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Abstract
The Southern Africa Development Community (SADC) region is not a major emitter of 
greenhouse gases (GHG). However, Sub-Saharan Africa is considered a potential future 
hotspot for GHG emissions because of its large livestock population dispersed across large 
arid lands, coupled with the inherent low digestible feeds in the region and consequently 
low productivity of livestock. In SADC, climate change is predicted to increase tempera-
tures further reducing agricultural productivity. Therefore, there is incentive to reduce 
agriculture’s contribution to GHG emissions in the SADC region. Ruminant production, 
a mainstay of rural economy, is predicted to decrease because of diminished grazing due 
to reduced rainfall and feed quality. However, ruminants’ enteric methane (CH4) produc-
tion contributes to GHG emissions. This review explores strategies for the SADC region to 
reduce CH4 by ruminants. As methanogenesis is an outcome of microbial activity, potential 
opportunities include selecting animals with inherent low CH4 production; altering rumi-
nal microbial populations to those that do not yield CH4; enhancing feed digestibility by 
feeding additives which improve diet quality and alter the ruminal microbiome and using 
specific forages such as seaweed or duckweed that contain plant secondary metabolites that 
may decrease methanogen populations or methanogenesis. These strategies are considered 
in terms of their potential magnitude of CH4 mitigation, the practicality for their imple-
mentation in the SADC region and their suitability to be included in the grazing-based 
livestock industries in the SADC region.
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1  Introduction

Livestock production is an important socio-economic activity for most people living in 
arid environments of the Southern Africa Development Community (SADC). An estimated 
75% of livestock are kept under smallholder traditional farming systems (Southern Afri-
can Development Community 2012). Although ruminant animals (beef cattle, sheep and 
goats) are the preferred livestock kept in this region, chicken, pigs, horses and donkey are 
also farmed. Livestock populations in SADC are estimated at 64 million cattle, 39 million 
sheep, 38 million goats, 7 million pigs, 1 million horses and 380 million poultry (Southern 
African Development Community 2012). There is a relatively large population of ruminant 
animals in the region mainly because they are fed on forages that are low-cost sources of 
nutrients, and therefore, ruminants generally do not compete with humans for food. These 
animals can convert low-quality forages into high-quality products such as milk and meat 
which are valuable food resources for many people in the region. These ruminant products 
supply essential nutrients that play a major role in proper physical and cognitive devel-
opment of infants, children and adolescents (Leroy et  al. 2022) and help promote main-
tenance of physical function with ageing (Leroy et al. 2022). Furthermore, in the SADC 
region, ruminants such as cattle provide non-monetised contributions (e.g. draught power 
and manure), reflecting the importance of integrated crop-livestock farming systems in this 
region (Otte and Chilonda 2002).

Forages contain variable nutrient composition, namely crude protein (CP), water-
soluble carbohydrates (WSC), neutral detergent fibre (NDF), acid detergent fibre (ADF), 
fat and starch (Rugoho et al. 2016), and as they mature, they become lignified (Cherney 
et  al. 1991). Forages also contain anti-nutritional factors such as tannins (Cowan 1999). 
The ability of ruminant animals to utilise forage is made possible by the ruminal microbes 
that are responsible for fermentation processes (Castillo-González et  al. 2014). Ruminal 
microbes that carry out fermentation processes include bacteria, archaea, fungi and pro-
tozoa, and they break down feed anaerobically to produce fermentation products namely 
microbial protein, volatile fatty acid (VFA), methane (CH4) and carbon dioxide (CO2) 
(McDonald et al. 2011). The nutrients produced are also beneficial to both the microbes, 
and to the host animal, and thus the rumen microbes are in a symbiotic relationship with 
the host animal. However, the importance of animals as an efficient and economic means 
of food production has been challenged due to their environmental impacts and the fact 
that they may compete with humans for food, labour and alternative land uses for arable 
farming (Mlambo and Mnisi 2019). The shortage of forage is worsened by the increas-
ing human and animal populations. As human and animal populations gradually increase, 
the demand for food and feed also increases. For instance, the estimated population of the 
SADC region increased from 327.5 million in 2016 to 337.1 million in 2017 representing 
a 2.9% annual population growth rate (Food and Agriculture Organisation 2021). As the 
human population increases, land formerly used for grazing is required for crop produc-
tion and developments (housing and infrastructure). Therefore, there is a need to optimise 
livestock feed efficiency through growing and harvesting more forage and increasing its 
utilization, thereby increasing animal productivity.

Besides increasing animal performance, the need to improve metabolism of ruminants 
is driven by the fact that ruminants contribute to emissions of greenhouse gases (GHG) 
into the atmosphere especially CO2 and CH4. These gases are produced during fermenta-
tion of feed in the rumen. Of the two gases, CH4 is the most potent GHG as it has a global 
warming potential 25 times that of CO2 (Benchaar and Greathead 2011). However, CH4 
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is short-lived as its atmospheric life-time is only 12 years compared to 100 to 200 years 
for CO2 (Lynch et al. 2020; Allen et al. 2018; Balcombe et al. 2018). From the perspec-
tive of national GHG emission targets, agriculture and livestock are an attractive target for 
CH4 reduction campaigns as small changes in agricultural emissions could result in large 
changes in total national GHG emissions (du Toit et al. 2013a). To the best of our knowl-
edge at a national level, South Africa is the only country in the SADC region with data 
available and livestock contributed 27% to the national emissions (du Toit et al. (2013a), 
in which beef and dairy cattle accounted for 73%, with beef in extensive system being the 
highest emitter (83%) compared to dairy (14%) and feedlot (3.2%) in 2010. On the other 
hand, small ruminants in South Africa contributed 16% of total national livestock enteric 
CH4 emissions in 2010, with commercial sheep industry contributing an estimated 91% 
of sheep emissions, whereas 56% of goat CH4 emissions originated from the emerging/
communal sector (du Toit et  al. (2013b). It is possible that these figures are representa-
tive of the region since production systems are nearly similar. Therefore, the call for tar-
geted interventions cannot be ignored by SADC countries because in addition to the above 
ruminant CH4 contributions, it is predicted that the region will experience drier and hotter 
conditions as global temperatures increase (Maúre et al. 2018). Some of the worst impacts 
on sustainable development are expected to be felt amongst agricultural and coastal sec-
tors. For example, it is predicted that global warming of 1.5 °C would lead to an average 
temperature rise above the pre-industrial baseline in Botswana of 2.2 °C and of 2.0 °C in 
Namibia (Maúre et al. 2018). These increases in temperatures are predicted to reduce for-
age yield and quality and may correspondingly increase CH4 production by 0.9% with each 
1 °C temperature rise (Lee 2017). Therefore, there is a need to reduce the environmental 
footprint of ruminant farming in the SADC region. In addition to its detrimental effects on 
global warming, enteric CH4 emissions constitute 2 to 12% of gross energy intake (Mitsu-
mori and Sun 2008), and hence there is a need to reduce CH4 emissions to improve produc-
tion efficiency. Notwithstanding the Livestock’s Long Shadow (Steinfeld et al. 2006) nar-
rative in which ruminants are purported to produce 18% of global GHG, a re-calculation of 
GHG emissions by Scholtz et al. (2012) showed that their actual contribution is 4%. The 
overestimated contribution of ruminants to environment pollution makes them a scapegoat 
for GHG emissions, whilst their strategic value in the supply of human nutrition and con-
tribution to biodiversity has often been ignored (Scholtz et al. 2020, 2012). In general, the 
contribution of developing countries to GHG emissions is deemed high due to the legacy of 
past emissions of long-lived CO2 and N2O which strengthens developing countries’ contri-
bution to global warming (Ward and Mahowald 2014). However, such CO2 and N2O emis-
sions cannot be used to represent the magnitude of ruminal CH4 production. According to 
Ward and Mahowald (2014), CH4 plays a greater role for non-Annex 1 countries, but as has 
been pointed out by a number of researchers because of the short atmospheric lifetime of 
CH4 relative to CO2, it is erroneous to weight distant past emissions equally with current 
emissions by the CO2-eq metric (e.g. Blignaut et al. 2022; Leroy et al. 2022; Scholtz et al. 
2020; Lynch et al. 2020). Indeed, it has been suggested that the current emissions weight-
ing scheme leads to unfair punitive polices on ruminant production systems, especially in 
the SADC region that relies on agriculture and in particular animal agriculture for their 
rural communities’ sustenance (USAID 2015). Agriculture has an important role to play 
in an effort to reduce GHG emissions and for the maximisation of carbon sequestration 
(Blignaut et al. 2022). This is despite that SADC’s emissions are below the world average 
per capita emissions, with the exception of Botswana, Angola, Namibia, Zambia, South 
Africa and the Seychelles who all have world average per capita emissions (USAID 2015). 
This paper recognised the different pathways that ruminant production contributes to GHG 
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as outlined by Steinfeld et al. (2006) and Blignaut et al. (2022) but would only focus on 
enteric CH4 emissions to avoid an expansive scope. Therefore, the objective of this review 
is to assess to what extent ruminant (cattle, sheep and goats) enteric CH4 production con-
tributes to global emissions of CH4 and its effects on the SADC region and possible mitiga-
tion strategies.

2 � Methodology

Journal articles were identified by using the following search engines; Scopus (https://​
www.​scopus.​com/​search/), ResearchGate (https://​www.​resea​rchga​te.​net/), Google Scholar 
(https://​schol​ar.​google.​com/) and Academia (https://​www.​acade​mia.​edu/) specifying the 
following keywords; agriculture, methane emissions, ruminants, rumen fermentation, 
rangelands, tannins, phytochemicals, greenhouse gases emissions, Southern Africa Devel-
opment Community and their various combinations. Gray literature, dissertation or theses 
were searched from Botswana University of Agriculture and Natural Resources library and 
included, as well as reports from authors’ personal collections. Search was not restricted to 
year of publication. Old, but classical references (e.g. Hegarty and Gerdes 1999) that lay 
fundamental concepts to the review were included. However, for most references, where 
newer articles with similar information or data was identified, the latter were selected.

3 � The rumen

To better understand how ruminants contribute to global warming and are able to discuss 
possible mitigation strategies, an understanding of rumen physiology and microbiology 
is necessary. It is well documented that the rumen is a rich microbial ecosystem that is 
colonized by billions of microbes including bacteria, archaea (methanogens), fungi, proto-
zoa, mycoplasma and bacteriophages. There are 1010 to 1011 bacteria, 108 to 109 archaea, 
approximately 106 ciliated protozoa and approximately 106 fungi/mL of rumen fluid (Cie-
slak et al. 2013; Kumar et al. 2009). These microbes degrade cellulose, lipids and protein 
to yield VFA, microbial cells and gases (Morgavi et al. 2010) as illustrated by Fig. 1 from 
the study by Buddle et al. (2011).

The most important products of ruminal fermentation are VFA and microbial cells. 
Volatile fatty acids are the primary source of metabolizable energy (ME); for instance, 
propionate absorbed into the animal is used as the main precursor for glucose synthesis 
through gluconeogenesis (Rugoho et  al. 2019), and microbial cells which are digested 
further along the digestive tract are the primary source of metabolizable amino acids for 
maintenance, growth and milk synthesis (Fellner 2009). The VFAs are absorbed across the 
rumen wall and act as a major source of carbon and energy for the ruminant animal. H2 is 
used by methanogens to generate CH4 which is eructated by the animal and released into 
the atmosphere (Buddle et al. 2011). Methane is the most potent GHG, and it has a heat of 
combustion of 55.7 MJ/kg DM (McDonald et al. 2011), and its release to the environment 
robs the ruminant animal of potential energy. A recent study by Blignaut et al. (2022) esti-
mated CH4 production as 6.3% of GEI, resulting in a mean relationship of ME equal to 0.9 
digestible energy (DE).

https://www.scopus.com/search/
https://www.scopus.com/search/
https://www.researchgate.net/
https://scholar.google.com/
https://www.academia.edu/
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3.1 � Methane production in the rumen and its importance

Some of the dominant methanogenes in the rumen include Methanobrevibacter ruminan-
tium, Methanosarcina barkiri, Methanobrevibacter formicium and Methanomicrobium 
mobile (Kumar et al. 2009). Methane is produced as a result of fermentation of hydrolysed 
dietary carbohydrates such as cellulose, hemi-cellulose, pectin and starch (Beauchemin 
et al. 2020; Bhatta and Enishi 2007). Other gases produced inside the rumen are H2 (dur-
ing the conversion of hexose to acetate or butyrate) and carbon dioxide (Bhatta and Enishi 
2007). Ninety-five percent of these gases are released through eructation during rumina-
tion (Lee et al. 2017). Methane synthesis is a necessary step for removing H2, thus pro-
pelling the reduction of protons to H2. Conforming to historical paradigms (Hegarty and 
Gerdes 1999), a study by Greening et al. (2019) found that hydrogenotrophic methanogen-
esis appears to be the largest sink of H2. However, some H2 sinks are not net H2 sinks in 
the sense that their production involves greater H2 production than incorporation (Unger-
feld 2020). For instance, recent studies (e.g. Roque et al. 2021) have shown elevation of 
H2 from inclusion of anti-methanogenic feed additives such as red seaweed (Asparagop-
sis taxiformis) in total mixed ration (TMR) diets, which resulted in decrease in CH4, and 
feed intake but improved carcass quality. This work by Roque et al. (2021) is consistent 
with a metatranscriptomic study by Greening et  al. (2019) which reported that whereas 
methanogenesis-related transcripts predominated in sheep with high CH4 yield, alternative 
uptake pathways were significantly upregulated in low CH4 yield sheep. Methanosarcina 
mazei synthesises CH4 from acetate, methanol and methylamines, whilst M. barkeri uti-
lises H2/CO2, acetate, methanol and methylamines for CH4 synthesis (Jarvis et al. 2000). 
Thus, in order to reduce the availability of H2 for use in the synthesis of CH4, H2 should be 
converted into propionate via lactate or fumarate (Asanuma et al. 1999) as shown in Fig. 2 
(Morgavi et al. 2010). The recent work by Roque et al. (2021) thus proposes an alternative 
theory in dealing with high H2 concentration when anti-methanogenic feed additives such 
as seaweeds are added; the redirection of H2 molecules that would otherwise be utilized to 

Fig. 1   Diagrammatic representation of some rumen processes, highlighting the microbial fermentation 
(thick arrows) of the ingested feed to volatile fatty acids (VFAs; mainly acetic, propionic and butyric acids) 
and to hydrogen and carbon dioxide (H2 and CO2). Source: Buddle et al. (2011)
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form CH4 and into different pathways that could be beneficial to the animal. This theory 
is supported by Greening et al. (2019) to the effect that whereas the enzymes mediating 
fermentative H2 production are expressed at similar levels, those supporting H2 uptake 
through acetogenesis, fumarate reduction and nitrate ammonification pathways are highly 
upregulated in sheep with low CH4 yield. Wang et al. (2018) also noted that when com-
pared with control (TMR with high forage NDF), a non-forage fibre diet increased the pro-
duction of H2 by 8.5%, but the production of CH4 decreased by 14%. This was attributed to 
shifting of H2 flow toward propionate, and part of it to H2 (Wang et al. 2018).

Thus, practical methods that reduce CH4 emissions should come from multiple path-
ways. Some of these strategies include feeding legumes, incorporating forages with sec-
ondary compounds, providing supplements which improve animal nutritional status and 
efficiency of feed energy and improved genomic selection (Blignaut et  al. 2022). These 
and other strategies will be discussed later. Formate is also used to produce CH4, and it 
accounts for approximately 15–20% of the total CH4 production in the rumen (Asanuma 
et  al. 1999). Studies by Bhatta and Enishi (2007) and Kumar et  al. (2009) have shown 
that M. ruminantium, M. formicicum and M. mobile utilise H2, CO2 and formate to pro-
duce CH4. These methanogenic archaea are attached to the outer surface of ciliate protozoa 
(Vogels et al. 1980), and thus the removal of protozoa has been reported to decrease CH4 
production (Ushida et al. 1997).

Carbon dioxide is more concentrated than CH4 in the atmosphere; however, CH4 is 
more harmful to the environment than CO2, because CH4 is a more potent GHG than car-
bon dioxide and constitute energy loss for ruminants (Eckard et al 2010). Despite this, the 
reduction of CH4 emissions in order to decrease global warming appears to be the most 
effective in the short term than CO2 because CH4 has been estimated to have a chemical 
lifespan of 12  years unlike CO2 that has a lifespan of 50–200  years (Moss et  al. 2000). 
Trends in CH4 emissions and its oxidation can produce long-term trends in stratospheric 
water vapour. The required temperature for halogen activation allowing heterogene-
ous ozone-depleting reactions on polar stratospheric cloud (PSC) particles is a function 
of water vapour concentration (Rosenlof 2018) that facilitate CH4 emissions. This allows 

Fig. 2   Schematic microbial fermentation of feed polysaccharides and H2 reduction pathways in the rumen. 
Source: Morgavi et al. (2010)
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more heat to reach the earth resulting in increased global temperature. The rise in tem-
peratures alters precipitation patterns, causing extreme weather conditions such as floods 
and high temperatures (Moss et al. 2000) with severe impact on agricultural land, which 
ultimately affects food security (Masipa 2017). The SADC region is already experiencing 
fluctuating weather patterns, with delayed rainfall but heavy floods when it rains. In addi-
tion to its contribution to greenhouse gasses, enteric CH4 emissions from ruminants con-
stitute a loss of 2–15% of ingested energy (Eckard et al. 2010; Johnson and Johnson 1995; 
Moss et al. 2000). This reduces feed efficiency and utilization by the animal. Thus, there is 
a need to find ways in which CH4 production can be reduced. Several studies (e.g. Eckard 
et al. 2010 and Moate et al. 2018) have indicated that feed type influences CH4 production. 
Therefore, a feed conceptual framework has been proposed (see Fig. 3) based on several 
studies reviewed. The agents, when introduced, result in the blockage or minimisation of 
the red pathways (symbolised by X) but promote the green pathways (Fig. 3), thus reduc-
ing CH4 emissions and increased ruminant productivity respectively.

4 � Strategies to reduce methane emissions in the SADC region

Within SADC, countries with the highest agriculture emissions are Angola, South Africa, 
Madagascar, Zambia, Mozambique, Botswana and Zimbabwe and their agriculture emis-
sions account for 90% of the region’s GHGs from agriculture (USAID 2015). This has led 
Sub-Saharan African (SSA) governments to commit through the Gaborone Declaration for 
Sustainability in Africa to uphold the United Nations’ Sustainable Development Goals and 
the Paris Accord (Gaborone Declaration 2017). Of the seven SADC countries with highest 

Fig. 3   Conceptual framework on feed manipulation to reduce methane yield in the rumen and improve ani-
mal productivity. Green pathway minimises methane production and promotes animal productivity whilst 
the red pathway yield methane and needs to be blocked
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agriculture emissions, enteric fermentation is amongst the top three emitting agriculture 
subsectors; hence, a range of needs has been identified, including improved livestock, pro-
moting feedlots and using improved feed; promoting livestock breeding and fighting pas-
tureland fires; reduction in emissions from livestock and manure management and biogas 
captures (USAID 2015) as well as pledges to reduce emissions by 19% by 2030. Therefore, 
this review is restricted to identifying strategies that are consistent with the above policy 
commitments by improving the efficiency of ruminant production and hence reduce CH4 
emissions and CH4 intensities.

4.1 � Feeding management and methane production

Feed type, quality and DM intake have been found to affect CH4 production, e.g. high 
concentrate diets, leguminous forages, diets containing tannin and diets with high lipid 
concentration have been found to decrease CH4 production (Clark et  al. 2010). Feeding 
ruminants more concentrates, e.g. grains, will result in more production of propionate and 
reduced rumen pH which inhibits the growth of protozoa and methanogens in the rumen 
resulting in reduced CH4 production. Grain type is also associated with reduction in CH4 
production as demonstrated by a recent study by Moate et al. (2018) who noted that lactat-
ing dairy cows fed wheat (Triticum) produced substantially lower CH4 yield and intensity 
than when fed rolled corn (Zea mays) grain.

However, for the SADC region, feeding ruminants with grains is not a suitable or a sus-
tainable strategy. When reared as nature intended, ruminants should offer very little compe-
tition to humans for food because they prefer to consume grass and other fibre-rich forages 
(Mlambo and Mnisi 2019). Ruminants in developing countries are predominantly main-
tained on a high-roughage diet with little or no concentrate resulting in increased ruminal 
methanogenesis (Goel and Makkar 2012) and reduced productivity. Therefore, a challenge 
for SADC countries will be to make forage more efficient in three ways: (1) increasing fibre 
digestibility and (2) reducing detrimental effects of tannins on digestibility and (3) taking 
advantage of tannins to reduce CH4 production in the rumen. On the other hand, more 
concentrate, i.e. low fibre intake or excessive intake of rapidly fermentable carbohydrates, 
causes sub-acute rumen acidosis (Chiba 2009; Rugoho et al. 2019) and should be avoided. 
Consequently, concentrates should form less than 60% of the animal diet and/or should be 
even less in the SADC countries where grain for ruminant reaches a prohibitive price. We 
propose that when grains are weather damaged, or of such poor quality that they are unsuit-
able for milling and therefore unsuitable for human consumption, then under these circum-
stances limited amounts of grains may be included in the diets of ruminants in the SADC 
region. Earlier research (Lichtenwalner et  al. 1979) documented higher ash and in  situ 
digestibility of weathered sorghum (Sorghum bicolor) grain than nonweathered grains; 
however, intake was depressed. PennState Extension (2016) cautioned about presence 
of aflatoxins and mycotoxin in wet grains and provided classification of risks at various 
mould spore counts in which grains with 3 to 5 million spore count per gram could still be 
used provided they are diluted with other feeds. An increase in sorghum grain production 
by farmers, which is agronomically suitable for the SADC region, would fulfil this purpose 
(Madibela and Lekgari 2005), and inclusion of second grade sorghum grains in ruminant 
diets would supply tannins that could reduce CH4 yield. This was demonstrated by Mavasa 
et  al. (2022) who observed reduction in CH4 yield without reduction in performance of 
Pedi goats in South Africa when sorghum was used to partially replace maize grain. A 
study by Beechem (2010) found that the protozoal populations fell by 83% and 76% in 
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cattle fed high and low concentrate diets respectively when treated with ionophores. This 
indicates that a small amount of concentrate may still be effective, especially to make the 
rumen more efficient. Hence, a combination of concentrates and ionophores can be used as 
a strategy to reduce CH4 production. However, the use of ionophores and other growth hor-
mones is prohibited in some SADC countries. For example, Botswana (Van Engelen et al. 
2013) and Namibia were the first African nations to ban the routine use of antibiotics in the 
beef industry 26 years ago (World Health Organisation 2017). There is a global concern 
regarding food safety and environmental burden due to use of chemicals (Kobayashi 2010). 
Therefore, phytochemicals as alternatives to antibiotics to promote growth (Lillehoj et al. 
2018) and novel carbohydrate sources to substitute grains should be explored.

Forage quantity, quality and intake are associated with CH4 production, i.e. the more 
fibre the forage contains, the more CH4 is produced in the rumen (Drehmel 2017). There-
fore, CH4 production can be reduced by decreasing fibre content of forages. Alternatively 
non-forage fibre sources (wheat bran and soyabean (Glycine max) hulls) could be used 
to reduce forage’s contribution of NDF (Wang et  al. 2018) which was found to reduced 
CH4 yield in vitro. Non-forage fibre sources which are derived from crop processing and 
hence by-products like cereal bran, hulls and husks from post harvesting at farm levels 
in the SADC region would fit this concept. Furthermore, steers grazing an early season 
pasture produced approximately 45% less CH4 than those fed on mid or late season pas-
ture (Boadi and Wittenberg 2002). Hence, forages should be fed or harvested at an early 
bloom when they have a low fibre concentration. Therefore, mechanisation in fodder pro-
duction in SADC is important to cut and conserve forages whilst still in a high-quality con-
dition. Manufacture of suitable machinery for small-scale livestock farmers is imperative 
as demonstrated by Rural Industry Innovation Centre in the 1980s and 1990s in Botswana 
(Chanda 2000) who manufactured small-scale forage harvesters. Farmers can use appropri-
ate machinery to top up the grass before it lignifies to keep it in a vegetative state thereby 
improving quality. The starting point would be to encourage livestock farmers to set land 
aside for fodder production and the use of organic fertiliser (manure) from livestock. Also, 
in areas with high volumes of water, irrigation might be used to maintain animal forages in 
an actively growing vegetative (high-quality) state. However, the scarcity of water for irri-
gation and aridity of much of the SADC region does not make irrigation a viable option for 
many smallholder farmers. Alternatively, green pasture belts can be developed along rivers 
and water bodies in the drier parts of the SADC region.

Methane production was 9% higher in cows fed on pasture than on alfalfa (Medicago 
sativa) due to pasture having more fibre in the study by McCaughey et  al. (1999). Fur-
thermore, Kurihara et al. (1999) reported that CH4 energy loss in cattle fed tropical forage 
diets was higher than in those fed on temperate forage diets due to higher levels of fibre and 
lignin in the former than the later. For instance, ruminants fed C4 grass species produced 
17% more CH4 as L/kg OM intake compared to those fed C3 grass species (Archimède 
et  al. 2011). A recent modelling study (Lee et  al. 2017) predicted that increasing global 
temperatures will reduce forage quality and correspondingly increase CH4 production by 
0.9% with each 1 °C temperature rise. Considering the already low digestibility of rumi-
nant feed resources from rangelands in the SADC region, this will constitute a serious chal-
lenge. Another modelling study by Herrero et al. (2013) expressed non-CO2 eq emissions 
per consumed protein from livestock, and their comparisons found SSA as a hotspot for 
GHG emissions generally because of low animal productivity due to the use of low-quality 
feeds and feed scarcity. As a result, there is a need for strategies for modifying fibre in for-
ages to reduce CH4 production. Strategies include the use of alternative grazing species, 
e.g. adding the foliage of the browse tree legumes like leucaena (Leucaena leucocephala) 
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has been shown to improve the quality of low-quality tropical grasses (Santana et al., 2019) 
and reduce enteric CH4 emissions (Davison et al. 2020; Piñeiro-Vázquez et al. 2018; Soltan 
et al. 2017). For example, the inclusion of 80% of leucaena in the diet of heifers fed low-
quality tropical forages reduced enteric CH4 emission by up to 61.3% without affecting 
DMI, OMI and ruminal protozoal populations in an in vivo study (Piñeiro-Vázquez et al. 
2018). The effects of leucaena on reducing enteric CH4 emission in vitro studies are shown 
in Table 1.

Other strategies, like reducing the fibre content by adding fibre degrading enzymes dur-
ing silage production (Khota et  al. 2018; Nkosi et  al. 2011), would be worth exploring. 
Under smallholder farming conditions, enzymes may not be accessible, and hence locally 
available feed additives such as malt may be appropriate (Matshaba 2014). Malted sor-
ghum, for instance, used in small quantities, can be used as an inoculant in silage making. 
The malting process is incorporated in indigenous knowledge of making traditional beer 
in the SADC region. Other options entail the use of white rot fungi (Pleurotus spp) to dis-
rupt and solubilise lignin of lignocellulosic biomass (Akinfemi et al. 2009; Ntokome et al. 
2018) and hence improve digestibility and metabolic efficiency in the rumen. Including 
millet (Pennisetum glaucum), sorghum and maize (Zea mays) stover treated with white rot 
fungi increased CP, in vitro organic matter digestibility (OMD), soluble fraction (a) and 
effective degradability but reduced ADF and ADL (Ntokome et al. 2018). Type of forage 
fed to ruminants could play a major role in reducing CH4 yield with feed management in 
SADC. For example, legumes from warm climates produce less CH4 than legumes from 
cold climates, and that legumes produce less CH4 than grasses (Archimède et  al. 2011). 
Therefore, tropical legumes with secondary metabolites would be a suitable option within 
smallholder farms. In addition, tropical legumes with their high CP content can be used in 
intercropping systems with grasses to improve the overall sward quality and reduce its CH4 
yield potential. Moses et al. (2018) in Botswana observed that when Macroptilium atropur-
pureum (siratro) was used in a pasture mixture including buffel grass (Cenchrus ciliaris), 
not only was the CP content improved, but the degradation lag time in  vitro was short-
ened, and the effective degradability and in vitro dry matter digestibility (IVDMD) were 
increased. Further research to quantify CH4 yields from mixed tropical legumes and C4 
grass species is needed. The extension message from the above argument would be to pro-
vide nutritional supplements that improve the nutritional status of the animal, and the effi-
ciency of feed energy use in order to reduce CH4 emissions from grazing cattle (Thompson 
and Rowntree 2022).

4.2 � Use of monensin as a feed additive

In the past, major interest for producers, especially in feedlot systems, was the use of 
monensin for the re-partitioning energy away from CH4 production to growth for efficient 
energy utilization. However, in recent times, interest in ionophores use has focused on its 
ability to reduce enteric CH4 production. The addition of monensin to ruminant diets has 
been associated with a reduction of CH4 production (McGinn et al. 2004; Tedeschi et al. 
2003), albeit to a lesser extent than that which occurs in response to feeding sunflower 
(Helianthus) oil (McGinn et al. 2004). In a study by Odongo et al. (2007), CH4 production 
was reduced by 7 to 9% when monensin was added to the diet of lactating dairy cows with 
no effect on milk quantity. However, the long-term use of monensin might lead to rumen 
microbes developing resistance to antibiotics (Sahoo et al. 2010). Hook et al. (2009) con-
ducted a study to find out if monensin has a significant effect on diversity of methanogens 
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and found that it does not have a direct effect on the methanogen population. It has been 
reported that ruminal ciliate protozoa are reduced by initial ionophore exposure, but that 
long-term exposure to monensin led to recovery of the ruminal population (Guan et  al. 
2006). This is also an issue for microbes developing resistance to antibiotics. Moreover, a 
study by Rogers et al. (1997) showed that the extent of reductions in total ruminal protozoa 
numbers as a result of monensin supplementation decreased with time. Many methanogens 
are found in association with ciliate protozoa, and there is evidence they live on the outer 
surface of the protozoa (Krumholz et al. 1983; Newbold et al. 2015).

Although monensin is effective in reducing CH4 production, it is believed that the con-
tinuous use of antibiotics will end up with their residues reaching the human food chain 
(Odongo et al. 2007). This should be avoided because antibiotic residues may induce path-
ogenic microbes that inhabit the human gastrointestinal tract to develop resistance to anti-
biotics. In countries such as Botswana and Namibia, the ban on chemicals like monensin 
(Van Engelen et al. 2013; World Health Organisation 2017) means that other alternatives 
should be explored (Lillehoj et al. 2018). For example, a possible alternative is tannins as 
they have been shown to reduce enteric CH4 production (Greathead 2003; Rira et al. 2015, 
2019). Feeding forages containing plant secondary metabolites (i.e. saponins, tannins and 
essential oils) to ruminant animals could be used as a strategy to reduce CH4 production 
by ruminant animals. In addition, in contrast to ruminant agriculture in developed west-
ern countries where cattle are often fed TMR, ruminant production in the SADC region 
is based on grazed pasture where monensin has been found to be ineffective at reducing 
methanogenesis. Therefore, besides the ban on production enhancing chemical, the use of 
monensin in ruminants grazing natural pasture would be irrelevant in the SADC region due 
to very little or no effect on CH4 emissions (Grainger et al. 2010).

4.3 � Use of tannins as feed additives

Tannins are plant secondary compounds that are not involved in the primary biochemical 
process of plants, but act as plant protection mechanisms (Silanikove et  al. 2001). They 
have antimicrobial activity (Cowan 1999), they protect plants against insect attack (Ørskov 
1998), and as tannins are astringent and unpalatable, they dissuade animals from grazing 
tanniniferous plants (Barbehenn and Constabel 2011). Tannins are divided into two groups, 
namely condensed tannins (CT) and hydrolysable tannins (HT) (Lee 2017). Condensed 
tannins are found in gymnosperms and angiosperms whilst HT are found only in dicoty-
ledons (Silanikove et  al. 2001). Local forages and fodder trees in the SADC region are 
endowed with polyphenolic compounds including both condensed and hydrolysable tan-
nins (Madibela et al. 2018; Phale and Madibela 2006). However, there is limited evidence 
(Theart et  al. 2015) on the use of African forages containing secondary metabolites to 
reduce CH4 yield apart from few studies done outside the SADC region (see Table 1). The 
effects of African forages containing secondary metabolites on CH4 yield need more study 
in the SADC region.

Nevertheless, based on an extensive findings in the scientific literature, tanninifer-
ous plants should be incorporated in ruminant diets in the SADC region as they are well 
adapted to the semi-arid conditions and tend to produce nutritious browse products well 
into the dry season (Mlambo and Mapiye 2015). However, diets with high CT concen-
trations (> 55 g CT/kg DM) generally reduce voluntary feed intake and digestibility and 
are associated with low rates of body and wool growth in grazing ruminants (Min et al. 
2003). On the other hand, Tiemann et al. (2008) reported that CT reduces CH4 production 
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by reducing fibre digestibility, perhaps because CH4 production is associated with highly 
fibrous feed material. However, the study by Carulla et al. (2005) found that black wattle 
(Acacia mearnsii) containing 0.6% CT reduced CH4 production without decreasing fibre 
digestibility. The challenge, therefore, is to identify cost-effective components (of plants 
and their type) (Bodas et al. 2012) that favourably modify ruminal fermentation to reduce 
CH4 production without reducing production by decreasing digestibility. For instance, in an 
in vitro study conducted with fodder material from the Thorny Kalahari Dune Bush veld of 
South Africa, Theart et al. (2015) found that samples of kalahari-sand acacia (Acacia lue-
deritzii) and blue bush (Monechma incanum) with total tannin content of 299 and 283 g/kg, 
respectively, substantially reduced CH4 yield without adversely affecting organic matter 
digestibility (OMD). The effects of tannins in reducing CH4 production depend on its con-
centration in plants, composition of the diet, animal physiological state and animal species 
(Makkar 2003) and whether it occurs as HT or CT (Aboagye and Beauchemin 2019; Rira 
et al. 2019). Condensed tannins have other benefits to animals such as promoting increased 
liveweight gain and decreased severity of infestations by gastrointestinal parasites (nema-
todes) (Mata-Padrino et  al. 2019; Min et  al. 2003). Because of this inverse relationship 
between CT concentrations, type and structure with voluntary feed intake and fibre digest-
ibility in ruminants, forages that contain high levels of tannins need to be mixed with those 
that do not contain any tannins or contain less CT to reduce their adverse effect on feed 
intake and digestibility. For example, farmers in the SADC region have adopted feeding 
tanniniferous plants as part of strategy for suppling essential limited nutrients and improv-
ing liveweight gains as demonstrated by Brown et al. (2018) in South Africa. This strategy 
involves harvesting tree foliage and collection of pods to offer as supplementary ration, 
especially during the dry season (Smith et al. 2005) reducing mortality of twin kids and 
improving goat performance in Zimbabwe. Other than tannins, fatty acids (FA) are also 
believed to reduce CH4 production when incorporated in animal diets (Beauchemin et al. 
2008, 2009; Soltan et al. 2018).

4.4 � Use of fatty acids as feed additive

Polyunsaturated FA (PUFA), e.g. linoleic and linolenic acids, and medium chain FA 
(MCFAs), e.g. lauric and myristic acids, have been reported to reduce CH4 production 
when included in animal diets (Eugène et al. 2008). This is mainly due to their toxic effect 
on bacteria, protozoa and methanogens (McAllister et al. 1996). Sunflower seed, linseed 
(Linum usitatissimum), coconut (Cocos nucifera) and rape (Brassica napus) seed are the 
main source of PUFA and MCFAs (Rasmussen and Harrison 2011). Beauchemin et  al. 
(2009) using lactating dairy cows noted a 10% decrease in CH4 production in cows fed on 
diets containing 3.3% DM of sunflower seed. In the study by (Beauchemin et al. 2009), the 
addition of sunflower seeds to the diet of dairy cows resulted in reduced CH4 production 
with no change in rumen pH and milk production. Just like sunflower oil, linseed oil also 
contains a high concentration of PUFA (18:3) (Rasmussen and Harrison 2011), and addi-
tion of linseed oil (3.3% DM) to the diets of dairy cows reduced CH4 production by 18% 
with no effect on rumen pH (Beauchemin et al. 2009).

Canola (Brassica napus) seeds contain high concentrations of medium unsaturated FA 
(18:1), and when it was included in the diets of dairy cows (3.3% DM) it reduced CH4 pro-
duction by 16% (Beauchemin et al. 2009). The variability in CH4 production resulting from 
dietary addition of these oil sources indicates that the types of FA and their concentrations 
determine the amount of CH4 reduced. However, fat should not exceed 6% of the diet of 



Mitig Adapt Strateg Glob Change           (2022) 27:47 	

1 3

Page 15 of 26     47 

ruminants because too much of it will cause digestion disorders (Machmüller et al. 2000). 
The sources of FA outlined above are not produced in large quantities in SADC, except for 
sunflower. Recently canola has been introduced in South Africa and its adaption and adop-
tion will contribute to a variety of ingredients that can be used in ruminant’s diets. This 
calls for investigations into other sources of lipids and essential oils that are locally avail-
able, especially from indigenous plants, as ruminal fermentation modifiers. For instance, 
Ramathudi (2016) estimated in vitro CH4 reduction potential of 51.2, 43.4 and 40.8% by 
coating maize stover with lipids from Ximenia caffra, Racinus communis and Citrullus vul-
garis respectively, at 5% inclusion. Studies outside the SADC region have also reported 
that dietary inclusion of essential oils reduces CH4 emissions (see Table 2).

Dietary inclusion of essential oils is believed to reduce CH4 emissions by shifting the 
microbial fermentation in the rumen to decrease the acetate to propionate ratio (Castillejos 
et al. 2007; Ebeid et al. 2020). However, some oils such as Moringa (Moringa oleifera) seed 
oil, in addition to their broad-spectrum antimicrobial activity, are rich in sterols and anti-
oxidants such as polyphenolic compounds, α-tocopherol (134 mg/kg) and vitamin E which 
can potentially affect microbial diversity and fermentation process in the rumen (Ebeid 
et  al. 2020). Even though positive results on CH4 reduction by essential oils have been 
observed in vitro, this was accompanied by negative effects on DMD by some essential oils 
unless included as a combination of oils to provide a synergistic associative positive effect 
(Cobellis et al. 2016) (Table 2). Therefore, the challenge remains to identify essential oils 
that selectively inhibit rumen methanogenesis at practical feeding rates, with lasting effects 
and without depressing feed digestion and animal productivity (Benchaar and Greathead 
2011). One strategy is the use of essential oil or oil from plants from small-scale cottage 
industries which process seed for oil either for food, biofuel or cosmetics. Essential oil and/
or cake from such processing would be made available as feed additives or feed cake to 
supplement ruminants supplying the needed FA to reduce CH4 yields. For example, cottage 
industries in Botswana and Namibia in which morula (Sclerocarya birrea) fruits are har-
vested by women groups and processed for cosmetic oil have resulted in a seed cake used 
as a source of energy and protein which Baleseng (2022) found to improve growth rates 
of local sheep. Due to exports sanitary compliance to European Union markets, feeding 
material considered as natural products such as seaweeds to ruminants will be attractive 
to SADC farmers. Seaweed (known as marine algae) has a tradition of being part of the 
animal feed in the coastal areas, from ancient times (Morais et al. 2020). Feeding livestock 
seaweed has been shown to reduce CH4 production (Vijn et  al. 2020) and will be suit-
able for circumventing effects of feed shortage in the SADC region. Angola, Mozambique, 
Namibia and South Africa have access to a long coast from the Atlantic to India oceans, 
and hence there exists an opportunity for harvesting and/or farming of seaweed.

4.5 � Potential use of red seaweed and other aquatic plants in reducing methane 
yield

Recent research has shown the potential of seaweed in reducing CH4 yield in ruminants. 
Studies by Machado et  al. (2014) and Maia et  al. (2016) noted high reduction of CH4 
in vitro, with inhibition of more than 90%. In support, feeding studies (Roque et al. 2019, 
2021) with dairy cows and beef steers respectively fed TMR-based diets observed CH4 
reduction of 26.4 vs 67.2% and 69 vs 80% and as a result of inclusion of seaweed (Aspara-
gopsis spp) at rate of 0.5% vs 1.0% and 0.25 vs 0.5% respectively. Other aquatic plants with 
feeding possibilities are Azolla (i.e. Azolla filiculoides), Salvinia (i.e. Salvinia molesta) and 
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Lemna (i.e. Lemna minor). However, limited literature (Chakrabarti et  al. 2018; Goopy 
and Murray 2003; Halmemies-Beauchet-Filleau et  al. 2018; Leterme et  al. 2009; Sońta 
et al. 2019; Zakaria and Shammout 2018) report only the production capacity and feeding 
value indicating endowment with high protein and amino acids concentration, high trace 
minerals and high DMD. However, experimental studies have mainly focused on poultry 
and pigs (Leterme et  al. 2009; Mwale and Gwaze 2013; Zakaria and Shammout 2018). 
An early study by Huque et al. (1996) recorded high mean CP (32.7%) of three duckweed 
(Lemnoideae) species with DM and CP digestibility of 57 and 68.2% respectively. To our 
knowledge, there is no study which has reported their CH4 reducing potential and hence a 
worthy research area. The studies mentioned earlier, on seaweed, both in vitro and in vivo, 
demonstrate that seaweeds could play an important role in reducing CH4 in ruminant pro-
duction, an innovation which the SADC region can adopt. For instance, South Africa has a 
costal length of 2850 km, Namibia has 1500 km, Angola has 1600 km, whilst Mozambique 
has 2600 km and therefore could be a source of seaweeds and/or foundation for commer-
cial farming of seaweed. Notably, seaweed is currently being used to produce commercial 
chicken feed products and feed supplements for livestock farms in South Africa (Matshogo 
et al. 2021). However, it is important to note that innovative strategies which use seaweed 
to reduce enteric CH4 have been developed for feeding to ruminants on TMR based diets 
which might be impossible in grazing-based ruminant systems in the SADC region. How-
ever, used as supplements, these can still find a niche in the grazing-based systems where 
animals are conditioned to return to a watering point every day or alternate day for water-
ing and mineral licks. As a matter of practice, grazing ruminants in the SADC region, 
especially for 70 to 90% of cattle owners who are small-scale resource limited farmers 
(Statistics Botswana 2019), are brought to watering points, which consist of pens and han-
dling facilities to be watered or kraaled overnight. With regard to other aquatic plants such 
as duckweed and Salvinia which customarily invade water bodies and wetlands in SADC 
like the Kariba Dam in Zimbabwe and Okavango Delta in Botswana, physical harvesting 
has been found to have limited but effective control (Kurugundla et al. 2016). Therefore, 
management with utilization for livestock feed can be mounted in locations where livestock 
are reared proximal to these water bodies. Alternatively, local on-farm production in ponds 
incorporating nutrient scavenging from field runoff, manure and greywater may offer a via-
ble possibility for ruminant feed production and thus reinforce circular economy practices 
at farm level and decrease the environmental footprint of ruminant-based food production 
systems (Halmemies-Beauchet-Filleau et  al. 2018). The strategies outlined above would 
serve as short- and medium-term approaches, and in the long term, selecting animals with 
inherent ability to produce less CH4 would be sustainable.

4.6 � Genetic selection of ruminants for low methane emissions

Although the magnitude of emissions of CH4 expected to be reduced by selecting for low 
CH4 ruminant animals is small about 7% (Davison et al. 2020), mitigation of enteric CH4 
emission by genetic selection has become an important area of research in many regions of 
the world, e.g. Richardson et al. (2021) in Australia. One area of research interest is select-
ing for feed efficiency using residual feed intake (Basarab et al. 2013; De Haas et al. 2011) 
which was observed to have heritability of about 0.26 to 0.58 (Hendriks et al. 2013). The 
use of genetic and phenotypic correlations of CH4 outputs with various production traits 
could also be of considerable use for identifying more efficient animals (Pinares-Patiño 
et al. 2013). Application of genomics opens the possibility to efficiently select for hard to 
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measure traits (Oddy et al. 2014). For instance, application of genomics to identify rumen 
microbiota related to CH4 and their association with cattle feed efficiency (Hernandez-
Sanabria et  al. 2012) would not only be fast but an efficient way of formulating feeding 
manipulation strategies to reduce CH4 emissions. The development of these proxies with 
high correlation with CH4 production would be beneficial for identifying animals with low 
CH4 emissions (Negussie et al. 2017). Once these genetic biomarkers for low CH4 emis-
sions have been identified in Western breeds, the same genetic biomarkers might, in the 
future, be able to be used to select low CH4 emitting cattle of African breeds.

5 � Conclusion

Based on the present review, use of alternative grazing species, e.g. leucaena, on-farm pas-
ture management, use of seaweed, tannins, FA, concentrates and the use of genomics are 
possible strategies for reducing rumen CH4 production in the SADC region. Use of cereal 
crop residues needs bioprocessing to improve nutritive value and digestibility, hence mak-
ing rumen metabolism more efficient. These will depend on the region’s strategy for SDGs 
and the Paris Accord as some of the proposed interventions will compete with humans 
for food such as the use of concentrate and edible oil. However, condensed tannins, lipids 
and essential oils from indigenous plants (forages, trees and shrubs) including seaweed 
could play a critical role in manipulating rumen fermentation to mitigate CH4 production 
in this region. When implementing these mitigation strategies, the region should not lose 
sight of global distorted CH4 accounting that focuses on isolated overemphasised metrics. 
Such overestimating of emissions and inflated effects of CH4 from ruminants may result 
in unnecessary costs further impoverishing resource limited communities in the SADC 
region.

Acknowledgements  We thank Dr Peter Moate (Agriculture Victoria Research, Australia) for his helpful 
comments and critiquing the manuscript. Authors also want to thank Mr. Zelin Li (The University of Mel-
bourne, Australia) for help with formatting this paper.

Funding  This manuscript forms part of MS’s BSc final year research dissertation and was funded by Bot-
swana University of Agriculture and Natural Resources.

Declarations 

Competing interests  The authors declare no competing interests.

References

Aboagye I, Beauchemin K (2019) Potential of molecular weight and structure of tannins to reduce methane 
emissions from ruminants: a review. Animals 9(11):856. https://​doi.​org/​10.​3390/​ani91​10856

Adejoro F, Hassen A, Akanmu A (2019) Effect of lipid-encapsulated acacia tannin extract on feed intake, 
nutrient digestibility and methane emission in sheep. Animals 9(11):863. https://​doi.​org/​10.​3390/​
ani91​10863

Akinfemi A, Adu O, Adebiyi O (2009) Use of white rot-fungi in upgrading maize straw and the resulting 
impact on chemical composition and in-vitro digestibility. Livest Res Rural Dev 21(10):162. https://​
doi.​org/​10.​5713/​ajas.​2003.​297

https://doi.org/10.3390/ani9110856
https://doi.org/10.3390/ani9110863
https://doi.org/10.3390/ani9110863
https://doi.org/10.5713/ajas.2003.297
https://doi.org/10.5713/ajas.2003.297


	 Mitig Adapt Strateg Glob Change           (2022) 27:47 

1 3

   47   Page 20 of 26

Allen MR, Shine KP, Fuglesvedt JS, Millar RJ, Cain M, Frame DJ, Macey AH (2018) A solution to the mis-
representations of CO2-equivalent emissions of short-lived climate pollutants under ambitious miti-
gation. Clim Atmos Sci 1:16. https://​doi.​org/​10.​1038/​s41612-​018-​0026-8

Archimède H, Eugène M, Magdeleine C, Boval M, Martin C, Morgavi D, Doreau M (2011) Comparison 
of methane production between C3 and C4 grasses and legumes Anim. Feed Sci Technol 166:59–64. 
https://​doi.​org/​10.​5713/​ajas.​2003.​297

Asanuma N, Iwamoto M, Hino T (1999) Effect of the addition of fumarate on methane production by rumi-
nal microorganisms in vitro. J Dairy Sci 82(4):780–787. https://​doi.​org/​10.​3168/​jds.​S0022-​0302(99)​
75296-3

Balcombe P, Speirs JF, Brandon NP, Hawkes AD (2018) Methane emissions: choosing the right climate 
metric and time horizon. Environ Sci Process Impacts 20:1323. https://​doi.​org/​10.​1039/​c8em0​0414e​
rsc.​li/​espi

Baleseng L B (2022) Morula kernel cake as a dietary component in complete diets for tswana sheep. (PhD 
Thesis), Botswana University of Agriculture and Natural Resources, Gaborone, Botswana

Barbehenn R, Constabel C (2011) Tannins in plant–herbivore interactions. Phytochemistry 72(13):1551–
1565. https://​doi.​org/​10.​1016/j.​phyto​chem.​2011.​01.​040

Basarab J, Beauchemin K, Baron V, Ominski K, Guan L, Miller S, Crowley J (2013) Reducing GHG emis-
sions through genetic improvement for feed efficiency: effects on economically important traits and 
enteric methane production. Animal 7(s2):303–315. https://​doi.​org/​10.​1017/​S1751​73111​30008​88

Beauchemin K, Kreuzer M, O’mara F, and McAllister T, (2008) Nutritional management for enteric meth-
ane abatement: a review. Aust J Exp Agric 48(2):21–27. https://​doi.​org/​10.​1071/​EA071​99

Beauchemin K, McGinn S, Benchaar C, Holtshausen L (2009) Crushed sunflower, flax, or canola seeds in 
lactating dairy cow diets: effects on methane production, rumen fermentation, and milk production. J 
Dairy Sci 92(5):2118–2127. https://​doi.​org/​10.​3168/​jds.​2008-​1903

Beauchemin K, Ungerfeld E, Eckard R, Wang M (2020) Fifty years of research on rumen methanogenesis: 
lessons learned and future challenges for mitigation. Animal 14(S1):s2–s16. https://​doi.​org/​10.​1017/​
S1751​73111​90031​00

Beechem K (2010) The efficacy of diet manipulation for mitigating enteric methane production in rumi-
nants. (Bachelor), Goucher College, Baltimore. Retrieved from https://​blogs.​gouch​er.​edu/​verge/​files/​
2016/​01/​Katie.​pdf

Benchaar C, Greathead H (2011) Essential oils and opportunities to mitigate enteric methane emissions 
from ruminants. Anim Feed Sci Technol 166:338–355. https://​doi.​org/​10.​1016/j.​anife​edsci.​2011.​04.​
024

Bhatta R, Enishi O (2007) Measurement of methane production from ruminants Asian-Australas. J Anim 
Sci 20(8):1305–1318. https://​doi.​org/​10.​5713/​ajas.​2007.​1305

Blignaut J, Meissner H, Smith H, du Toit L (2022) An integrative bio-physical approach to determine the 
greenhouse gas emissions and carbon sinks of a cow and her offspring in a beef cattle operation: a 
system dynamics approach. Agric Syst 195:103286. https://​doi.​org/​10.​1016/j.​agsy.​2021.​103286

Boadi D, Wittenberg K (2002) Methane production from dairy and beef heifers fed forages differing in nutri-
ent density using the sulphur hexafluoride (SF6) tracer gas technique. Can J Anim Sci 82(2):201–206. 
https://​doi.​org/​10.​4141/​A01-​017

Bodas R, Prieto N, García-González R, Andrés S, Giráldez F, López S (2012) Manipulation of rumen fer-
mentation and methane production with plant secondary metabolites. Anim Feed Sci Technol 176(1–
4):78–93. https://​doi.​org/​10.​1016/j.​anife​edsci.​2012.​07.​010

Brown D, Ng’ambi J W, Norris D (2018) Effect of tanniniferous Acacia karroo leaf meal inclusion level on 
feed intake, digestibility and live weight gain of goats fed a Setaria verticillata grass hay-based diet. J 
Appl Anim Res 46(1):248-253https://​doi.​org/​10.​1080/​09712​119.​2017.​12899​39

Buddle B, Denis M, Attwood G, Altermann E, Janssen P, Ronimus R, Wedlock D (2011) Strategies to 
reduce methane emissions from farmed ruminants grazing on pasture. Vet J 188 (1):11–17. https://​
doi.​org/​10.​1016/j.​tvjl.​2010.​02.​019

Carulla J, Kreuzer M, Machmüller A, Hess H (2005) Supplementation of Acacia mearnsii tannins decreases 
methanogenesis and urinary nitrogen in forage-fed sheep. Aust J Agric Res 56(9):961–970. https://​
doi.​org/​10.​1071/​AR050​22

Castillejos L, Calsamiglia S, Ferret A, Losa R (2007) Effects of dose and adaptation time of a specific 
blend of essential oil compounds on rumen fermentation. Anim Feed Sci Technol 132(3–4):186–201. 
https://​doi.​org/​10.​1016/j.​anife​edsci.​2006.​03.​023

Castillo-González A, Burrola-Barraza M, Domínguez-Viveros J, Chávez-Martínez A (2014) Rumen micro-
organisms and fermentation. Arch Med Vet 46(3):349–361. https://​doi.​org/​10.​4067/​S0301-​732X2​
01400​03000​03

https://doi.org/10.1038/s41612-018-0026-8
https://doi.org/10.5713/ajas.2003.297
https://doi.org/10.3168/jds.S0022-0302(99)75296-3
https://doi.org/10.3168/jds.S0022-0302(99)75296-3
https://doi.org/10.1039/c8em00414ersc.li/espi
https://doi.org/10.1039/c8em00414ersc.li/espi
https://doi.org/10.1016/j.phytochem.2011.01.040
https://doi.org/10.1017/S1751731113000888
https://doi.org/10.1071/EA07199
https://doi.org/10.3168/jds.2008-1903
https://doi.org/10.1017/S1751731119003100
https://doi.org/10.1017/S1751731119003100
https://blogs.goucher.edu/verge/files/2016/01/Katie.pdf
https://blogs.goucher.edu/verge/files/2016/01/Katie.pdf
https://doi.org/10.1016/j.anifeedsci.2011.04.024
https://doi.org/10.1016/j.anifeedsci.2011.04.024
https://doi.org/10.5713/ajas.2007.1305
https://doi.org/10.1016/j.agsy.2021.103286
https://doi.org/10.4141/A01-017
https://doi.org/10.1016/j.anifeedsci.2012.07.010
https://doi.org/10.1080/09712119.2017.1289939
https://doi.org/10.1016/j.tvjl.2010.02.019
https://doi.org/10.1016/j.tvjl.2010.02.019
https://doi.org/10.1071/AR05022
https://doi.org/10.1071/AR05022
https://doi.org/10.1016/j.anifeedsci.2006.03.023
https://doi.org/10.4067/S0301-732X2014000300003
https://doi.org/10.4067/S0301-732X2014000300003


Mitig Adapt Strateg Glob Change           (2022) 27:47 	

1 3

Page 21 of 26     47 

Castro-Montoya J, Peiren N, Cone J, Zweifel B, Fievez V, De Campeneere S (2015) In vivo and in vitro 
effects of a blend of essential oils on rumen methane mitigation. Livest Sci 180:134–142. https://​doi.​
org/​10.​1016/j.​livsci.​2015.​08.​010

Chakrabarti R, Clark W, Sharma J, Goswami R, Shrivastav A, and Tocher D (2018) Mass production of 
Lemna minor and its amino acid and fatty acid profiles. Front Chem 6:479. https://​doi.​org/​10.​3389/​
fchem.​2018.​004791

Chanda W (2000) Technology design and manufacture—the technology transfer programme in Botswana. 
Paper presented at the SEPAC workshop papers on Appropriate Technology for Small and medium 
Enterprises in SADC Countries. Kanye: Digitale Bibliothek

Cherney J, Cherney D, Akin D, Axtell J (1991) Potential of brown-midrib, low-lignin mutants for improving 
forage quality. Adv Agron 46:157–198. https://​doi.​org/​10.​1016/​S0065-​2113(08)​60580-5

Chiba L (2009) Animal nutrition handbook. In Rumen microbiology and fermentation. Retrieved from 
https://​umkca​rnivo​res3.​files.​wordp​ress.​com/​2012/​02/​animal-​nutri​tion2.​pdf

Cieslak A, Szumacher-Strabel M, Stochmal A, Oleszek W (2013) Plant components with specific activities 
against rumen methanogens. Animal 7(s2):253–265. https://​doi.​org/​10.​1017/​S1751​73111​30008​52

Clark H, Kelliher F, Pinares-Patino C (2010) Reducing CH4 emissions from grazing ruminants in New 
Zealand: challenges and opportunities Asian-Australas. J Anim Sci 24(2):295–302. https://​doi.​org/​10.​
5713/​ajas.​2011.r.​04

Cobellis G, Trabalza-Marinucci M, Marcotullio M, Yu Z (2016) Evaluation of different essential oils in 
modulating methane and ammonia production, rumen fermentation, and rumen bacteria in  vitro 
Anim. Feed Sci Technol 215:25–36. https://​doi.​org/​10.​1016/j.​anife​edsci.​2016.​02.​008

Cowan M (1999) Plant products as antimicrobial agents. Clin. Microbiol. Rev. 12(4), 564–582. https://
doi.https://​doi.​org/​10.​1128/​CMR.​12.4.​564

Davison T, Black J, Moss J (2020) Red meat—an essential partner to reduce global greenhouse gas emis-
sions. Anim Front 10(4):14–21. https://​doi.​org/​10.​1093/​af/​vfaa0​35

De Haas Y, Windig J, Calus M, Dijkstra J, De Haan M, Bannink A, Veerkamp R (2011) Genetic parameters 
for predicted methane production and potential for reducing enteric emissions through genomic selec-
tion. J Dairy Sci 94(12):6122–6134. https://​doi.​org/​10.​3168/​jds.​2011-​4439

Drehmel O (2017) Effect of fat and fiber on methane production and energy utilization in lactating dairy 
cows. University of Nebraska—Lincoln, Lincoln. Retrieved from https://​digit​alcom​mons.​unl.​edu/​
anima​lscid​iss/​145/

du Toit CJL, van Niekerk WA, Meissner HH (2013a) Direct methane and nitrous oxide emissions of South 
African dairy and beef cattle. S Afr J Anim Sci 43:320–339

du Toit CJL, van Niekerk WA, Meissner HH (2013b) Direct greenhouse gas emissions of the South African 
small stock sectors. S Afr J Anim Sci 43:341–361

Ebeid H, Mengwei L, Kholif A, Hassan F, Lijuan P, Xin L, and Chengjian Y (2020) Moringa oleifera oil 
modulates rumen microflora to mediate in  vitro fermentation kinetics and methanogenesis in total 
mix rations. Curr Microbiol 1-12.https://​doi.​org/​10.​1007/​s00284-​020-​01935-2

Eckard R, Grainger C, and De Klein C (2010) Options for the abatement of methane and nitrous oxide from 
ruminant production: a review. Livest Sci 130:47–56. https://​doi.​org/​10.​1016/j.​livsci.​2010.​02.​010

Elghandour M, Vallejo L, Salem A, Mellado M, Camacho L, Cipriano M, . . . Rojas S (2017) Moringa 
oleifera leaf meal as an environmental friendly protein source for ruminants: biomethane and carbon 
dioxide production, and fermentation characteristics. J Clean Prod 165:1229–1238. https://​doi.​org/​10.​
1016/j.​livsci.​2010.​02.​010

Eugène M, Massé D, Chiquette J, Benchaar C (2008) Meta-analysis on the effects of lipid supplementation 
on methane production in lactating dairy cows. Can J Anim Sci 88(2):331–337. https://​doi.​org/​10.​
4141/​CJAS0​7112

Fellner V (2009) Reactions in the rumen—limits and potential for improved animal production efficiency. 
Paper presented at the Proceedings of The Southwest Nutrition and Management Conference., Tuczon

Food and Agriculture Organisation (2021) Support towards operationalization of the SADC Regional Agri-
cultural Policy (STOSAR). Retrieved from http://​www.​fao.​org/​in-​action/​stosar/​proje​ct-​activ​ities/​ani-
mal-​health/​en/

Freitas D, Terry S, Ribeiro R, Pereira L, Tomich T, Machado F, . . . Maurício R (2018) Unconventional veg-
etable oils for a reduction of methanogenesis and modulation of ruminal fermentation. Front Vet Sci 
5:201.https://​doi.​org/​10.​3389/​fvets.​2018.​00201

Gaborone Declaration (2017) Gaborone declaration for sustainability in Africa. Retrieved from http://​www.​
gabor​onede​clara​tion.​com/​gdsa-​docum​ents/​maun-​minis​ters-​state​ment-​2017 Accessed 14 March 2022

Goel G, and Makkar H (2012) Methane mitigation from ruminants using tannins and saponins. Trop Anim 
Health Prod 44(4):729–739. https://​doi.​org/​10.​1007/​s11250-​011-​9966-2

https://doi.org/10.1016/j.livsci.2015.08.010
https://doi.org/10.1016/j.livsci.2015.08.010
https://doi.org/10.3389/fchem.2018.004791
https://doi.org/10.3389/fchem.2018.004791
https://doi.org/10.1016/S0065-2113(08)60580-5
https://umkcarnivores3.files.wordpress.com/2012/02/animal-nutrition2.pdf
https://doi.org/10.1017/S1751731113000852
https://doi.org/10.5713/ajas.2011.r.04
https://doi.org/10.5713/ajas.2011.r.04
https://doi.org/10.1016/j.anifeedsci.2016.02.008
https://doi.org/10.1128/CMR.12.4.564
https://doi.org/10.1093/af/vfaa035
https://doi.org/10.3168/jds.2011-4439
https://digitalcommons.unl.edu/animalscidiss/145/
https://digitalcommons.unl.edu/animalscidiss/145/
https://doi.org/10.1007/s00284-020-01935-2
https://doi.org/10.1016/j.livsci.2010.02.010
https://doi.org/10.1016/j.livsci.2010.02.010
https://doi.org/10.1016/j.livsci.2010.02.010
https://doi.org/10.4141/CJAS07112
https://doi.org/10.4141/CJAS07112
http://www.fao.org/in-action/stosar/project-activities/animal-health/en/
http://www.fao.org/in-action/stosar/project-activities/animal-health/en/
https://doi.org/10.3389/fvets.2018.00201
http://www.gaboronedeclaration.com/gdsa-documents/maun-ministers-statement-2017
http://www.gaboronedeclaration.com/gdsa-documents/maun-ministers-statement-2017
https://doi.org/10.1007/s11250-011-9966-2


	 Mitig Adapt Strateg Glob Change           (2022) 27:47 

1 3

   47   Page 22 of 26

Goopy J, and Murray P (2003) A review on the role of duckweed in nutrient reclamation and as a source of 
animal feed. Asian-Australas J Anim Sci 16(2):297–305. https://​doi.​org/​10.​5713/​ajas.​2003.​297

Grainger C, Williams R, Eckard R, and Hannah M (2010) A high dose of monensin does not reduce meth-
ane emissions of dairy cows offered pasture supplemented with grain. J Dairy Sci 93(11):5300–5308. 
https://​doi.​org/​10.​3168/​jds.​2010-​3154

Greathead H (2003) Plants and plant extracts for improving animal productivity. Paper presented at the Pro-
ceedings of the Nutrition Society.

Greening C, Geier R, Wang C, Woods L, Morales S, McDonald M, . . . Leahy S (2019) Diverse hydrogen 
production and consumption pathways influence methane production in ruminants. ISME J 13(10), 
2617-2632.https://​doi.​org/​10.​1038/​s41396-​019-​0464-2

Guan H, Wittenberg K, Ominski K, Krause D (2006) Efficacy of ionophores in cattle diets for mitigation of 
enteric methane. J Anim Sci 84(7):1896–1906. https://​doi.​org/​10.​2527/​jas.​2005-​652

Halmemies-Beauchet-Filleau A, Rinne M, Lamminen M, Mapato C, Ampapon T, Wanapat M, and Van-
hatalo A (2018) Alternative and novel feeds for ruminants: nutritive value, product quality and envi-
ronmental aspects. Animal 12(s2):s295-s309. https://​doi.​org/​10.​1017/​S1751​73111​80022​52

Hariadi B, and Santoso B (2010) Evaluation of tropical plants containing tannin on in vitro methanogenesis 
and fermentation parameters using rumen fluid. J Sci Food Agric 90(3):456–461. https://​doi.​org/​10.​
1002/​jsfa.​3839

Hegarty R, Gerdes R (1999) Hydrogen production and transfer in the rumen. Recent Advances in Animal 
Nutrition in Australia 12:37–44

Hendriks J, Scholtz MM, Neser FWC (2013) Possible reasons for differences in residual feed intake: an 
overview. S Afr J Anim Sci 43:S103–S105

Hernandez-Sanabria E, Goonewardene L, Wang Z, Durunna O, Moore S, and Guan L (2012) Impact of feed 
efficiency and diet on adaptive variations in the bacterial community in the rumen fluid of cattle. Appl 
Environ Microbiol 78(4):1203–1214. https://​doi.​org/​10.​1128/​AEM.​05114-​11

Herrero M, Havlík P, Valin H, Notenbaert A, Rufino M, Thornton P, . . . Obersteiner M (2013) Biomass use, 
production, feed efficiencies, and greenhouse gas emissions from global livestock systems. Paper pre-
sented at the Proceedings of the National Academy of Sciences.

Hook S, Northwood K, Wright A, McBride B (2009) Long-term monensin supplementation does not signif-
icantly affect the quantity or diversity of methanogens in the rumen of the lactating dairy cow. Appl 
Environ Microbiol 75(2):374–380. https://​doi.​org/​10.​1128/​AEM.​01672-​08

Huque K, Chowdhury S, Kibria S (1996) Study on the potentiality of duckweeds as a feed for cattle. Asian-
Australas J Anim Sci 9(2):133–137. https://​doi.​org/​10.​5713/​ajas.​1996.​133

Jarvis G, Strömpl C, Burgess D, Skillman L, Moore E, Joblin K (2000) Isolation and identification of rumi-
nal methanogens from grazing cattle. Curr Microbiol 40(5):327–332. https://​doi.​org/​10.​1007/​s0028​
49910​065

Johnson K, Johnson D (1995) Methane emissions from cattle. J Anim Sci 73(8):2483–2492. https://​doi.​org/​
10.​2527/​1995.​73824​83x

Khota W, Pholsen S, Higgs D, and Cai Y (2018) Comparative analysis of silage fermentation and in vitro 
digestibility of tropical grass prepared with Acremonium and Tricoderma species producing cellu-
lases. Asian-Australas J Anim Sci 31(12):1913. https://​doi.​org/​10.​5713/​ajas.​18.​0083

Kobayashi Y (2010) Abatement of methane production from ruminants: trends in the manipulation of rumen 
fermentation Asian-Australas. J Anim Sci 23(3):410–416. https://​doi.​org/​10.​5713/​ajas.​2010.r.​01

Krumholz L, Forsberg C, Veira D (1983) Association of methanogenic bacteria with rumen protozoa. Can J 
Anim Sci 29(6):676–680. https://​doi.​org/​10.​1139/​m83-​110

Kumar S, Puniya A, Puniya M, Dagar S, Sirohi S, Singh K, Griffith G (2009) Factors affecting rumen meth-
anogens and methane mitigation strategies. World J Microbiol Biotechnol 25(9):1557–1566. https://​
doi.​org/​10.​1007/​s11274-​009-​0041-3

Kurihara M, Magner T, Hunter R, McCrabb G (1999) Methane production and energy partition of cattle in 
the tropics. Br J Nutr 81(3):227–234. https://​doi.​org/​10.​1017/​S0007​11459​90004​22

Kurugundla C, Mathangwane B, Sakuringwa S, and Katorah G (2016) Alien invasive aquatic plant species 
in Botswana: historical perspective and management. The Open Plant Science Journal 9(1)

Lee M, Davis A, Chagunda M, Manning P (2017) Forage quality declines with rising temperatures, with 
implications for livestock production and methane emissions. Biogeosciences 14(6):1403–1417. 
https://​doi.​org/​10.​5194/​bg-​14-​1403-​2017

Lee M A (2017) Can we stop burping cows heating up our planet? Retrieved from https://​www.​kew.​org/​
read-​and-​watch/​burpi​ng-​cows-​heat-​up-​planet. Accessed 28 December 2020

Leroy F, Abraini F, Beal Ty, Dominguez-Salas P, Gregorini P, Manzano P, Rowntree J, van Vliet S 
(2022) Animal board invited review: animal source foods in healthy, sustainable, and ethical 

https://doi.org/10.5713/ajas.2003.297
https://doi.org/10.3168/jds.2010-3154
https://doi.org/10.1038/s41396-019-0464-2
https://doi.org/10.2527/jas.2005-652
https://doi.org/10.1017/S1751731118002252
https://doi.org/10.1002/jsfa.3839
https://doi.org/10.1002/jsfa.3839
https://doi.org/10.1128/AEM.05114-11
https://doi.org/10.1128/AEM.01672-08
https://doi.org/10.5713/ajas.1996.133
https://doi.org/10.1007/s002849910065
https://doi.org/10.1007/s002849910065
https://doi.org/10.2527/1995.7382483x
https://doi.org/10.2527/1995.7382483x
https://doi.org/10.5713/ajas.18.0083
https://doi.org/10.5713/ajas.2010.r.01
https://doi.org/10.1139/m83-110
https://doi.org/10.1007/s11274-009-0041-3
https://doi.org/10.1007/s11274-009-0041-3
https://doi.org/10.1017/S0007114599000422
https://doi.org/10.5194/bg-14-1403-2017
https://www.kew.org/read-and-watch/burping-cows-heat-up-planet
https://www.kew.org/read-and-watch/burping-cows-heat-up-planet


Mitig Adapt Strateg Glob Change           (2022) 27:47 	

1 3

Page 23 of 26     47 

diets—an argument against drastic limitation of livestock in the food system. Anim 16:100457. 
https://​doi.​org/​10.​1016/j.​animal.​2022.​100457

Leterme P, Londono A, Munoz J, Súarez J, Bedoya C, Souffrant W, and Buldgen A (2009) Nutritional 
value of aquatic ferns (Azolla filiculoides Lam. and Salvinia molesta Mitchell) in pigs. Anim Feed 
Sci Technol 149(1–2):135–148. https://​doi.​org/​10.​1016/j.​anife​edsci.​2008.​04.​013

Lichtenwalner RE, Rooney LW, Glueck JA, Reye L (1979) Nutritive value of weathered sorghum grains 
for ruminants. J Anim Sci 49:183–191. https://​doi.​org/​10.​2527/​jas19​79.​49118​3x

Lillehoj H, Liu Y, Calsamiglia S, Fernandez-Miyakawa M, Chi F, Cravens R, Gay C (2018) Phytochemi-
cals as antibiotic alternatives to promote growth and enhance host health. Vet Res 49(1):1–18. 
https://​doi.​org/​10.​1186/​s13567-​018-​0562-6

Lynch J, Cain M, Pierrehumbert R, Allen M (2020) Demonstrating GWP: a means of reporting warm-
ing-equivalent emissions that captures the contrasting impacts of short- and longlived climate pol-
lutants. Environ Res Lett 15:044023

Machado L, Magnusson M, Paul N, de Nys R, and Tomkins N (2014) Effects of marine and freshwater 
macroalgae on in vitro total gas and methane production. PLos One 9(1):e85289. https://​doi.​org/​
10.​1371/​journ​al.​pone.​00852

Machmüller A, Ossowski D, Kreuzer M (2000) Comparative evaluation of the effects of coconut oil, 
oilseeds and crystalline fat on methane release, digestion and energy balance in lambs. Anim Feed 
Sci Technol 85(1–2):41–60. https://​doi.​org/​10.​1016/​S0377-​8401(00)​00126-7

Madibela O, Kemiso D, and Kwedibana J (2018) Quality of wild herbaceous legumes and its role in live-
stock nutrition. Biodivers Ecol 6:202–206. https://​doi.​org/​10.​2307/​40980​326

Madibela O, Lekgari L (2005) The possibilities for enhancing the commercial value of sorghum in Bot-
swana. J Food Technol 3:331–335. https://​doi.​org/​10.​7809/b-​e00325

Maia M, Fonseca A, Oliveira H, Mendonça C, and Cabrita A (2016) The potential role of seaweeds 
in the natural manipulation of rumen fermentation and methane production. Sci Rep 6(1):1–10. 
https://​doi.​org/​10.​1038/​srep3​2321

Makkar H (2003) Tannin assays, effects and fate of tannins, and strategies to overcome detrimental 
effects of feeding tannin-rich tree and shrub foliage. Small Rumin Res 49:241–256. https://​doi.​org/​
10.​1016/​S0921-​4488(03)​00142-1

Masipa T (2017) The impact of climate change on food security in South Africa: current realities and 
challenges ahead. DOAJ 9(1):1–7. https://​doi.​org/​10.​4102/​jamba.​v9i1.​411

Mata-Padrino D, Belesky D, Crawford C, Walsh B, MacAdam J, Bowdridge S (2019) Effects of grazing 
birdsfoot trefoil–enriched pasture on managing Haemonchus contortus infection in Suffolk cross-
bred lambs. J Anim Sci 97(1):172–183. https://​doi.​org/​10.​1093/​jas/​sky405

Matshaba G (2014) Chemical composition and quality of maize and millet silages treated with chibuku, 
molasses and sun-dried melon (Citrullus vulgaris). University Botswana Gaborone.

Matshogo T, Mlambo V, Mnisi C, Manyeula F (2021) Effect of pre-treating dietary green seaweed with 
fibrolytic enzymes on growth performance, blood indices, and meat quality parameters of Cobb 
500 broiler chickens. Livest Sci 104652. https://​doi.​org/​10.​1016/j.​livsci.​2021.​104652

Maúre G, Pinto I, Ndebele-Murisa M, Muthige M, Lennard C, Nikulin G, Meque A (2018) The southern 
African climate under 1.5 C and 2 C of global warming as simulated by CORDEX regional cli-
mate models. Environ Res Lett 13(6):065002. https://​doi.​org/​10.​1088/​1748-​9326/​aab190

Mavasa NO, Ng’ambi J W, Chitura T, (2022) Partial replacement of maize meal with high-tannin sor-
ghum meal affects finishing and methane emissions of Pedi goats. S Afr J Anim Sci 52:8–16. 
https://​doi.​org/​10.​4314/​sajas.​v52i1.2

McAllister T, Okine E, Mathison G, Cheng K (1996) Dietary, environmental and microbiological 
aspects of methane production in ruminants. Can J Anim Sci 76:231–243. https://​doi.​org/​10.​4141/​
cjas96-​035

McCaughey W, Wittenberg K, Corrigan D (1999) Impact of pasture type on methane production by lac-
tating beef cows. Can J Anim Sci 79(2):221–226. https://​doi.​org/​10.​4141/​A98-​107

McDonald P, Edwards R, Greenhalgh J, Morgan C, Sinclair L, Wilkinson R (2011) Animal Nutrition, 
7th edn. Pearson Education Limited, Harlow, UK

McGinn S, Beauchemin K, Coates T, Colombatto D (2004) Methane emissions from beef cattle: effects 
of monensin, sunflower oil, enzymes, yeast, and fumaric acid. J Anim Sci 82(11):3346–3356. 
https://​doi.​org/​10.​2527/​2004.​82113​346x

Min B, Barry T, Attwood G, McNabb W (2003) The effect of condensed tannins on the nutrition and 
health of ruminants fed fresh temperate forages: a review. Anim Feed Sci Technol 106(1–4):3–19. 
https://​doi.​org/​10.​1016/​S0377-​8401(03)​00041-5

Mitsumori M, Sun W (2008) Control of rumen microbial fermentation for mitigating methane emissions 
from the rumen. Asian-Australas J Anim Sci 21(1):144–154. https://​doi.​org/​10.​5713/​ajas.​2008.​r01

https://doi.org/10.1016/j.animal.2022.100457
https://doi.org/10.1016/j.anifeedsci.2008.04.013
https://doi.org/10.2527/jas1979.491183x
https://doi.org/10.1186/s13567-018-0562-6
https://doi.org/10.1371/journal.pone.00852
https://doi.org/10.1371/journal.pone.00852
https://doi.org/10.1016/S0377-8401(00)00126-7
https://doi.org/10.2307/40980326
https://doi.org/10.7809/b-e00325
https://doi.org/10.1038/srep32321
https://doi.org/10.1016/S0921-4488(03)00142-1
https://doi.org/10.1016/S0921-4488(03)00142-1
https://doi.org/10.4102/jamba.v9i1.411
https://doi.org/10.1093/jas/sky405
https://doi.org/10.1016/j.livsci.2021.104652
https://doi.org/10.1088/1748-9326/aab190
https://doi.org/10.4314/sajas.v52i1.2
https://doi.org/10.4141/cjas96-035
https://doi.org/10.4141/cjas96-035
https://doi.org/10.4141/A98-107
https://doi.org/10.2527/2004.82113346x
https://doi.org/10.1016/S0377-8401(03)00041-5
https://doi.org/10.5713/ajas.2008.r01


	 Mitig Adapt Strateg Glob Change           (2022) 27:47 

1 3

   47   Page 24 of 26

Mlambo V, Mapiye C (2015) Towards household food and nutrition security in semi-arid areas: what 
role for condensed tannin-rich ruminant feedstuffs? Food Res. Int 76:953–961. https://​doi.​org/​10.​
1177/​00307​27019​840758

Mlambo V, Mnisi C (2019) Optimizing ruminant production systems for sustainable intensification, 
human health, food security and environmental stewardship. Outlook on Agriculture 48(2):85–93. 
https://​doi.​org/​10.​1016/j.​foodr​es.​2015.​04.​011

Moate P, Williams S, Deighton M, Hannah M, Ribaux B, Morris G, . . . Wales W (2018) Effects of feed-
ing wheat or corn and of rumen fistulation on milk production and methane emissions of dairy 
cows. Anim Prod Sci 59(5):891-905.https://​doi.​org/​10.​1071/​AN174​33

Morais T, Inácio A, Coutinho T, Ministro M, Cotas J, Pereira L, and Bahcevandziev K (2020) Seaweed 
potential in the animal feed: A review. J Mar Sci Eng 8(8):559. https://​doi.​org/​10.​3390/​jmse8​
080559

Morgavi D, Forano E, Martin C, Newbold C (2010) Microbial ecosystem and methanogenesis in rumi-
nants. Animal 6:871. https://​doi.​org/​10.​1017/​S1751​73111​00005​46

Moses C, Gotshajwang O, Madibela O, and Moshakga M (2018, 9th – 11th April 2018) Effect of 
Macroptilium atropurpureum (siratro) inclusion in Cenchrus ciliaris (buffel grass) pasture on herb-
age chemical composition and in vitro digestion and fermentation characteristics. Paper presented 
at the Proceedings of the British Society of Animal Sciences, Dublin, Ireland.

Moss A, Jouany J, and Newbold J (2000) Methane production by ruminants: its contribution to global 
warming. Paper presented at the Annales de Zootechnie.

Mwale M, and Gwaze F (2013) Characteristics of duckweed and its potential as feed source for chickens 
reared for meat production: a review. SRE 8(18):689–697. https://​doi.​org/​10.​5897/​SREX12.​003

Negussie E, de Haas Y, Dehareng F, Dewhurst R, Dijkstra J, Gengler N, . . . Yan T (2017) Invited review: 
Large-scale indirect measurements for enteric methane emissions in dairy cattle: a review of prox-
ies and their potential for use in management and breeding decisions. J Dairy Sci 100(4):2433–
2453. https://​doi.​org/​10.​3168/​jds.​2016-​12030

Newbold C, De La Fuente G, Belanche A, Ramos-Morales E, McEwan N (2015) The role of ciliate pro-
tozoa in the rumen. Front Microbiol 6:1313. https://​doi.​org/​10.​3389/​fmicb.​2015.​01313

Nkosi B, Langa T, Thomas R, Meeske R (2011) Effects of bacterial silage inoculants on whole-crop 
maize silage fermentation and silage digestibility in rams. S Afr J Anim Sci 41(4):350–359. 
https://​doi.​org/​10.​4314/​sajas.​v41i4.5

Ntokome K, Madibela O, Khonga E, and Balole V (2018, 9th – 11th April 2018) Bio-conversion of 
cereal stover by oyster mushroom (Pleurotus spp) affects nutritive value and rumen fermentative 
dynamics of complete diets. Paper presented at the Proceedings of the British Society of Animal 
Sciences, Dublin, Ireland

Oddy V, de Haas Y, Basarab J, Cammack K, Hayes B, Hegarty R, . . . Pinares-Patino C (2014) Breeding 
ruminants that emit less methane—the role of international collaboration. Paper presented at the 
Proceedings 10th World Congress of Genetics Applied to Livestock Production, Vancouver.

Odongo N, Bagg R, Vessie G, Dick P, Or-Rashid M, Hook S, . . . McBride B (2007) Long-term effects 
of feeding monensin on methane production in lactating dairy cows. J Dairy Sci 90(4):1781-
1788.https://​doi.​org/​10.​3168/​jds.​2006-​708

Ørskov E (1998) Feed evaluation with emphasis on fibrous roughages and fluctuating supply of nutri-
ents: a review. Small Rumin Res 28(1):1–8. https://​doi.​org/​10.​1016/​S0921-​4488(97)​00042-4

Otte M, and Chilonda P (2002) Cattle and small ruminant production systems in sub-Saharan Africa. A 
systematic review. Retrieved from Rome:

PennState Extension (2016) Mold and mycotoxin problems in livestock feeding. Retrieved from https://​
exten​sion.​psu.​edu/​mold-​and-​mycot​oxin-​probl​ems-​in-​lives​tock-​feedi​ng Accessed 14 March 2022

Phale O, Madibela O (2006) Concentration of soluble condensed tannins and neutral detergent fibre-
bound tannins in fodder trees and forage crops in Botswana. J Biol Sci 6(2):320–323. https://​doi.​
org/​10.​3923/​jbs.​2006.​320.​323

Pinares-Patiño C, Hickey S, Young E, Dodds K, MacLean S, Molano G, Hunt C (2013) Heritability esti-
mates of methane emissions from sheep. Animal 7:316–321. https://​doi.​org/​10.​1017/​S1751​73111​
30008​64

Piñeiro-Vázquez A, Canul-Solis J, Jiménez-Ferrer G, Alayón-Gamboa J, Chay-Canul A, Ayala-Burgos 
A, . . . Ku-Vera J (2018) Effect of condensed tannins from Leucaena leucocephala on rumen fer-
mentation, methane production and population of rumen protozoa in heifers fed low-quality forage 
Asian-Australas. J Anim Sci 31(11):1738. https://​doi.​org/​10.​5713/​ajas.​17.​0192

Ramathudi L (2016) Evaluation of in vitro gas production of maize stover coated with plant seed oils. 
(BSc dissertation), University Botswana, Gaborone

https://doi.org/10.1177/0030727019840758
https://doi.org/10.1177/0030727019840758
https://doi.org/10.1016/j.foodres.2015.04.011
https://doi.org/10.1071/AN17433
https://doi.org/10.3390/jmse8080559
https://doi.org/10.3390/jmse8080559
https://doi.org/10.1017/S1751731110000546
https://doi.org/10.5897/SREX12.003
https://doi.org/10.3168/jds.2016-12030
https://doi.org/10.3389/fmicb.2015.01313
https://doi.org/10.4314/sajas.v41i4.5
https://doi.org/10.3168/jds.2006-708
https://doi.org/10.1016/S0921-4488(97)00042-4
https://extension.psu.edu/mold-and-mycotoxin-problems-in-livestock-feeding
https://extension.psu.edu/mold-and-mycotoxin-problems-in-livestock-feeding
https://doi.org/10.3923/jbs.2006.320.323
https://doi.org/10.3923/jbs.2006.320.323
https://doi.org/10.1017/S1751731113000864
https://doi.org/10.1017/S1751731113000864
https://doi.org/10.5713/ajas.17.0192


Mitig Adapt Strateg Glob Change           (2022) 27:47 	

1 3

Page 25 of 26     47 

Rasmussen J, and Harrison A (2011) The benefits of supplementary fat in feed rations for ruminants with 
particular focus on reducing levels of methane production. Int Sch Res. Notices 2011. https://​doi.​org/​
10.​5402/​2011/​613172

Richardson C, Nguyen T, Abdelsayed M, Moate P, Williams S, Chud T, . . . Cocks B (2021) Genetic param-
eters for methane emission traits in Australian dairy cows. J Dairy Sci 104(1):539-549.https://​doi.​org/​
10.​3168/​jds.​2020-​18565

Rira M, Morgavi D, Archimède H, Marie-Magdeleine C, Popova M, Bousseboua H, and Doreau M (2015) 
Potential of tannin-rich plants for modulating ruminal microbes and ruminal fermentation in sheep. J 
Anim Sci 93(1):334–347. https://​doi.​org/​10.​2527/​jas.​2014-​7961

Rira M, Morgavi D, Genestoux L, Djibiri S, Sekhri I, and Doreau M (2019) Methanogenic potential of 
tropical feeds rich in hydrolyzable tannins. J Anim Sci 97(7):2700–2710. https://​doi.​org/​10.​1093/​jas/​
skz199

Rogers M, Jouany J, Thivend P, Fontenot J (1997) The effects of short-term and long-term monensin sup-
plementation, and its subsequent withdrawal on digestion in sheep. Anim Feed Sci Technol 65(1–
4):113–127. https://​doi.​org/​10.​1016/​S0377-​8401(96)​01089-9

Roque B, Salwen J, Kinley R, Kebreab E (2019) Inclusion of Asparagopsis armata in lactating dairy cows’ 
diet reduces enteric methane emission by over 50 percent. J Clean Prod 234:132–138. https://​doi.​org/​
10.​1016/j.​jclep​ro.​2019.​06.​193

Roque B, Venegas M, Kinley R, de Nys R, Duarte T, Yang X, Kebreab E (2021) Red seaweed (Asparagop-
sis taxiformis) supplementation reduces enteric methane by over 80 percent in beef steers. PLoS ONE 
16(3):e0247820. https://​doi.​org/​10.​1371/​journ​al.​pone.​02478​20

Rosenlof K (2018) Changes in water vapor and aerosols and their relation to stratospheric ozone. C r Geosci 
350(7):376–383. https://​doi.​org/​10.​1016/j.​crte.​2018.​06.​014

Rugoho I, Gourley C, Hannah M (2016) Nutritive characteristics, mineral concentrations and dietary cat-
ion–anion difference of feeds used within grazing-based dairy farms in Australia. Anim Prod Sci 
57(5):858–876. https://​doi.​org/​10.​1071/​AN157​61

Rugoho I, Gibbs J, Edwards G (2019) Rumen function and foraging behaviour of non-lactating, pregnant 
dairy cows wintered on kale or grass. New Zealand J Agric Res 62(1):96–111. https://​doi.​org/​10.​
1080/​00288​233.​2018.​14611​16

Sahoo K, Tamhankar A, Johansson E, and Lundborg C (2010) Antibiotic use, resistance development and 
environmental factors: a qualitative study among healthcare professionals in Orissa, India. BMC Pub-
lic Health 10(1):1–10. https://​doi.​org/​10.​1186/​1471-​2458-​10-​629

Santana A, Cheng L, Verdecia D, Ramírez J, López S, Cisneros M, . . . Al-Marashdeh O (2019) Effect of 
a mixed silage of king grass (Cenchrus purpureus) and forage legumes (Leucaena leucocephala or 
Gliricidia sepium) on sheep intake, digestibility and nitrogen balance. Anim Prod Sci 59(12):2259-
2264.https://​doi.​org/​10.​1071/​AN185​59

Scholtz MM, Steyn Y, van Marle-Köster E, Theron HE (2012) Improved production efficiency in cattle to 
reduce their carbon footprint for beef production. S Afr J Anim Sci 42:451. https://​doi.​org/​10.​4314/​
sajas.​v42i5.1

Scholtz M M, Neser F W C, Makgahlela M L (2020) A balanced perspective on the importance of extensive 
ruminant production for human nutrition and livelihoods and its contribution to greenhouse gas emis-
sions. S Afr J Sci 116, 9/10 https://​doi.​org/​10.​17159/​sajs.​2020/​8192

Silanikove N, Gilboa N, Nitsan Z (2001) Effect of polyethylene glycol on rumen volume and retention time 
of liquid and particulate matter along the digestive tract in goats fed tannin-rich carob leaves (Cerato-
nia siliqua). Small Rumin Res 40(1):95–99. https://​doi.​org/​10.​1016/​s0921-​4488(00)​00209-1

Smith T, Mlambo V, Sikosana JLN, Maphosa V, Mueller-Harvey I, Owen E (2005) Dichrostachys cinerea 
and Acacia nilotica fruits as dry season feed supplements for goats in a semi-arid environment: sum-
mary of a DFID funded project in Zimbabwe. Anim Feed Sci Technol 122:149–157. https://​doi.​org/​
10.​1016/j.​anife​edsci.​2005.​04.​004

Soltan Y, Morsy A, Lucas R, Abdalla A (2017) Potential of mimosine of Leucaena leucocephala for modu-
lating ruminal nutrient degradability and methanogenesis. Anim Feed Sci Technol 223:30–41. https://​
doi.​org/​10.​1016/j.​anife​edsci.​2016.​11.​003

Soltan Y, Natel A, Araujo R, Morsy A, Abdalla A (2018) Progressive adaptation of sheep to a microen-
capsulated blend of essential oils: ruminal fermentation, methane emission, nutrient digestibility, and 
microbial protein synthesis. Anim Feed Sci Technol 237:8–18. https://​doi.​org/​10.​1016/j.​anife​edsci.​
2018.​01.​004

Sońta M, Rekiel A, and Batorska M (2019) Use of duckweed (Lemna L.) in sustainable livestock production 
and aquaculture–a review. Ann Anim Sci 19(2):257–271. https://​doi.​org/​10.​2478/​aoas-​2018-​0048

Southern African Development Community (2012). Towards a common future. Retrieved from https://​
www.​sadc.​int/​themes/​agric​ulture-​food-​secur​ity/​lives​tock-​produ​ction/. Accessed 10 April 2021

https://doi.org/10.5402/2011/613172
https://doi.org/10.5402/2011/613172
https://doi.org/10.3168/jds.2020-18565
https://doi.org/10.3168/jds.2020-18565
https://doi.org/10.2527/jas.2014-7961
https://doi.org/10.1093/jas/skz199
https://doi.org/10.1093/jas/skz199
https://doi.org/10.1016/S0377-8401(96)01089-9
https://doi.org/10.1016/j.jclepro.2019.06.193
https://doi.org/10.1016/j.jclepro.2019.06.193
https://doi.org/10.1371/journal.pone.0247820
https://doi.org/10.1016/j.crte.2018.06.014
https://doi.org/10.1071/AN15761
https://doi.org/10.1080/00288233.2018.1461116
https://doi.org/10.1080/00288233.2018.1461116
https://doi.org/10.1186/1471-2458-10-629
https://doi.org/10.1071/AN18559
https://doi.org/10.4314/sajas.v42i5.1
https://doi.org/10.4314/sajas.v42i5.1
https://doi.org/10.17159/sajs.2020/8192
https://doi.org/10.1016/s0921-4488(00)00209-1
https://doi.org/10.1016/j.anifeedsci.2005.04.004
https://doi.org/10.1016/j.anifeedsci.2005.04.004
https://doi.org/10.1016/j.anifeedsci.2016.11.003
https://doi.org/10.1016/j.anifeedsci.2016.11.003
https://doi.org/10.1016/j.anifeedsci.2018.01.004
https://doi.org/10.1016/j.anifeedsci.2018.01.004
https://doi.org/10.2478/aoas-2018-0048
https://www.sadc.int/themes/agriculture-food-security/livestock-production/
https://www.sadc.int/themes/agriculture-food-security/livestock-production/


	 Mitig Adapt Strateg Glob Change           (2022) 27:47 

1 3

   47   Page 26 of 26

Statistics Botswana (2019) Annual Agricultural Survey Report 2017. Retieved from http://​www.​stats​bots.​
org.​bw. Department of Agricultural Research, Statistics and Policy Development. Ministry of Agri-
cultural Development and Food Security Gaborone, Botswana

Steinfeld H, Gerber P, Wassenaar T, Castel V, Rosales M, de Haan C (2006) Livestock’s long shadow: envi-
ronmental issues and options. Retrieved from https://​www.​fao.​org/3/​a0701e/​a0701​e00.​htm. Accessed 
24 March 2022

Tedeschi L, Fox D, Tylutki T (2003) Potential environmental benefits of ionophores in ruminant diets. J 
Environ Qual 32(5):1591–1602. https://​doi.​org/​10.​2134/​jeq20​03.​1591

Theart J, Hassen A, van Niekerk W, Gemeda B (2015) In-vitro screening of Kalahari browse species for 
rumen methane mitigation. Sci Agric 72:478–483. https://​doi.​org/​10.​1590/​0103-​9016-​2014-​0321

Thompson L R and Rowntree J E (2022) Invited review: Methane sources, quantification, and mitigation in 
grazing beef systems. Appl Anim Sci 36:556–573 https://​doi.​org/​10.​15232/​aas.​2019-​01951

Tiemann T, Lascano C, Kreuzer M, Hess H (2008) The ruminal degradability of fibre explains part of the 
low nutritional value and reduced methanogenesis in highly tanniniferous tropical legumes. J Sci 
Food Agric 88(10):1794–1803. https://​doi.​org/​10.​1002/​jsfa.​3282

Ungerfeld E (2020) Metabolic hydrogen flows in rumen fermentation: principles and possibilities of inter-
ventions. Front Microbiol 11:589. https://​doi.​org/​10.​3389/​fmicb.​2020.​00589

USAID (2015) Greenhouse Gas Emissions in Southern Africa. Retrieved from https://​www.​clima​telin​ks.​
org/​resou​rces/​green​house-​gas-​emiss​ions-​facts​heet-​south​ern-​africa. Accessed 12 March 2022

Ushida K, Tokura M, Takenaka A, and Itabashi H (1997) Ciliate protozoa and ruminal methanogenesis. 
Rumen Microbes and Digestive Physiology in Ruminants, 209–220.

Van Engelen A, Malope P, Keyser J, and Neven D (2013) Botswana agrifood value chain project: beef value 
chain study. Retrieved from Rome:

Vijn S, Compart D, Dutta N, Foukis A, Hess M, Hristov A, Price N (2020) Key considerations for the use 
of seaweed to reduce enteric methane emissions from cattle. Front Vet Sci 7:1135. https://​doi.​org/​10.​
3389/​fvets.​2020.​597430

Vogels G, Hoppe W, Stumm C (1980) Association of methanogenic bacteria with rumen ciliates. Appl 
Environ Microbiol 40(3):608–612

Wang K, Nan X, Chu K, Tong J, Yang L, Zheng S, Xiong B (2018) Shifts of hydrogen metabolism from 
methanogenesis to propionate production in response to replacement of forage fiber with non-forage 
fiber sources in diets in vitro. Front Microbiol 9:2764. https://​doi.​org/​10.​3389/​fmicb.​2018.​02764

Ward DS, Mahowald NM (2014) Contributions of developed and developing countries to global cli-
mate forcing and surface temperature change. Environ Res Lett 9:074008. https://​doi.​org/​10.​1038/​
s41612-​018-​0026-8

World Health Organisation (2017) Namibia’s ban on antibiotics in healthy animals drives meat exports. 
Retrieved from https://​www.​who.​int/​news-​room/​featu​re-​stori​es/​detail/​namib​ia-s-​ban-​on-​antib​iotics-​
in-​healt​hy-​anima​ls-​drives-​meat-​expor​ts Accessed 05 May 2021

Zakaria H, Shammout M (2018) Duckweed in irrigation water as a replacement of soybean meal in the lay-
ing hens’ diet Braz. J Poult Sci 20:573–582. https://​doi.​org/​10.​1590/​1806-​9061-​2018-​0737

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Springer Nature or its licensor holds exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted manuscript version of this article is 
solely governed by the terms of such publishing agreement and applicable law.

http://www.statsbots.org.bw
http://www.statsbots.org.bw
https://www.fao.org/3/a0701e/a0701e00.htm
https://doi.org/10.2134/jeq2003.1591
https://doi.org/10.1590/0103-9016-2014-0321
https://doi.org/10.15232/aas.2019-01951
https://doi.org/10.1002/jsfa.3282
https://doi.org/10.3389/fmicb.2020.00589
https://www.climatelinks.org/resources/greenhouse-gas-emissions-factsheet-southern-africa
https://www.climatelinks.org/resources/greenhouse-gas-emissions-factsheet-southern-africa
https://doi.org/10.3389/fvets.2020.597430
https://doi.org/10.3389/fvets.2020.597430
https://doi.org/10.3389/fmicb.2018.02764
https://doi.org/10.1038/s41612-018-0026-8
https://doi.org/10.1038/s41612-018-0026-8
https://www.who.int/news-room/feature-stories/detail/namibia-s-ban-on-antibiotics-in-healthy-animals-drives-meat-exports
https://www.who.int/news-room/feature-stories/detail/namibia-s-ban-on-antibiotics-in-healthy-animals-drives-meat-exports
https://doi.org/10.1590/1806-9061-2018-0737

	Ruminant contribution to enteric methane emissions and possible mitigation strategies in the Southern Africa Development Community region
	Abstract
	1 Introduction
	2 Methodology
	3 The rumen
	3.1 Methane production in the rumen and its importance

	4 Strategies to reduce methane emissions in the SADC region
	4.1 Feeding management and methane production
	4.2 Use of monensin as a feed additive
	4.3 Use of tannins as feed additives
	4.4 Use of fatty acids as feed additive
	4.5 Potential use of red seaweed and other aquatic plants in reducing methane yield
	4.6 Genetic selection of ruminants for low methane emissions

	5 Conclusion
	Acknowledgements 
	References


