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Livestock are an important source of livelihoods in agricultural systems in sub-Saharan
Africa (SSA), while also being the largest source of national greenhouse gas (GHG)
emissions in most African countries. As a consequence, there is a critical need for data on
livestock GHG sources and sinks to develop national inventories, as well as conduct
baseline measurements and intervention testing to mitigate GHG emissions and meet
ambitious national climate goals. Our objective was to review studies on GHG emissions
from livestock systems in SSA, as well as soil carbon storage in livestock-dominated
systems (i.e., grasslands and rangelands), to evaluate best current data and suggest
future research priorities. To this end, we compiled studies from SSA that determined
emission factors (EFs) for enteric methane and manure emissions, along with studies on
soil organic carbon (SOC) stocks in SSA. We found that there has been limited research
on livestock GHG emissions and SOC relative to national ambitions for climate change
mitigation in SSA. Enteric methane emission factors (EFs) in low productivity cattle
systems may be lower than IPCC Tier 1 default EFs, whereas small ruminants (i.e.
sheep and goats) had higher EFs compared to IPCC Tier 1 EFs. Manure EFs were equal to
or lower than IPCC Tier 1 EFs for deposited manure (while grazing), manure applied as
fertilizer, and manure management. SOC stocks for grasslands and rangelands in SSA
show broad agreement with IPCC estimates, but there was a strong geographic bias and
many studies did not report soil type, bulk density, or SOC stocks at >30 cm depth. In
general, the largest data gaps included information for manure (quantity, quality,
management), small ruminants, agropastoral/pastoralist systems, and in general from
West Africa. Future research should focus on filling major data gaps on locally appropriate
mitigation interventions and improving livestock activity data for developing Tier 2 GHG
org August 2022 | Volume 2 | Article 9274521
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inventories in SSA. At the science-policy interface, all parties would benefit from enhanced
coordination within the research community and between researchers and African
governments to improve Tier 2 inventories and harmonize measurement for mitigation
in livestock systems in SSA.
Keywords: livestock, manure, enteric, soil carbon, Africa, greenhouse gas emissions (CH4 N2O CO2)
INTRODUCTION

Livestock are a major source of agricultural livelihoods and
provide multiple important services within smallholder and
pastoral systems in sub-Saharan Africa (SSA). Livestock in SSA
are multi-purpose, since animals are kept for food and nutrition
security, as a form of insurance and “savings account”, and for
cultural reasons (1; 2). In mixed crop-livestock systems, livestock
provide traction for ploughing and manure as fertilizer (3, 4).
Mixed crop-livestock systems, which integrate livestock keeping
with crop production, are predominantly rain-fed and
widespread throughout humid and tropical highland regions of
SSA, whereas agropastoral and grazing-based pastoral systems
predominate in arid and semi-arid regions (5).

Livestock systems and livelihoods in SSA are under threat
from multiple stresses, including climate change, land
fragmentation and degradation, invasive species, and
competition for feed (6–8). With respect to climate change,
livestock are affected directly by increased temperatures due to
negative physiological effects of heat stress on animal metabolism
and productivity (9, 10), and indirectly via increased disease
burden, reduced water availability, and lower quantity and
quality of feed (11–13). At the same time, the agriculture sector
as whole contributes to climate change by producing a large
proportion (~34% on CO2-eq basis as of 2018) of national
anthropogenic greenhouse gas (GHG) emissions for countries
in SSA. The vast majority of agricultural GHGs are from
livestock – methane (CH4) emissions from enteric
fermentation and manure management account for ~21% of
GHG emissions, while nitrous oxide (N2O) from applied,
deposited, and managed manure account for ~11% of
emissions across all sectors in SSA (http://edgar.jrc.ec.europa.
eu/overview.php?v=432_AP, last access: April 2022). Carbon
storage in grasslands and rangelands, particularly as soil
organic carbon (SOC) stocks, can also be affected by livestock
and grazing management. SOC sequestration is proposed as a
practice for offsetting livestock emissions in grassland and
rangeland ecosystems in SSA, but at present SOC storage
potential for these ecosystems has not been well-quantified
(14, 15).

Given the importance of livestock emissions in SSA, the
livestock sector has been specifically incorporated into climate
change policies at the national and international level in many
African countries through participation in the United Nations
Framework Convention on Climate Change and the Paris
Climate Agreement. Most countries conditionally mention
livestock in their Nationally Determined Contributions
(NDCs) and/or Adaptation Plans, or specific large-scale low-
org 2
emissions development projects (16). To date, 30 countries in
SSA (61%) have made some mention of livestock in their
conditional commitments on GHG mitigation in either their
2016 or 2021 NDCs, while 21 countries (43%) prioritized
livestock for adaptation in their updated NDCs in 2021 (see
Supporting Table 1; 17; 18). To meet their NDCs, African
nations need reliable GHG inventories and GHG monitoring
approaches that can track the efficacy of mitigation efforts.

However, most national GHG emissions estimates in SSA use
the IPCC Tier 1 methodology to estimate national GHG
inventories for livestock systems. The Tier 1 method uses fixed,
default emission factors (EFs) (19) to compute emissions per
head of livestock. Tier 1 EFs for SSA are based on modeling
studies, and more recent in situ research has shown that IPCC
Tier 1 EFs may not be appropriate for livestock in SSA (20–25).
Moreover, because it relies on fixed EFs, the Tier 1 approach
cannot capture trends in emissions over time due to changes in
management or other factors (26) and is therefore not suitable
for measurement, reporting, and verification (MRV) purposes
and tracking progress toward mitigation goals outlined in NDCs.
For SOC stocks, IPCC Tier 1 methods use default SOC stocks
depending on soil type and climate, while changes in SOC stocks
depend on fixed stock change factors (SCFs) that vary depending
land cover type and management practices. But, there is a paucity
of data on SOC stocks and management impacts in grasslands
and rangelands in SSA with which to validate IPCC default SOC
stocks and SCFs (27)

For significant GHG emission sources in national GHG
inventories, such as livestock in SSA, the IPCC recommends
the use of IPCC Tier 2 or higher (Tier 3) methods. These can
either be via direct measurements of GHG emissions, estimated
EFs based on locally or regionally specific activity data, or
modelling that uses locally specific data (Figure 1) (28).
Higher Tier inventories may also be useful because they
potentially allow for more accurate identification of emissions
hotspots, targeting of mitigation interventions, and carbon
payment schemes (4, 29). But, development of national
inventories from IPCC Tier 1 to higher IPCC Tiers has been
hampered by the lack of resources and unavailability of data (30,
31). As a result, only six countries in SSA have thus far developed
IPCC Tier 2 inventories (Benin, Ethiopia, Kenya, Namibia,
Senegal, South Africa) (Mwape, pers. comm.).

In addition to improved inventories, there is a need to collect
baseline data, as this will allow for critically assessments of the
impacts of interventions on GHG emissions and SOC stock
changes for livestock systems in SSA. Baselining requires in situ
data on livestock GHG emissions and SOC stocks from the
diverse range systems present on the continent. This ensures that
August 2022 | Volume 2 | Article 927452
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mitigation measures tracked through Tier 2 inventories are locally
appropriate. Baseline GHG assessments and intervention testing
are also required for realistic upscalingof emissions fromthe local to
regional scale using process-based biogeochemical and life-cycle
assessment models to complement national inventories and assess
the efficacy of mitigation interventions (32). Baseline
measurements and changes in SOC stocks, along with estimates
of biomass carbon and net ecosystem exchange are also required to
determine the full GHG budget of African grassland and rangeland
ecosystemsandwhether these systemsarenetGHGsources or sinks
after including emissions from livestock (i.e. enteric CH4 and
manure emissions) (33). Given the lack of direct GHG
measurements, activity data, and SOC stocks for the breadth of
conditions present in livestock systems in SSA, African nations face
a challenge to develop appropriate Tier 2 inventories and MRV
systems of viable intervention strategies (34).

Overview of Processes Related to
Livestock GHG Emissions and Soil
Carbon Storage
Emissions of enteric CH4 from ruminant livestock are positively
correlated with total feed intake and negatively correlated with
feed digestibility. Higher feed intake increases passage of feed
through ruminant digestive systems and thus increases CH4
Frontiers in Soil Science | www.frontiersin.org 3
emissions, whereas feed of high digestibility is utilized more
efficiently and reduces CH4 emissions intensity (i.e., CH4 emitted
per unit of animal product) (19). Manure emissions of N2O are
positively related to both feed intake and feed quality. Increased
feed intake increases excreta output and higher increased dietary
protein and N content increase faecal N content and reduces C:N
ratios, both of which tend to increase N2O emissions due
increased concentrations of labile N (35). Manure CH4

emissions are driven by excreta output and correlated with
manure quality, while also being elevated under anaerobic
conditions, so manure management and environmental
conditions have a major impact on manure CH4 emissions
(IPCC, 2019, Ch. 10). Rainfall affects manure emissions
through alternate wetting and drying of the substrate, which
can increase N2O emissions since both aerobic (nitrification of
NH+

4 to NO−
2 ) and anaerobic conditions (denitrification of NO−

2

or NO−
3 to N2O) are often necessary to convert mineral N to N2O

(36). In addition, N2O can also be produced through nitrifier-
denitrification under aerobic condtions (37) Methane emissions
from manure are dependent on the presence of anaerobic
conditions (38).

Impacts of livestock grazing on SOC storage in grasslands and
rangelands in SSA may be positive or negative depending on
depending on climate, grazing intensity, and other
FIGURE 1 | Flow diagram showing activity data and model input requirements for indirect estimation of Tier 2 emission factors for livestock based on IPCC
guidelines. Lower part of the diagram shows additional data requirements for “feed intake data” using direct and indirect estimation for estimating feed intake. NE,
net energy requirements; GE, gross energy intake.
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environmental factors (39–41). A number of management
practices have been proposed to increase SOC sequestration in
grasslands and rangelands in SSA. For example, long-term
exclosure of livestock using fencing has been proposed in areas
with severe degradation in order to allow for recovery of both
native vegetation and SOC stocks (42, 43). Grazing management
practices that improve productivity and SOC sequestration
include reductions in grazing intensity and paddocking, and
more complex management regimes, such as high density – short
duration grazing that mimics grazing patterns in natural
ecosystems (44).

Objectives
To facilitate transformation of African livestock systems and to
support the development of Tier 2 inventories and MRV
strategies, there is an urgent need to identify knowledge gaps
and map priorities for future research. To our knowledge, no
comprehensive review has been conducted to assess the current
state of existing research and data availability on livestock GHG
emissions, while also considering challenges and future research
priorities for the continent. Here we review the literature for
GHG emissions from livestock systems in SSA (specifically
studies containing country-specific Tier 2 EF estimates,
livestock activity data, and mitigation intervention measures),
and compare EFs and activity data from the literature with IPCC
Tier 1 2006 and/or 2019 default EFs. We further examine
research on SOC stocks and potential SOC sequestration in
grassland and rangeland ecosystems in SSA and compare with
IPCC default SOC stocks and SCFs. We organize the review by
dividing livestock systems into components based on IPCC
guidelines: enteric CH4 emissions, manure emissions, and
carbon storage in grass land/rangeland ecosystems.
Subsequently, we assess the key challenges and future research
priorities on livestock GHG emissions in SSA. While the focus of
this review is on livestock GHG emissions in SSA, we emphasize
that reductions in GHG emissions from the livestock sector must
be realized as co-benefits of improved management practices that
enhance productivity and food and nutrition security while
adapting to a changing climate, maintaining or enhancing
biodiversity, and reducing the risk of emerging zoonotic
diseases (45–47).
METHODS

Literature Search
We conducted a systematic literature search through Web of
Science to obtain studies measuring livestock GHG emissions in
SSA for each category of emissions (enteric, manure, carbon
storage in grassland and rangeland ecosystems) (see Supporting
Material A.1 for additional details). For all categories, we
restricted the search to true ruminants (cattle, sheep, and
goats) and did not include pseudo-ruminants (horses, mules,
asses, camels) or monogastrics (pigs, poultry). We chose to focus
on ruminant livestock due to their high population and
ubiquitous presence in livestock systems in SSA, as well their
relatively high emissions compared to other species (particularly
Frontiers in Soil Science | www.frontiersin.org 4
due to enteric CH4 emissions). We searched Google Scholar to
ensure that gray literature (including reports from national GHG
inventories) or other publications not found in the Web of
Science search were captured. All publications were screened to
select only those that had qualitatively or quantitatively
estimated emissions from livestock using one of the following
methods: for enteric CH4 emissions, we included studies that
used direct methods (e.g. automatic chambers, SF6, etc.) or
indirect estimation based on feed intake and activity data. We
excluded modeling studies, in vitro estimates, and laser methane
detector studies for enteric CH4. For manure emissions, we only
included publications that contained direct measurements of
N2O and/or CH4 emissions from ruminant livestock and met the
minimum criteria described by Beltran et al. (48) and van der
Weerden etal. (49) (see Supporting Material A.3). Additionally,
we included indirect estimates of emissions from manure
management from Tier 2 inventories and modeling studies (if
the latter were based on in situ field measurements). For carbon
storage in grassland and rangeland ecosystems, we focused on
studies that measured baseline soil organic carbon (SOC) stocks
and/or changes in SOC stocks due to management practices for
comparison with the IPCC default SOC stock values and stock
change factors, respectively. We also examined studies of C
uptake and balance for grassland and rangeland ecosystems
using micrometeorological techniques (e.g. eddy covariance) or
C balance methods, which do not appear in IPCC guidelines and
are therefore reported in the Supporting Material (Supporting
Material A.5, Supporting Material B)

Data Processing and Analysis
Following the literature search and screening of publications, we
disaggregated data from the selected publications to create
separate databases for enteric CH4, GHG emissions from
manure management, and SOC stocks or changes therein for
grasslands/rangelands. We also disaggregated activity data
associated with emissions based on the IPCC 2019, guidelines,
if reported (50).

Enteric CH4 Data
For enteric CH4, we classified methods as either direct
measurement (Figure 1D), such as animal respiration
chambers (51), sulfur hexafluoride tracer (SF6) (52), and
GreenFeed (53) (we also included open path laser under direct
methods) or indirect estimation (i.e., based on feed digestibility
and activity data; Figure 1E) (20). We disaggregated data from
each study into separate observations for ease of analysis and
comparison with IPCC default EFs for enteric CH4 emissions
(50), and divided data by species (i.e., cattle, sheep, goats). For
publications with more than one species, data for each species
were treated as separate observations.

We classified cattle into “high” and “low” productivity
systems based on IPCC 2019 Tier 1a guidelines. The guidelines
on enteric CH4 emissions divide cattle into “dairy” and “other
cattle” categories, and into multiple distinct sub-classes based on
age and sex or physiological state. We therefore divided and
compared EFs for cattle by productivity level according to IPCC
guidelines into the following sub-classes: mature females, mature
August 2022 | Volume 2 | Article 927452
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females – grazing, mature males, draft bullocks, bulls – grazing,
growing/replacement, calves on forage. For small ruminants, the
IPCC only provides Tier 1 default EFs and does not distinguish
by productivity level for Africa. For all species, we classified
observations by agro-ecological zone and modified FAO
livestock production system. Additional details on methods for
classification of observations into “high” and “low” productivity,
cattle sub-classes, agro-ecological zone, and livestock production
system can be found in Supporting Material A.2.

This created a database of enteric CH4 Tier 2 EFs for which
we calculated means ± 95% confidence interval (CI) by
productivity level and sub-class for cattle (Supporting
Table 2) and at the species level for small ruminants
(Supporting Table 3). A subset of studies with Tier 2 EFs
collected activity data, and we extracted activity data for each
study and/or observation where available. Activity data extracted
included live-weight, milk yield, milk fat, milk protein, feed
digestibility, and dietary crude protein. For each cattle sub-
class and productivity level (“high”, low”) we calculated mean
and CI for activity data values. For cattle, we then compared
calculated Tier 2 CH4 EFs and activity data values with IPCC
Tier 1a defaults from both the 54 and 2019 guidelines. For small
ruminants, only Tier 1 default values were available for CH4 EFs
and activity data, and these values were not updated between the
2006 and 2019 IPCC guidelines.

Manure N2O and CH4 Data
We disaggregated data for GHG emissions from manure
management based on GHG species (CH4, N2O) and IPCC
emissions category, as described in Supporting Material A.1
of this publication. Here, emissions based on IPCC 2019
categories from manure deposited on pasture, range, and
paddock are referred to as “deposited manure”, emissions from
manure used as organic fertilizer are referred to as “applied
manure”, and emissions from manure management. For manure
management, we included measurements emissions from
manure in overnight livestock enclosures (generally referred to
as ‘bomas’ or ‘kraals’ in SSA) and compare with IPCC EFs for
‘drylot’ manure management (54, p. 10.62).

Compared to the IPCC guidelines, we simplified our
categorization and use of the term “manure”. The IPCC
guidelines categorize N2O emissions from deposited manure
and applied manure under soil emissions (55, p. 11.5), whereas
N2O and CH4 from manure management, along with CH4

emissions from deposited manure, are reported under livestock
emissions (50, p. 10.167) (CH4 emissions from applied manure
are not considered in the IPCC guidelines). To avoid confusion,
we do not distinguish “manure” as falling within either managed
soils or livestock, but instead discuss all manure N2O and CH4

emissions together. Following disaggregation by GHG and
simplified manure categories, we further disaggregated the data
for N2O emissions from deposited manure by manure
component (“dung” or “urine”) and climate (“wet” and “dry”),
following (23) and IPCC guidelines.

Additionally, IPCC guidelines specify that full Tier 2
estimations of manure N2O emissions require country-specific
data on, inter-alia, N leaching/runoff and NH3/NOx
Frontiers in Soil Science | www.frontiersin.org 5
volatilization. Since none of the studies on manure N2O
emissions reported here measured N leaching or NH3/NOx

volatilization, EFs calculated from these studies should be
referred to as country-specific N2O emission estimates. These
country-specific N2O emission estimates should be useful for
national inventory improvement and provide a useful
benchmark for assessing the adequacy of IPCC Tier 1 default
EFs for manure in SSA.

The disaggregation process created a database of observations
for emissions fromdepositedmanure, appliedmanure, andmanure
management in SSA (Supporting Table 4). We calculated mean
EFs and CI separately for each manure category. If EFs were not
reported, we calculated the EFs manually based on GHG
measurements reported in the publication. We then compared
mean EF values for eachmanure category with updated 2019 IPCC
Tier 1 default values. For appliedmanure, we included observations
that applied manure and mineral fertilizer simultaneously and
included these in mean EF calculations due to minimal
differences in emissions between studies with and without
mineral fertilizer (Supporting Figure 1). In addition to EFs, we
extracted activity data for each study and/or observation, if
available. Activity data on deposited manure were extracted for
manure N and C or volatile solid (VS) content, soil type, and
manure N application rate. Activity data for applied manure were
collected for soil type and manure N application rate. Activity data
for manure management were collected for management system
type and manure N and C or VS content (Figure 1C).

Soil Carbon Storage in Grasslands and Rangelands
We obtained SOC stocks from all available depth intervals and
treatments in each individual study, with each depth interval and
treatment constituting a single observation in the database
(Supporting Table 5). If SOC was reported as a concentration
or percentage, we multiplied by bulk density and depth to obtain
the SOC stock (Mg C ha-1) (Supporting Equation 1). In cases
where bulk density was only available as the mean or had a single
depth interval for multiple SOC concentrations, we used the best
available value for bulk density to calculate SOC stocks for all
associated observations in the study. We excluded studies that
reported SOC concentration but did not report bulk density (see
details in Supporting Material A.4). To obtain SOC stocks to a
depth of 30 cm for comparison with IPCC, we summed all
observations from the various separate depth intervals <30 cm
that occurred in the same soil profile (e.g. summing SOC stocks
for intervals 0-5, 5-10, 10-30 into one aggregated stock for SOC
at <30 cm). Depth intervals >30 cm at any measure were
excluded (e.g. 20-40 cm). SOC stocks for depth intervals >30
cm were included in separate calculations of SOC stocks for all
depths measured, but were not compared with IPCC
reference values.

The IPCC uses a stock change method to calculate changes in
SOC for national inventories (see Supporting Material A.4 for
more details) and provides default SOC stocks for “reference
conditions” to a depth of 30 cm for several climate and soil types.
Changes in SOC for different land uses and management practices
are calculated using the IPCC method by multiplying SOC stocks
for the reference condition(s) by a specific stock change factor for
August 2022 | Volume 2 | Article 927452
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each individual land use and management practice (Supporting
Equation2).We therefore disaggregated SOCstockdata by climate
and soil type for comparison with IPCC reference SOC stocks to a
depth of 30 cm, with our data consisting of two climates (tropical
dry: <1000mmyr-1; tropicalwet: 1000-2000mmyr-1) (54, 3.39) and
four soil types (high activity clay, low activity clay, sandy, and
volcanic soils) (53).

Although “reference condition” SOC stocks correspond to
undisturbed native vegetation with minimal management, we
found that mean SOC stocks for observations with undisturbed
native grasslands/rangelands in our dataset (45.9 ± 16.0Mg C ha-1;
n = 12) were nearly identical to mean SOC stocks for observations
classified as low to moderate grazing (45.0 ± 40.8; n = 141)
(Supporting Table 6). Additionally, the IPCC default SCF for
grasslands with low to medium grazing (SCF=1.0) is the same as
grasslands under reference condition (SCF=1.0) (56). We
therefore included observations with low to moderate grazing in
our comparison with IPCC default reference SOC stocks.

We did not include SOC stocks for observations that were
characterized as “high intensity grazing” or “severely degraded” in
the comparison with IPCC default SOC stocks. However, SCFs for
different grassland/rangeland management practices have default
values listed by IPCC (Supporting Table 6), and these can be
calculated as the simple response ratio of SOC stocks between a
specific management practice and a designated control. Therefore,
to compare with IPCC default SCFs for these management
categories, we calculated SCFs for “high intensity grazing” and
“severely degraded” separately as the response ratio between these
categories and the calculated mean for undisturbed/low to
moderate grazing in our dataset.

Finally, we evaluated the SOC sequestration potential of two
grassland/rangeland management practices, namely long-term
exclusion of livestock from grazing areas for rehabilitation
purposes (i.e., “livestock exclosures”) and improved grazing
management (e.g., lower stocking rates, paddocking, etc.), which
consisted of several different improved grazing practices compared
to an unimproved control practice. We computed the simple
response ratio between treatment and control management
practices in the individual studies for comparison with the IPCC
default SCFs for “improved grassland”management (depths <=30
cm), as well as themean SOC sequestration rate (MgCha-1 yr-1) for
these practices.
RESEARCH PROGRESS ON RUMINANT
LIVESTOCK GHG EMISSIONS IN SUB-
SAHARAN AFRICA

Enteric CH4 Emissions
Emission Factors
We found a total of 21 studies or inventories across all countries in
SSAwithTier2 entericCH4EFs.This resulted in93observations for
Tier 2 EFs for cattle and small ruminants (sheep and goats). We
found that cattle accounted formost studies and observations, with
15 studies containing 70 observations (79% of all observations),
while there were six studies containing 19 observations for small
Frontiers in Soil Science | www.frontiersin.org 6
ruminants (21% of all observations). Nine studies used direct
methods for estimating or measuring CH4 emissions, of which six
studies used open-circuit respiration chambers, two used the sulfur
hexafluoride tracer (SF6) and one study used the open path laser
technique (Supporting Table 7). All studies using direct
measurements (Figure 1D) took place in either Kenya (four
studies) or South Africa (five studies). Most studies and
observations used indirect estimation (Figure 1E) to obtain
enteric CH4 EFs by estimating feed intake. Nearly all studies
using the indirect EF estimation approach calculated feed intake
indirectly based on animal energy requirements and feed
digestibility. Most studies for enteric CH4 were conducted in East
Africa (62% for cattle; 56% for small ruminants) or South Africa
(23% for cattle; 33% for small ruminants), with only three studies in
West Africa (two on cattle, one on small ruminants) (Supporting
Table 7). There were no studies with enteric CH4measurements in
Central Africa.

For production systems, the most observed system was semi-
intensive (i.e., smallholder mixed crop-livestock), which accounted
for 43% of observations for cattle and 44% for small ruminants.
Intensive systems (i.e., commercially-oriented stall-feeding) had a
somewhat lower representation (30%) and were mainly conducted
in South Africa, but the proportion of intensive systems in the data
was high compared to the low prevalence of these systems at the
continental scale (<10%) (57). In contrast, there were few
observations from agropastoral and pastoral systems (22%)
despite their high prevalence at the continental scale.

When comparing observed EFs to IPCC defaults, we find that
enteric EFs for cattle in high productivity systems (41% of
observations, n=28) are close to IPCC Tier 1a (2019) defaults
for most age classes (mean difference: +4.5%; range: -10 to +18%)
(Figure 2A). Low productivity systems accounted for the
remaining 59% of enteric cattle EF observations (n=41), and
mean EFs were lower than 2019 Tier 1a defaults for all age
classes except for growing/replacement (mean difference: -15%;
range: -43 to +4.6%) (Figure 2B). However, the variability of
enteric EF values in the reviewed literature is high, particularly for
the cattle growing/replacement category, which also accounted for
most observations in low productivity systems.

There were six studies and 18 total observations reporting
enteric CH4 EFs for small ruminants in SSA, with half of the
studies conducted in South Africa. We found similar numbers of
observations for sheep (10) and goats (9). We did not break
down observations for small ruminant EFs by productivity level
or age class due to the small number of studies and because IPCC
guidelines do not provide default live-weight for sub-categories
of small ruminants. The mean EFs in the reviewed literature were
slightly higher than IPCC defaults for both sheep and goats
(Figure 3). This effect is likely attributable to relatively high EFs
for observations from South Africa and Ethiopia.

CH4 Emissions FromRuminant Livestock – Activity Data
We analyzed the activity data reported for studies with EFs for
enteric CH4 in the previous section related to liveweight,
methane conversion factor (Ym), milk yield, milk fat, milk
protein content, feed digestibility, and crude protein in feed.
For cattle activity data, 79% (11 studies) measured live-weights
August 2022 | Volume 2 | Article 927452
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(Figure 1J) as part of the Tier 2 calculations, whereas the
remaining three studies relied on literature values for cattle
live-weights. Mean reported live-weights for high productivity
cattle systems was generally much higher than IPCC 2019 Tier 1a
default values for all age classes (404 vs. 250 kg for mature dairy
Frontiers in Soil Science | www.frontiersin.org 7
females, 503 vs 275 kg for mature non-dairy females, 649 vs 540
kg for mature males, 393 vs 204 kg for growing/replacement, and
165 vs 82 kg for calves). Mean reported live-weights in low
productivity systems were higher than IPCC for most age classes,
including mature females (292 vs. 275 kg), mature non-dairy
A

B

FIGURE 2 | Mean of enteric CH4 emission factors (EFs) for cattle in sub-Saharan Africa by class and compared to 54 Tier 1 and IPCC 2019 Tier 1a defaults. Error
bars for calculated mean EFs are expressed as ± 95% CI, whereas errors bars for IPCC default EFs express default uncertainty as a percent (50%). Panel (A) shows
high productivity cattle systems, panel (B) shows low productivity cattle systems. Mat. Females/males stand for mature females/males. n = number of individual
observations for each sub-class.
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females (420 vs. 275 kg), growing/replacement (207 vs 185 kg),
and calves (73 vs 57 kg), but lower for draft bullocks (241 vs 340
kg) (Supporting Table 8).

The methane conversion factor (Ym) (Figure 1A), which is
defined as the proportion of feed intake converted to CH4 (19) is
only available through direct measurements such as those using
chamber measurements. Five studies using direct measurements
for cattle reported Ym values (mean: 8.4 ± 0.5%) that were higher
by 17-23% compared to the IPCC 2019 defaults of 6.5% for dairy
cattle and 7.0% for other cattle (i.e., beef or multi-purpose),
though this was still within range of uncertainty prescribed by
IPCC guidelines. The IPCC 2019 defaults for Ym are identical for
l o w a n d h i g h p r o d u c t i v i t y s y s t e m s i n S S A
(Supporting Figure 2A).

For studies that directly measured milk yields (Figure 1H) as
part of the EF calculations, 63% measured milk yields and mean
milk yield was consistently higher than IPCC 2019 defaults in
both low (mean: 3.87 ± 0.85 L d-1; range: +63 to +225%) and high
productivity systems (mean: 9.45 ± 2.24 L d-1; range: +64 –
227%) (Supporting Figure 2B). In contrast to cattle milk yields,
milk fat and protein content were similar to IPCC default values
(Figure 1H; Supporting Figures 2C, D), though a few studies
measured milk quality.

Four studies measured feed digestibility indirectly as part of
EF calculations, while one study measured digestible energy. All
studies measured dry matter digestibility or organic matter
digestibility, rather than using digestibility of feed expressed as
digestible energy as a fraction of gross energy, as per IPCC
guidelines (Figure 1K) (50, Ch. 10). However, we assumed that
dry matter digestibility would be similar to digestible energy
based on local studies in SSA showing minimal differences in GE
between feed and faeces on a per kg basis (Korir, pers. comm.).
Results based on dry matter digestibility had a mean digestibility
of 61%, which was similar to the IPCC 2019 default of 58% for
“other cattle”, but somewhat higher than the value for “dairy
cattle” (50: 51%) (Supporting Figure 2E).
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For small ruminants, live-weights and feed digestibility were the
only activity data measured in tandem with Tier 2 EF studies
(Supporting Figure 3). Mean measured values for live-weights
were slightly lower than IPCC 2019 defaults for both sheep (43
reported vs. 45 kg IPCC) and goats (37 vs 40 kg). Mean feed
digestibility for small ruminants was 57% (n=6), but the IPCC does
not provide specific defaults for small ruminant feed digestibility.

Practices to Reduce Enteric CH4 Emissions
There were five studies using direct methods to investigate
mitigation interventions for enteric CH4 emissions from cattle
in SSA. A feeding study conducted by Ali et al. (58) using
respiration chambers in Kenya found that feeding Holstein/
Boran crossbred heifers on a diet of low-quality roughage
(grass from native pasture) plus sweet potato vine silage
reduced enteric CH4 yield by ~8% compared to a roughage-
only diet (from 30.6 to 28.1 g CH4 kg-1 DMI). By contrast,
supplementation with urea+molasses blocks showed no
difference with the roughage only diet (30.6 g CH4 kg

-1 DMI).
A feeding trial in South Africa using the SF6 tracer technique

found that increasing dietary feed concentrate levels to a basal
diet of pasture for exotic purebred (Jersey) cows reduced CH4

yield by ~14% from the lowest (29.1 g CH4 kg
-1 DMI) to highest

concentrate feeding level (25.1 g CH4 kg
-1 DMI) (59). Another

study in South Africa found that increasing dietary nitrate levels
decreased CH4 emissions from Jersey cows on seeded pasture
diets, with CH4 yield declining from 21.8 g CH4 kg

-1 DMI in the
control diet to 20.1 g CH4 kg

-1 DMI (-8%) for low and 18.7 g CH4

kg-1 DMI (-14%) for high nitrate feeding levels (60).
Two studies examined mitigation interventions for enteric

CH4 from small ruminants in South Africa. One study found that
feeding exotic (Merino) sheep increasing levels of high-
digestibility hay (Lespedeza cuneata) reduced enteric CH4 yield
by ~21% (13.8 g CH4 kg

-1 DMI for 60% L. cuneata hay) or ~19%
(14.3 g CH4 kg-1 DMI for 90% L. cuneata hay) compared to
sheep on a basal diet of low quality hay (17.6 g CH4 kg

-1 DMI)
FIGURE 3 | Mean of enteric CH4 emission factors (EFs) for small ruminants (sheep and goats) in sub-Saharan Africa compared to IPCC defaults EFs (EFs for small
ruminants did not change between 2006 and 2019). Error bars for calculated mean EFs are expressed as ± 95% CI, whereas errors bars for IPCC default EFs
express default uncertainty as a percent (50%). n = number of observations for each species.
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FIGURE 4 | Calculated means of EFs for different categories of manure in sub-Saharan Africa. Bars show mean 95% CI of reported observations and IPCC 2019
defaults ± uncertainty (expressed as percentage) for N2O (A) and CH4 EFs (B) for manure on pasture, range, and paddock (deposited manure) disaggregated by
climate (‘wet’, ‘dry’) and excreta type (‘dung’, ‘urine’); (C) N2O EF for manure applied as organic fertilizer (applied manure); EFs for N2O (D) and CH4 (E) for manure
managed as “solid storage”; EFs for N2O (F) and CH4 (G) for manure managed as “drylot” (i.e. livestock enclosures). The EF for N2O are reported as the proportion
of N in manure that is emitted as N2O. The EFs for CH4 from deposited manure (A) are reported in kg of CH4 emitted per animal per year, whereas manure
management EFs (D–G) are reported in g CH4 emitted per kg of manure volatile solid (VS). n = number of observations for each manure category and GHG used
for mean ± 95% CI calculation.
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(61). Adejoro et al. (62) found that several condensed tannin feed
additives reduced enteric CH4 yield from exotic Merino sheep.
Compared to the control without tannins (35.5 g CH4 kg

-1 DMI),
enteric CH4 yield were reduced by 12% for sheep supplemented
with commercial tannins (21.7 g CH4 kg-1 DMI), by 30% for
crude Acacia tannin extract (17.2 g CH4 g kg-1 DMI), and 19%
for encapsulated Acacia tannin extract (20.0 g CH4 g kg

-1 DMI).

Manure N2O and CH4 Emissions From
Ruminant Livestock
We found a total of 14 studies that measured ruminant manure
GHG emissions in SSA (Supporting Table 9). There were six
studies with direct GHG measurements on deposited manure,
seven on applied manure, and three on manure management.
There were three studies with indirect estimates of emissions
from manure management. All except of one study (goat
manure) focused on cattle manure. All studies consisted of
Frontiers in Soil Science | www.frontiersin.org 10
direct N2O measurements that allowed us to obtain N2O EFs,
whereas we were only able to compute CH4 EFs directly from
three studies. All studies with measurements for deposited
manure and manure management were conducted in Kenya,
whereas applied manure had three studies from Zimbabwe and
four studies from Kenya.

For N2O from deposited manure, we disaggregated
observations by excreta type (‘dung’, ‘urine’, ‘dung + urine’)
and by climate (‘wet’, ‘dry’) to compare with IPCC default EFs
for these categories (Figure 4A). Studies were conducted in both
dry and wet seasons, but we found no difference in EFs between
seasons (Supporting Figure 4) and therefore report all
observations per annum. For deposited manure CH4, IPCC
guidelines do not disaggregate by excreta type or climate, so
we only report the overall mean EF here (Figure 4B). We found
that all deposited manure studies focused on N2O and CH4

emissions from cattle dung or urine in dry climates, with no
A

B

FIGURE 5 | Calculated means of soil organic carbon (SOC) stocks (Mg C ha-1) for depth intervals <=30 cm for grasslands and rangelands in sub-Saharan Africa compared
to IPCC default reference condition SOC stocks to 30 cm for different climates and soil types. Bars show SOC stocks in (A) tropical dry climates (<1000 mm yr-1) and (B)
tropical wet climates (1000 – 2000 mm yr-1) for high activity clay, low activity clay, sandy, and volcanic soils. Error bars correspond ± 95% CI for reported observations,
whereas error bars for IPCC 2019 defaults express uncertainty as percentage of the mean. n = number of observations used for mean ± 95% CI calculation.
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studies conducted in wet climates (i.e., >1000 mm annual
precipitation). For N2O, the deposited manure EF was lower
by 29% for cattle dung (0.05 ± 0.02%) compared to 2019 IPCC
default N2O EFs for dry climates (mean value of 0.07% for dung),
whereas the mean N2O EF for cattle urine in dry climates (0.32 ±
0.17%) was identical to the 2019 IPCC default mean value (0.32%
for urine). The mean CH4 EF for deposited manure (0.69 ± 0.34
kg CH4 animal-1 year-1) was 31% lower than the IPCC default
value for non-dairy cattle (1 kg CH4 animal-1 year-1), albeit based
on a small number of observations.

For N2O emissions from applied manure (Figure 4C), we
followed IPCC guidelines and disaggregated by climate (‘wet’,
‘dry’) but not by excreta type (dung or urine) or animal species.
Emissions of CH4 from applied manure (i.e., daily spread) were
not reported in any of the studies reviewed here. The N2O EFs
for applied manure consisted of cattle manure applied to crops in
‘dry’ climates (Kenya, Zimbabwe), whereas the ‘wet’ climate data
was derived from cattle manure applied to fields in Kenya, with
one observation for goat in Kenya. The mean applied manure
N2O EF for the ‘wet’ climate (mean: 0.02%) was substantially
lower (-97%) than the IPCC default (0.60%). The ‘dry’ climate
N2O EF for applied manure (-0.01) was also much lower (-102%)
compared to the IPCC default for ‘dry’ climates (0.50%). For
‘dry’ climates, we removed outlier values with very high N2O
emissions from one study in Zimbabwe where manure was
applied to drained wetland soils. Inclusion of extreme data
points from this study increased the mean N2O EF to 1.08%,
wh i ch wa s 116% l a r g e r t h an th e IPCC de f au l t
(Supporting Figure 5).

We found only two published studies (plus one unpublished
study) with direct measurements and EFs for manure
management (Figure 1C). One study reported emissions from
solid storage (“manure heaps” or “stockpiles”) of cattle manure
in Kenya (Figure 4D, E). In this study, N2O EFs (0.6 ± 0.1%)
were 40% lower than 2019 IPCC defaults for solid storage (1%),
and reported CH4 EFs (2.5 ± 0.4 g CH4 kg

-1 VS) were 43% lower
than the 2019 IPCC default (4.4 g CH4 kg

-1 VS). The other two
manure management studies measured emissions from
overnight livestock enclosures (i.e., ‘bomas’, ‘kraals’), which we
classified as ‘drylot” according to IPCC guidelines. Both studies
were conducted in dry climates under extensive livestock systems
in Kenya and had N2O EFs ranging from 1.34 to 2.43% N2O-N
compared to IPCC default for ‘drylot’ of 2.0% N2O-N
(Figure 4F) (63; Leitner, pers. comm.) A preliminary estimate
of CH4 EF for cattle enclosures was 2.65 ± 0.4 g CH4 kg

-1 VS,
which was somewhat higher than the default for ‘drylots’ (1.70 ±
0.5 g CH4 kg

-1 VS) (Figure 4G) (Leitner, pers. comm.).
There were no direct studies on any other manure

management systems (such as slurry tank, composting,
anaerobic digester) from SSA that fulfilled quality criteria. We
found multiple indirect estimates of Tier 2 CH4 EFs from
manure management in national inventories, but comparison
with direct measurements was difficult because reported EFs are
in different units (i.e., kg CH4 head-1 yr-1) and represent
composite values from several different manure management
practices. However, compared against the 54 default for “solid
Frontiers in Soil Science | www.frontiersin.org 11
storage”, the mean indirect CH4 EF was higher than the IPCC
default value for cattle (2.7 vs 1.0 kg CH4 head-1 yr-1)
(Supporting Figure 6).

Soil Carbon Storage in Grasslands and
Rangelands
We found a total of 50 studies reporting SOC for grassland
and rangeland ecosystems, resulting in a database with
355 observations from 14 countries in SSA (Supporting Table 5).
Aggregation of intervals by depth for with IPCC resulted SOC
stocks for 176 observations <=30 cm and 221 observations
aggregated for the entire soil profile (i.e. including depths
>30cm). Most observations (74%) consisted of SOC sampled at
depths <=30 cm, with an overall average sampling depth of ~30 cm
across 16 separate depth intervals measured (ranging from 0-5 to
100-140 cm). There were large regional disparities in the number of
observations from grasslands and rangelands, with East (n = 162)
and Southern Africa (n = 146) accounting for 46 and 41% of
observations, whereas West Africa (n = 47) represented only 13%
(Supporting Table 10). Similar to enteric CH4 and manure
emissions, three countries – South Africa, Ethiopia, and Kenya –
accounted for 68% of all observations in the SOC dataset.

A large proportion of studies and observations did not report
the soil type (50%; n = 178), with many only reporting soil
texture class. The most reported soil type was low activity clay
(20%; n = 72), followed by high activity clay (16%, n = 56), sandy
(8%, n = 30), and volcanic soils (5%, n = 19). There were more
observations from dry climates (83%, n = 293) than wet climates
(17%, n = 60). The most frequent study designs were land use
comparisons (23 studies and 165 observations), livestock
exclosure studies (12 studies, 110 observations), and land
degradation studies (6 studies, 27 observations). Some studies
also included stocking/grazing management as part of the main
study design (8 studies, 72 observations).

Calculated mean SOC stocks <=30 cm (mean sampling
depth: ~18cm) for grassland/rangeland soils under undisturbed
native vegetation and low to moderate grazing were generally
similar to IPCC reference SOC stocks for most soil types in both
dry and wet climates (Figure 5). Exceptions to this included
volcanic soils in dry climates and high activity clay and volcanic
soils in wet climates. Unclassified soils (i.e., soil type not reported
in study) were the most numerous grouping and had the highest
mean SOC stocks in both climate types. The overall means for
SOC stocks <=30 cm in both dry (33 Mg C ha-1) and wet climates
(83 Mg C ha-1) were higher than the IPCC reference SOC stocks
for all individual soil types. We found that including depth
intervals >30 cm to calculate SOC stocks deeper in the soil profile
resulted in an overall mean SOC stock of 54.1 Mg C ha-1, which
was 27% higher than the mean SOC stock of 42.5 Mg C ha-1

at <=30 cm across all climate and soil types. This implies that
SOC sampling at depths less than or equal to the IPCC default of
30 cm may miss a substantial portion of the total SOC stock
in the profile for grassland and rangeland soils in SSA
(Supporting Figure 7).

The calculated SCF as a simple response ratio of SOC stocks for
“high intensity grazing” (0.93; n = 8) was similar to the IPCC
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default SCF (0.90) for this management practice. However, the
SCF calculated based on SOC stocks for “severely degraded” soils
was much lower (0.32; n = 14) than the IPCC default SCF (0.70)
(Supporting Table 6). The SCF for livestock exclosures compared
to the control (grazed) was 1.22, which corresponded to a mean
SOC sequestration rate of 0.46 (± 0.66) Mg C ha-1 yr-1 (mean study
duration: 19.8 yrs). The SCF for improved grazing management
practices against the control was 1.23 and the mean SOC
sequestration rate was 0.79 (± 0.93) Mg C ha-1 yr-1 (mean study
duration: 22.9 yrs). The SCFs for both exclosures and improved
grazing management were close to the IPCC default SCF for
tropical improved grassland management (1.17).
DISCUSSION AND FUTURE DIRECTIONS

Enteric CH4 Emissions– Prospects and
Future Directions
Enteric CH4 emissions from ruminant livestock are estimated to
account for ~67% of emissions from the agricultural sector in SSA
(http://edgar.jrc.ec.europa.eu/overview.php?v=432_AP, last access:
April 2022), so improving estimates and reducing uncertainty
should be a high research priority. Our results reveal that while
there has been research progress on enteric CH4 emissions from
SSA in recent years, there are still relatively few studies and several
major data gaps for important categories. Low productivity cattle
had generally lower Tier 2 EFs compared to IPCC Tier 1 defaults,
implying that studies relying on Tier 1 values for cattle inventories
may overestimate emissions. Small ruminants had higher Tier 2
EFs compared to IPCC Tier 1 defaults, but this was based on
limited data and it is unclear whether these values are
representative on the continental scale. IPCC Tier 1 EFs for
enteric CH4 could thus be improved by including results
presented here, rather than relying mainly on modeling inputs to
obtain continental scale EFs for African livestock systems.

Research priorities for enteric CH4 EFs moving forward
should address the nearly complete lack of data on pastoral
and agropastoral systems, which predominate in arid and semi-
arid regions and account for most of the livestock population
across all species in SSA (63% of cattle, 82% of sheep, and 70% of
goats) (64). Although small ruminants have lower enteric CH4

emissions per head compared to cattle, their population in SSA is
expected to rise due to climate change (65) and is large relative to
the small number of studies conducted thus far. More research is
needed to characterize the diversity of smallholder mixed-crop
livestock systems and associated EFs, while also linking CH4

emissions and productivity levels (66). Research on all species
and production systems is urgently needed for West, Central,
and Southern Africa (outside of South Africa) to improve
geographic representation.

Filling data gaps on enteric CH4 emissions will require
additional studies using both direct (Figure 1D) and indirect
methods (Figure 1E). Respiration chamber experiments are
considered the “gold standard” for directly measuring CH4 (51),
but they have limitations with respect to animal mobility, diet
selection, and environmental interactions (67). Other direct
Frontiers in Soil Science | www.frontiersin.org 12
methods, such as the SF6 tracer technique, can provide
complementary measurements of enteric CH4 emissions under
more realistic field conditions, which is particularly relevant for
grazing and pastoral/agropastoral systems (52, 68). The Greenfeed
system (C-Lock Inc., Rapid City, USA) may be more useful for in
situ measurements for stall-feeding systems (e.g., intensive and
smallholder mixed crop-livestock) (53). We currently do not
consider the laser methane detector method to be suitable for
developing EFs, but this approach could be useful for ranking
mitigation options (69). Ongoing advances that increase the
accuracy of laser methane detector could reduce the costs of
enteric CH4 measurements and make this method more
attractive for SSA (70). Indirect methods enable estimates
outside of laboratory in “real-world” conditions, and they have
proven effective for estimating Tier 2 EFs for livestock systems in
SSA (20, 21). Indirect estimations based on household surveys can
highlight heterogeneity in enteric CH4 emissions and productivity
between farms and may be useful in identifying drivers and
developing mitigation strategies for enteric emissions (71, 72).

Accurate activity data are essential for developing Tier 2
national inventories and MRV, and it has been suggested that
collecting Tier 2 activity data may provide a better return on
investment in improving national GHG inventories compared to
experimental research on enteric CH4 emissions (34). Multiple
studies in SSA have analyzed uncertainty and sensitivity of
activity data and other Tier 2 model inputs (e.g., coefficients)
and found that feed digestibility and methane conversion factor
(Ym) are usually the two most important factors. Live-weight and
live-weight gain for dairy cattle, as well as total population of
cattle in different production systems are additional major
sources of uncertainty (73, 74).

Diet composition and feed digestibility (Figure 1K) are likely
the most important activity data for Tier 2 enteric CH4 EFs
because feed digestibility affects several other variables for both
enteric CH4 and manure emissions (see Section 4.2; Figure 1).
Diet composition and feed digestibility for livestock systems in
SSA are highly uncertain because feed sources are diverse, and
exhibit strong seasonal and geographic variability, especially for
mixed crop-livestock systems (2, 20, 21, 75). Further studies
characterizing diet composition are needed for representative
livestock systems and could conducted using relatively low cost,
out-of-the-box survey tools such as the Rural Household Multi-
Indicator Survey (RHoMIS, 76). Constructing a comprehensive
database of existing studies of diet composition and digestibility
of common feeds in SSA should be high priority for improving
Tier 2 enteric CH4 estimates and inventories (77).

We found that studies in SSA had a consistently higher mean
Ym (Figure 1A) for cattle compared to IPCC defaults. This could
be explained by low feed quality (i.e., low digestibility, high
neutral detergent fibre) and more seasonal variations in feed
intake (i.e., sub-maintenance feeding for part of the year)
compared to systems on which IPCC Ym estimates are based
(59, 60, 74, 78–82 Korir, pers. comm., unpublished). Further,
although available studies using mainly indirect methods suggest
that Tier 2 cattle EFs are lower than IPCC Tier 1 defaults, most
studies were based on IPCC defaults for Ym. Using higher Ym
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values such as those found in studies reported here (Supporting
Figure 2) instead of defaults would likely result in higher CH4

EFs for cattle in SSA. This discrepancy highlights the need for
improved data to inform models and develop EFs for livestock
across a range of production systems, species, and breeds in SSA.

Other important activity data, such as livestock population and
herd structure (Figure 1B), and live-weights (i.e., animal
performance data) (Figure 1J) must be collected via government
surveys and/or through collaborations with non-government
organizations. These activity data should be high priority for
African governments to reduce uncertainty in GHG inventories,
but so far only six countries have collated Tier 2 level activity data
for enteric CH4 emissions (Mwape, pers. comm.). Activity data
collection in the field is costly and labor intensive, and in many
instances literature values are used in lieu offield measurements to
reduce the costs of Tier 2 EF estimates (83–85). Future research is
needed to assess the sensitivity of enteric CH4 emissions estimates
to different methods and sources of activity data, and to reduce
costs of activity data collection more generally (71). The scientific
research community can contribute to government-led efforts by
providing decision support and developing low-cost tools for data
collection. For example, simple methods based on heart girth
measurements have been developed for estimating cattle live-
weights, which could be useful for national-scale data collection
(86). Stratifying the collection of activity data by agro-ecological
zone and livestock system rather than administrative units (e.g.,
counties, districts) has the potential to reduce costs by allowing
usage of EFs and activity data for similar systems in other
countries, but more work is required to assess the compatibility
of this type of stratification with national surveys that rely on
administrative units.

Finally, appropriate CH4 mitigation intervention trials for
livestock systems in SSA are critical to assess mitigation
potential, target interventions, and MRV in the livestock
sector, but we found only two studies testing mitigation
practices for livestock outside of South Africa. Most current
projections of the CH4 mitigation potential from livestock in SSA
rely on modelled data, which may be constrained by limited data
for African systems (87). Further research on economically
feasible and locally appropriate mitigation options should be
prioritized for important livestock systems in SSA (66, 88).

Manure CH4 and N2O Emissions–
Prospects and Future Directions
We found that studies directly measuring manure CH4 and N2O
emissions in SSA have been relatively limited in terms of focus
and geographic scope to this point, and that the mean reported
EFs for N2O were similar to IPCC Tier 1 EFs for deposited
manure, but lower than IPCC Tier 1 EFs for applied manure and
manure management. Mean N2O EFs for deposited manure in
this review were an order of magnitude lower than N2O EFs
reported for cattle dung and urine in other tropical systems
outside SSA (23). This can be explained by low feed intake and
poor feed quality for cattle in SSA resulting in low N
concentrations in dung and urine, as well as high C:N ratios in
dung (36, 89, 90). In addition, feed intake levels and dietary N
Frontiers in Soil Science | www.frontiersin.org 13
content (Figure 1L) influence N partitioning between dung and
urine because lower feed intake and dietary N content result in
less N being excreted via urine and a lower urine-N:dung-N ratio
for low productivity systems in SSA (34:66 or lower) compared
to high productivity systems (66:34) (90, 91). Urine-N consists
mainly of urea and ammonium, which is more easily converted
to N2O than the organic N from dung, so a low urine-N:dung-N
ratio reduces manure N2O emissions (92, 93). However, low-N
diets restrict livestock production, so this must be put into
context with livestock productivity to support livelihoods and
food and nutrition security. Lower EFs than IPCC CH4 EFs for
deposited manure may be related to higher dung C:N ratios and
warm and dry climatic conditions, which cause smaller and drier
dung patches and therefore reduce the potential for anoxic
conditions and CH4 production (89, 94–96).

For manure applied as fertilizer, the low reported N2O EF for
manuremanagementmay also be related to low feed quality, which
results in low manure N concentrations and high C:N ratios.
Similarly, the low CH4 EF study may be attributable to feed
quality since high fiber, high ash contents, and low N
concentrations are thought to reduce the activity of methanogenic
microorganisms (24).Manuremanagementpracticesmayaffect the
physical and chemical properties of applied manure and therefore
associated emissions of N2O in the field (97).

These results indicate that inventories relying on IPCC Tier 1
default values, even with the new 2019 refinement, may still
overestimate GHG emissions from manure in SSA. National
inventories at the Tier 1 level for N2O and CH4 emissions from
applied and deposited manure require data on N excretion/
application rates, along with activity data on livestock population
by species. Emissions from manure management require
additional data on the proportion of animals in each manure
management system. Tier 1 inventories could be improved by
replacing IPCC default EFs with country or regionally-specific
N2O and CH4 EFs for manure based on locally conducted field
studies, such as those presented here. For deposited manure,
country- or region-specific N2O EFs should be developed
separately for urine and dung and should also consider climate
type (23). Given the current bias in the data toward cattle in dry
climates, there is a need for more research to determine manure
EFs from multiple species across the diverse range of livestock
systems, soil types, and climatic conditions present in SSA.

Even more surprising is the lack of in situ studies measuring
GHG emissions from manure management systems in SSA
(Figure 1C). Emissions from several important manure
management systems (particularly pit storage, feedlot, liquid/
slurry, anaerobic digester, and passive composting) have yet to be
characterized and this should be high priority. There is also a
paucity of data on the proportion of manure in different manure
management systems for SSA – data manure management
systems has not been collected at the national level for
inventories (Mwape, pers. comm.) and there are only few
studies determining the state of existing manure management
systems in SSA at broad geographic scales (97). The lack of data
on the proportion of manure managed under different systems is
the largest contributor to uncertainty in emissions from manure
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management in SSA (26, 73), so the research community should
prioritize development of low-cost tools (such as household
interviews) to help governments acquire the requisite data and
reduce uncertainty for GHG inventories of manure management.
No studies have examined the potential for GHG mitigation
from manure management, but research indicates that existing
manure management practices in SSA are inefficient in terms of
conserving nutrients and reducing losses from volatilization,
leaching, runoff, and emissions (66).

Inaddition to thegeneral lackofdataonmanuremanagement in
SSA, we found only two studies with direct estimates of emissions
from livestock enclosures. Livestock enclosures and other areas
where livestock congregate in grazing-based rangeland systems,
such as around water pans, accumulate large volumes of manure,
which is not removed or managed, and can remain GHG emission
hotspots for years to decades after use (98). For SSA, emissions from
livestock enclosures have been shown to be orders of magnitudes
higher than from background soils and manure patches deposited
during grazing activity, and are estimated to account for 5-10% of
N2O emissions on the continent (63). Although we compared with
default IPCC values for ‘drylot’management, these critical manure
management are overlooked by the IPCC because they do not fit
into any of the manuremanagement system classifications and this
should be rectified by adding overnight enclosures as a category in
future IPCC guidelines. Further, multiple interventions have been
proposed to mitigate GHG emissions from livestock enclosures,
including moving enclosures more frequently (after days or weeks,
instead of months or years) to reduce manure accumulation and
subsequent GHG emissions in these areas (63), or remove manure
periodically from enclosures instead of leaving it to decompose.

Tier 1 inventories for manure emissions can be enhanced by
better activity data on N excretion rates. Feed quantity and
quality affect manure N2O and CH4 emissions, and the lower N
content (Figure 1L) of feed and consequently manure in African
systems should be accounted for when calculating N excretion
rates for national inventories. N excretion rates depend critically
on feed intake and digestibility, and studies have shown that feed
digestibility is the most uncertain factor for all three types of
manure emissions (73, 74). Thus, improved activity data on diet
composition, feed digestibility, feed crude protein or N content,
and livestock feeding situations (e.g., feed scarcity) should be the
highest priority for reducing uncertainty in emissions of both
enteric CH4 and manure N2O and CH4 emissions.

Finally, while short-term research should prioritize improving
Tier 1 estimates of emissions from manure in SSA as described in
this section,muchof this researchwill contribute to the longer-term
goal ofmoving towardsTier 2 inventories formanureGHGs. Tier 2
inventories will require country- or regionally-specific EFs for
manure across a range of different soil types, management
practices, and climatic conditions. In addition to such
measurements, Tier 2 inventories will require spatially explicit
data on soil properties at the national scale, some of which has
recently become available for SSA through digital soil data
platforms (99). Data on manure N losses via leaching/runoff and
NH3/NOx volatilization is required for Tier 2 N2O EFs and this
should be high priority for researchmoving forward due to limited
Frontiers in Soil Science | www.frontiersin.org 14
studies in SSA, since the lack of data renders the magnitude and
importance of these pathways highly uncertain at present (98).
Soil Carbon Storage in Grasslands
and Rangelands – Prospects and
Future Directions
Although indirectly connected to livestock emissions, SOC
stocks for grasslands and rangelands are included in national
inventories using the stock change method described above, and
changes in SOC stocks due to land use or management practices
contribute to the overall GHG budget for inventories. Improved
management of grasslands and rangelands to sequester SOC has
been proposed as one of the few methods available for offsetting
livestock GHG emissions from extensive pastoralist production
systems in SSA (100, 101). SOC sequestration on agricultural
land has also been proposed as a major mechanism for offsetting
fossil fuel emissions through international initiatives such as the
‘4 per 1000’ program (102).

Development of Tier 2 inventories for SOC stocks requires the
development of country-specific SOC stocks for “reference
conditions” (i.e., undisturbed native vegetation) across all climate
and soil types present in each country, regardless of land use. We
obtained SOC stocks for a single land use (grassland/rangelands), but
our results imply that SOC stocks for undisturbed native vegetation
and those with low to moderate grazing may be interchangeable.

There was a strong geographic bias in the SOC data and there
is a need for extensive SOC data collection in West and Southern
Africa. However, in the absence of widely available country-
specific SOC data, African countries may be able to develop Tier
2 SOC inventories by using data from countries with similar
climate and soil types. Tier 2 SOC inventories could also be
developed by extracting the appropriate data from recently
developed SOC databases, such as those provided by the Africa
Soil Information Service (AfSIS) (103, 104).

Development of Tier 2 inventories will require country-
specific stock change factors for various grassland and
rangeland management practices, and we found that SCFs
calculated from the literature were largely similar to IPCC
values. Mean SOC sequestration rates for livestock exclosures
and improved grazing were both positive, albeit with high
uncertainty, and within the range of reported SOC storage in
grasslands and rangelands more generally (i.e., 0.11 – 1.0 Mg C
ha-1 yr-1) (105). However, management practices can have
posi t ive or negative effects on SOC depending on
environmental conditions (39–41), so more research on these
practices across a range of conditions is required.

Tier 2 inventories should follow IPCC guidelines on reporting
SOC stocks, which strongly recommend calculating SOC stocks
on a mass-equivalent (i.e. adjusted for bulk density) rather soil-
volume equivalent (i.e., fixed depth) basis (53). Failure to adjust
for bulk density has been shown to lead to inaccurate estimates of
SOC stocks, particularly due to changes in land use or
management (106–108). However, our initial literature search
of SOC stocks found that >25% of studies did not report bulk
density and were therefore not included in this review.
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Taken together, this implies a strong need to conduct rigorous
SOC sampling across the breadth of grassland/rangeland
management practices present in SSA to reduce uncertainty in
reference SOC stocks and provide accurate SCF values for
country-specific Tier 2 SOC inventories. Further research is
needed to examine changes in SOC stocks over time, along
with changes in biomass carbon and net ecosystem exchange (see
Supporting Material B.1, Supporting Table 11) due to changes
in vegetation, management, and global change forces (e.g.,
climate change, CO2 fertilization effects, degradation, woody
encroachment, etc.) Finally, our results show that depths >30
cm store a large proportion of total SOC (Supporting Figure 7),
so sampling at greater depths and accounting for this in national
inventories may be an overlooked aspect within IPCC guidelines.
CONCLUSIONS

Our results demonstrate that there has been some researchprogress
on livestock GHG emissions and SOC stocks in SSA with amarked
increase in the number of studies reporting these measurements
over the past several years, which is encouraging. Nevertheless,
academic research and African governments face a number of
challenges with respect to livestock and GHG emissions,
including insufficient finance for climate-related goals, lack of
research capacity, and poor research infrastructure (28). Research
on climate change and the environment in SSA is underfunded
(109), and often lacks qualified personnel and resources (110).
Research infrastructure and equipment for monitoring GHG
emissions is lacking in SSA for several reasons (remote locations,
poor infrastructure, energy supply issues, poor maintenance, etc.),
whichmakes research on climate changemitigation and adaptation
difficult (28).

Despite these challenges, there have been notable successes in
forwarding the agenda of livestock andGHGs in SSA. For example,
the Mazingira Centre at the CGIAR’s International Livestock
Research Institute has established a hub for scientific research,
capacity building, and cutting-edge research infrastructure on the
environment in SSA with a focus on livestock in East Africa. Such
initiatives may provide a blueprint for upscaling to other regions,
and recent analysis shows that the cost of developing a pan-African
GHG monitoring infrastructure is relatively low (estimated at
$630M USD over the next 30 years) (31). To meet government
Frontiers in Soil Science | www.frontiersin.org 15
objectives on livestock and climate, such initiatives could benefit
from greater coordination at the science-policy interface through
enhanced collaboration and institutional arrangements between
and within the research community and African governments
(111, 112).
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