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Abstract

The objective of this study was to estimate enteric methane emissions of the Ethiopian cattle
population using the Intergovernmental Panel on Climate Change (IPCC) Tier 2 approach. A comprehensive
literature review was undertaken to obtain country-specific livestock activity data required to estimate
emission factors using the Tier 2 method. Indigenous multi-purpose breeds in the mixed crop-livestock and
pastoral/agro-pastoral production systems represent more than 96-97% of the cattle population, and the
remainder are specialized dairy breeds. Mean enteric emissions factors from 1994 to 2018 for cattle sub-
categories ranged from 3.4 kg to 74 kg methane/head,year for calves older than six months and adult cows in
production systems, and from 5.2 kg to 57 kg methane/head/year and 6 kg to 64 methane/head/year for
calves less than six months and adult cows in the mixed crop-livestock and pastoral/agro-pastoral production
systems,. The national average emission factor for dairy and multi-purpose cows was 74 Kkg
methanehead/year and 60 kg methane/head/year, across the time series. The current study is the first of its
kind for Ethiopia, relying on country-specific animal performance data. It is expected to contribute to an
improved national greenhouse gas inventory and provide a basis for better quantification of mitigation
targets. Uncertainty of enteric methane emission estimates could be further reduced in the future with more
complete data on cattle populations, animal performance and feed characterization.
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Introduction

Livestock rearing is an integral part of agricultural systems in sub-Saharan Africa. Livestock production
contributes to 35% of the region’s agricultural gross domestic product, mainly through animal source food,
and supports the livelihoods of millions of people in sub-Saharan Africa, providing nutrient-dense food,
income, manure for crop cultivation and other socio-cultural benefits (Herrero et al., 2013). On the other
hand, livestock production has a significant impact on greenhouse gas (GHG) emissions, accounting for
about 14.5% of global GHG emissions when emissions in upstream and downstream parts of livestock value
chains are included (Gerber et al. 2013), which is a global concern.

The scale of livestock production in sub-Saharan Africa has been growing rapidly, with cattle
populations increasing by almost 3% per annum in the last two decades (FAO, 2021). This is driven by an
increase in demand for animal source food (meat, milk) because of population growth, urbanization, and
higher incomes (Enahoro et al., 2019; Herrero et al., 2008). Tubiello et al. (2014) estimated that more than
70% of sub-Saharan African agricultural GHG emissions were caused by livestock production. These
emissions are dominated by methane (CH,4) emissions from enteric fermentation. Methane is produced as a
by-product of the normal ruminant digestive process, in which microbes in the rumen ferment the feed
consumed by the animal. Enteric CH4 emission is determined mainly by the level of feed intake, the type and
quality of feed, and the amount of energy consumed. However, there are few studies of GHG emissions from
livestock in sub-Saharan Africa. As a result, countries such as Ethiopia have been using the less accurate
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IPCC Tier 1 approach to estimate livestock emissions in their national GHG inventories. Tier 1 estimated
emission factors given in IPCC (2006) were based largely on expert judgement, whereas those in the 2019
Refinement to the 2006 IPCC guidelines (IPCC, 2019) used a global model of livestock production (FAO,
2018), many parameters of which have not been validated against national research. The IPCC default
emission factors are intended to be broadly applicable at continental level, but may not be accurate for
particular countries because of differences in animal genetics, types and quality of feed and other country-
specific factors. This hampers efforts to assess the climate impact of cattle production accurately and identify
measures to mitigate the GHG effects of livestock production systems in sub-Saharan Africa.

Ethiopia has the largest cattle population in Africa (FAO, 2021). The livestock sector contributes 14%
of Ethiopia’s gross domestic product and is an important source of income and livelihood for the rural
population. Ethiopia submitted its Second National Communication (SNC) to the United Nations Framework
Convention on Climate Change (UNFCCC) in 2015 (Federal Democratic Republic of Ethiopia (FDRE), 2015).
The National GHG Inventory included in the SNC reports livestock GHG emissions from 1994 and 2013
compiled according to the 1996 IPCC guidelines and Tier 1 approaches to enteric fermentation. According to
Ethiopia’s SNC, the livestock sector was responsible for 60% of agricultural emissions (69,335 Gg carbon
dioxide equivalents) with enteric CH,4, mainly from cattle, accounting for 90% of the emissions (FDRE, 2015).
The livestock sector has thus been recognized as a key source of GHG emissions from the agricultural
sector in Ethiopia. However, existing estimates of GHG emissions were calculated with the IPCC Tier 1
method, with an emission factor of 31 kg CH,4 herd/year for all cattle. The use of default values enabled the
GHG inventory to reflect change only in livestock population numbers, but it could not distinguish effectively
between production systems and changes in animal performance, which led to inaccuracies in enteric CH,
emission estimates.

Studies in sub-Saharan Africa have shown substantial discrepancies between Tier 1 and Tier 2
emission estimates in livestock systems (Du Toit et al., 2014; Kouazounde et al., 2015; Goopy et al., 2018;
Ndung'u et al., 2018). This highlighted the need to establish country-specific CH, emission factors that
reflected national conditions and more accurate enteric CH, emission estimates. Improved GHG emission
estimates would help a country to identify GHG mitigation priorities and measures, contribute to improved
estimates of livestock sector GHG emissions at continental and global level, show the contributions of the
livestock sector to the country’s nationally determined contributions, and provide a basis for better
guantification of mitigation targets. The present study, therefore, aims to estimate enteric CH, emissions
from cattle production systems in Ethiopia using a Tier 2 method.

Material and methods

Enteric CH4 emission factors for cattle in Ethiopia were estimated with the Tier 2 method following the
IPCC (2006) guidelines with reference to the 2019 Refinement to the 2006 IPCC Guidelines for National
GHG Inventories (IPCC, 2019). Dairy cattle were defined as cross-bred and pure-bred cattle with genetics of
exotic specialized dairy breeds, whereas other cattle were defined as local and indigenous breeds, which
were mostly dual-purpose breeds. Emissions were estimated for each year from 1994 to 2018. Input data to
estimate cattle populations and characterize animal performance and diet by cattle sub-category were
collected from country-specific data sources through systematic web searches using Google Scholar and
bibliographic references. These included scientific publications, research reports, official government reports,
and master’s and doctoral theses (IPCC, 2006; 2019). Studies were used if they had been conducted on
cattle from 1994 onwards (the base year for Ethiopia’s national inventory) and reported parameter values
related to one or more of these variables: herd structure, production system, breed, live weight (LW), mature
weight, weight gain, feed type, diet digestibility (DE) and the nutritional composition of the overall diet. Data
sources were preferred if they were nationally representative or based on large samples at national, agro-
ecological zone or region level and if multi-year values were reported to support time series consistency.
This study was implemented under a cooperation agreement approved by the Ministry of Agriculture and
used only secondary data. Because national research policies were followed, ethical clearance was not
required.

Cattle production systems vary in terms of population, breed type, feeding system, feed type, and
productivity (Tegegne et al., 2007). In this study, four cattle systems were identified: mixed crop-livestock
(MCL), pastoral/agro-pastoral (PAP), smallholder intensive (SID) and commercial intensive (CID) dairy
systems. The CID population includes cattle raised in urban and peri-urban areas and on commercial farms.
The SID dairy cattle population is located mostly in rural areas characterized by mixed crop-livestock
production. Mixed crop-livestock and PAP systems use multi-purpose cattle (indigenous breeds). The main
data sources for cattle populations in MCL and PAP systems were the annual livestock sample survey
reports of Ethiopia’s Central Statistical Agency (CSA). The SID population was estimated from CSA reports
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of cross-bred and pure exotic cattle reported in these surveys. Large-scale surveys of Cl populations were
used to estimate populations in the dairy production system.

The IPCC (2006) recommends that cattle populations ‘should be classified into at least three main
subcategories: mature cows, other mature, and growing cattle’. Depending on the level of detail in the
emission estimation method, subcategories could be further classified based on animal or feed
characteristics. The classification in the present study reflected cattle type (dairy, dual-purpose), feed
characteristics (production system) and animal characteristics (age, sex). Accordingly, six sub-categories of
dairy cattle were identified in each of the SID and CI systems and seven sub-categories of dual-purpose
cattle were identified for each of the MCL and PAP systems (Table 1).

Table 1 Cattle sub-categories in various cattle production systems in Ethiopia

Adult multipurpose cows >3 years
Adult males used for draught (3-10 years)

Adult males used for breeding & other purpose (>3-10 years)

Mixed crop livestock
X fop ves Calves < 6 months (male & female)

system
Calves 6 m—<1 year (male & female)
Growing males 1-<3 years
Dual purpose Growing females 1-<3 years
cattle Adult multipurpose cows >3 years
Adult males used for draught (3—10 years)
Adult males used for breeding & other purpose (>3-10 years)
agroppzsic,ttoor glir;]/csitem Calves < 6 months (male & female)
Calves 6 m-<1 year (male & female)
Growing males 1-<3 years
Growing females 1-<3 years
Adult crossbred and pure exatic dairy cows (3—10 years)
Adult crossbred and pure exotic males 3 years and above
Commercial intensive  Pure exotic calves (<6 months) male and female
system Crossbred and pure exotic calves (6 m—<1 year) male and female
Crossbred and pure exotic growing males (1-< 3 years)
Crossbred and pure exotic growing females (1 —<3 years)
Dairy cattle

Adult crossbred and pure exotic dairy cows (3—10 years and above)

Adult crossbred and pure exotic males (3 and above years)
Smallholder intensive ~ Crossbred and pure exotic calves (<6 months) male and female
system Crossbred and pure exotic calves (6 m—< 1 year) male and female

Crossbred and pure exotic growing males (1-< 3 years)
Crossbred and pure exotic growing females (1 —< 3 years)

A comprehensive literature review was undertaken to estimate the live weight (LW) of each sub-
category in each production system. One hundred and four publications (6 in CID, 60 in MCL, and 38 in PAP
production systems) reported estimates of cattle LW and growth rates at various ages (Wilkes et al., 2020).
The review confirmed that there is no existing time series of nationally representative LW measurements.
Therefore, available data on LW, weight gain and mature weight for each sub-category were estimated
based on the average values of studies conducted over several years. The estimated LW values were then
used consistently throughout the time series. For adult cattle, no report of weight gain was identified, and
consistent with the IPCC (2006) guidelines, weight gain for adult cattle was assumed to be zero. The
methodological approach and assumptions used to estimate cattle LW and weight gain were discussed in
detail in Wilkes et al. (2020).
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The proportions of dual-purpose cows giving birth (calving rate) in MCL and PAP systems were
estimated using CSA data on the number of total calves born and the number of cows in milk in the
reference year as proxy indicators. The proportion of cows giving birth (P) was estimated as:

P = [total number of calves/number of cows in milk] * 100

where dead calves were estimated using calf mortality rates (21.3%) reported in the MCL and PAP agro-
pastoral production systems (Fentie et al., 2016), which was then added to the CSA calf population. The
number of cows in milk was taken from the CSA annual surveys.

The resulting estimates of the proportion of cows giving birth in the MCL system ranged from 33% to
57%. Because it was not possible to estimate numbers of cows in milk specifically for the PAP production
system from the CSA annual livestock data, the proportions of cows giving birth in each year for MCL
systems were applied to the PAP system. A cross-check against literature reports for the PAP system
indicated that these proportions were within the range reported in the literature specific to the PAP system
(Mukasa-Mugerwa & Tegegne, 1993; Galal et al., 1981; Lesnoff et al., 2002). The number of cows in milk,
calves alive and calf deaths were used to calculate the proportion of dual-purpose cows giving birth
(Supplementary Table S4).

For the proportion of dairy cows giving birth in the CID and SID systems, this equation was used:

Calving rate = 365 * (100/calving interval in days)

where the reported calving interval (507 days) was obtained from a longitudinal study from 1987 to 2007
using 493 crossbred Holstein Friesian dairy cows (1750 observations) in urban and peri-urban dairy systems
(Million et al., 2010). The resulting estimate for the proportion of cows giving birth was 72%. Since the
dataset showed no significant trend over time, this estimate was used consistently throughout the times
series.

A time series for average daily milk yield in the MCL and PAP systems was obtained from CSA
surveys. The CSA reported daily milk yield was converted to annual average daily milk production (average
over 365 days) by multiplying the reported daily milk yield by the average lactation length of milking cows
(248 days) taken from published literature (Wilkes et al., 2020), and by the proportion of cows giving birth
across the time series. This average daily milk yield in litres was converted to kg using a standard conversion
of 1.031 kg per litre. Since the CSA daily milk did not consider the portion suckled by calves, calf milk
consumption was estimated according to NRC (2001) and added to the adjusted CSA estimate. The
resulting daily milk yields in MCL and PAP systems are presented in in Supplementary Table S5. A default
value of 4% was used (IPCC, 2006) for milk fat content for all cows,.

Milk yield estimates for dairy cattle in CID and SID systems were obtained from studies conducted all
over Ethiopia (Wilkes et al., 2020, Annex A3.1). These studies recorded milk off-take and did not include
estimates of calf suckling. The average daily milk off-take per head in CID and SID systems was estimated to
be 8.2 litres in 2013, which was converted to kilograms at a standard conversion of 1.031 kg per litre, and
dairy cow milk off-take was estimated at 8.5 kg cow day‘l. The daily milk yield was converted to annual
average daily milk production (average over 365 days) by multiplying the reported daily milk yield by the
average lactation length of milking cows (325 days) taken from published literature (Wilkes et al., 2020), and
by the proportion of cows giving birth (72%). Furthermore, Minten et al. (2018) reported that the average
annual growth rate of milk yield in the CID and SID systems was 1.04% between 2009 and 2018. This
growth rate was applied to the whole time series for milk off-take to extrapolate milk off-take for each year
back to 1994. The estimated milk yield for 1994 compared well with literature reports from that period (Staal,
1996). The resulting daily milk yield was adjusted for calf suckling, which was calculated following the NRC
(2001) method. The resulting milk yield estimates are presented in Supplementary Table S5. A default value
of 4% was used (IPCC, 2006) for milk fat content in CID and SID systems,.

Only male cattle in the MCL and PAP systems are commonly used for draught power. Limited
information was available on number of hours of work per calendar day in Ethiopia. Holeta Agricultural
Research Centre (unpublished, 2019) reported an estimate of 1.28 hours per calendar day based on the
assumption that oxen plough for two months of the year (not including Sundays) and six hours per day,
making an annual daily average of 0.85 hours, and thresh for one month (not including Sundays) and six
hours per day, making an annual daily average of 0.43 hours. Wilson (2003) reported that oxen plough 1.66
hours per calendar day using data from 1994. Work hours from 1995 to 2017 were interpolated linearly
between these two values.

Diet composition for cattle in the MCL system was obtained from CSA annual sample surveys. The
CSA data on livestock feed utilization was obtained by asking farmers to estimate the proportions of feed
components in the total feed, which were grouped in six categories: i) natural pastures (grazing), ii) crop
residues (straw and chaff of cereals), iii) improved feed crops (alfalfa), iv) hay (clover, cut and carry system),
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v) agro-industrial by-products (oil cakes, grain bran), and vi) other non-conventional feeds (CSA, 2009). The
historical data on actual feed utilization revealed that natural pasture (55%—64%) and crop residue (26%—
32%) made up most of the feed resources used by cattle (CSA, 2003—-2018). Since CSA does not report
feed utilization for the PAP, CID or SID systems, expert judgment was used to estimate diet composition in
these systems. National experts suggested that the diet composition was natural pasture (98%) and crop
residue (2%) in the PAP system, and industrial by-product (47%), hay cut and carry (38%), crop residue
(12%), improved forage crops (1%) and other feed types (3%) for CI AND | SID systems. Expert judgment
was also used to allocate specific feedstuffs to the six main feed components.

The list of feedstuffs with their chemical composition and nutritive values, including digestible energy
(DE) and metabolizable energy (ME), was taken from the national feed database (Ethiopian Institute of
Agricultural Research (EIAR), 2007), which contains more than 200 samples from six agro-ecological regions
of the country. Gross energy was calculated using IPCC (2006) equations 10.14—10.16 for each cattle sub-
category in each cattle production system. Feed energy digestibility as a percentage of gross energy values
of each feedstuff was estimated using the following equations from CSIRO (2007):

Feed energy digestibility (DE, %) = digestible energy (DE, MJ)/18.4
DE (M]) = metabolizable energy (ME MJ)/0.81.

The DE (%) value of each feed component was calculated as the average of each feedstuff’'s DE value in the
EIAR database. For crop residues, the DE value was calculated from the seven major cereal crops (teff,
barley, wheat, sorghum, maize, millet, and oats), which are considered available as crop residues for
livestock feed. The DE value of crop residue was calculated as described in Wilkes et al. (2020, Annex 4).
The resulting DE (%) for the MCL system was from 53.9 to 53.5 in various years and was assumed to have
constant values of 55% in the PAP system and 62% in the CID and SID systems.

Enteric CH4 emission factors were estimated for each cattle subcategory in each production system
using the IPCC (2006) equation:

EF = (GE x (Y /100) x 365 days)/55.65

where, EF =the emission factor (kg CHs/head/year), GE = gross energy intake (MJ/head per day), Y= CH,4
conversion factor (%), 55.65 (MJ/kg CH4) = energy content of CH,, 365 days = number of days in the year.
The value for Y,, was the IPCC default of 6.5% (IPCC, 2006). The emission factors developed for each
category of cattle were annual emission factors, except for calves younger than 6 months and calves
between 6 months and 1 year old, for which a methane conversion factor of 3.3% was used, because these
animals were not in each of these age classes for more than six months. For each production system, an
average emission factor was estimated as a population-weighted mean of the emission factors of each
subcategory in the production system. The population weighted mean emission factor is also referred to as
an implied emission factor.

Uncertainty analysis for enteric CH,; emission was accomplished using Monte Carlo simulation
implemented in Palisade @Risk software using the mean values, margins of error around the mean value,
and assumed probability density functions for each input parameter. The assumptions are shown in
Supplementary Tables S8 and S9 for the pastoral and agro-pastoral, and mixed crop-livestock systems. The
contribution of each variable to total uncertainty was estimated using Spearman’s ranked correlation
coefficients (Milne et al., 2014).

Results and Discussion

Using the country-specific Tier 2 CH, emission factors and the total cattle population from 1994 to
2018, enteric CH4 emission increased from 1454 Gg CH, in 1994 to 3143 Gg CH, in 2018 (Table 2). Non-
dairy cattle in the MCL production system made the largest contribution to annual enteric CH, emissions
between 1994 and 2018, contributing 80% to 88% of the annual total, followed by non-dairy cattle in the PAP
production system (11%-18%). Dairy cattle from commercial and smallholder dairy systems contributed
0.8% to 3.4% of annual enteric CH, emissions between 1994 and 2018.
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Table 2 Enteric fermentation emissions from cattle in various production systems in Ethiopia, 1994-2018
(Gg methane)

Production systems

Year Commercial dairy ~ Smallholder dairy Pastoral/agro-pastoral .Mixed crop- Total
cattle cattle cattle livestock cattle

1994 2 10 203 1239 1,454
1995 2 11 218 1336 1,567
1996 2 11 279 1345 1,637
1997 4 12 292 1440 1,747
1998 5 12 301 1434 1,752
1999 6 11 299 1356 1,673
2000 8 12 307 1456 1,782
2001 9 14 366 1751 2,140
2002 10 12 314 1489 1,826
2003 12 13 217 1637 1,878
2004 13 11 214 1710 1,947
2005 14 15 223 1791 2,044
2006 16 15 276 1867 2,174
2007 17 18 272 2054 2,361
2008 18 18 282 2151 2,470
2009 20 17 298 2261 2,596
2010 21 22 362 2313 2,718
2011 23 31 342 2259 2,655
2012 24 32 431 2309 2,796
2013 26 40 449 2336 2,850
2014 27 43 491 2375 2,935
2015 28 46 500 2403 2,978
2016 30 61 471 2477 3,039
2017 31 58 468 2491 3,049
2018 33 73 520 2517 3,143

Implied CH, emission factors for dairy cattle in the various production systems are presented in Table
3. The implied CH, emission factors for dairy cattle in the CID and SID systems increased by an annual
average rate of 0.34% and 0.35%, respectively, from 1994 to 2018 (Table 3). The annual average change in
implied CH, emission factors for cattle in the MCL and PAP systems was 0.06% and -0.04%, respectively
(Table 3).

Mean CH, emission factors from 1994 to 2018 ranged from 3.4 kg CH,4 herd/year for calves older than
six months to 74 kg CH,4 herd/year for dairy cows in the SID and CID systems (Supplementary Table S6).
The implied emission factors (population-weighted average) for all subcategories of commercial dairy cattle
ranged from 49 kg CH, head/year in 1994 to 53 kg CH, head/year in 2018, with an overall average of 51 kg
CH,4 herd/year across the time series (Table 3). Similarly, the population-weighted average for all sub-
categories of smallholder dairy cattle ranged from 53 kg CH, herd/year in 1994 to 57 kg CH,4 head/year in
2018, with overall average of 55 kg CH,4 herd/year (Table 3).

Implied CH,4 emission factors for cattle in the MCL and PAP systems are shown in Table 3. Mean CH,4
emission factors from 1994 to 2018 ranged from 5 kg CH, herd/year for calves to 57 kg CH,4 herd/year for
cows in the MCL production system (Supplementary Table S7). The implied emission factors for all
subcategories ranged from 46.76 kg CH, herd/year in 1994 to 48.78 kg CH,4 head/year in 2009, with average
of 48 kg CH, head/year across the time series (Table 3). Mean CH, emission factors from 1994 to 2018
ranged from 6 kg CH,; head/year for calves to 64 kg CH, head/year for cows in the PAP system
(Supplementary Table S7). The implied emission factors ranged from 48 kg CH, head/year in 1994 to 51
CH,4 headl/year in 2018, with an overall average of 50 kg CH,4 head/year across the time series (Table 3).
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Table 3 Implied emission factors for cattle in various production systems in Ethiopia, 1994-2018 (kg
methane/ head/year)

Production system

Pastoral and agro-

Year Commercial dairy Smallholder dairy Mixed crop-livestock

pastoral
1994 48.8 52.6 49.3 47.7
1995 48.9 52.8 49.3 47.7
1996 49.1 52.9 47.9 46.8
1997 49.3 53.1 47.9 46.8
1998 49.4 53.3 48.2 46.9
1999 49.6 53.5 48.5 47.4
2000 49.8 53.7 48.6 47.3
2001 49.9 53.9 48.8 475
2002 50.1 54.1 49.0 47.6
2003 50.3 54.3 48.8 47.1
2004 50.5 54.5 49.3 48.2
2005 50.7 54.8 49.8 48.5
2006 50.9 54.9 50.3 47.8
2007 51.1 55.2 494 47.6
2008 51.3 55.4 49.4 48.0
2009 51.5 55.6 50.9 48.8
2010 51.7 55.9 50.3 48.2
2011 51.9 56.2 49.9 48.1
2012 52.1 56.4 50.8 48.4
2013 52.2 56.5 50.2 48.2
2014 524 56.6 50.2 47.9
2015 52.5 56.8 50.9 47.7
2016 52.6 56.9 50.8 47.6
2017 52.7 57.1 50.0 47.1
2018 52.9 57.2 49.9 47.2
Mean 50.9+1.32 54.9+1.49 49.4 £ 0.92 47.7+0.54

The average uncertainty of CH, emission factors was about +18.7% in 1994 and +18.0% in 2018.
Feed digestibility and LW for cows and oxen in the MCL system, and the population of cows in the MCL and
PAP systems were the parameters with the greatest influence on the uncertainty of enteric CH, emission
estimates.

This is the first time the Tier 2 method has been applied to estimate enteric fermentation emissions at
national level in Ethiopia. This study found that the Ethiopian cattle population grew by 117% and enteric
methane emissions by 116% between 1994 and 2018. Growth in the cattle population has been more rapid
than growth in the cattle population globally (13%), in sub-Saharan Africa (76%) and in developing countries
as a whole (80%) (FAO 2021). About four fifths of Ethiopia’s cattle are kept by smallholders in the mixed
crop-livestock system, and a further 15% in the pastoral/agropastoral system. The multifunctionality of cattle
in these systems means that in general animal numbers are more important to livestock keepers than animal
productivity (Descheemaeker et al., 2016). The authors’ literature review found little evidence of change in
animal productivity in these systems, apart from increasing calving rates, and no trend of improving feed
quality. Thus, 75% of the total increase in cattle emissions between 1994 and 2018 was because of
increasing cattle populations in the MCL system. This accorded with other global analyses suggesting that
most of the increase in cattle GHG emissions in sub-Saharan Africa is because of increasing livestock
populations, with change in productivity (Chang et al., 2021). This differed, however, from developing
countries as a whole, where individual animal productivity and emission intensity have been increasing in
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recent decades (Caro et al., 2014). South Africa for example has a significant commercial cattle sector in
which productivity increase has had a notable effect on the GHG emission intensity of cattle production
(Tongwane & Moeletsi, 2020). Although cattle of specialized dairy breeds still accounted for less than 3% of
Ethiopia’s total national herd, their numbers increased more than eightfold between 1994 and 2018. Milk
yields have increased and in 2018 average yields were similar to those in other East African countries where
the dairy sector is also dominated by smallholders (SDL, 2019). Given their higher LW and milk yield than
indigenous dual-purpose cattle, this illustrates that in addition to change in individual animal productivity,
change in the structure of the livestock sector could be an important longer-term process affecting the level
and intensity of GHG emissions from cattle production.

In this study, the implied emission factor for dairy cattle increased over time because of the
assumption that milk yield increased by about 1% per year. The average implied emission factor obtained for
dairy cattle in the SID system (55 kg CH,4 head/year) is slightly higher than the IPCC 2006 Tier 1 value of 46
kg CH,4 headl/year for dairy cattle in Africa and the Middle East. However, the emission factors determined for
dairy cows in this study was 23% lower than the IPCC (2019) default emission factor for dairy cows in low
productivity systems (66 kg CH,4 head/year) and 41% lower than the IPCC (2019) default emission factors for
dairy cows in high productivity systems (86 kg CH,4 head/year) in Africa. The differences between emission
factors determined in the present study and default emission factors for Africa are partly because of higher
estimated LW (428 kg), milk yield (4.5-6.5 kg/day) and feed digestibility (62%) in this study compared with
the default LW (275 kg), milk yield (1.3 kg/day), and feed digestibility (60%) assumed in IPCC (2019), and
partly because of different methods used to determine the CH,4 conversion factor (Y,,). Similarly, Du Toit et
al. (2014) and SDL (2019) have reported higher Tier 2 emission factors for dairy cattle in South Africa (76 kg
CH,4 headlyear) and Kenya (70 kg CH,4 head/year), respectively, than the IPCC (2006) default emission
factors for Africa (46 kg CH,4 head/year). The values of the IPCC default emission factors largely depend on
the values assumed for LW, feed energy digestibility, milk yield, and Y., (IPCC, 2006). Live weight differs
between cattle genotypes, age, and sex, while feed energy digestibility is affected by feeding system and
diet quality. The national average LW, feed energy digestibility and milk yield of dairy cows in Ethiopia were
59%, 21% and 315% higher, respectively, than the values assumed for dairy cattle in Africa (IPCC, 2006).
Hence, using IPCC (2006) default values of emission factors for dairy cattle would underestimate, and using
IPCC (2019) values would overestimate enteric CH,; emission when compared with emission factors
developed using country specific information.

The national average emission factor for dairy cows from Ethiopia estimated in the present study was
consistent with emission factors reported by Du Toit et al. (2014) for livestock systems in South Africa for
dairy (76 kg CH,4 head/year) and beef cattle (72 kg CH, head/year). However, the emission factors derived in
the present study are substantially higher for adult dairy cows (74 kg CH, head/year) than the emission
factors estimated for adult females in Western Kenya (28-51 CH,4 head/year) (Goopy et al., 2018, Ndung'u et
al.,, 2018), and for adult males in Western Kenya (36—46), Goopy et al., 2018, Ndung'u et al., 2018)). The
higher emission factors in the current study compared with these studies might be expected given that the
LW of cattle in the present study (428 kg) is approximately 40%—-100% higher that of the cattle in the studies
in Western Kenya (216—307 kg). The emission factors derived from the present study for calves in CID and
[l|S systems were 14.6 and 18.3 kg CH, head/year. These values were similar to results of Goopy et al.
(2018) for calves in Kenya (15.6 kg CH, head/year). However, enteric CH, emission factors in the present
study for dairy cattle were lower than the enteric CH, emission factors of 99.37 kg/head/year (ranging from
84 to 112 kg/head/year) reported by Moeletsi et al. (2017) for dairy cattle in South Africa under total mixed
ration, pasture-based system and a mixture of TMR and pasture systems. Compared with the present study,
Du Toit et al. (2014) reported higher CH,4 emission factors of 132, 127, 80, 67 and 63 kg/head/year years for
lactating cows, lactating heifers, dry cows, pregnant heifers, and heifers greater than one year respectively.
Du Toit et al. (2014) also reported a higher CH4 emission factor of 42, 23 and 22 kg/head/year for females 6
to 12 months, females 2-6 months and calves, for growing dairy cattle in South Africa, respectively. The
higher CH, emission factors in these studies compared with the present study are related to the higher LW of
dairy cattle as compared with the LW estimates obtained in the present study. The LWs of lactating/dry
cows, heifers older than one year and heifers 6 to 12 months were reported as 590, 322, 172 kg compared
with LW of 480, 261 and 117.6 kg used in present study for similar sub-categories, respectively. Higher LW
results in higher feed intake and hence higher emission factors compared with animals with lower LW (Frank
et al., 2000). Differences in feed characteristics (Frank et al.,, 2000; Moss et al., 2000) and in breed
(Kouazounde et al., 2015) contribute to variations in the emission factor.

The implied emission factors obtained for dual-purpose cattle in the present study (48-50 kg CH,
head/year) are close the Tier 1 default emission factor of 52 kg CH,4 herd/year for other cattle in Africa (IPCC,
2019). However, the results obtained using the Tier 2 methodology were 54-61% higher than default value of
31 kg CH,4 herd/year for Africa and the Middle East (IPCC, 2006). Compared with IPCC (2006) default
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emission factors for Africa, higher Tier 2 emission factors were also reported for Benin (40 kg CH,4 herd/year)
(Kouazounde et al., 2014) and South Africa (62 kg CH, herd/year, (Moeletsi et al., 2017). However, lower
CH, emission factors of 31 and 16 kg CH, herd/year were reported for lactating and other cattle (Ndama
breed) in Senegal (Ndao et al., 2020). These comparisons highlight the necessity for developing country-
specific emission factors that reflect the national circumstances and actual animal management and
performance in different production systems.

Application of the IPCC Tier 2 method requires disaggregation of activity data on animal populations
and detailed data on animal performance. Uncertainty analysis can provide important information for
prioritizing methodological and data improvements (IPCC, 2019). The average uncertainties of enteric
fermentation emissions from cattle were between +18% and -16% in 2018. This compares well with the
IPCC (2006) default uncertainty range for Tier 2 emission factors of £20%. The main factors associated with
uncertainty in enteric fermentation emissions were feed energy digestibility and LW for cows and oxen in the
MCL production system. Due to lack of a time series for nationally representative LW and average daily
weight gain for each cattle subcategory, this study used average values for LW, weight gain and mature
weight of cows and oxen based on studies conducted in various years and locations, which contributes to
the uncertainty of LW estimates used. Diet composition in the PAP and commercial and smallholder dairy
systems were based on expert opinion, and expert opinion was also applied to characterize the specific
feedstuffs used to estimate the feed digestibility of the main diet components reported in CSA annual sample
survey data. Furthermore, the CSA data is not disaggregated by cattle sub-category, which introduces
additional uncertainty associated with the emission factor estimates. Improving data quality for these key
parameters is important because improved data quality can reduce the uncertainty of inventory estimates.
The other priority improvement would be to obtain better estimates of the proportion of cows in the MCL and
PAP production systems, indicating that improvements in national statistical data collection and reporting
systems can also contribute to improved GHG inventories (Rosenstock & Wilkes, 2021).

Conclusions

This study used the IPCC Tier 2 method to estimate enteric fermentation emissions from cattle in
Ethiopia. Enteric CH, emissions are estimated to have increased by 116% between 1994 and 2018. Cattle in
the MCL production system had the greatest contribution to total enteric emissions and accounted for 75% of
the increase in enteric CH, emissions over this period. Emission factors developed on the basis of a
thorough literature review found no evidence of increased animal productivity in the main production systems
in Ethiopia, indicating that increased animal populations are the key driver of enteric CH4 emissions from
cattle. Although still a very small part of the cattle sector, there has been rapid growth in specialized dairy
breed populations and milk yields, suggesting that change in the structure of the sector could affect the level
and intensity of GHG emissions from cattle production in the future. The country-specific estimates of enteric
CH, emissions using the IPCC Tier 2 method had comparable results with values reported in the literature
for sub-Saharan Africa, but differences highlighted the importance of using country-specific information on
production parameters and feed characteristics to derive more accurate emission factors. Uncertainty
analysis indicated that uncertainty can be reduced with better estimates of the proportions of cows in the
cattle populations in the MCL and PAP systems, and with more accurate data on LW and digestibility of the
diet of cows and oxen in the MCL system. In addition, proxies were used to estimate cattle sub-category
populations in the commercial and subsistence dairy production systems, and better activity data for these
systems would also reduce overall uncertainty. This study contributes to an improved national GHG
inventory for Ethiopia and provides a basis for better quantification of mitigation targets and effects of policies
and measures in Ethiopia’s livestock sector.
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Table S1 Time series for dairy cattle sub-category populations, 1994-2018 (thousand head)

Commercial dairy production system Smallholder dairy production system
Year Cows, Males, Calves, Calves, Growing Growing Cows, Males, Calves, Calves, Growing Growing
>3 years 3-10years < 6 months 6-12 males, females, >3 years 3-10years < 6 months 6-12 males, females,

months 1-3 years 1-3 years months 1-3 years 1-3 years
1994 24.7 0.9 25 7.0 11 12.3 109.2 7.8 14.9 14.9 1.7 37.6
1995 24.7 0.9 25 7.0 11 12.3 117.4 8.4 16.0 16.0 1.8 40.4
1996 24.7 0.9 25 7.0 11 12.3 122.2 8.7 16.7 16.7 1.9 42.0
1997 37.9 1.4 3.8 10.8 1.7 18.9 130.3 9.3 17.8 17.8 2.0 44.8
1998 51.0 1.9 5.2 14.5 2.3 254 129.5 9.3 17.6 17.6 2.0 44.5
1999 64.2 2.4 6.5 18.2 2.9 32.0 1225 8.8 16.7 16.7 1.9 42.1
2000 77.3 29 7.8 22.0 34 38.5 130.7 9.4 17.8 17.8 2.0 45.0
2001 90.4 3.3 9.1 25.7 4.0 45.1 155.5 111 21.2 21.2 2.4 53.5
2002 103.6 3.8 10.5 29.5 4.6 51.6 132.9 9.5 18.1 18.1 2.0 45.7
2003 116.7 4.3 11.8 33.2 5.2 58.2 140.6 10.1 19.2 19.2 2.2 48.4
2004 129.9 4.8 13.1 36.9 5.8 64.7 118.6 8.5 16.2 16.2 1.8 40.8
2005 143.0 5.3 14.4 40.7 6.4 713 165.3 11.8 225 225 25 56.9
2006 156.2 5.8 15.8 44.4 7.0 77.8 161.0 11.5 21.9 21.9 2.5 55.4
2007 169.3 6.2 17.1 48.1 7.5 84.4 189.3 13.5 25.8 25.8 2.9 65.2
2008 182.5 6.7 18.4 51.9 8.1 90.9 194.2 13.9 26.5 26.5 3.0 66.8
2009 195.6 7.2 19.8 55.6 8.7 97.5 181.0 13.0 24.7 24.7 2.8 62.3
2010 208.7 7.7 211 59.4 9.3 104.0 230.1 16.5 314 314 35 79.2
2011 221.9 8.2 22.4 63.1 9.9 110.6 319.9 22.9 43.6 43.6 4.9 110.1
2012 235.0 8.7 23.7 66.8 10.5 117.1 329.9 23.6 45.0 45.0 5.1 113.5
2013 248.2 9.2 25.1 70.6 11.1 123.7 416.6 29.8 56.8 56.8 6.4 143.3
2014 261.3 9.6 26.4 74.3 11.6 130.2 442.6 31.7 60.3 60.3 6.8 152.3
2015 274.5 10.1 27.7 78.1 12.2 136.8 477.9 34.2 65.1 65.1 7.3 164.4
2016 287.6 10.6 29.1 81.8 12.8 143.3 624.7 4.7 85.1 85.1 9.6 215.0
2017 300.8 111 30.4 85.5 13.4 149.9 601.0 43.0 81.9 81.9 9.2 206.8

2018 313.9 11.6 31.7 89.3 14.0 156.4 745.5 53.3 101.6 101.6 114 256.6
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Pastoral and aAgro-pastoral system

Mixed crop—livestock system

Cows, >3 Males for Other Calves, Calves6— Males, Females Cows, Males for Other Calves, Calves, Males, Females,

Year years draught, males, <6 12 months 1<3 1<3 >3 years draught, males, <6 6-12 1—<3 1—<3
3-10 >3-10 months years years 3-10 >3-10 months months years years
years years years years

1994 1596.5 569.4 263.2 430.8 450.1 342.6 458.3 9410.8 7172.8 781.6 1966.7 1920.7 2067.6 2482.6
1995 17175 612.8 283.4 463.6 484.3 368.8 493.3 10148.0 7734.4 842.8 2120.7 2071.2 2229.5 2677.2
1996 2261.4 672.0 340.8 687.4 709.0 440.8 707.6 10104.1 7788.2 819.1 2471.1 2468.4 2254.9 2677.1
1997 2359.1 699.8 358.0 720.9 743.7 462.1 743.1 10803.6 8327.1 875.8 2641.9 2639.2 2410.9 2862.4
1998 2433.5 709.6 371.8 740.8 761.0 477.1 764.3 10718.8 8261.9 868.9 2621.4 2618.5 2392.0 2840.0
1999 2413.1 706.8 363.6 726.9 746.3 468.4 7479 101014 7786.4 818.9 2470.4 2467.8 2254.3 2676.3
2000 2457.2 716.6 375.3 747.8 768.1 481.6 7714  10806.6 8329.7 876.0 2642.9 2640.0 2411.6 2863.2
2001 2911.9 848.4 446.1 888.3 912.5 572.0 917.0 12952.7 9983.0 1050.0 3167.6 3164.2 2890.3 3431.9
2002 2489.0 725.7 380.5 758.0 778.6 488.1 782.1  10980.0 8463.4 890.1 2685.3 2682.4 2450.4 2909.1
2003 1867.2 481.5 204.9 608.3 499.9 287.6 493.7  12581.7 8855.7 1016.1 3299.4 2878.5 2682.5 3229.6
2004 1892.2 476.1 203.6 609.0 454.8 275.8 4248  13199.1 9199.6 1170.4 3144.5 2555.8 2705.1 3289.8
2005 1935.6 485.7 240.7 619.2 464.7 293.6 438.2  13630.7 9834.8 1265.2 3356.1 2816.9 2575.1 3135.6
2006 2445.0 555.4 332.9 707.9 557.1 336.4 560.4  14293.3 10145.7 1423.0 3673.8 3180.5 27147 3256.4
2007 2378.5 528.9 335.3 779.5 591.7 358.4 539.2 15775.0 10990.4 1515.7 4006.5 3658.7 3151.0 3770.8
2008 2499.0 567.6 306.4 726.0 646.0 342.0 626.7 16409.3  11850.7 1475.0 3788.1 3614.3 3290.4 4016.2
2009 2609.2 565.4 339.5 706.7 640.4 353.2 631.7 16710.5 12257.0 1901.7 4496.5 3367.7 3250.8 4048.2
2010 3234.1 639.4 501.9 899.8 767.2 399.2 759.1 17351.2 12824.2 1726.3 4295.9 4091.7 3297.8 4029.7
2011 3035.5 622.6 436.7 867.6 728.1 416.8 749.7 17201.3 122934 1439.1 4213.2 3881.2 3411.4 3959.8
2012 3827.8 754.5 618.9 1112.6 795.1 475.2 895.2 172715 12599.2 1510.0 4499.6 3539.1 3607.2 4186.9
2013 4188.4 785.7 480.3 1176.7 930.3 502.4 866.8 17337.4 129145 1572.7 4437.4 3701.6 3721.3 4214.7
2014 4487.8 886.6 521.9 1217.3 1006.7 587.9 1067.9 17623.1 13412.7 1350.9 4445.5 4049.6 3782.9 4404.5
2015 4718.9 801.3 732.0 1154.4 977.6 528.4 902.1 17781.1 13661.1 1356.1 4330.5 4493.6 3840.3 4470.8
2016 4323.8 761.4 770.0 1132.3 1013.0 486.1 7975 18214.1  14021.6 1328.4 4873.1 4279.6 4032.0 4780.1
2017 4282.4 792.8 751.6 1160.2 1033.1 506.3 826.0 181919 14739.2 1189.7 4607.6 4639.6 4184.8 4858.0
2018 5008.6 714.2 811.9 1557.8 988.8 563.2 7745 184416  14084.9 1317.6 4850.8 4796.2 4280.1 5085.1
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Table S3 Average live weight and growth rate of cattle sub-categories in various production systems

Live Growth
Production system Sub—category weight, rate,

kg g/day

Adult multipurpose cows >3 years 285.8 0

Adult males used for draught (3—10 years) 342.8 0

] ) Adult males used for breeding & other purpose (>3-10 years) 342.8 0
Mixed g}r/c')spé)elrlxestock Calves < 6 months (male & female) 53.8 0.362
Calves 6 m-1 year (male & female) 105.5 0.213
Growing males 1-3 years 226.9 0.202
Growing females 1-3 years 181.4 0.149

Adult multipurpose cows >3 years 295.0 0

Adult males used for draught (3—10 years) 339.8 0

Adult males used for breeding & other purpose (>3-10 years) 339.8 0
agrozzsst% rﬂli@item Calves < 6 months (male & female) 58.8 0.402
Calves 6 m—1 year (male & female) 117.0 0.298
Growing males 1-3 years 225.1 0.186
Growing females 1-3 years 190.2 0.144

Adult crossbred and pure exotic dairy cows (3—10 years) 428.6 0

Adult crossbred and pure exotic males 3—-10 years 418.5 0
Commercial intensive Pure exotic calves (<6 months) male & female 60.0 0.340
system Crossbred and pure exotic calves (6 m—< 1 yr) male & female 117.6 0.300
Crossbred and pure exotic growing males (1-< 3 years) 261.0 0.254
Crossbred and pure exotic growing females (1 —< 3 years) 261.0 0.263

Adult crossbred and pure exotic dairy cows (3-10 & above

years) 428.6 0

Adult crossbred and pure exotic males 3-10 * above years 418.5 0
Smallholder intensive Crossbred & pure exotic calves (<6 months) male & female 60.0 0.340
system Crossbred & pure exotic calves (6 m—< 1 yr) male & female 117.6 0.300
Crossbred & pure exotic growing males (1—< 3 years) 261.0 0.254
Crossbred & pure exotic growing females (1 —< 3 years) 261.0 0.263




360 Wassie et al., 2022. S. Afr. J. Anim. Sci. vol. 52

Table S4 Time series for proportion of cows giving birth for other cattle in mixed crop-livestock
production system (1000s head)

Year ((: <a|(;/(rensol?](:rr]r)1 ? fg rr:grr:?k:lst))/ (Zoéarln%ii\t/ﬁ; Cows in milk Cows giving birth, %
1994 32.6
1995 33.0
1996 33.7
1997 315.1 671.2 382.2 108.9 35.1
1998 37.9
1999 40.7
2000 43.5
2001 3239.0 46.3
2002 3730.3 794.5 4524.8 87125 49.1
2003 3573.6 761.2 4334.8 8048.1 51.9
2004 3798.0 809.0 4607.0 8194.2 53.9
2005 4159.6 886.0 5045.6 91135 56.2
2006 4562.5 971.8 5534.3 9923.1 55.4
2007 4302.9 916.5 5219.4 99194 55.8
2008 5010.4 1067.2 6077.6 9627.7 52.6
2009 4918.3 1047.6 5965.8 10676.8 63.1
2010 4787.6 1019.8 5807.3 10577.8 55.9
2011 52295 11139 6343.4 10711.5 54.9
2012 5173.7 1102.0 6275.7 10731.7 59.2
2013 52154 11109 6326.3 11382.0 58.5
2014 5053.2 1076.3 6129.5 11326.5 55.6
2015 5628.5 1198.9 6827.4 11833.2 54.1
2016 5381.9 1146.4 6528.3 12392.7 57.7
2017 5780.3 1231.2 70115 12405.0 52.7

2018 3730.3 794.5 4524.8 87125 56.5
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Table S5 Average kilograms of milk produced daily for milking cows, 1994—-2018

Year Mixed crop-livestock Pastoral/agro pastoral Commercial and small holder
1994 0.56 0.62 4.54
1995 0.57 0.62 4.61
1996 0.58 0.64 4.68
1997 0.60 0.66 4.76
1998 0.65 0.71 4.84
1999 0.70 0.77 4.92
2000 0.75 0.82 5.00
2001 0.80 0.88 5.08
2002 0.84 0.93 5.17
2003 0.90 0.97 5.25
2004 0.91 0.99 5.34
2005 0.97 1.11 5.43
2006 0.96 1.04 5.52
2007 0.95 1.08 5.61
2008 0.90 0.98 5.70
2009 1.15 1.19 5.80
2010 0.98 1.08 5.90
2011 0.98 1.02 6.00
2012 1.01 1.12 6.10
2013 1.01 1.08 6.15
2014 0.95 1.04 6.21
2015 0.93 0.99 6.27
2016 0.98 1.05 6.33
2017 0.90 0.97 6.38

2018 0.96 1.06 6.44
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Table S6 Margin of error around the mean and probability density functions used in Ethiopia cattle

enteric fermentation emission inventory

Wassie et al., 2022. S. Afr. J. Anim. Sci. vol. 52

Parameter System Margin of error PDF, justification References
Live weight  Mixed crop- + 14.72%-36.91% Normal, SE small Calculated from data in
livestock compared with mean Wilkes et al. (2020)
Pastoral + 14.75%—-21.25% Normal, SE small Calculated from data in
agro/pastoral compared with mean Wilkes et al. (2020)
Commercial dairy + 0.88%—-14.56% Normal, SE small Calculated from data in
compared with mean Wilkes et al. (2020)
Smallholder dairy +1.76%-29.12% Normal, SE small Calculated from data in
compared with mean Wilkes et al. (2020)
Proportion Mixed crop- + 3.75% Beta, proportion CSA (2019)
of cows livestock cannot have negative
giving birth values
Pastoral + 18.04% Beta, proportion CSA (2019)
agro/pastoral cannot have negative
values
Commercial dairy + 50% Beta, proportion Expert judgement
cannot have negative
values
Smallholder dairy 16.25% Beta, proportion CSA (2019)
cannot have negative
values
Milk yield +29.26% Normal, s.e. small Migose et al. (2020)
compared with mean
Milk fat +10% Normal, s.e. small Expert judgement
content (%) compared with mean
Digestible Triangular distribution  IPCC (2006, 2019)
energy, % minimum: 50%
dairy cattle most likely: inventory
value;
maximum 65%
Digestible Triangular distribution  IPCC (2006, 2019)
energy, % minimum: 45%
other cattle most likely: inventory
value
maximum 60%
CHg4 +20% Normal, SE. small IPCC (2019)
conversion compared with mean
factor, %
Chrnaintainence +15% Beta, proportion Monni et al (2007)
cannot have negative
values
Cactivity +15% Beta, proportion Monni et al (2007)
cannot have negative
values
Chpregnancy +15% Beta, proportion Monni et al (2007)
cannot have negative
values
Cagrowth +15% Beta, proportion Monni et al (2007)

cannot have negative
values

C-values reflect the parameters used to calculate net energy required for the subscripted physiological function
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Table S7 Emission factors for dairy cattle sub-categories, 1994-2018 (kg CH, /head/year)
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Commercial dairy production system

Smallholder dairy production system

Cows >3 Males (3— Calves<  Calves Malesl-3 Females Implied Cows>3 Breeding Calves< Calves Males 1-3 Females  Implied

Year years 10 years) 6 months 6-12 years 1-3 years emission years males, 3— 6 months 6-12 years 1-3 years emission
months factor 10 years months factor
1994 69.5 47.1 35 11.2 40.6 38.6 48.8 69.5 49.7 35 11.2 425 40.2 52.6
1995 69.8 47.1 35 11.2 40.6 38.6 48.9 69.8 49.7 35 11.2 425 40.2 52.8
1996 70.2 47.1 35 11.2 40.6 38.6 49.1 70.2 49.6 35 11.2 425 40.2 52.9
1997 70.5 47.1 35 11.2 40.6 38.6 49.3 70.5 49.6 35 11.2 42.4 40.2 53.1
1998 70.8 47.1 35 11.2 40.6 38.6 49.4 70.8 49.6 35 11.2 42.4 40.2 53.3
1999 71.1 47.1 35 11.2 40.6 38.6 49.6 71.1 49.6 35 11.2 42.4 40.1 53.5
2000 715 47.1 35 11.2 40.6 38.6 49.8 715 49.5 35 11.2 42.4 40.1 53.7
2001 71.8 47.1 35 11.2 40.6 38.6 49.9 71.8 49.5 35 11.2 42.4 40.1 53.9
2002 72.2 47.1 35 11.2 40.6 38.6 50.1 72.2 49.5 35 11.2 42.4 40.1 54.1
2003 72.6 47.1 35 11.2 40.7 38.6 50.3 72.6 49.5 35 11.2 42.3 40.1 54.3
2004 72.9 47.1 35 11.2 40.6 38.6 50.5 72.9 49.4 35 11.2 42.3 40.1 54.5
2005 73.3 47.1 3.5 11.2 40.7 38.6 50.7 73.3 49.4 35 11.2 42.3 40.1 54.8
2006 73.7 47.1 35 11.2 40.7 38.6 50.9 73.7 49.4 35 11.2 42.3 40.0 55.0
2007 74.0 47.0 35 11.2 40.6 38.6 51.1 74.0 49.3 35 11.2 42.2 40.0 55.2
2008 74.4 47.1 35 11.2 40.6 38.6 51.3 74.4 49.3 35 11.2 42.2 40.0 55.4
2009 74.8 47.1 35 11.2 40.6 38.6 51.5 74.8 49.3 35 11.2 42.2 40.0 55.6
2010 75.3 47.1 35 11.2 40.7 38.6 51.7 75.3 49.3 35 11.2 42.2 40.0 55.9
2011 75.7 47.1 35 11.2 40.7 38.6 51.9 75.7 49.3 35 11.2 42.2 40.0 56.2
2012 76.1 47.1 3.5 11.2 40.7 38.6 52.1 76.1 49.2 35 11.2 42.2 40.0 56.4
2013 76.3 47.1 3.5 11.2 40.6 38.6 52.2 76.3 49.2 35 11.2 42.2 39.9 56.5
2014 76.6 47.1 35 11.2 40.6 38.6 52.4 76.6 49.2 3.5 11.2 42.1 39.9 56.6
2015 76.8 47.1 35 11.2 40.6 38.6 52.5 76.8 49.2 3.5 11.2 42.1 39.9 56.8
2016 77.1 47.1 35 11.2 40.6 38.6 52.6 77.1 49.1 3.5 11.2 42.1 39.9 56.9
2017 77.3 47.1 35 11.2 40.7 38.6 52.7 77.3 49.1 3.5 11.2 42.1 39.9 57.1
2018 77.6 47.1 35 11.2 40.7 38.6 52.9 77.6 49.1 35 11.2 42.1 39.9 57.2
Mean 73.7 47.1 35 11.2 40.6 38.6 50.9 73.7 494 35 11.2 42.3 40.0 55.0
SD 2.60 0.01 0.00 0.01 0.01 0.01 1.32 2.60 0.19 0.00 0.01 0.13 0.11 1.49
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Table S8 Emission factors for other cattle sub-categories in the pastoral and agro pastoral system, 1994—-2018 (kg methane/head/year)

vear Cows, Draught males, Other males, Calves, Calves, Males, Females, Implied emission
>3 years 3-10 years >3-10 years < 6 months 6—12 months 1-3 years 1-3 years factor
1994 60.5 64.3 68.6 6.0 18.3 57.6 45.9 49.3
1995 60.5 64.3 68.6 6.0 18.3 57.6 45.9 49.3
1996 60.7 64.2 68.5 6.0 18.4 57.6 45.9 47.9
1997 60.9 64.1 68.5 6.0 18.4 57.6 45.9 47.9
1998 61.5 64.1 68.5 6.0 18.4 57.5 45.8 48.2
1999 62.1 64.0 68.5 6.0 18.4 57.5 45.8 48.5
2000 62.6 63.9 68.4 6.0 18.4 57.5 45.8 48.6
2001 63.2 63.9 68.4 6.0 18.4 57.5 45.8 48.8
2002 63.8 63.8 68.4 6.0 18.4 57.5 45.8 49.0
2003 64.3 63.7 68.4 6.0 18.3 57.4 45.8 48.8
2004 64.6 63.7 68.3 6.0 18.3 57.4 45.8 49.3
2005 65.4 63.6 68.3 6.0 18.3 57.4 45.7 49.8
2006 65.0 63.5 68.3 6.0 18.3 57.4 45.7 50.3
2007 65.2 63.5 68.3 6.0 18.3 57.4 457 49.4
2008 64.3 63.4 68.2 6.0 18.3 57.3 45.7 49.4
2009 66.6 63.3 68.2 6.0 18.3 57.3 45.7 50.9
2010 65.2 63.3 68.2 6.0 18.3 57.3 45.7 50.3
2011 64.7 63.2 68.1 6.0 18.3 57.3 45.7 49.9
2012 65.7 63.1 68.1 6.0 18.3 57.3 45.6 50.8
2013 65.4 63.1 68.1 6.0 18.3 57.3 45.6 50.2
2014 64.8 63.0 68.1 6.0 18.3 57.2 45.6 50.2
2015 64.4 62.9 68.0 6.0 18.3 57.2 45.6 51.0
2016 65.1 62.9 68.0 6.0 18.3 57.2 45.6 50.8
2017 64.1 62.8 68.0 6.0 18.3 57.2 45.6 50.0
2018 65.0 62.7 68.0 6.0 18.3 57.2 455 49.9
Mean 63.8 63.5 68.3 6.0 18.3 57.4 45.7 49.5

SD 1.81 0.49 0.19 0.01 0.01 0.14 0.11 0.92
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Table S9 Emission factors for other cattle sub-categories in the mixed crop-livestock system, 1994—-2018 (kg methane/head/year)

Cows >3 years Draught males, Other males, Calves, Calves, 6-12 Males, Females, Sma_llholder Commercial _Im_plied
Year 3-10 years >3-10 years < 6 months months 1-3 years 1-3 years fattening male  feedlot male emission factor
1994 53.6 59.1 62.3 5.2 14.6 54.2 41.7 49.5 55.7 47.7
1995 53.7 59.0 62.2 5.2 14.6 54.2 41.7 495 55.6 47.7
1996 53.8 58.9 62.2 5.2 14.6 54.2 41.6 495 55.6 46.8
1997 54.1 58.9 62.2 5.2 14.6 54.2 41.6 495 55.6 46.8
1998 54.6 58.8 62.2 5.2 14.6 54.2 41.6 49.5 55.6 47.0
1999 55.1 58.7 62.1 5.2 14.6 54.1 41.6 49.4 55.6 47.2
2000 55.7 58.6 62.1 5.2 14.6 54.1 41.6 49.4 55.5 47.3
2001 56.2 58.6 62.1 5.2 14.6 54.1 41.6 49.4 55.5 475
2002 56.7 58.5 62.1 5.2 14.6 54.1 41.6 49.4 55.5 47.6
2003 56.9 58.0 61.6 5.1 14.5 53.6 41.2 49.1 55.5 47.1
2004 57.4 58.2 61.8 5.1 14.5 53.9 41.4 49.2 55.5 48.2
2005 58.2 58.4 62.0 5.2 14.6 54.1 41.6 49.4 55.5 48.5
2006 57.7 58.0 61.7 5.1 14.5 53.8 41.3 49.2 55.4 47.8
2007 57.7 57.9 61.7 5.1 14.5 53.8 41.3 49.2 55.4 47.6
2008 57.2 58.0 61.8 5.2 14.6 53.9 41.4 49.3 55.4 48.0
2009 59.8 58.1 62.0 5.2 14.6 54.0 41.5 49.3 55.4 48.8
2010 58.2 58.2 62.1 5.2 14.7 54.2 41.6 49.4 55.4 48.2
2011 58.1 58.1 62.1 5.2 14.7 54.2 41.6 49.4 55.3 48.1
2012 58.7 58.0 62.0 5.2 14.7 54.1 41.6 49.3 55.3 48.4
2013 58.4 57.8 61.8 5.2 14.6 53.9 41.4 49.2 55.3 48.2
2014 57.9 57.8 61.9 5.2 14.6 54.0 41.5 49.2 55.3 47.9
2015 57.6 57.8 61.9 5.2 14.6 54.0 415 49.2 55.3 47.7
2016 58.2 57.6 61.8 5.2 14.6 53.9 414 49.2 55.3 47.6
2017 56.9 57.3 61.5 5.1 14.6 53.6 41.2 49.0 55.2 47.1
2018 57.9 57.5 61.7 5.2 14.6 53.9 414 49.1 55.2 47.2
Mean 56.8 58.2 62.0 5.2 14.6 54.0 415 49.3 55.4 47.7

SD 1.74 0.49 0.22 0.02 0.05 0.18 0.14 0.14 0.13 0.54




