higher total emissions in
sheep and beef enterprises
despite lower emissions
intensity

More nutritional
pastures lead to a lower
% of consumed energy
going to maintenance,
so product per unit CH4
increased

Risk: low risk for intensity effect
on back of productivity rise but
high uncertainty in methane yield
effect

Barriers:
cost
(limited abatement relative to
cost)
Emission mitigation varies
throughout the year with
seasonal variation in pasture
quality

+ve
Increased SOC, higher
returns, more resilient
farming system

-ve
Higher fertiliser use may
cause eutrophication, N2O
emissions

Ext cattle 30%

Adoption: 50%

Int cattle 10%
Feedlot

20%

Dairy

10%

Sheep

20%

Effectiveness: 0.4 4.2%

2%

M

Ext cattle 10%
Int cattle 10%

Applicability:
Grazed cattle and
sheep

Feedlot

0%

Dairy

10%

Sheep

20%

References (Table 2)
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6. Kangaroo Farming: A role in achieving carbon neutrality in the red meat industry of NSW by
2050?

Roger Hegarty and Amelia Almeida

Industry situation
The prospect of reducing Australia’s GHG emission by replacing ruminants with kangaroos has
been suggested (Garnaut 2008) and the broader environmental arguments for replacement of sheep
with kangaroos in rangelands have been promoted (Grigg 2002). A “NSW Kangaroo Taskforce” has
recently been formed to try to better understand the interplay of kangaroos and ruminants in cograzing and to advance the role and utilisation of kangaroos. There are approximately 40 million
kangaroos in Australia (Wilson & Edwards 2019). Four macropod species form the core of Australia’s
(and the NSW) kangaroo meat and skins industry, being Red, Eastern greys, Western greys and
Wallaroos (all referred to as ‘kangaroos’ hereafter). All states involved have a kangaroo
management or harvest plan. Nowhere are these native animals domesticated and ‘farmed’ but the
industry relies on wild harvest (animals shot on-farm) and transfer of the carcass to an accredited
abattoir for processing for pet food or human consumption.
Kangaroos in NSW are protected under the Biodiversity Conservation Act 2016 but can be
harvested under license. The kangaroo harvest has two components, being those shot by
professional shooters under a commercial quota (‘commercial harvest’) and those culled by land
owners and non-professionals on non-commercial permits granted for damage mitigation (eg
reducing high kangaroo numbers during drought). This is called ‘non-commercial’ culling but these
carcases are disposed of on-farm and not commercially sold. There is currently little market (and so
no value to the shooter) for kangaroo skins due to global pressure against their use by animal rights
lobbyists.
The maximum commercial harvest is set on a state basis as a function of the estimated
kangaroo species populations, being on average 14.6% of population estimates for NSW in 2018
(OEH 2018). The smaller non-commercial culling is based on perceived overpopulation relative to
feed availability and demand by domesticated livestock. It is important to recognise that generally
commercial harvest quotas have not been met in recent years and in 2018 the harvest taken was
only 3-4% of population despite the quota being 14.6% of population.
The place of kangaroos in grazing systems, especially in the rangelands, has been often
considered, including by Wilson (ANU), Hacker (formerly NSW DPI) and Grigg (UQ), some of
Australia’s foremost experts in kangaroo ecology and management. This synopsis report largely
draws on the publications of these researchers.
At a value paid to the shooter of AU$0.60/kg and at an average carcass weight of 23kg. a
carcass is worth $13.80 (2018 value) or national on-farm value of $550 Million. This is less than 1/7th
of the value of sheep production and less than 1/10th of the value of grazing beef nationally (Wilson
& Edwards 2019).
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Forging a future for kangaroo harvesting in NSW
With growing interest in regenerative agriculture that improves the environmental quality of
land through its agricultural use, there is interest in rethinking kangaroo management to: (1)
improve the economic viability of grazing enterprises; (2) deliver a suite of environmental benefits
on-farm, and (3) provide a meat of unique nutritional attributes. Achieving such changes is an endgoal for the NSW Kangaroo Taskforce as they look to more effectively integrate the kangaroo harvest
industry in a sustainable alliance with the ruminant grazing sector (Cooney et al., 2009; McLeod and
Hacker 2020) for on-farm environmental and economic advantage.
What could kangaroo management look like in the future?
Farming of kangaroos in intensively managed small areas has been considered (Shepherd
1983) but largely discarded due to management challenges of these undomesticated species. In
considering whether domestication is practical, while recognising the many ‘tame’ hand-reared joeys
that are kept, the experience with the fox is that more than 30 years of selective breeding have not
yet produced a truly domesticated fox (Kukekova et al., 2018). It is anticipated that wild harvest will
continue to be the basis of Australia’s kangaroo industry and there are efforts to engage landowners
more in this by sharing in the financial rewards with the shooter (Grigg 2002; Cooney et al., 2009).
The remainder of this report considers the strengths weaknesses, opportunities and threats to
the NSW kangaroo harvesting industry becoming a major managed industry in rural NSW and its
possible role in mitigation of NSW GHG emissions.
Industry Strengths
What are the attributes of a wild-harvest based kangaroo industry that will underpin its growth?
A naturally occurring and resilient animal
NSW had an estimated 12.8 million kangaroos in 2018 (OEH 2019) on public and private lands,
but all kangaroos are the property of the Crown and protected under the Biodiversity Conservation
Act (2016). While the populations of commercial species are thought to have risen with agricultural
development including land-clearing and water supply, they are native to the regions so climatically
adapted animals. Their physiology, low energy and water requirements (relative to ruminants) (Grigg
2002) are advantageous over ruminants in harsh season but in the recent 2017-2020 drought large
numbers of kangaroos have died (ABC 2019) as in previous droughts (Figure 11), so being native is
not a guarantee of productivity in all seasons.
Reproductive capability in harsh environments
While not unique among mammals, kangaroos have the ability to support more than one
young at the same time, in different stages of development by means of embryonic diapause
(Renfree 1979). As a result, from a single mature red or grey kangaroo, in 40 months 10 or 6 young
can be produced (Shepherd 1983). This allows for sustained productivity in good seasons and a quick
return to reproductive development after poor seasons (droughts).
Hard footed v soft-footed
While ungulates breaking up the soil with cloven hooves has been argued to be very desirable
on the African plains and a key point in the Savory method of grazing, disturbing the soil in NSW’s
non-arable regions is not desirable due to wind erosion and opening up the soil to weed
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germination. While kangaroos unquestionably make paths though fences, their long footpads are
generally thought to be soft on the soil surface as they spread the weight, unlike ruminants whose
weight is carried on 4 small pairs of hard hooves. There is some evidence that ground pressures are
lower from the kangaroo foot than from sheep but more work is required. (Grigg 2002; Norris &
Andrews 2010). The advantage for kangaroos in this is that they are less destructive of the soil
surface, litter layer and young or delicate ground covers.
Lower maintenance energy cost
While all life has a similar maintenance energy requirement of approximately 0.3 MJ per
kilogram of metabolic body weight (kg Liveweight0.75), there are between-species differences and
kangaroos appear to have a lower energy requirement than do ruminants as a generalisation (Grigg
2002; Wilson 2018). Values of 0.7 and 0.5 have previously been used to reflect the lower field
metabolic rate of kangaroos relative to sheep, but Munn et al (2009) found in red kangaroos an
experimental value of 0.35. This may well be part of their adaption to rangeland living but it will also
contribute to a lower energy cost in meat production and thus a lower emission intensity for
kangaroo meat (g CH4/kg meat). Further direct or indirect calorimetry is needed to broaden the base
of understanding of energy requirements and intake of commercial macropods.
It must be remembered that kangaroos exhibit sexual dimorphism in body weight (Spiegel and
Greenwood 2019), with the average male and female kangaroos harvested in NSW in 2017 weighing
30.0 and 19.4 kg respectively (OEH 2018). While 95% of harvested animals were males, the wild
population must if anything have at least an equal or higher ratio of females to males, so there is
half the kangaroo population that less desirable for harvest and meat production by virtue of
inadequate body weight. In effective the female portion of the mob is an overhead that increases
the feed required and methane output for every kangaroo commercially slaughtered. There is
however no law precluding harvesting of females but strict procedures for dealing with dependent
young are laid out in the code. For sheep in contrast, every domesticated ruminant can be
slaughtered for meat.
Efficient Meat Production
Wilson (2018) calculated based on the feed intake of a kangaroo being 0.5 DSE (1.0 DSE being
feed intake of a non-pregnant sheep), compared to 8 DSE for a growing steer, that for the same
quantity of feed consumed, kangaroos will produce 210 kg of useable meat compared to 180kg from
a steer. This again is a very crude approximation and would need stronger replication and allowance
for energy cost of maintaining breeders (ruminant and kangaroo) before such claims can be made
with confidence, but it indicates that conversion of feed to meat is comparable for kangaroos and
ruminants. The point raised in the previous section on the large number of females needing to eat
but contributing less to the commercial carcass also needs to be considered in estimating the
efficiency of every kilogram of meat harvested. On the positive note, there is extensive value adding
in the kangaroo carcass processing. Mr Doug Jobson (Macromeats) estimated that the company
would only put to waste (render), 1000 kg from the 150,000 kg of kangaroo carcasses processed
each week.
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Meat is low in total fat and cholesterol, high in Zinc and unsaturated fat
The properties of wild-harvested kangaroo meat have recently been reviewed (Spiegel and
Greenwood 2019). On the positive side it has a low total fat content of approximately 2% and the
fats contain a higher proportion of unsaturated fatty acids than in ruminants, which is desirable.
Further, kangaroo meat has been found to have levels of the desirable conjugated linoleic acid (CLA;
Lehnen et al., 2015) and its precursor trans vaccenic acid that are more than 3 x that of lambs higher
(Engelke et al., 2004). The protein content (even when expressed as a percentage in fat-trimmed
lean) is marginally higher than in ruminants (Ford and Fogerty 1982; cited by Wilson and Edwards
2019).
Minimal on-farm infrastructure requirement
Sheep in NSW’s western division require little treatment for internal parasites but are
seasonally challenged by blowfly. Consequently, they require routine mustering yarding, crutching
and shearing, though the movement to shedding sheep-breeds is reducing this. Such management
practices are not required for wild harvest of kangaroos so the operating costs in terms of labour
and infrastructure are likely to be lower than for grazing domestic stock. This may well enable
kangaroo-based enterprises to still run profitably despite a lower income than sheep properties.
Further, as the animals arrive at the abattoir gutted (+/- pluck), there is less functionality and less
waste disposal required at the commercial abattoir. However, chilling capability on farm, in storage
and in transit however are likely to need further development if the scale of enterprise increases.
The human resource also needs consideration as the number of commercial shooters licensed to
harvest kangaroos is diminishing in the past decade (Wilson and Edwards 2019) and this impacts on
the ability of the industry to operate at scale.
Greater biodiversity
Kangaroos are already endemic in the areas likely to be used for their increased production, so
increasing their numbers is not increasing biodiversity or protecting these non-endangered species.
While no data was found on associated changes in wildlife diversity, kangaroos have been found to
be less destructive to an array of seedlings during germination and recruitment than were sheep
(Tiver & Andrew 1997).
In broader biodiversity metrics however, Eastern grey Kangaroos (EGKs) have been found to
have negative effects on a range of other environmental species as summarised in Table 3 below,
copied directly from a compilation of 8 published studies (ACTEPA 2015). These studies presented
negative effects of kangaroos grazing on vegetation, beetles and ground dwelling lizards as well as
some birds, so the argument for kangaroos increasing diversity is not a convincing one.

Reduced enteric methane emissions compared to ruminants
Australia’s Climate Change Commissioner and high-profile scientist and climate advocate, Dr. Tim
Flannery has been advocating kangaroos should have a full functional role in Australia’s meat
industry (Flannery 2002). The use of kangaroos to produce low methane red meat has been
modelled for the rangelands (Wilson and Edwards 2008) and showed some economic feasibility
relative to ruminants. At the current time the carbon price (Australian Carbon Credit Unit: ACCU) is
below that modelled and the cattle and sheep prices are much higher while kangaroo prices remain
much the same ($1/kg), greatly detracting from the economic feasibility of changing the animal
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balance in favour of kangaroos. While kangaroos have sometimes been found to produce no foregut
methane (Kempton et al., 1976), recent reviews of a broader range of herbivores have shown a less
discrete difference in enteric emissions between ruminant and non-ruminant species (Klieve and
Ouwerkerk 2007; Clauss et al., 2020; de la Fuente et al 2019 ). A statistically robust meta-analysis
has not been conducted, but a loss of <4% of gross energy intake as enteric methane from
macropods has been consistent, in difference to a default methane yield of 7% for ruminants.
Building on the work of Klieve and Ouwerkerk (2007) and on many years of comparative digestive
studies, Clauss et al (2020) have recently reassessed numeric enteric methane emission levels from a
range of herbivores of diverse body size and gut configurations and have concluded that rather than
a sharp dichotomy between ruminants and non-ruminant herbivores, methane emission share a
relatively reliable continuum across species. So there is a solid basis for anticipating a lower
methane/unit feed intake by kangaroos than the ruminants they co-graze with. Some of the
research studies are summarized in Table 4. The studies reported do not include incubation of
rumen digesta (Dellow et al., 1988) or of faecal material (Hackstein and Van Alen 1996).
Table 3 Summary of research on the effects of kangaroo grazing on biodiversity, based on field
work in the ACT and published or in review since the publication of the ACT Kangaroo
Management Plan in 2010. Copied from ACTEPA 2015.
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Table 4 Methane emission from macropods (summary of available whole animal literature)
Species

LW (kg)

GEI

% GEI

gCH4/l/d

g/kg
DMI

Reference

M. Fuliginosus

21.7

4.517

2.65

3.05

12.68

Vendl et al.,2015

M. Fuliginosus

21.8

7.67

1.60

3.09

7.54

Vendl et al.,2015

M. rufus

17.3

5.292

2.70

2.98

12.87

Vendl et al.,2015

M. rufus

17.7

7.238

1.63

2.6

2.70

Vendl et al.,2015

M.rufogriseus(RNW)

17.0

2.23

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

14.0

1.12

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

13.5

1.49

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

17.5

1.42

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

17.5

2.53

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

14.0

1.47

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

13.5

2.44

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

18.5

1.03

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

20

1.99

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

16.6

1.39

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

14

1.79

Madsen & Bertelsen 2012

M.rufogriseus(RNW)

16

1.93

Madsen & Bertelsen 2012

M. giganteus

13.91

0.48

M. eugenii

4.4

10.4

1.098

Von Englehardt et al 1978

M. eugenii

12

6.5

1.872

Von Englehardt et al 1978

M. eugenii

10.8

11

2.851

Von Englehardt et al 1978

M. eugenii

9.1

1.4

3.057

Von Englehardt et al 1978

0.723

Kempton et al 1976

M. fuliginous = western grey kangaroo; M. rufus = red kangaroo; M rufogriseus = red necked
wallaby M. eugenii = Tammar wallaby
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Industry Weaknesses
Hygiene
Because carcases are field dressed (gut/head/tail removed but skin retained) in remote
locations and not refrigerated immediately post-slaughter, contamination of carcasses with dust and
bacteria has been a major basis for industry criticism (eg AWPC 2015). There were numerous
accounts of Escherichia coli detection on the majority of kangaroo samples tested (Anderson et al.,
1964), but requirements on hygiene for field dressing and chilling have improved since these studies
and Eglezos et al., 2007 reported approximately 14% of carcasses tested positive for E. coli and less
than 1% for Salmonella, which they considered comparable with carcass contamination rates for
beef in Australia.
There is no doubt that food safety is a pivotal point in quality assurance for the kangaroo
harvest industry and moves to better cover and chill carcasses is likely to be required for industry
expansion to be sustainable without risking markets.
Concurrent reduction in ruminant numbers
Just as sheep and cattle do not voluntarily consume identical diets in a grazing environment
(Animut and Goetsch 2008), so kangaroos and ruminants do not voluntarily choose an identical diet.
Edwards et al (1995) reported 52-73% overlap in diet selected by sheep and by red kangaroos in the
rangelands and the diet preference of sheep changed when no kangaroos were present. There are
many other studies of diet overlap between macropods and ruminants, giving clear evidence there is
diet overlap, meaning kangaroos use some food that would otherwise be eaten by livestock.
Consequently, and for emission reduction to be achieved, livestock populations must be reduced in
association with an increased kangaroo population. This would require a major mindset change and
a strong economic motivation to replace sheep with kangaroos. Nutritionally two kangaroos can be
roughly considered to have the energy requirements of one sheep (Grigg 2002), and with 50% diet
overlap this could be reduced to a 1:1 replacement of sheep with kangaroos. The removal of
ruminants is still fundamental to achieve environmental benefits from increased kangaroo
populations. The resistance of graziers to make the substitution is a key weakness in the strategy to
reduce NSW greenhouse gas emissions by substituting kangaroos for sheep.
Seasonal drought population fluctuations
Being native does not make kangaroos immune to starvation and seasonal adversity. The
kangaroo population, like the livestock population, will have to be managed in accordance with
seasonal feed resources. While they are able to readily respond to good seasons, they, like
livestock, die rapidly in sustained drought (Figure 11).
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Figure 11 Kangaroo numbers over time by state, reflecting the decline in kangaroo numbers that
occurs during drought periods (shaded areas). Reproduced with permission from Wilson and
Edwards 2019.
Fencing and Exclusion fencing
Kangaroos are not retained by standard livestock fences and even most property boundary
fences can be penetrated if not jumped over by kangaroos (Kondinin 2016). ‘Roo holes’ are often
started by feral pigs but readily expanded and routinely used by kangaroos to traverse property
boundaries. In recent years, government support for ‘Exclusion fences’ had been used by some
graziers and groups of graziers to fence out kangaroos as well as dogs and pigs, and in so doing,
protect sensitive habitat (Wilson and Edwards 2019). The current enthusiasm for exclusion fencing
principally for dog control is strongly dependent upon government subsidy for costs ($7000$8000/km installed) but may influence the distribution for kangaroos in coming decades. In southern
states, processors accept female kangaroos for meat processing.
Animal welfare & public perception
Kangaroo commerce has a strong battery of opponents attacking both the operation of a
kangaroo meat industry (eg AWPC 2015) and skin industry (PETA 2020). Currently more than 90%
of kangaroos harvested by professional shooters are male (OEH 2018) in NSW and females (does)
are not generally shot by professional shooters. It is likely that if the kangaroo population was
expanded to grow the industry, females would also need to be taken in to the commercial chain and
this will bring an increased level of protests since mature females are typically pregnant and their
growth and final body weight is lighter than for males.
Since kangaroos are owned by the crown and not the landowner on whose property they live,
there are more opportunities for legal restriction of kangaroo harvesting than for domestic livestock
production. The licensing system for shooters (harvesters) and standards for harvesting vehicles, the
quota on harvest and the release of permits (‘tags’) for non-commercial on-farm control all provide
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opportunities for regulation. Similarly, the export of kangaroo products can also be regulated. So
this exposure of the entire kangaroo processing change to multiple sites of regulation is a weakness
to the industry, but many of the challenges are shared by the ‘competing’ livestock processing
industries.
Industry Opportunities
Agriculture needs to work with the environment not against it
The extreme drought leading up to 2020 has challenged the sustainability of traditional
agriculture in Australia. Increasingly the vision is to move to agriculture that enriches the
environment rather than degrades it. In its simplest sense this can be called “regenerative
agriculture” and seems likely to build the foundation of sustainability previously developed by
Landcare, into something beyond maintenance, a new way of enrichment of the farming/grazing
system. This enthusiasm is consistent with a reduction in domestic livestock and a replacement with
native livestock that may offer lower GHG emissions and less physical damage to the environment
and less human intervention into the landscape.
Carbon credit value from Emission Reduction Fund methodology
A shifting in the balance from planned exclusive ruminant grazing to planned co-grazing of
livestock with kangaroos may well be eligible for development into a mitigation method to be
approved and utilised in ERF projects and thereby generate claimable ACCUs with the nation’s Clean
Energy Regulator. This would need to be tested, in particular, passing the additionality test.
Industry Threats
A very broad assessment of physical threats to the kangaroo harvest industry has been
included in the Agriculture Victoria (2020) plan and points from this are summarised below.
References for each variable are provided in the Victorian Kangaroo Harvest Management Plan
(Agriculture Victoria 2020).
-

Climate change
Animal disease
Drought and floods
Habitat loss and modification
Genetic impact of removing large males
Predation (human, dingo)
Vehicle collisions

This list fails to address the social pressures that have been the primary threat to the industry
in recent decades and will foreseeably remain so in the future. While tests have shown consumers
in Australia consider kangaroo meat to typically have ‘everyday eating-quality’ (See Spiegel and
Greenwood 2020 for review), it is not the eating quality but the social acceptability of the meat that
may curtail its development. While RSCPA have been positively engaged in the development of the
kangaroo industry, most researchers have highlighted the need to include all relevant stakeholders
in the discussions to develop the industry (Cooney et al., 2009; Wilson 2018, Wilson and Edwards
2019; McLeod and Hacker 2020). This gives the greatest opportunity to accommodate welfare and
social concern issues in the management protocols being developed.
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Implications for NSW Livestock and Agricultural Emissions
There have been descriptions of how kangaroos could take their place as a 3rd commercial
animal in Australia’s grazing systems (eg. Cooney et al., 2009; Wilson and Edwards 2019; McLeod
and Hacker 2020) and how substituting kangaroos for sheep can reduce agricultural emissions the
impacts that this could make on agriculture’s emissions profile (Wilson and Edwards 2008). The
emission rate of Vendl (2015) has provided an improved emission basis for kangaroos over that
previously used. In 2017 NSW had 28.5M sheep and 6.81M beef cattle producing 5,200 and 8,500 Gg
of enteric methane (CO2 equivalents Table 5). The corresponding NSW kangaroo population of
14.4M animals was estimated to be releasing 403 Gg of enteric methane (Table 5).

Table 5 Population and emission estimates for kangaroos and livestock in NSW in 2017
Population estimate 2017 Average live-weight
/kangaroo# (kg)

Total methane
production
(Gg CO2e/year)

NSW Kangaroos (2017)~

14,403,862

NSW Cattle (all, 2017)*

6,807,902

8,482

NSW Sheep (2017)*

28,476,308

5,176

National Livestock Enteric CH4*~

28.5

403$

51,543

~: Note Enteric emission from kangaroos are not included in the national inventory as the
inventory covers only emissions related to the activity of man not natural ecosystems.
#: Assuming living population consists of 1/4 mature males at average carcass weight of 30kg,
1/4 mature females at average carcass weight of 19.4kg (carcass weights are average as harvested in
2017 in NSW; OEH 2018). Assuming an average dressing percentage of 65% (Hopwood 2008) this
gives average live-weights of 54 and 30kg respectively. Of the remaining 50% of the population it is
assumed that ½ are immature males at half-mature weight (27kg) and ½ are immature females at
half-mature weight (15 kg).
$

: Daily enteric methane emissions from kangaroos were calculated as the product of average
live weight of NSW kangaroos by population by days/year and the average body mass specific
methane volume of Vendl et al., (2015) of 0.150 L CH4/kg Bodyweight/d
*: State and national livestock numbers and emission for 2017 were taken from the National
Greenhouse gas inventory for 2017. https://ageis.climatechange.gov.au/ (AGEIS 2020)

There is a biological possibility for kangaroos to be substituted for grazing ruminants in NSW,
as a ‘sheep replacement therapy’ for the grazing landscape (Grigg 2002). The practicality of this
substitution and the scale to which it will occur will depend on the balance of components
addressed in the above SWOT analysis:
(1) A multisector approach to industry development. While several models have been presented,
the coinciding of the McLeod and Hacker (2020) “active adaptive management” approach and
62

the formation of the NSW Kangaroo Taskforce provides a positive strategy and multi-party
steering group to innovate in an era when the agriculture sector is looking to change practice to
enrich instead of deplete the landscape.
(2) Economics of generating saleable product from harvested animals. At present shooters receive
a long-term high price of $1- $1.10/kg for kangaroo carcasses due to drought shortages.
Currently mutton carcasses approximately 6 times as much/ kilogram ($6.55/kg over the hooks
in NSW; MLA 2020). Due to global market closure, kangaroo skins that were once a co-product
are now a by-product of the meat industry, with only selected skins being tanned. Preferentially
(for carcass weight and welfare reasons) male kangaroos are primarily harvested. Skin value
does not add a specific return to the shooter. In contrast, every sheep is equally able to go to
market and provide meat and skin value.
(3) Manufacturer and consumer perception of kangaroo-sourced materials. This is a key
vulnerability of kangaroo processing, exemplified by the minimal processing of kangaroo skins
that currently occurs. The reality is that both the meat and the skins have attributes that make
them highly marketable on their physical attributes but animal activists have run effective
campaigns based on both animal cruelty and food hygiene do prevent kangaroo products being
manufactured.
(4) Lower enteric emissions. While kangaroos do produce enteric methane, it is clear they produce
approximately 73% less methane/kg liveweight/d than do ruminants. The simple ramifications
of this are that the methane emission associated with for every kilogram of sheep body weight
will drop by 73% if that kilogram of sheep is replaced with 1 kilogram of kangaroo. Herd
modelling of the reproductive and productive lifetime of sheep and of kangaroos is needed to
estimate the relative emission/unit meat or emission/$ product through species change. There
may be scope for developing managed co-grazing as an ERF methodology.
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