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ABSTRACT 

In Rwanda, dairy farmers are still using low quantity forage and mainly Napier grass 

(Pennisetum purpureum), resulting in reduced milk production and increased enteric methane 

emission per unit of product. Improving cattle productivity and efficiency is therefore a key to 

improving productivity and minimizing methane emissions through good farm management 

practices, providing good quality feeds, or the use of feed additives. The government promoted 

forage legumes including Calliandra calothyrsus and Clitoria ternatea for livestock nutritional 

enhancement.  Nevertheless, these feed additives are not widely spread to farming communities 

in Rwanda. However, the effectiveness of supplementation of Napier with legumes and feed 

additives is not well documented. This study aimed at improving milk production and methane 

gas emission reduction in smallholder farms by assessing the existing potential feeds and use 

of Calliandra, Clitoria, Polyethylene glycol, and garlic powder as supplements to Napier. The 

first three objectives were to assess the existing and potential feed resources for improving 

livestock productivity in the three Agro-ecological zones of the Eastern Province of Rwanda, 

determine the use of feedstuffs among smallholder dairy farmers, and determine their effect on 

milk production and enteric methane emissions. The three objectives were achieved through a 

survey on the production system, feed monitoring, proximate, and milk analysis, while Tier II 

approach that considers feed characteristics was used for methane estimation. The fourth and 

fifth objectives assessed the feed utilisation potential of Calliandra, Polyethylene glycol, and 

garlic powder through in vitro gas production. Descriptive statistics were used for the data of 

the first objective while data from the other objectives were subjected to the analysis of 

variance. Twenty-two types of feeds were identified across the three zones, Napier was widely 

spread across the zones throughout the year. The mean daily milk production of lactating cows 

was 5.6 L with a lower value (P<0.05) during the long dry season (4.76 L). The mean emission 

factor was 57.96 Kg of CH4/year with significant (P<0.05) variations. The zone with a high 

protein feed supply had the lowest methane emission per Kg of milk production. The total 

volatile fatty acid production was affected by the addition of Clitoria and Calliandra. The 

inclusion of Calliandra reduced the in vitro methane emission by 4.4% and increased the total 

volatile fatty acids by 5% compared to the basal substrate alone. Garlic at 2% level, reduced in 

vitro methane production. It was concluded that Clitoria and Calliandra as well as other 

legumes forages should be evaluated and introduced to smallholder dairy farmers for increased 

milk production and reduced methane emissions. The efficacy of feed additives was low. It is 

recommended that in vivo experiments be conducted to evaluate the performance of legumes, 

Polyethylene glycol, and garlic supplemented to Napier grass as a basal diet. 
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CHAPTER ONE 

INTRODUCTION 

1.1   Background to the Study 

Livestock, and cattle particularly, play multiple roles in the socio-economic life of the African 

communities. Cattle as a source of food (meat and milk), help to improve people’s nutritional 

and health status. It contributes to economic growth and social prestige. It is in line with these 

multiple uses of cattle that the government of Rwanda implemented the “Girinka” programme 

, translated as  “one cow per poor family”, for poverty alleviation (Rwanda Governance Board 

(RGB), 2018). The “Girinka” programme aims to improve the livelihood of poor households 

by owning dairy cows for more meat, milk, and manure production (RGB, 2018). The Girinka 

programme offers Ankole breeds (local breeds), crossbreeds, Jersey, and Friesian cattle breeds 

to the selected smallholder farmers (Ntanyoma, 2010).  However, the major challenge faced by 

these farmers remains the insufficient year-round supply of good quality forage. 

 

Feed shortage is considered the main constraint to ruminant production in Rwanda.  Ruminant 

production in the country is predominantly based on Napier grass, natural pastures, and crop 

residues (Mutimura & Everson, 2011).  Napier grass is the most preferred because of its high 

herbage dry matter yield (8-30 T/ha/yr) (Kabirizi et al., 2006), and its adaptability to low and 

high altitudes (Boonman, 1993), and multipurpose use.  However, the productivity of Napier 

grass in East Africa is limited by several biotic and abiotic factors.  These include Napier stunt 

disease, head smut disease, and drought (Kawube et al., 2014), rainfall fluctuation, and low 

soil fertility among others. This results in the use of low-quality forage with high cell wall 

content, and, therefore, low digestibility in dry seasons, resulting in reduced ruminant 

production and increased methane gas emission (Johnson & Johnson, 1995).  Part of the 

solution could be the supplementation of Napier grass with protein-rich concentrates.  

However, such concentrates are often costly to resource-constrained smallholder dairy farmers 

in a country like Rwanda (Mutimura & Everson, 2011). 

 

In search of solutions to these production constraints in Rwanda, there has been a move towards 

the adoption of alternative fodder grasses like Brachiaria spp., which are resistant/tolerant to 

stunt and smut diseases, drought-tolerant multipurpose legume trees (Calliandra spp. and 

Leucaena spp.) and herbaceous legume forages (Stylosanthes spp., Desmodium spp., 

Canavalia spp. and Clitoria ternatea).  These grasses and legumes were suggested as substitute 

energy and protein sources for the costly commercial concentrates. Moreover, two clones of 
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Napier (Clone 16789 and Clone 112) and one variety (Kakamega1) were imported to Rwanda 

in 2008 (Nyiransengimana et al., 2013) and distributed to farmers to support French Cameroon, 

which is the most popular Napier variety among the smallholder dairy farmers. Brachiaria spp. 

was recommended to be grown by farmers for providing forage in case of low production of 

Napier grass.  Furthermore, it was recommended to use grass-legume mixtures approach while 

growing forages to guarantee energy-protein balance for ruminant livestock, as well as to 

increase soil fertility and harness atmospheric nitrogen (N) through the biological N fixation 

by legume component (Kabirizi et al., 2006). 

 

However, while improving animal feeding, the environmental impact of such interventions 

should be exhaustively evaluated to assess their benefit. The digestion of high roughage feeds 

in ruminant livestock is always associated with more enteric acetate production which 

inevitably results in high combustible gas, and energy losses, mainly in form of methane (CH4) 

(Loh et al., 2008).  Enteric emission from livestock, which depends on the diet, is largely 

composed of methane gas (CH4) (Lassey, 2008). Methane gas production from enteric 

fermentation not only represents an important waste of feed gross energy (GE) but is also a 

potential greenhouse gas emission causing global warming.  Methane was reported to have a 

global warming potential of 23 times that of carbon dioxide (Loh et al., 2008). Enteric methane 

gas production illustrates a significant waste of gross energy from feed ingested by the 

ruminant and it is estimated that 2-12% of feed GE in ruminants is wasted as methane gas 

(Gerber et al., 2013).  This contributes to inefficiency feed utilization in ruminant production. 

Previous studies showed that some plant derivatives including garlic (Allium sativum) 

compounds and condensed tannins (CT) were able to lessen enteric methane production 

(Cardozo et al., 2005; Staerfl et al., 2012), hence increasing the feed utilization efficiency. 

However, by reducing enteric methane production, tannins can impair protein digestibility. To 

reduce the potential negative effects of tannins, exogenous tannin complexing compounds, like 

polyethylene glycol (PEG), have been utilised with promising results (Dentinho et al., 2018). 

Therefore, there is a need to evaluate and conclude on the effect of supplementing Napier grass 

with forage legumes, plant derivatives, and exogenous tannin complexing agents on milk 

production efficiency. 

 

1.2 Statement of the Problem 

The commonly used forage Napier grass by smallholder dairy farming communities in Rwanda 

is characterized by low nutrient content and digestibility.  As a result, there is a low intake of 
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digestible nutrients which results in reduced milk production and increased methane 

production. Furthermore, like in all other fibrous feeds the digestion of Napier in the gastro-

intestinal tract (GIT) of cattle results in increased methane gas production and therefore 

contributes to global warming. One of the tentative solutions has been the introduction and 

promotion of leguminous forages such as Calliandra which is nowadays the most used fodder 

tree in Rwanda as a supplement to Napier grass.  However, this combination has not always 

given satisfactory results mainly because the high use of Calliandra is associated with a high 

level of condensed tannins (CT) which negatively affects protein utilisation when used in high 

quantities, consequently leading to reduced milk production. To reduce the potential negative 

effects of tannins, exogenous tannin complexing agents, like polyethylene glycol (PEG), have 

been utilised with promising results (Dentinho et al., 2018). However, despite the negative 

effects associated with CT, these chemical entities (tannins) do have beneficial effects on milk 

production and can reduce methane emission when used at appropriate levels or with PEG.  

Therefore, Calliandra should not be totally replaced by another legume source.  It can be 

partially replaced by the tannin-free, high protein content legumes such as Clitoria that was 

introduced in Rwanda but has not yet been fully adopted by farmers.  However, the appropriate 

levels of Calliandra and Clitoria , PEG, and garlic powder that optimize milk production and 

reduce CH4 production in Napier grass basal diets under the smallholder dairy production 

system in Rwanda have not yet been established. 

 

1.3 Objectives  

1.3.1 General Objective 

To contribute to improved milk production and reduce methane gas emission in smallholder 

farms through supplementing Napier grass with Calliandra and Clitoria as protein sources and 

feed additives. 

 

1.3.2 Specific Objectives 

i. To determine the existing and potential feed resources for improving livestock 

production in the Eastern Province of Rwanda. 

ii. To determine the types and nutrient concentration of feedstuffs for dairy cattle in 

smallholder farms in the Eastern Province of Rwanda. 

iii. To determine the effect of farm and feeding practices on milk quality and quantity, and 

enteric methane gas emissions from smallholder dairy farms in the Eastern Province 

Rwanda. 



4 

 

iv. To determine the effect of inclusion of Polyethylene Glycol (PEG) and garlic powder 

(GAP) on in vitro digestibility of Napier grass diet supplemented with Calliandra and 

Clitoria legumes.  

 

1.4 Research Questions 

i. What are the existing and potential feed resources for improving livestock production 

in the Eastern Province of Rwanda? 

ii. What is the variation of feed types and nutrients with the zone and season among 

smallholder dairy farms in Rwanda? 

iii. What is the effect of farm and feeding practices on the variation of milk quality and 

quantity and enteric methane gas emissions in smallholder dairy farms in Rwanda? 

iv. What is the effect of inclusion of Polyethylene glycol (PEG) and garlic powder (GAP) 

on in vitro digestion of Napier grass diet supplemented with Calliandra and Clitoria 

legumes? 

 

1.5 Justification of the Study  

This study aims at improving livestock production and methane gas emission reduction in 

smallholder farms when basal Napier grass is supplemented with Calliandra and Clitoria as 

protein sources.  According to FAO (2011), livestock contributes 27.9% to protein worldwide 

and 47.8% in developed countries. In Rwanda, the dairy subsector contributes 4.0% to the 

national GDP and 28.0% to the agricultural GDP (National Institute of Statistics Rwanda 

(NISR), 2018). Milk has the potential of improving the nutritional status and income of 

household members.  Globally the main challenge today is to increase milk production through 

improved efficiency in feed utilization, reducing the cost of production, and improving product 

quantity and quality while reducing the negative impact on the environment.  The main goal is 

to have economically sustainable livestock production. The smallholder dairy farmers in 

Rwanda who are targeted in this study, are the majority in livestock production and have the 

challenge of providing a year-round supply of good quality forage to their animals, especially 

throughout the dry season. 

 

In Rwanda, Napier grass which is the most widely used forage is negatively affected by dry 

season and fungal diseases which drastically reduce the yield of forage from this fodder crop. 

Moreover, when used alone as the basal diet, it cannot meet the nutrient requirement of high-

yielding dairy cows.  Furthermore, it has high fiber content, and its digestion in the 
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gastrointestinal tract (GIT) of ruminants tends to be associated with increased production of 

methane gas, representing a significant waste of feed GE besides having a negative effect on 

the environment through global warming.  The study was conducted in the Eastern province 

which is most affected by prolonged dry periods and also possesses the highest number of cattle 

in Rwanda.   

 

The reduced methane production will benefit the entire community and the environment.  Data 

will also be used by the extension services and policymakers to improve livestock productivity 

in Rwanda. Globally, this study will result in increased agricultural productivity and therefore 

contribute to addressing some of the issues targeted in Millennium sustainable development 

goals (SDG) key among them being reducing extreme poverty among the human population. 

This will be achieved in three different ways. Firstly, by increasing the productivity and income 

of poor people, who work mostly in agriculture.  Secondly, reducing food prices through 

adequate feeding will improve accessibility to adequate nutrition (food and nutritional 

security). Identifying the appropriate supplementation level of Calliandra and Clitoria with 

appropriate condensed tannin content to dairy cows fed on Napier grass basal diet would 

constitute a breakthrough for dairy production in Rwanda. 

 

1.6 Limitations and Delimitations 

Low collaboration among smallholder dairy farmers may be a limitation of this study. 

However, collaboration with “Girinka” coordinator, local government, and dairy farmers was 

assured during the project life time.  The second limitation could have been the death and 

selling of an experimental cow. However, this was minimized by targeting dairy farmers in 

“Girinka” project, where farmers are not allowed to sell cows as they want, and additionally, 

the sample size will be increased to cater to this eventuality. In case of death, the experiment 

would continue with the remaining cows of the same group. Poor recording keeping amongst 

some smallholder dairy farmers would also be a limitation and effort was put to ensure that the 

records are kept during this study. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1     Introduction 

Dairy cattle constitute the predominant source of animal source foods and income in Rwanda 

(International Livestock Research Institute (ILRI), 2017). Different strategies were established 

to develop the dairy sector targeting increased milk production. One of the strategies being 

used is to reduce rural poverty through milk production is the “One cow per poor family” 

(Girinka) programme which supplies dairy cows to poor families (Ministry of Agriculture and 

Animal Resources (MINAGRI), 2006). However, despite the notable improvement in the dairy 

sector, it is still facing numerous challenges mainly inadequate quantity and low quality of 

feeds (Iraguha et al., 2015). The used forages have high cell wall content, and low digestibility, 

especially in dry seasons, which translates into reduced dairy production and increased methane 

gas emission. In search of solutions, there has been a move towards the adoption of new fodder 

grasses as a supplement to Napier grass which is the most used forage (Mutimura & Everson, 

2011). Introduced forages include Brachiaria spp., Calliandra spp, and Clitoria ternatea 

among others. 

 

However, while improving animal feeding, the environmental impact of such interventions 

should be exhaustively evaluated to assess their benefit. The enteric fermentation of ruminants 

is associated with the emission of methane (CH4) gas whose quantity depends on the diet. The 

produced methane gas not only represents a significant loss of feed gross energy but is also a 

GHG causing global warming (Loh et al., 2008). Studies showed that some plant derivatives, 

including garlic (Allium sativum) compounds and condensed tannins (CT) were able to 

decrease enteric CH4 production (Cardozo et al., 2005; Staerfl et al., 2012). Therefore, there is 

a need to evaluate Napier supplemented with forage legumes and plant derivatives for 

improved milk production and reduced methane emission in Rwanda. 

 

2.2   Overview of Dairy Production in Rwanda 

2.2.1 Dairy Production in Rwanda 

Globally, agriculture is the first sector in providing livelihood and livestock is an important 

sub-sector in developing countries contributing up to 40% of agricultural output (Peters et al., 

2012).  In Rwanda, agriculture is the leading economic activity for most of rural families, 

contributing up to one-third of the country’s GDP.  In Rwanda, the contribution of the livestock 

sub-sector is estimated to 12% of the national GDP, with the dairy subsector contribution of  
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28.0% (NISR, 2018).  Agriculture in Rwanda is characterized by low productivity mainly due 

to the small land size.  More than 60 percent of the families own less than 0.5 ha of land, with 

more than a quarter having less than 0.2 ha (Mpyisi et al., 2003).  With the inherently low soil 

fertility, other forms of land degradation, and severe erosion it is difficult to cope with the 

demands in crop and livestock products to meet the need of the growing human population. 

The dairy production sector in Rwanda is dominated by smallholder farmers accounting for 60 

to 65% (Mutimura & Everson, 2011).  A key limitation to livestock production in smallholder 

farms in Rwanda and the tropics, in general, is the unavailability of water, insufficient quantity, 

and low quality of forage produced mainly during the dry season.  Lack of appropriate forage 

alternatives that are suitable to local abiotic and biotic stress factors and poor grazing land 

management contribute to low productivity (Moser et al., 2004).  During the dry period, 

livestock owners use non-conventional feeds such as cereal stovers, banana stems, and local 

brewer’s grain residue as coping strategies (Mutimura & Everson, 2011).  The observed feed 

scarcity in the dry season can also be explained by the fact that in all East African countries, 

most of the farmers rely on rain-fed agriculture and little on feed conservation and it is practiced 

by only a limited number of farmers (Njarui et al., 2011).  The good quality feed resources 

needed to improve dairy production are not easily affordable by smallholder farmers in 

Rwanda.  Most of them are practicing zero grazing where forages are cut and carried to cattle, 

especially Napier to a cowshed from crop land edges (MINAGRI, 2006). As a result, dairy 

productivity in Rwanda is severely low.  Therefore, there is a need to explore other options.  

Apart from the Napier grass which is the common feed resource used by most dairy farmers 

that account for 20% of feeds supplied ruminant, crop residues, such as maize stover, are also 

among the major feed resources being utilised (Mutimura et al., 2013). 

 

However, despite the challenges of livestock production in Rwanda, livestock numbers and 

products have increased from 2005 to 2016 (NISR, 2017).  The remarkable increase in milk 

yield can be elucidated by the increased number of dairy cows introduced and distributed to 

low-income farmers under “Girinka programme” by government institutions and NGOs since 

2006 (MINAGRI, 2006). 

 

2.2.2 One Cow per Poor Family (Girinka) Programme 

Livestock, and particularly livestock, play multiple roles in the socio-economic life of the 

African peoples. Cattle as a source of food (meat and milk) and hides, help to improve the 

nutritional and health status of communities. It contributes to economic growth and social 
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prestige.  Therefore, cattle have a high potential for poverty decrease and improving the welfare 

of people in rural areas.  In recognizing the various potential benefits and services that cattle 

can provide, the government of Rwanda implemented a unique programme called “Girinka” 

(one cow per poor family) for poverty alleviation.  This programme was approved by the 

government in 2006 as one of the 2020 vision implementation strategies established to 

accelerate the development of the country (MINAGRI, 2006). 

 

The programme was initiated as a solution to the notable child malnutrition and general poverty 

reported in Rwanda through the demographic health survey done in 2005 (RGB, 2018).  The 

programme also aims at promoting climate resilience in rural areas. Specifically, the 

programme aims to improve the livelihoods of unfortunate households through the provision 

of a dairy cow to enhance the production and consumption of meat and milk, as well as fertilizer 

production for food crops (RGB, 2018).  Under Rwanda Agriculture Board (RAB), the 

“Girinka” programme is funded by the Government of Rwanda in a collaboration with 

international organizations and local Non-Governmental Organizations (NGOs).  The RAB has 

the responsibility for the selection, approval, and supply of cows and their follow-up. 

Moreover, RAB is in charge of the management of both governmental budgets and different 

donations (RGB, 2018).  The programme supplies local breeds (Ankole), crossbreeds, and 

improved breeds (Jersey & Friesian) to the smallholder farmers (Ntanyoma, 2010). Supplied 

cows must have between eighteen (18) and twenty-four (24) months old weighing at least 250 

Kg and have to be free from diseases such as brucellosis and contagious bovine pleura-

pneumonia (CBPP) (RGB, 2018).  The major preconditions for a farmer to be a beneficiary 

are; being poor and having at least 0.25 – 0.75 ha of land, of which a minimum of 0.20 ha has 

to be devoted to fodder production; and those having less than 0.25 ha must combine to form 

a communal cow shed translated as “Igikumba rusange” to produce fodder for their cows.  

However, each farmer is responsible for the feeding of his/her cow. 

 

Some poor beneficiaries of “Girinka” are not able to provide care for the cows; thus, the 

programme support them by providing drugs, spray pumps, and mineral salts (RGB, 2018).  

The beneficiaries in communal cow sheds are given some animal feeds during the dry season.  

Selected recipients are trained on cow management practices before receiving the cow.  To 

maximize manure collection and to reduce disease transmission between cows through open 

grazing, the programme encourages zero-grazing (cut and curry) system. 
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Initially, the target of “Girinka” was to get to 257,000 beneficiaries by 2015. However, after a 

survey, the target number was reviewed up to 350, 000 beneficiaries by 2017. From the 

implementation of the programme from 2006 to June 2016, a total of 248,566 cows were 

distributed all around the country, of which 79,266 cattle were given to farmers in the Eastern 

province (RGB, 2018).  The programme has improved the livelihood of the beneficiaries and 

rural people in general (Kayigema, 2014).  Variations in agricultural practices coming about 

from the utilize of green fertilizer led to more crop production,  created additional income for 

beneficiaries, and climate change resilience.  However, inadequate or no land for fodder 

production and the struggle of caring for calving cows reported by elderly recipients were also 

mentioned as major problems constraining dairy production of the “Girinka”  beneficiary 

farmers. 

 

2.3 Use of Napier Grass 

2.3.1 General Description of Napier Grass 

Napier grass (Pennisetum purpureum) known by other names as elephant grass, Merker grass, 

and Uganda grass among others, is a tropical grass with high biomass production and rate of 

growth (Francis & John, 2004).  It is native fodder from tropical, humid mainland Africa and 

also from the island of Bioko (Holm et al., 1977).  Napier grass has been naturalized as a forage 

across the tropics where it is now very popular (Wang et al., 2002). It constituted up to 80% of 

forages used by smallholder dairy farms in East Africa (Orodho, 2006).  Napier grass is one of 

the most used forages for ruminants in the tropics, mostly as a result of its high productivity in 

terms of dry matter production and high level of regrowth (Moran, 2011).  Besides its use as a 

forage crop, Napier grass has also been incorporated into pest management strategies and used 

in grass lines on contours to control soil erosion (Khan et al., 2007). 

 

Napier grass can grow in various ranges of soils, performs well in fertile and well-drained soils, 

but is susceptible to flooding or water logging (Bogdan, 1977) and is drought tolerant.  The 

perennial grass produces about 40 tons of dry matter (DM) ha-1 year-1  (Strezov et al., 2008) 

and according to Farrell et al. (2002), Napier grass can be harvested 4 to 6 times a year. It has 

a high level of total digestible nutrients (TDN).  However, Napier grass is poor in mineral and 

protein content (near 100 g/Kg DM) though while young it can be highly nutritive. The protein 

content can vary from 210 g/Kg DM at around 30 days of regrowth to less than 40 g/Kg DM 

at 70 days (Butterworth, 1964).  It has high fiber content varying with the stage of maturity, 

with NDF content varying from 550 to 750 g/Kg DM (Moran, 2011).  Its moisture content is 
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very high; DM content can be less than 120 g/Kg, with leaves having 160 g/Kg DM and stems 

only 90 g/Kg DM (Moran, 2011).  However, Napier grass is a heavy seeder and is known for 

its ability to deplete soil nutrients.   

 

The overgrown Napier grass is coarse and unpalatable. However, it can be tasty when harvested 

young or leafy (Cook et al., 2005).  As a result of the high cell wall content of Napier grass, at 

maturity, it has low DMD resulting in a more enteric CH4 gas production (Delgado et al., 2012).  

When highly fertilized with nitrate fertilizer and used as the only component of the diet, Napier 

grass can be a source of nitrate poisoning in cattle (Cook et al., 2005).  

 

2.3.2 Use of Napier grass in Rwanda  

Dairy production in Rwanda is predominantly based on Napier grass, natural pastures, and crop 

residues (Mutimura & Everson, 2011).  Napier grass is the most preferred because of its high 

herbage yield ranging from 8 to 30 t DM/ha/yr (Kabirizi et al., 2006); its adaptability to low 

and high altitudes (Boonman, 1993); and its multipurpose use options.  The whole plant is used 

for thatching houses and the culms can be used to make fences.  It can be used in mulching and 

also in the control of soil erosion, especially on sloppy landscapes.  It can be used to control 

weeds and to fight against stem borers in maize crops as a trap plant. 

 

Nevertheless, the productivity of Napier grass in East Africa is limited by many factors.  These 

include Napier head smut, Napier stunt diseases, drought, rainfall fluctuation, and low soil 

fertility among others (Kawube et al., 2014).  The solution could be the supplementation of 

Napier grass with a maize bran mixture or other concentrates, which are usually costly to the 

resource-limited smallholder dairy farmer. 

 

In the search for solutions to these production constraints in Rwanda, besides exploring the use 

of cultivars of Napier that are tolerant to stunt and smut diseases, there has been an effort to 

adopt alternative fodder grasses like Brachiaria spp., drought-tolerant multipurpose legume 

trees (Calliandra spp. and Leucaena spp.) and herbaceous legume forages (Stylosanthes spp., 

Desmodium spp., Medicago sativa, Trifolium spp., Canavalia spp. and Clitoria ternatea).  The 

legumes were suggested as substitute protein sources for the less affordable commercial 

concentrates.  Besides, two clones of Napier grass (Clone 16789 and Clone 112) and one 

variety (Kakamega) known to be resistant to stunt and smut diseases were imported into 

Rwanda in 2008 (Nyiransengimana et al., 2013). These were distributed among dairy farmers 
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to complement the use of French Cameroon variety which was already popular among the 

smallholder dairy farmers.  Brachiaria spp were recommended to be grown by farmers for 

providing forage, where Napier grass production is low.  Furthermore, it was recommended to 

use grass-legume mixtures approach while growing forages to ensure the balance of energy-

protein in feeding livestock, but also to increase soil fertility and harness atmospheric nitrogen 

(N) through biological nitrogen fixation of the legume component (Kabirizi et al., 2006). 

A study that aimed at comparing Napier grass with Brachiaria brizantha and Desmodium 

distortum fed to crossbreed cattle (Ankole Longhorn x Holstein Friesian), reported a milk 

production of 5.4 L for cows fed on Napier grass alone, with the group supplemented with 

other forages having the higher production ( Mutimura et al., 2018). The study provides 

evidence of the improvement of milk production through supplementing Napier grass with 

legumes. 

 

2.4 Calliandra and Clitoria Species as Supplements to Napier Grass 

2.4.1 Calliandra Species 

i. Use of Calliandra and challenges 

Calliandra (Calliandra calothyrsu) is a legume tree forage belonging to the fabaceae family. It 

is commonly distributed and considered a favorite shrub for highland areas (Hess et al., 2006b; 

Place et al., 2009). As reported by Palmer et al. (1994) Calliandra is a colonizer and aggressive 

species that is able to grow in various areas. However, Calliandra grows better with an annual 

rainfall ranging from 700 to 3000 mm, annual temperatures varying from 22 to 28°C, and in 

areas up to 1300 m above sea level. It can grow on low fertility soils from deep volcanic loams 

to acidic sandy soils and on a wide range of light-textured soils.  Its deep rooting system helps 

to tolerate a drought period lasting from 1 to 7 months. However, Wambugu et al. (2006) 

reported that Calliandra cannot survive more than two weeks of water logging. 

 

Calliandra is primarily used as fodder for almost all categories and classes of ruminants. On 

average, 2 Kg (dry matter) of Calliandra calothyrsus foliage has been reported to improve milk 

production by around 1 liter per day when fed to dairy cows in East Africa (Makau et al., 2020; 

Place et al., 2009). Moreover, Calliandra is used for erosion and weed control. Under variable 

growing conditions, it can have annual forage yields from 7-10 t and up to 20 t DM/ha (Kabi 

et al., 2008 ). Calliandra can be grazed while still young or cut-and-carried to livestock mainly 

when trees have grown much. For the maximum nutritive value and biomass, it is 

recommended to harvest Calliandra between 2 and 4 months of regrowth (Kabi et al., 2008). 

https://www.feedipedia.org/node/21474
https://www.feedipedia.org/node/21474
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Calliandra foliage is a good protein source with a CP content ranging between 200 and 280 g/ 

Kg DM. However, the protein content declines and fiber content rises with the age of regrowth 

ranging from 1 to 6 months. With this growth, there is a high decrease in the leaf: stem ratio, 

from 3.3 to 0.4 (Kabi et al., 2008). Calliandra contains a high content of condensed and 

hydrolyzable tannins (Dzowela et al., 1995) which lead to reduced digestibility of nitrogen (N) 

and as well as low digestibility of DM in the rumen (Mabeza et al., 2015). Stems or pods are 

poorer in protein and tannins than leaves are (Salawu et al.,1999).  

 

ii. Use of PEG in Calliandra diets 

The tannin content in Calliandra ranges from less than 10 to 200-300 g/Kg DM (Dzowela et 

al., 1995; Hove et al., 2001; Palmer & Jones, 2000).  This limits its use in ruminants but also 

makes it less practical for pigs and poultry feeding.  Nevertheless, Jones and Mangan (1977), 

demonstrated that polyethylene glycol (PEG), especially reacts with condensed tannins, hence 

avoiding the formation of tannin-protein complexes to ameliorate the use of proteins. Palmer 

and Jones (2000) reported that the inclusion of about 160 mg PEG/ g DM sample is suitable 

for many tropical tanniniferous shrub legumes to limit any negative effect of tannin. However, 

at low concentrations, some condensed tannins can provide nutritional advantages to 

ruminants. They decrease ruminal protein degradation, hence improving the flow of essential 

AAs and protein to the small intestine for later absorption (McNabb et al., 1996).  In ruminants, 

Calliandra increased the fecal N excretion but lowered that in urine (Hove et al., 2001).  

Additionally, with its low digestible fiber and high tannin content, Calliandra results in lesser 

enteric CH4 gas production when supplied to cows. In a feeding trial by Tiemann et al. (2008a),  

when calliandra was used to replace a non-tanniferous legume at a rate of 30% of the diet, there 

was a decrease in methane emissions by 24%. This shows that it has the potential to reduce 

CH4 gas emissions when used as a protein supplement. 

 

2.4.2 Clitoria ternatea 

The Butterfly pea (Clitoria ternatea L.), is a protein-rich herbaceous legume belonging to the 

Fabaceae family.  It is a vigorous, trailing, perennial, scrambling, and climbing tropical legume.  

The stems are sparsely pubescent, fine, twining, and sub-erect at the base and can be up to 5 m 

long.  Clitoria naturally grows in grassland; riverine vegetation, disturbed places, open 

woodland, and bush.  It can grow from sea level up to an altitude of 1600-2000 m (Cook et al., 

2005).  It likes an average temperature ranging from 19 to 28°C though it can tolerate 

temperatures as low as 15°C. It does well at an annual rainfall range from 700 to 1500 mm but 
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also under irrigation.  However, with its drought tolerance, Clitoria is able to grow in areas 

where rainfall is low (400-500 mm). Moreover, it can survive a 5-6 months drought in the drier 

tropics.  It is particularly adapted to sodic soils (pH 5.5-8.9), shallow and heavy clay, but it can 

grow on a wide variety of soils.  It mostly flourishes in full sunlight. However, it grows also 

under light shade (Cook et al., 2005).  

 

After sowing, Clitoria can cover the soil within a period of 30-40 days and produce mature 

pods within 110 to 150 days.  Clitoria can be sown in rotation with crops in pure stands in a 

short term or in combination with tall grasses for long-term pasture where it does well with 

elephant grass (Cook et al., 2005).  Once established, Clitoria ternatea can be harvested as cut-

and-carry forage or by grazing.  It should not be cut too often and too low.  It can also be 

conserved as hay and silage (Gomez & Kamani, 2003).  Apart from its use as a forage, it can 

be used as green manure for its N-fixing ability. Nguyen et al. (2011) reported that all parts of 

Clitoria contain cliotides; these are peptides with anti-microbial properties against bacteria like 

Escherichia coli.  It is also used in trellises and fences as an ornamental for its duo purpose of 

showy flowers, valuable for ethnomedicine and in dyeing (Cook et al., 2005). 

 

Clitoria DM yield depends on the growing conditions and can yield 2 to 6 T DM/ha/year or up 

to 30 T DM/ha if grown in dry and under irrigation respectively (Cook et al., 2005).  It is often 

denoted as a protein bank because it is a legume rich in protein of  high-quality, that is able to 

be grown at a low cost (Cook et al., 2005).  Its crude protein content is typically higher than 

180 g/Kg DM in any status of the forage. Its forage quality, feed intake, and digestibility are 

not affected by an advanced maturity (Barro & Ribeiro, 1983).  For example, protein content 

in Clitoria hay ranged from 230 g/Kg DM to 190 g/Kg DM respectively in the vegetative state 

(around 42 days regrowth) and at seeding (around 82 days).  ADF increased from 380 to 470 

g/Kg DM during the same period while the lignin content varies from 100 to 150g/Kg DM. 

Clitoria can be fed to almost all types of ruminants and monogastric because it is relatively 

free of anti-nutritional compounds and it is also very tasty for ruminants (Cook et al., 2005; 

Cordoba et al., 1993). Several studies reported the effectiveness of substitution of alfalfa hay, 

by-products, and grains with Clitoria ternatea hay on milk production and feed costs 

(Villanueva Avalos et al., 2004). Juma et al. (2006) reported an increase of 27.5% in milk 

production when 8 Kg of Clitoria ternatea was added to dairy cows as a replacement to the 

basal diet composed of Napier grass and maize bran. 
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2.5 Ruminants and Methane Gas Production  

2.5.1 Mechanism of Enteric Methane Gas Production  

Milk and beef production are estimated to contribute 9% of total global greenhouse gas (GHG) 

emissions (Gerber et al., 2013; Intergovernmental Panel on Climate Change (IPCC), 2014).  

Methane eructated from ruminants referred to as enteric methane, is among the most important 

contributors to global warming (Lassey, 2007). Domesticated ruminants produce around 86 

million metric tonnes of CH4 per year (McMichael et al., 2007) accounting for 17-37 % of 

anthropogenic methane (Beauchemin et al., 2010; Sejian et al., 2011). It has a global warming 

potential of 23 times that of CO2  (Loh et al., 2008), and is therefore considered to be a major 

contributor. 

 

Methane is formed in the rumen by a group of methanogenic bacteria of the Archaea domain, 

which obtain energy by combining hydrogen (H2) and carbon dioxide (CO2) to form CH4. This 

maintains a low H2 partial pressure that favors continued fermentation processes in the rumen 

(Dewhurst et al., 2001; Janssen, 2010).  Forages constitute the major feed for ruminants, but 

they don’t have the required enzymes for cellulose digestion. Microorganisms that have a 

symbiotic relationship with animals, break down the cellulose to obtain energy. During this 

process, hydrogen is produced and can accumulate in the rumen, leading to acidosis. 

Methanogenesis intervenes as a major sink for hydrogen in the rumen, where the excess of it 

is used to reduce CO2 to CH4 by methanogens (Chianese et al., 2009a). The produced CH4 is 

eliminated through belching (eructation) or flatulence. However, enteric CH4 represents also a 

net feed gross energy loss for the animal because it is a high-calorie product (39.57 KJ/L) ( 

Johnson & Johnson, 1995). The loss of feed energy in combustible gases (CH4 and H2) is 

estimated at 2 to 12% of feed gross energy which is considered significant (Gerber et al., 2013).  

The quantity of CH4 produced depends on the animal’s body weight, age, dry matter intake, 

quality of feed, total carbohydrates, digestible carbohydrates, type of VFAs produced in the 

rumen, and energy used by animal (Chianese et al., 2009b; Shrestha et al., 2013). Analyses 

have shown that CH4 relative emissions are inversely correlated to animal productivity (Gerber 

et al., 2011). Ruminants with high productivity consume more feed, produce more manure, and 

emit larger absolute quantities of CH4 than low-producing animals. However, the emissions 

per unit of products (meat or milk) are lower for high-producing animals. The average ruminant 

produces daily 250-500 liters of methane (Johnson & Johnson, 1995) with adult cattle 

producing 70 to 150 Kg of methane/ year (FAO, 2006). 
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2.5.2 Methane Gas Emission Mitigation Strategies 

Animals with high productivity consume more feed and emit greater absolute quantities of CH4 

than low-producing animals (Waghorn & Hegarty, 2011). However, the emissions per unit of 

animal products are lower for higher-producing animals (Gerber et al., 2013). Therefore, for 

mitigating CH4 emissions from livestock production systems, efficient strategies should be 

improving animal productivity (Gerber et al., 2011). Different strategies were developed for 

CH4 mitigation in the dairy sector and other livestock production systems. The strategies used 

in the dairy sector are related to animal feeds and feeding, animal management (improving 

animal fertility, genetics, longevity, and animal health), and manure management. 

 

a.  Feeds and Feeding Management 

There is a correlation between the pattern of ruminal fermentation and feed OM digestibility 

and starch intake of concentrate feed. Several studies reported a strong relationship between 

dry matter intake and ruminal methane production (Charmley et al., 2016; Cottle et al., 2011; 

Hristov et al., 2013b). However, some of these simple relationships don’t consider the nutrient 

composition of the diet, which can significantly affect enteric fermentation and methane 

production. The fermentation of fiber results in more hydrogen, and consequently more CH4 

compared to starch (Wolin, 1960). When pH in the rumen decreases, the rumen fermentation 

of starch and sugars shifts toward propionate production (Bannink et al., 2008). By increasing 

the concentrate proportion in lactating cow diet, the concentration of propionate in rumen 

increases, leading to a drop in C2:C3 ratio accompanied by milk fat depression (Agle et al., 

2010). Thus, due to the high correlation between forage:concentrate ratio and C2:C3, 

increasing the feeding with higher starch content forages (like whole-crop cereal silages) or 

incorporation of grain in cattle diets should result in lower methane emissions per unit of feed 

intake and animal product (Yan et al., 2000). However, fiber digestibility can be affected in 

case of high levels of concentrate proportion in the diet (Ferraretto et al., 2013). The affected 

fiber digestion results in loss of production and increased concentration of fermentable organic 

matter, resulting in more methane emissions from stored manure (Lee et al., 2012).  

 

The forage quality, specifically its digestibility, is a key feed characteristic that affects methane 

production. Increased intake of forage with higher digestibility reduces the produced quantity 

of methane per unit of consumed feed (Hammond et al., 2013). However, for forage with lower 

digestibility, increased DMI has a very limited effect on methane production when expressed 

on a dry matter intake basis (Johnson & Johnson, 1995). The impact on methane mitigation, 
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when expressed on a unit of animal product, should be normally more when ruminants eat 

higher quality forage. Hence, for grazing dairy cows, pasture management can be used as a 

potential mitigant by grazing forages of optimum quality and at the right maturity (Hristov et 

al., 2013b). Improvement of crop residues and mainly stover digestibility and supplementing 

with Brachiaria spp showed a high potential in reducing the CH4 produced per milk produced 

(Thornton & Herrero, 2010). Apart from reducing the CH4 per unit of product, the adoption of 

improved deep-rooted pastures like Brachiaria spp. showed other advantages associated with a 

29.5 t of carbon sequestered per ha, which is more compared to natural pastures. 

 

As it affects the digestibility, passage rate, and energy losses, feed processing is an option for 

CH4 mitigation in dairy cattle. The corn (and sorghum) processing improved total tract starch 

digestibility of steam-rolled vs. steam-flaked corn grain (Firkins et al., 2001). An accurate 

estimate of animal requirements and precise feed analyses are required for maximizing feed 

efficiency and minimizing CH4 emissions per unit product. For an accurate feed analysis in 

developing countries, there is a need for establishing commercial laboratories with 

standardized analytical procedures (Hristov et al., 2013a). 

 

b. Feed Supplements, plant compounds, and Additives 

i. Tannins 

Several plant secondary compounds such as saponins, tannins, and essential oils as well as their 

active ingredients were studied for methane mitigation properties, the first two being the most 

studied with promising results. Tannins, as tanniferous plants or as feed supplements have 

demonstrated a potential for decreasing methane emission by up to 20% (Beauchemin et al., 

2007; Staerfl et al., 2012). Tannins reduce enteric methane either by indirect inhibition of 

protozoa or directly by inhibition of methanogens (Animut et al., 2008; Hristov et al., 2013). 

The effects and response vary with the source of tannins (Plant type) and ruminant species 

(Guglielmelli et al, 2011). Tannins are widely found in browse and warm climate forages, most 

of them with a high CP content. Although condensed (and hydrolyzable) tannins affect CH4 

production, they are usually considered antinutritional. By reducing the absorption of AA, 

tannins are antinutritional agents when crude protein concentrations in the diet are limiting the 

production (Waghorn, 2008). The effect of tannins varies with their molecular weight, 

structure, and concentration in the diet. While using supplemental tannins or tanniferous plants 

for their benefits of reduced CH4 yields it is important to make sure that they do not eclipse the 

negative effects of tannins on digestion. From the study by Grainger et al. (2009) on dairy cows 
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on pasture supplemented with grain, the methane emission was reduced by up to 30% but it 

was associated with a10% reduction in milk production.  

 

ii. Garlic 

The secondary metabolites of garlic (Allium sativum) were reported to have a mitigating effect 

against methane (Cardozo et al., 2005; Chiquette & Benchaar, 2005). However, the data had a 

wide variation. The metabolites include diallyl sulfide (C6H10S), allicin (C6H10S2O), allyl 

mercaptan (C3H6S), and diallyl disulfide (C6H10S2) (Lawson 1996). However, allyl mercaptan 

and diallyl disulfide were identified as the major metabolites associated with CH4 reduction 

effects (Busquet et al., 2005; Castillejos et al., 2006), hence they are used in animal feeding. 

Apart from the effect on CH4, garlic compounds were able to reduce the number of hyper-

ammonia-producing bacteria and the rate of AA degradation (McIntosh et al., 2003) in in vitro 

studies. By reducing energy loss such as CH4 or ammonia nitrogen, these extracts increased 

the efficiency of nutrient use in ruminants (Cardozo et al., 2005, Kamel et al., 2008; 

Kamruzzaman et al., 2011). Additional in vitro studies also found that these extracts affect 

rumen fermentation by decreasing the proportions of acetate and increasing propionate and 

butyrate proportion (Busquet et al., 2005, Cardozo et al., 2005; Martín-García et al., 2011). A 

no-effect or increase on total VFA and reduced acetate: propionate ratio demonstrates the 

potential of improving the nutrient utilization efficiency of the animal (Cardozo et al., 2005). 

Zafarian and Manafi (2013) reported an enteric methane decrease of 31% when using garlic 

powder (2% DM) on dairy buffaloes. 

 

iii. Other Feed Supplements, Plant Compounds, and Additives 

The lipids are used to suppress CH4 production. A 9% reduction in methane production was 

reported in dairy cows when lipid was used as a supplementation in the diet (Eugène et al., 

2008). However, the decrease in methane is usually accompanied by a decrease in DMI, milk 

production, and a reduction in protein and/or milk fat concentration (Eugène et al., 2008; 

Mathew et al., 2011; Wood-ward et al., 2006). High-oil by-products when incorporated into 

the diet reduce feed costs and can serve as a methane mitigating feed (McGinn et al., 2009). 

However, High-oil by-products while used at a high rate in feeds might result in the same 

negative effect on FI and animal products as free lipids (Hales et al., 2013; Schingoethe et al., 

2009). 
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Other feed additives are used in developed countries to mitigate CH4 emissions in ruminants. 

Bromo chloromethane (BCM), chloroform, 2-bromo-ethane sulfonate, and cyclodextrin are 

among the most successful chemical compounds tested with a specific repressive effect on 

rumen archaea and were able to reduce methane up to 50% in vivo (Knight et al., 2011). 

However, because of their effect on ozone; they can’t be recommended for CH4 mitigation in 

dairy cows. Hence, 3-nitro-oxypropanol (3NP) was recommended as an alternative. The 

compound reduced by 8 to 60% the methane production per unit of DMI in dairy cows (Haisan 

et al., 2013; Lopes et al., 2016; Reynolds et al., 2013). It is a highly specific inhibitor, which 

is targeting the nickel enzyme methyl-coenzyme M reductase that catalyzes the methane-

forming reaction in ruminal archae (Duin et al., 2016).  3-nitro-oxypropanol reduces enteric 

CH4 emissions without any apparent negative side effects when used in diets of ruminants in 

very low amounts (Hristov et al., 2015a). 

 

Electron receptors such as fumarate, sulfates, nitrates, and nitroethane (Brown et al., 2011; 

Gutierrez-Banuelos et al., 2007) were studied for CH4 mitigation (Van Zijderveld et al., 2011; 

Hulshof et al., 2012). Ionophores like monensin are used for long-term CH4 mitigation and 

energy loss reduction in some countries but banned in others (Appuhamy et al., 2013; Grainger 

et al., 2010).  

 

Some exogenous enzymes (EXE) when added to the whole diet reduce CH4 and increase by 10 

to 15% the feed efficiency in dairy cows (Arriola et al., 2011; Holtshausen et al., 2011). The 

increase in feed digestibility was also associated with the decrease of fermentable OM in 

(stored) manure, which results in the overall reduction of CH4 emissions from dairy cow 

systems. However, some EXE like those with xylanase and endoglucanase activities may 

increase methane production per unit of dry matter intake or milk yield (Chung et al., 2012). 

The yeast-based products (YP) have been utilised as supplements in animal production as 

direct-fed microbial (DFM) to reduce methane and increase milk yield (Poppy et al., 2012; 

Robinson & Erasmus, 2009). Lastly, the defaunation technique which consists of removing 

(killing) some protozoa in the rumen, was reported to decrease CH4 by 10% (Morgavi et al., 

2010) but the data had a wide variation.  

 

c. Animal management and land-use mitigation options 

Improving animal productivity might be a very efficient approach to decreasing GHG 

emissions per unit of livestock product as it is done in many parts of the world. This may reduce 
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the environmental footprint through a decrease in animal numbers to provide the same edible 

product output as was reported in the United States dairy industry (Capper et al., 2009). The 

improvement of animal productivity can be attained by improving the genetic potential 

(Hegarty et al., 2007; Thornton & Herrero, 2010), proper nutrition (Bell et al., 2011; Tarawali 

et al., 2011), improved animal health (Stott et al., 2010), improvements in reproductive 

efficiency (Banda et al., 2012), and reproductive lifespan (Fortes et al., 2011; Funston et al., 

2012). 

 

Land use practices that enhance carbon sequestration have a mitigating effect on CH4 

emissions. Agroforestry species can help in carbon sequestration and generally have a high 

nutritive value, which makes them valuable in intensifying the diets of ruminants (Thornton & 

Herrero, 2010). For instance, introducing the leaves of Leucaena leucocephala in the pasture 

diets intensifies diets so that the same quantity of milk can be achieved with fewer animals.  

 

d. Manure management 

In ruminant production systems, the methane from manure is the second major contributor to 

GHG after the enteric methane (Hristov et al., 2013b).  The major part of manure CH4 is 

produced under anaerobic conditions during storage followed by minor emissions after land 

application. Less CH4 is produced when the manure is dropped on pasture or rangelands or 

managed as a solid (pits or stacks) (EPA, 2005). Therefore, strategies to reduce methane 

emissions from manure are focused on avoiding anaerobic conditions during storage. However, 

the anaerobic digesters offer an opportunity of mitigating methane emission as they keep it to 

be used in the form of biogas as a source of renewable energy (Dhingra et al., 2011; Roos et 

al., 2004). 

 

e. Animal housing 

The processes resulting in CH4 emissions are affected by the structures used to house livestock 

as they determine the manure management methods. A study showed that slurry-based systems 

tend to produce less CH4 emissions than farmyard manure and deep litter manure management 

systems (Külling et al., 2003). Anaerobically stacked manure produces much greater CH4 

emissions. However, straw-based and slurry-based manure systems did not show any 

significant difference (Amon et al., 2001). Manure in slurry or liquid form is mostly 

accumulated in housing systems with slatted floors. With that manure stored for extended 

periods, the production of CH4 emissions is increased.  
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2.5.3 Major Methods for Measurement of Methane Emissions from Ruminants 

For the efficiency of methane reduction strategies, it is of high importance to estimate the 

current emissions from different ruminants production systems. Several approaches have been 

developed and used over the past 100 years aiming at measuring and estimating methane 

emissions from ruminants. The developed techniques have a wide range of applications 

according to the objective of the measurements. Each method has its advantages and 

disadvantages and some are very accurate but very expensive or can be only applied to a limited 

number of animals (Haarlem et al., 2008). It is, therefore, crucial to know the scope of 

application for each technique and how to interpret the results.  

 

a.   Respiration Chambers 

This is one of the most used techniques to quantify methane production from ruminants because 

of its accuracy. Even if it was improved, this technique is not new. It has been used for the last 

100 years for studying the energy metabolism of animals as CH4 loss is a part of the energy 

metabolism in ruminants (Johnson et al., 2003; Mclean et al., 1987).  This is an animal 

calorimetric system technique with a principle of measuring the methane concentration in the 

collected exhaled air by the nostrils, mouth, and rectum from a ruminant set in a chamber 

(Storm et al., 2012). Various types of chambers were developed but they are mainly dived into 

two types, namely open-circuit and closed-circuit (Mclean et al., 1987; Wainman et al., 1958), 

the last being the most preferred method. Chambers are considered the standard method for 

measurement of emitted CH4 from animals as they are accurate when properly calibrated and 

operated (Gardiner et al., 2015). However, this method is very expensive. 

 

b.    In Situ Methane Gas Measurement Using Tracers 

Two in situ tracer methods are based on the release in the rumen of Sulfur hexafluoride (SF6) 

and deuterated CH4 (13CH3D)  tracer gases (Johnson et al., 1994, Machmüller & Hegarty, 

2006).  In theory, deuterated CH4 would be the perfect marker as it is a simply traceable marker 

that imitates the behavior of methane in the liquid fraction of the rumen, but it is very 

expensive, hence it has not been adopted widely. Most of the researchers adopted SF6 method 

approach to estimate methane emissions from ruminants on pasture and it is used widely in 

developed countries (Storm et al., 2012).  The principle behind the SF6 method is that CH4 

emission can be measured from the known emission rate of tracer gas from the rumen. The SF6 

was chosen because it is cheap, simple to analyze, has a low detection limit, non-toxic, 

physiologically inert, and stable (Johnson et al., 1992; Lester et al., 1950). The SF6 method 
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provides more variable results of CH4 emission compared to chamber measurements even if 

the accuracy is slightly lower. Nevertheless, they continuously monitor emission and only 

determines methane emissions from nasal cavity (belched CH4) but not the one produced in 

flatulence. 

 

c.   In situ Gas Measurement Using Gas Sensor Capsules 

The methods using gas sensors capsules were developed to measure CH4, H2, and CO2 

concentrations for ruminants in research on livestock and climate ( Johnson et al., 1994).  They 

are composed of gas-permeable membranes (Berean et al., 2015), a microcontroller for driving 

the sensors, gas sensors,  digitizing, storing, and coding the signals, a transmitter, a power 

supply, and an antenna. They simultaneously measure the concentrations of the three gases but 

do not measure the flux. Gas sensor capsules have the advantage of measuring the carbon 

dioxide and CH4 concentrations in the rumen and exhaled air (breath) compared to the use of 

CO2 as a tracer gas. 

 

d.   The Carbon Dioxide (CO2) Technique 

The CO2 method was developed to estimate methane emissions from livestock. It uses the 

naturally emitted CO2 as a tracer gas rather than using an external tracer like SF6 (Madsen et 

al., 2010). So far, the measurements of methane and carbon dioxide are being measured using 

portable equipment named Gasmet. The equipment is based on infrared measurements. The 

CH4/CO2-ratio in the air around the target animal(s) is determined at regular intervals. The 

measured total daily carbon dioxide production of the ruminant(s) is combined with the 

calculated ratio to determine the CH4 concentration. The advantage of the CO2 tracer technique 

is that the used equipment is movable and can simply be utilized under various situations. It 

can be used to quantify the CH4 gas for an individual animal or a whole shed with cattle (Bjerg 

et al., 2012; Lassen et al., 2012). However, the quantity of CO2 produced is influenced by the 

animal energy requirements, hence the individual variations can be higher than those due to the 

experimental feeds.  

 

e.   In-vitro Gas Production Technique 

The in vitro gas production technique (IVGPT) has been broadly used in evaluating the 

nutritive value of feeds through the simulation of ruminal fermentation of feedstuffs (Rymer et 

al., 2005). This technique has an advantage in studying fermentation kinetics, hence it is being 

utilized for the efficient utilization of roughage diets studies. Due to the recent growing interest 
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in GHG emissions from the agriculture sector, the formal IVGPTs were improved to 

incorporate the measurement of methane production (Navarro-Villa et al., 2011; Storm et al., 

2012). Several IVGPTs are used to estimate methane production (Qiao et al., 2015).  These 

techniques estimate methane production without depending on an individual ruminant but 

quantity and type of feed incubated in rumen fluid. 

 

Different IVGPT systems were developed and used for methane quantification. Examples are 

syringes (Blümmel & Ørskov, 1993), rusitec (Bhatta et al., 2006), and later fully automated 

systems (Pellikaan et al., 2011). The last one offers an option to quantify total gas produced, 

as an estimate of organic matter (OM) fermentation, and CH4 synthesis concurrently. In theory, 

IVGPTs would be the rapid and cheap technique for estimating ruminant methane. This 

technique offers the possibility of conducting up to a high number of parallel incubations 

concurrently, which allows for enough numbers of replicates in experiments. The studies 

showed close results between IVGPT, the respiration chamber technique, and the SF6-

technique for methane determinations (Bhatta et al., 2006; Bhatta et al., 2008). However, the 

IVGPT has the disadvantage of only simulating the fermentation of feed in the rumen, and not 

considering the entire animal’s emissions and feed digestibility.  

 

f.   Whole Buildings or Areas Methods 

The methods were developed to avoid the effect of methane measurement on animal behavior. 

They consider the animals and their environment. They are adequate for measuring interactions 

between the whole farm or grazing animals and their surroundings. Various methods were 

developed (Denmead et al., 2008; Harper et al., 2011) but they can roughly be classified into 

two types that are micrometeorological and non-micrometeorological techniques. The principle 

of micrometeorological methods is the measuring fluxes of target gases at different measuring 

points in the free atmosphere around the animal(s) and relating these fluxes to animal emissions 

(Harper et al., 2011). The most used technology for estimating emissions from grazing 

ruminants are the open-path laser technologies and open-path Fourier transformed infrared 

(FTIR) spectroscopy. The non-micrometeorological methods are based on measuring the inlet 

air and outlet air from the paddock (Harper et al., 2011). The most used technique is mass 

balance in cowsheds, where the methane emissions are estimated from concentrations in inlet 

and outlet and ventilation rate (Demmers et al., 1999). These methods are however influenced 

by the wind movement hence the results are not stable. 
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g.   Combined Feeder and Methane (CH4) Analyzer 

A recently developed system associates an automatic feeding system and measurements of 

methane and carbon dioxide quantity fluxes from the breath of ruminant animals (Hirstov et 

al., 2015). The used patented system is the Automated Head-Chamber System (AHCS) called 

GreenFeedTM (C-lock Inc., USA). When animals enter the system, the system automatically 

recognizes them and starts measuring the concentrations of the two gases. Air is constantly 

pushed through the feeding system to determine flow for quantifying the methane and carbon 

dioxide emitted while the animal is eating. Before the start of the experiment, the AHCS is 

moved for at least 2 days into the facility where the cows are kept to allow the adaptation.  

Compared with the respiration chamber method and with the SF6 tracer method, AHCS 

interferes less with animal behavior and is not costly to acquire and use. However, to have 

accurate results, the number of animal visits to AHCS should be enough to have emission 

estimates that are representative of the diurnal rhythm of rumen gas production (Hristov et al., 

2015b). A disadvantage of AHCS is that it only quantifies animals’ CH4 emissions when they 

introduce their head into the system. 

 

h.   Proxy Methods 

Proxy methods were developed to allow experiments on many animals at a time without 

interfering with their normal behavior or large experimental set-ups. The principle of these 

methods is to make a correlation of CH4 emissions with parameters of biological samples that 

can be easily determined. The parameters are taken from feed intake and feeding behavior; 

microbiome and metabolites, rumen function; milk production and composition; hindgut and 

feces; and the whole animal level measurements (Negussie et al., 2017). Various studies 

examined the correlation between fatty acid profiles of milk and CH4 production. The 

hypothesis behind studies is that there is a correlation between certain fats in the milk or feces 

and the feed characteristics or the number of methanogenic archaea in the rumen (Chilliard et 

al., 2009;  Vlaeminck et al., 2006), which both affect the methane production. The correlation 

was confirmed by Dijkstra et al. (2011) and Montoya et al. (2011). This method could be used 

to know cows with low methane emissions. Additionally, it can be very useful in predicting 

the methane emissions at the farm or the regional level. However, the lack of robustness in the 

general applicability of the proxy methods constitutes a great limitation.  
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i.   Models for Predicting Methane Production 

   Intergovernmental Panel for Climate Change (IPCC) Standard Models 

In recent years, several emissions models were developed for predicting total emissions from 

livestock and evaluating the effects and impacts of mitigation strategies implemented to reduce 

methane production.  The Intergovernmental Panel for Climate Change (IPCC) developed three 

models known as Tier I, Tier II, and Tier III (IPCC, 2006).  The Tier I determines the defaults 

emission because it relies on the literature, hence it is the simplest. The default emission factor 

(Ym) of tier I is 6.5% and assumed gross energy (GE), which resulted in an estimate of 109 Kg 

CH4 /cow/year in Western Europe (IPCC, 2006). Tier II and III require more specific data on 

the country and livestock.   Tier II which is one of the most widely used, uses data on (GE) 

intake to determine the CH4 conversion factors of each livestock category in a country (IPCC, 

2006).  Tier III methodology is more advanced using additional information that is specific to 

the concerned country than Tier II.  The Tier II characterization methodology tries to integrate 

animals, their productivity, diet characteristics, and management circumstances to generate 

more exact estimates of feed intake that will be later used to estimate enteric CH4 production.  

 

   Prediction Equations 

The several developed techniques to estimate the quantity of enteric CH4 emissions from 

ruminants are not practical in farm conditions. Therefore, the results of calorimetric 

experiments allowed the development of several empirical regression equations that can be 

utilised to estimate CH4 emissions from ruminants at the farm level (Nielsen et al., 2013). 

These equations are based on feed, animal, milk, and digestion characteristics which highly 

influence CH4 emissions. However, most of the equations have the feed intake as a parameter 

because it was reported as the most significant parameter in CH4 emissions (Charmley et al., 

2016; Dijkstra et al., 2011; Hristov et al., 2013b; Suzuki et al., 2018).  The accuracy of already 

developed models varied widely. The choice of the equation depends on the types of animals 

(beef or dairy cattle) and feeds used (Forages and concentrates). Charmley et al. (2016) 

developed a universal equation that can be used to estimate methane emissions from cows fed 

on forage-based diets. However, only data on trials carried out in the previous ten years utilising 

open-circuit respiration chambers were considered. 

 

Though the equations developed by Charmley et al. (2016) had high coefficients of 

determination, they don’t consider other components of feeds. Regression equations 

considering the nutrients content of feed and animal characteristics were developed (Moraes et 
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al., 2014). Key instructive variables for predicting methane emissions were energy intake, lipid 

and dietary fiber proportions, milk fat proportion, and animal body weight. Several prediction 

models have been developed and evaluated based on a big database of enteric CH4 emissions 

from beef and dairy cattle in North America (Moraes et al., 2014). The following models were 

selected for lactating and non-lactating cows to determine the Daily Methane Production 

(DMP): 

i.  CH4 = -9.311 (1.060) + 0.042 (0.001) x GEI + 0.094 (0.014) x NDF - 0.381 (0.092) x 

EE + 0.008 (0.001) x BW + 1.621 (0.119) x MF for lactating cows with a posterior 

probability of 0.86 and 

ii. CH4 = 2.880 (0.200) + 0.053 (0.001) x GEI - 0.190 (0.049) x EE (9) for non-lactating 

cows with a posterior probability of 0.85. 

Where,  

CH4: Methane emissions (MJ/d); GEI: Gross energy intake (MJ/d); NDF: Dietary 

neutral detergent fiber proportion (% of dry matter); EE: Dietary ether extract 

proportion (% of dry matter); BW: Body Weight (Kg); MF: Milkfat (%). 

 

2.6   Summary of the Research Gap 

Dairy production in the country is predominantly based on poor quality forages like Napier 

grass, crop residues, and natural pastures (Mutimura & Everson, 2011).  The use of poor quality 

forage results in low production and increased enteric methane emission. Currently, there is a 

lack of information about the availability, use, management, and seasonal variation of feed 

resources in smallholder dairy farms in Rwanda. Moreover, the effect of feed resources on milk 

yield and enteric methane emission is also poorly documented. The previous studies estimated 

the methane gas emissions from ruminants in Rwanda using Tier I method for sheep and goats 

and Tier II for cows  (Paul et al., 2017). However, the parameters used for Tier II were based 

largely on estimates by the farmers. The combination of Napier grass and legumes has not 

always given satisfactory results mainly because of the high level of condensed tannins (CT) 

in Calliandra. Polyethylene glycol (PEG) which has been utilised with promising results 

(Dentinho et al., 2018) can be a solution. Additionally, the secondary metabolites of garlic 

(Allium sativum) were reported to have a CH4 mitigating effect (Cardozo et al., 2005) but 

available data shows a wide variation. However, garlic was not yet evaluated on forage-based 

diets. Thus the appropriate levels of Calliandra and Clitoria, PEG, and garlic powder that 

optimize milk production and reduce CH4 production in Napier grass basal diets under the 

smallholder dairy production system in Rwanda have not yet been established.  
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CHAPTER THREE 

ASSESSMENT OF EXISTING AND POTENTIAL FEED RESOURCES FOR 

IMPROVING LIVESTOCK PRODUCTION IN THE EASTERN PROVINCE OF 

RWANDA 

Abstract 

The limited yearly supply of good quality feeds was identified as a major challenge to livestock 

production in Rwanda. Currently, there is a lack of information about the availability, use, and 

management of feed resources in the villages where the “Girinka” communal cowshed was 

established in the Eastern province. This study aimed at evaluating existing, potential feed 

resources in the Eastern province of Rwanda, to guide feed-related interventions to increase 

dairy cattle productivity. The feed assessment tool (FEAST) method developed by ILRI was 

used for data collection. One Hundred and eight-four (184) farmers participated in the 

participatory rural appraisal out of which 52.72 % were females. In all the villages most of the 

household heads are in the small landholding category. Identified livestock dominant 

categories were local dairy cattle, improved dairy cattle, goat, pig, sheep, poultry commercial, 

and poultry- Village conditions. The tropical livestock units (TLUs) average values were 3.44, 

4.69, and 3.95 respectively for Mayaga and peripheral Bugesera (MPB), Eastern plateau (EP), 

and Eastern Savanna and Central Bugesera (ESCB). Maize, Banana, Broad beans, Sorghum, 

Sweet potato, and cabbage were the most grown food crops. The land allocated for maize 

cultivation varied from 0.16 for MPB to 0.25 ha for ESCB. The land allocated to fodder was 

very little due to land scarcity. The source of feeds for livestock was classified into five 

categories, namely; collected fodder, cultivated fodder, crop residues, grazing, and purchased 

feed. Collected fodder was reported as the major source of dry matter intake (DMI) in the three 

AEZ. The variation of rainfall followed the same trend in the three zones. The 3 driest months 

(June-August) were characterized by a remarkable feed scarcity. In most of the months, the 

availability of milk varied with the price. The higher the availability is, the lower the price. 

Integrating different forage grasses and legumes with other farming system need to be given 

strong attention by concerned stakeholders. It is essential to address the utilization of crop 

residues for improved livestock production, especially in relation to harvesting, storage, and 

processing in preparation for feeding dairy cows. Appropriate technology should be applied 

for efficient use of the potential lands for forage and feed crop production to address the 

problem of land scarcity reported in the study area. 
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3.1   Introduction 

Livestock plays a key role in the households and national economy of Rwanda with a 

contribution of 8.8% to the GDP (Karenzi et al., 2013). The Government of Rwanda has 

therefore identified livestock as an important part of achieving Rwanda's food security. In 

Rwanda, the smallholder crop-livestock mixed farming system is the dominating livestock 

production system with an average landholding of 0.76 ha (Mutimura et al., 2013). Smallholder 

farmers have one to three cows in Rwanda (Bishop  & Pfeiffer, 2008; Kamanzi & Mapiye, 

2012). Previous studies showed that compared to other sub-sectors, ruminant livestock and 

especially dairy cattle remain the predominant source of income and animal source foods 

(ILRI, 2017). Therefore, programs targeting the dairy sector were developed for increased milk 

production. One of the approaches to reducing rural poverty is the “Girinka” programme which 

supplies dairy cows to poor families (MINAGRI, 2006). 

 

Despite the notable improvement in the dairy sector, it is still facing numerous challenges. In 

Rwanda, the main limitations of dairy production are the shortage of land, inadequate quantity 

and low quality of feeds, poor genetic traits of cows, limited knowledge in dairy management, 

high prevalence of diseases, and limited capital (Iraguha et al., 2015). The specific reported 

challenges related to dairy cattle nutrition were: scarcity and low quality of feedstuff (forage, 

concentrate), limited use of supplements, inefficient use of available feed resources, limited 

marketing, and high cost of forages and water scarcity. The government has identified some 

strategies to address the feed and feeding challenges. They include; strengthening agricultural 

extension service and training on forage production, conservation, and feeding, improving the 

utilisation of available feed resources such as crop residues and all other resources, enforcing 

feed, forage, and forage seed quality standards, and rainwater harvesting and conservation. 

 

In 2009 a new strategic plan was established to improve livestock nutrition in Rwanda. The 

policy promotes intensification using restricted grazing (zero-grazing or cut-and-carry system) 

in default of traditional pastoralism in most parts of the country. Zero-grazing was promoted 

as it avoids over-grazing and consequently decreases the degradation of land (Mutimura et al., 

2013). The proportion of farmers practicing this production system is on the increase as the 

decrease of grazing land for the profit of crop cultivation in response to the rising population. 

The types of available feed resources for dairy cattle showed a region to region variation and 

from season to season. The main feed resources available include; feed resources are pastures, 

planted forages, crop residues, as well as the non-conventional feeds (Klapwijk et al., 2014; 
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Mutimura et al., 2015). Assessment of the current and potential feed resources is crucial to 

elaborate approaches for appropriate utilization of these resources by minimizing waste. 

Besides, it is also fundamental to encourage appropriate management of natural forage 

resources and adaptation of livestock systems to currently available feed resources. Currently, 

there is lack of information about the available, use and management of feed resources in the 

villages where the Girinka communal cowshed were established in the Eastern province. In 

order to identify the appropriate solutions to feed constraint in the concerned villages, more 

data and information on current and potential feed resources are required to increase feed 

production and supply, and consequently increase livestock productivity. The objective of this 

study was to evaluate existing and potential feed resources in the Eastern province of Rwanda 

and  guide on feed related interventions for improved dairy cattle productivity. 

 

3.2   Methodology 

3.3.1   Study Area 

The study was conducted in the three (3) agro-ecological zones, namely, Mayaga and 

peripheral Bugesera (MPB), Eastern Savanna and Central Bugesera (ESCB), and Eastern 

plateau (EP) of the Eastern province of Rwanda (Figure 3.1). The province is in the lowland 

region of Rwanda, at an altitude range of 800–1500 m above sea level. It is a semi-arid type 

with a bimodal rainfall distribution, falling from April to August and October to December, 

with a total annual average range of 832–1140 mm (Rwanda Meteorology Agency (RMA), 

2016). The soils are non-humiferous and acid oxisols with either sandy or clay structures.  The 

temperatures are warm with a monthly average of 20-21°C.  The area has a high population 

density with an average of 450 persons per km2 (NISR, 2017). 

 

The study area was selected because a study by SNV (2008) showed the Eastern Province with 

beyond 49% of all the cattle population in Rwanda but livestock production was constrained 

by prolonged drought as it is the first region with a high risk of drought (Bazimenyera, et al., 

2014).  Cattle production contributes 30% of the total household income of which 89% is from 

the sale of milk.   
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Figure 3. 1: Location of Rwanda Within Africa, Rwanda Agro-Ecological Zones and 

Sites (adapted from Verdoodt, 2003 and Schorry, 1991) 

 

3.2.2   Target Population 

The study targeted farmers in villages that had a communal cow shed.  A comprehensive list 

of communal cow sheds of Girinka beneficiaries was gotten from the District Animal 

Resources Officers (DARO), who assisted also in village selection and identification.  In each 

AEZ, two villages were selected for the survey (Figure 3.2).  
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Figure 3. 2: Selected Villages for the Survey 

 

3.2.3   Data Collection Methods 

The feed assessment tool (FEAST) method developed by ILRI (Duncan et al., 2012) was used 

for the data collection on existing and potential feed resources. Two types of interviews were 

used, the Participatory Rural Appraisal (PRA) using a semi-structured questionnaire for focus 

group discussions followed by individual interviews (Duncan et al., 2012). The questionnaires 

were pretested prior to their use in the research (Plate 3.1). The questionnaire designed for 

FEAST was translated into Kinyarwanda before use.  All available farmers members of each 

cow shed, plus other farmers in the village who kept cows in the individual cowshed participate 

in group discussions. The PRA approach was used to generate an overview of the farming 

system in the study sites. The number of participants was fixed to a maximum of 60 farmers as 

recommended by the FEAST method. The group discussion also identified constraints, 

solutions, and opportunities for increasing livestock production. From the group discussion, 9 

farmers were selected for the individual discussion. The selected farmers represented 3 wealth 

endowment categories namely; below average, average, and above average. The farmers and 

village representatives of the selected villages helped in the selection of the 9 farmers based 
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mainly on landholding (land size: below average, average, above average) and gender. 

Individual interviews were conducted with the three farmers from each category to gather 

quantitative information on feeding practices and feed resources.  

 

Plate 3. 1: Pretesting of FEAST Questionnaires at Juru Village (MPB) 

 

3.2.4   Data Analysis 

The quantitative data collected from the two interviews (PRA and individual) were entered into 

the FEAST software and analyzed. Descriptive statistics were automatically generated from 

the FEAST software.  

 

3.3   Results 

3.3.1   Participants Number and Gender 

In the three zones, a total of 184 farmers participated in the participatory rural appraisal out of 

which 52.72 % were females (Table 3.1). The total number of participants was 58, 69, and 57 

for MPM, EP, and ESCB respectively. In each zone, 18 farmers participated in the individual 

interview. All the genders were represented for the individual interview in the three zones. 
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Table 3. 1: Gender of Participants 

 Participatory rural appraisal (PRA) Individual interview 

 Female Male Total Female Male Total 

MPB 34 (58.62%) 24 (41.38%) 58 8 10 18 

EP 36 (52.17%) 33 (47.83%) 69 11 7 18 

ESCB 27 (47.37%) 30 (52.63%) 57 6 12 18 

Overall 97 (52.72%) 87 (47.28 %) 184 25 29 54 

 MPB: Mayaga and peripheral Bugesera, EP: Eastern plateau, ESCB: Eastern Savanna and 

Central Bugesera 

 

3.3.2   Landholding Size 

In all the villages, only a small number of household heads were in the landless landholding 

category, owning 0 ha for agriculture. Most of the household heads selected in MPB villages 

possess small size landholding (Table 3.2). In the villages of EP zone, the number of farmers 

in the medium landholding category was similar to the one of farmers in the small landholding 

category.  

 

Table 3.2: Landholding Category 

 Landless Small farmer Medium farmer Large farmer 

 Size (ha) % Size (ha) % Size (ha) % Size (ha) % 

MPB 0 5 0- 0.5 50 0.5-1 30 1 < 15 

EP 0 0 0.5-1 40 1-1.5 40 1.5 < 20 

ESCB 0 0 0-1 25 1-2 45 2 < 30 

 

In both zones MPB and EP, a small number of farmers was in the large size landholding 

category of 1 and 1.5 ha and above for MPB and EP respectively. However, the ESCB zones 

had 30% of farmers with a land size of more than 2 ha. This proportion was greater than the 

one of farmers in the small landholding category in the same zone. 

 

3.3.3   Dominant Livestock Categories by Average Tropical Livestock Units per 

Household 

Local dairy cattle, improved dairy cattle, goat, pig, sheep, poultry commercial, poultry- Village 

conditions were identified as the most dominant (top 5) livestock categories in the study zones 
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(Figures 3.3, 3.4, and 3.5). The numbers were expressed in tropical livestock units (TLUs), 

which corresponds to the mature animal weighing 250 Kg. The TLUs average values were 3.44 

(with 2.98 cattle), 4.69 (with 4.45 cattle), and 3.95 (with 3.65 cattle) respectively for MPB, EP, 

and ESCB. In MPB local dairy cattle was the most dominant category with an average of 1.52 

TLUs. However, in the two remaining zones, the improved dairy cattle dominated other 

categories with average TLUs values of 2.8 and 2.22 respectively for EP and ESCB. 

 

Figure 3.3: Dominant Livestock Categories by Average TLUs per Household in MPB 

 

Figure 3.4: Dominant Livestock Categories by Average TLUs per Household in EP 

 

Figure 3.5: Dominant Livestock Categories by Average TLUs per Household in ESCB 
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The pig category was not reported among the top 5 in EP, that was the only reporting the 

commercial poultry. The sheep category was only reported in MPB with a very low value of 

0.09 TLUs. The goat category was also reported in the three zones with values varying from 

0.14 to 0.25 TLUs for EP and MPB, respectively.  

 

3.3.4   Dominant Crop Types by Average Hectares Cultivated  

Considering the top 5 of the most dominant food crops in terms of land size, six crops reported 

in the study area were; Maize (Zea mays), Banana (Musa acuminata), Broad beans (Vicia faba), 

Sorghum (Sorghum bicolor), Sweet potato (Ipomea batatus), cabbage (Brassica oleracea) 

(Figure 3.6, 3.7 and 3.8). 

 

Maize (Zea mays), Banana (Musa acuminata), Broad beans (Vicia faba), and Sweet potato 

(Ipomea batatas) were reported in all three zones. Farmers reported the practice of 

intercropping maize and beans (Plate 3.2). Sorghum was only reported in EP alone while 

cabbage was reported in MPB. The land allocated for maize cultivation varied from 0.16 

(MPB) to 0.25 ha (ESCB). 0.29 ha were allocated to bananas and was higher in EP where 

banana is the most cultivated crop.  

  

 

Figure 3.6: Dominant Crop Types by Average Hectares Cultivated in MPB 
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Figure 3.7: Dominant Crop Types by Average Hectares Cultivated in EP 

 

Figure 3.8: Dominant Crop Types by Average Hectares Cultivated in ESCB 
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Plate 3.2: Maize and Beans Intercropped and Banana Plantation 

 

3.3.5   Dominant Fodder Crops by Average Hectares Cultivated 

The average land allocated for fodder crops was 0.15, 0.18, and 0.29 ha in EP, MPB, and ESCB 

respectively (Figure 3.9, 3.10, and 3.11). Six fodder crops were reported in the three zones. 

The MPB zone reported only two fodder crops namely Napier grass and Calliandra, followed 

by the ESCB zone that reported three fodder that included; Napier grass, Rhodes grass, and 

Brachiaria. EP reported five fodder crops with four legumes fodders. Napier grass was the only 

fodder that was commonly reported in all three zones. 
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Figure 3.9: Dominant fodder Crops by Average Hectares Cultivated in EP 

 

Figure 3.10: Dominant fodder Crops by Average Hectares Cultivated in MPB 

 

Figure 3.11: Dominant Fodder Crops by Average Hectares Cultivated in ESCB 
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(Plate 3.3) was reported as the major source of dry matter intake (DMI) in the three AEZ. Its 

contribution varied from 39.67 (ESCB) to 54.81 % (MPB).  

 

Table 3.3: Nutrients Intake (%) by Source 

 DMI MEI CP 

 MPB EP ESCB MPB EP ESCB MPB EP ESCB 

Collected fodder 54.81 52.50 39.67 56.67 54.38 42.11 50.35 45.14 35.00 

Crop residues 9.21 12.59 11.55 7.97 11.00 10.31 6.06 8.16 7.93 

Cultivated fodder 22.97 29.43 28.33 23.11 29.04 27.56 30.99 38.13 37.33 

Grazing 12.67 0.00 18.54 11.79 0.00 17.72 11.64 0.00 16.36 

Purchased feed 0.33 4.48 1.91 0.46 5.58 2.30 0.95 5.57 3.38 

 

The cultivated fodder seconded the collected folder with a contribution on DMI varying from 

22.97 (MPB) to 29.43 % (EP) (Table 3.3). However, crop residues (Figure 3.3) were the third 

feed resource that accounted for the greater proportion of the total DMI in EP (12.59%), 

whereas grazing was the third most contributor to DMI for ESCB and MPB. Feed purchased 

was rarely reported in the three zones, where it contributed to less than 5% of the total DMI. 

 

The study found that the collected fodder occupied the first place as the main source of 

metabolizable energy intake (MEI) in the three AEZ. It was followed by cultivated fodder that 

contributed from 23.11 in MPB to 29.04% in EP. Grazing was the third contributor to MEI for 

ESCB and MPB zones, while crop residues were more important than grazing in EP zone. The 

crude protein supply was reported to be mainly from collected fodder in MPB and EP, and the 

cultivated fodder occupied second place. However, in ESCB zone cultivated fodder contributed 

more than the collected fodder with 37 and 35% respectively.  
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Plate 3.3: Forage Sources Used in the Eastern Province of Rwanda. A: Collected natural 

forage, B: Cut Napier from cultivated crop, C: Cut green maize, D: Cut bean hualms 

 

3.3.6   Rainfall and Feed Availability 

The variation of rainfall followed the same trend in the three zones. The peak of the rain was 

observed in April for the three zones with July having the lowest rainfall. The 3 driest months 

(June-August) were characterized by a remarkable feed scarcity (Figure 3.12). Grazing is 

practiced throughout the year in MPB and ESCB zones. However, grazing was not practiced 

in EP zone. Crop residues were mostly used during the dry period, while green forages were 

the most used feed sources compared to the other six categories.  
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Figure 3.12: Rainfall and Feed Availability in the Three AEZ  

 

3.3.7   Average Daily Milk Yield and Average Price Received per Liter 

In most months, the price of milk varied with its availability. The higher the availability, the 

lower the price (Figure 3.13). However, the price was stable during the dry season when it was 

about 0.28 USD (250 RWF). The milk production coincided with feed availability. The milk 

price varied from 0.025 to 0.28 USD. The daily milk production varied from 8.33 to 15.11 

liters (L) for the 2.98 cattle TLUs in MPB zone, 16.67 to 26.22 L for the 4.45 cattle TLUs and 

12.33 to 21.89 L for the 3.95 cattle TLUs. 
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Figure 3.13: Average Daily Milk Yield and Average Price Received per Liter of Milk 

 

3.4   Discussion 

The results showed the participation of all gender in dairy activities in the study area. Previous 

studies reported that women are mostly in charge of cattle feeding, milk processing, and selling 

than men (Kamanzi & Mapiye, 2012; Wurzinger et al., 2006). Men are in charge of milking. 

However, in the current study, women were more than men due to the study area. The study 

targeted the areas where communal cowsheds were established, and the widows were among 

the beneficiaries of “Girinka”. Most of the farmers in the three zones fell into the small and 

medium landholder, with a land size varying from 0 to 2 ha. This was in agreement with the 

0.76 ha that was reported as the average land size of farmers in Rwanda (Mutimura et al., 

2013). This clearly shows that there is a shortage of land for growing both food crops and 
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forage. However, the reports showed the availability of more potential agricultural land in 

different zones (NISR, 2018). Nyagatare District the main component of ESCB zone has 

162,201.3 ha of potential agricultural land. Kayonza (EP zone) and Bugesera (MPB zone) have 

114,290.4 and 109,019.2 ha of potential agricultural land. These potential lands are represented 

by unmamanged communal rangelands and destroyed rangelands. This shows that in some 

areas there are opportunities for improving agricultural land use in the Eastern Province of 

Rwanda. 

 

The TLU mean value in MPB was lower because most of the farmers in that area were in the 

small landholding category compared to other zones. Additionally, the available land for 

livestock production in that zone was the lowest of the three zones. The improved dairy cattle 

population dominated in EP and ESCB due to government intervention in promoting the use 

of improved breeds for better milk production. 

 

In the context of Rwanda, a mixed cropping system is a general practice in agriculture. This 

practice makes it difficult to determine a specific area under crop cultivation for a certain crop. 

The reported areas were estimated based on the physical occupation of each crop. These major 

crops grown in the area are used by farmers as sources of income and consumption. Due to a 

serious shortage of arable land, fallowing is not usually practiced in the villages. Maize and 

beans were intercropped on the same cropland or in short succession due to the scarcity of land. 

The crops have residues that can be used to feed livestock if well conserved. Maize was the 

most widely grown crop followed by bananas and beans. This is in agreement with the seasonal 

agricultural survey in the Eastern Province of Rwanda, where maize was the most widely 

grown crop, followed by bananas and beans in third place (NISR, 2018). However, at the 

national level, beans come first in the most grown crops (NISR, 2018).  There is an increasing 

interest of farmers in growing maize as it is becoming one of the major staple food in Rwanda. 

The land allocated to fodder was smaller than one for food crops due to scarcity of land. Most 

of the farmers use the land plot edges to grow Napier grass, hence making it the most grown 

fodder in the three zones. Previous studies found the same results about Napier grass being the 

most widely grown forage in Rwanda (Mutimura & Everson, 2011; Mutimura et al., 2013). 

The government has introduced new fodder crops but their adoption is still low, hence 

improved forages are not widely grown by farmers in MPB region, where only two fodder 

crops are grown. Furthermore, most of the farmers have limited knowledge of the use of 

improved forages for livestock in MPB zone.  However, the adoption was more advanced in 
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EP due to the emphasized promotion done in that region. Additionally, in EP zone, farmers 

have demonstration farms where they get the seeds for legumes fodder. 

 

Collected fodder dominated other sources for dry matter in livestock as most of the farmers in 

Rwanda give a priority to food crops rather than fodder crops. Hence, they have to look for 

another cheap source. The use of roadside grasses among dairy farmers in Rwanda was reported 

in different areas (Mutimura et al., 2013). Crop residues were mostly reported in EP given that 

in that zone farmers are encouraged to practice zero-grazing and use other alternative sources 

of feed. However, the use of crop residues is not well adopted as they are very important 

materials used in mulching for crop production (Turmel et al., 2015). Moreover, researchers 

have recommended that more crop residues be kept in the field to produce green manure to 

increase nutrient availability for food crops (Baudron et al., 2014; Castellanos-Navarrete et al., 

2015). Purchasing of feeds is still low in Rwanda as farmers consider such feeds to be very 

expensive. Collected fodder contribution in MEI was higher as it is the most widely used source 

of DMI. Cultivated fodder was mainly composed of protein source forages, hence their 

increased contribution to CPI compared to DMI. It was mostly observed in ESCB where the 

fodder crops grown are Napier and legumes. The land size allocated to Napier was less than 

that for the legumes combined. 

 

Since the bigger size of the cultivated land area is assigned to cereal crop production, the use 

of crop residues increased during the dry season. As the dry season progresses the cereal crop 

and legumes residues declined in quantity, roadside green forages, grazing, and non-

conventional forages constituted the major livestock feed resources. Similar results were 

reported in the Southern province of Rwanda, where the use of crop residues increased after 

the harvest of Maize (Klapwijk et al., 2014). In Eastern and Coastal Kenya, a region with a 

climate close to one of the Eastern Province of Rwanda, it has been reported that farmers often 

feed their livestock with roadside green forages. Only about 10% of the land is allocated for 

fodder production leaving the majority for food and cash crops (Njarui et al., 2011). 98% of 

smallholder dairy farmers in the coastal lowlands in Kenya feed their livestock on pastures all 

year round (Njarui et al., 2016). During August and September, maize stover contributes 

significantly to livestock feeding, with Napier and other cultivated fodder contributing 25-40% 

to overall livestock feed. 
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Though there was a variation in milk price with the milk production level, the variation rates 

were different. This is due to the high proportion of milk sold in informal outlets where the 

price is fixed by the buyer. The reported milk production was lower than expected considering 

the genetic potential of the cow kept by the farmers. This is due to the challenges met by farmers 

especially, the low quality and quantity of feed resources in the study area. The results reported 

in this study were similar to 1.33-4.58 liters/day as daily milk production of the local breed 

cow reported by Klapwijk et al. (2014). However, they were lower than the daily milk 

production of 5.4 L for improved breeds in Rwanda (Mutimura et al., 2018). 

 

3.5   Conclusion and Recommendation 

The dairy sector in Rwanda faces several challenges that hider high production performance 

the main one being feed scarcity. It is crucial to have a better understanding of the geographical 

variations associated with the production systems. The farming system in MPB, EP, and ESCB 

is characterized by a mixed crop-livestock production system with cereals, and bananas as 

major crops. Cattle are the most important livestock in the study area and are composed of local 

breeds as well as improved breeds. Livestock production in these areas mostly depends on 

collected fodders, which have a high contribution to DM, ME, and CP. Moreover, planted 

fodders are not contributing significantly to the DM supply, especially in MPB. Crop residue 

use is limited in some areas due to poor storage facilities and knowledge gaps. It is important 

to address the crop residues utilization improvement, especially in relation to harvesting, 

storage, and processing in preparation for feeding dairy cows. Appropriate forage technologies 

that fit the agro-ecologies and existing farming systems need to be introduced to improve feed 

availability and quality. Land scarcity is one of the major challenges in the zone, hence, 

appropriate technology should be applied to facilitate the efficient use of the potential lands for 

forage production in order to address the problem of land scarcity as reported in the study area. 
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CHAPTER FOUR 

SEASONAL AND ZONE VARIATIONS IN TYPES AND NUTRIENT 

CONCENTRATIONS OF FEEDSTUFFS FOR DAIRY CATTLE IN SMALLHOLDER 

FARMS IN THE EASTERN PROVINCE OF RWANDA 

Abstract 

This study investigated the type and quality of forages used in smallholder dairy farms in three 

agro-ecological zones (Mayaga and peripheral Bugesera, Eastern Savanna and Central 

Bugesera, and Eastern plateau) of the Eastern Province of Rwanda in the four seasons of the 

year. Three representative communal cowsheds were randomly selected from the beneficiaries 

of Girinka programme. Daily feed types and quantities were recorded and samples were taken 

for proximate analysis. The analysis of variance (ANOVA) was used to assess the differences 

in use and quality between zones and seasons. Twenty-two (22) types of feeds were identified 

across the three zones and four seasons. Roadside grasses, Napier grass (Pennisetum 

purpureum), and Kikuyu grass (Pennisetum clandestinum) were the only grasses that were used 

in the three zones throughout the year. However, Leersia grass (Leersia hexandra) and Rhodes 

grass (Chloris gayana) were only used during the dry season in Eastern Savanna and Central 

Bugesera zone. The forages harvested from roadside and weeds were the most used (56.1%) 

followed by the crop residues (28.7%), while the planted forages, were the second least used 

forages. The only legume forage identified during the study period was Calliandra (Calliandra 

spp) which contributed up to 0.16% of the overall dry matter intake (DMI). Commelina 

benghalensis had the highest CP and EE contents among the weed forages. The DMI was 

higher (P<0.05) in Eastern Savanna and Central Bugesera and it was lower (P<0.05) during the 

long dry season. The mean daily DMI of the three zones was 7.94 Kg/day. The nutrient content 

of forages did not show a consistent variation. However, the calcium content of feedstuffs was 

constant (P>0.05) within the zones throughout the year. There is a need to introduce and 

promote new legumes, grasses, and trees in the region to increase forage options, especially in 

dry seasons. Commelina benghalensis should be evaluated for its potential for milk production 

as a CP supplement and methane mitigation effects due to its higher EE and lower NDF.    

 

4.1   Introduction 

Livestock plays a significant role in the socio-economic life of African people by providing 

food and nutrition security, social and economic growth. Cattle provide milk and meat thus 

helping to improve people’s nutrition and health status while serving as a source of income 

(ILRI, 1995; Swanepoel et al., 2010). Furthermore, cattle provide other services to rural 
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households such as draught power, and cultural and social roles.  In line with these multiple 

uses of cattle, the government of Rwanda implemented a programme called “Girinka” (one 

cow per poor family) for poverty alleviation.  The Girinka programme aimed at improving the 

livelihood of resource-poor households by providing them with dairy cows for increased milk, 

meat, and manure production  (RGB, 2018). The programme provides local breeds (Ankole), 

crossbreeds, and exotic dairy cattle breeds namely Jersey and Friesian to selected poor families 

(MINAGRI, 2006).  However, the major challenge faced by these farmers remains the 

insufficient year-round supply of good quality forage for the animals. 

 

Feed shortage is the major constraint to improved livestock production in Rwanda.  Ruminant 

production in the country is predominantly based on Napier grass (Pennisetum purpureum), 

natural pastures,  and crop residues (Mutimura & Everson, 2011).  However, forage production, 

such as Napier grass plantation, is challenged by several biotic and abiotic factors, such as 

diseases and drought, mainly brought by climate change (Kawube et al., 2014).  Other factors 

leading to the reduced supply and quality of fodder in the country include rainfall fluctuation, 

and low soil fertility, thus reducing livestock performance. Part of the solution could be the 

supplementation of forages with maize bran or other protein-rich concentrates. However, such 

concentrates are often considered expensive to the resource-constrained smallholder dairy 

farmers in Rwanda. Furthermore, it was recommended to use grass-legume mixtures approach 

to grow forages to ensure energy-protein balance for ruminants and an increase in soil fertility 

through the ability of legumes to fix atmospheric nitrogen (N) in the soil through biological N 

fixation  (Kabirizi et al., 2006). However, smallholder dairy farmers in Rwanda, especially the 

beneficiaries of the “Girinka” program, do not own enough land for food crops and forage 

production.  

 

Due to limitations in feed supply, resource-poor families in the Girinka programme utilize any 

available and accessible feedstuff to feed their animals leading to the use of low-quality 

forages. This is due to high cell wall content, and low protein content, which consequently, 

leads to low digestibility and low feed intake translates into poor animal production 

performance (Jung & Allen, 1995). Past surveys were conducted to determine the use of 

different forages in smallholder dairy farms in Rwanda (Mutimura & Everson, 2011; Mutimura 

et al., 2015). However, the existing information is mainly based on estimates done by the 

farmers which could be inaccurate. Furthermore, there is a lack of information on the seasonal 

variation in the nutrient content and current use of forages in the different dairy farms in the 
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three agro-ecological zones of the Eastern Province of Rwanda. This study, therefore, 

investigated the type of forages used and seasonal nutrient variation in smallholder dairy farms 

through feed monitoring and quality assessment. 

 

4.2   Materials and Methods 

4.2.1  Study Area 

The study was carried out in the three (3) agro-ecological zones (AEZ) of the Eastern Province 

of Rwanda, namely, Mayaga and peripheral Bugesera (MPB), Eastern Savanna and Central 

Bugesera (ESCB), and Eastern plateau (EP). Six (2 per AEZ) communal cow sheds located in 

the six study villages were selected for the study as presented in Figure 4.1. 

 

 

Figure 4.1: Selected Farms for Feed Monitoring 

4.2.2   Determination of Diet Quality and Seasonal and Zonal “feed basket” 

The study targeted smallholder dairy farms in communal cowsheds (CCS). Data was collected 

from one randomly selected CCS in each agro-ecological zone (AEZ) in the Eastern province 

of Rwanda. From each selected CCS, half the number (50%) of cows were randomly selected 

with the consent of farmers. The feed was monitored for two (2) weeks from late July to early 

August and mid-November 2018, then in early February and early May 2019. July, August, 

and March are the three dry season months associated with feed scarcity, while October, 

November, April, and May are the peaks of the rainy seasons when feeds are more widely 

available. From each shed, 50% of cows were randomly selected for feed monitoring in zero-
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grazing.  A 50 Kg spring scale with units of 0.5 Kg was used for weighing feeds given to each 

selected cow. Refusals were weighed every morning and recorded. The types of feeds offered 

to cattle during the exercise were identified. Samples of various varieties of feed were pooled 

separately (Appendix A and B). For each feed type, at most five samples were pooled to make 

one sample type. One (1) Kg was weighted in each sample type and packed into a plastic bag 

for later chemical analyses. Feed samples were dried at 65°C to constant weight and ground to 

pass through a 1 mm screen and later on stored for further analysis.  Proximate analysis of feed 

was done by wet chemistry ( AOAC, 2005) for organic matter (OM), ash, Kjeldahl N (N × 

6.25), neutral detergent fiber (NDF), acid detergent fiber (ADF), ether extract (EE), and 

Calcium and Phosphorus were determined by atomic absorption spectrophotometer. Gross 

energy (GE) density was measured using Bomb Calorimetry (C 7000 Isoperibolic, Janke and 

Kunkel IKA – Analysentechnik, Staufen, Germany). The dry matter supply of each feed 

resource was estimated from the feed sample’s analysis.   

 

4.2.3   Statistical Analysis 

Data collected were analyzed using the Statistical Package for Social Scientist (SPSS) software 

package (SPSS Ver. 16.0, SPSS Inc., Chicago, Illinois). Descriptive statistics (mean and 

standard error of means (SEM)) were generated for daily dry matter intake (DMI), daily 

feedstuff supply, and nutrients composition. Data were subjected to ANOVA to assess the 

differences between AEZ and seasons. Tukey honest significant difference test was used for 

comparisons post hoc for mean separation. A probability level of P ≤ 0.05 was considered to 

be statistically significant.  

Statistical model: 

𝒀𝒊𝒋𝒌 = µ + 𝑨𝒊 + 𝑺𝒋 + (𝑨𝑺)𝒊𝒋 + 𝒆𝒊𝒋𝒌 

Yijk: types and nutrient concentrations of feedstuffs for dairy cattle in smallholder farms, µ: 

overall mean, Ai: fixed effect of ith agro-ecological zone, Sj: effect of jth season, (AS)ij: effect 

of interaction between agro-ecological zone and season, eijk: random residual error. 

 

4.3  Results 

4.3.1  Type of Feedstuffs Used 

The identified forages were mainly in four categories: Grown forages (Calliandra, Napier grass, 

Brachiaria, Panicum (Panicum maximum), and Rhodes grass), Crop residues (Maize stover, 

Sorghum stover, Bean straw (Phaseolus vulgaris), Banana leaves and banana Pseudo-stem, 
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Banana peels, Rice straw (Oryza sativa), and sweet potato vines, Roadside and weed grasses 

(Mixed grasses, Couch grass, Kikuyu grass, Paspalum (Paspalum spp), Commelina 

(Commelina spp) and Marshland and savanna forages (Leersia, Dracaena (Dracaena 

afromontana), Cyperus grass, and Hyparrhenia (Hyparrhenia spp) (Figures 4.2 and 4.3). The 

daily DMI and the contribution of each forage group to the feed pool varied with the season 

and AEZ. 

 

Figure 4.2: Use of forage Types in Three Agro-ecological zones 

 

Figure 4.3: Use of Forage Types in Four Seasons of the Year 
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The DMI was higher (P<0.05) in ESCB compared to MPB and EP (Figure 4.2). The long dry 

season has a lower (P<0.05) DMI compared to the two wet seasons (Figure 4.3). The roadside 

grasses and weeds grasses were the most widely used (P<0.05) forages across all the zones 

with a yearly contribution of 4.44 Kg DMI/day (56.1%) followed by the crop residues (28.7%). 

The herbage opportunistically collected from roadsides and couch grass were the most used 

due to the lack of land for conventional forage growing in the three zones. From the total DMI, 

the crop residues contributed the most forage during the long dry season accounting for up to 

49.7% of the DMI (3.59/7.22), while Marshlands and savanna forages were the less used 

(P<0.05) across all the seasons.  

 

During the study period, 22 types of feedstuffs were identified (Table 4.1). The Mayaga and 

peripheral Bugesera (MPB) zone showed less variation in feed types recording only five (5) 

types. The Eastern Plateau (EP) and Eastern Savanna and Central Bugesera (ESCB) zones had 

16 and 15 types of feedstuffs, respectively. Roadside grasses, Napier grass, and Kikuyu grass 

(Pennisetum clandestinum) were the only grasses that were used in the three zones for all 

seasons. While Leersia grass (Leersia hexandra) and Rhodes grass (Chloris gayana) were only 

used during the dry season in ESCB zone (Table 4.1).  

 

The use of individual feedstuff also varied with seasons and agro-ecological zones. Globally, 

the roadside grasses (a mixture of grasses harvested on the roadsides) were the most used with 

a daily supply of 2.54 Kg accounting for 32% of total feedstuffs (Table 4.1). This was followed 

by couch grass, maize stover, and Napier grass with 1.45, 1.35, and 0.84 Kg, respectively. In 

the MPB, the top four (4) most used feedstuffs were roadside grasses (6.60 Kg), Napier grass 

(0.25 Kg), Sweat potato vines (0.23 Kg), and banana pseudo-stem (0.12 Kg). In EP, the most 

used feedstuffs were Couch grass, Napier grass, Kikuyu grass, and Banana pseudo-stem with 

3.52 (48% of total feedstuffs), 1.41, 1.02, and 0.63 Kg, respectively.  

 

In ESCB, maize stover dominated with daily use of 3.66 Kg which accounted for 40.4% of 

total feedstuffs, followed by roadside grasses (1.18 Kg), and rice straw (1.05 Kg), and couch 

grass (0.87 Kg). In ESCB, Napier grass came in the 5th position with daily use of 0.85 Kg 

(Appendix C). Considering the seasons, the results revealed the dominance of roadside grass 

and maize stover in the dry seasons. The results recorded 1.85 Kg (25.7% of total feedstuffs) 

and 1.28 Kg (16.2%) in the long dry season and short dry season, respectively, for maize stover, 

and 1.82 Kg and 2.87 Kg in the two dry seasons for roadside grasses. Couch grass was the 
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second most widely used feedstuff during the wet seasons (1.3 and 2.18 Kg) after roadside 

grass which dominated again in the dry seasons with 2.31 and 3.18 Kg as a daily use (Appendix 

C). Napier grass was used at a daily rate of 0.29, 0.39, 0.95, and 1.75 Kg in the long dry season, 

short rainy season, short dry season, and long rainy season, respectively. Among the identified 

crop residues, maize stover was the most widely used at 1.35 Kg accounting for 17.1% of total 

feedstuffs in the year. Of all the feedstuffs identified in the four seasons, the least used feedstuff 

was Banana peels (0.003 Kg) followed by banana leaves and Dracaena both with 0.01 Kg daily 

use in a year. 

 

During the dry season, farmers in Eastern Savanna and Central Bugesera (ESCB) zone relied 

on crop residues (52.7%) mainly maize stover as maize is grown as a staple food crop more in 

the region, and farmers were trained in forage conservation, resulting in better management of 

crop residues. The couch grass was mainly used in wet seasons as it is one of the major weeds 

in Rwanda, hence the dry season corresponding to high cropping was associated with the high 

use of the couch grass from the cultivated lands. In this study, Napier grass came 4th due to the 

same reason of land unavailability.  

 

4.3.2   Nutritional Characteristics 

The nutritional characteristics showed a wide variation within types of feedstuffs (P<0.05) but 

a moderate variation within seasons and AEZ (Tables 4.1, 4.2, and 4.3).  The crude protein 

(CP), organic matter (OM), ether extract (EE), gross energy (GE), and Phosphorus (P) values 

were higher through the rainy season compared to the dry season (P<0.05). The opposite was 

observed with DM, ADF, NDF, and Ca (Tables 4.1, 4.2, and 4.3). However, the calcium (Ca) 

content varied neither with season nor with AEZ. Dry matter content varied from 6.5% (banana 

pseudo-stem) to 93.0% (sorghum straw) and from 5.5% (banana pseudo-stem) to 92.8% (rice 

straw) in respectively in the dry and wet seasons. 

 

The crude protein (CP) content also showed a wide variation among feedstuffs. The lowest 

values of CP were reported in banana pseudo-stem with 3.5% and 3.7% in dry and wet seasons 

respectively.  Kikuyu grass had the highest CP of 15.1% among the feedstuffs used during the 

dry season while Calliandra had the highest with 23.5% CP content in the wet season. Ether 

extract (EE) varied from 0.6% (Maize stover) to 11.5% (Banana peels) and from 0.7 to 11.9% 

in the same feedstuffs for dry and wet seasons respectively.  Banana pseudo-stem showed a 

lower organic matter (OM) content in both seasons with 71.2 and 74.5% for dry and wet 
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seasons respectively. However, the Cyperus had a higher OM content in the dry season with a 

value of 94%. In the wet season, a higher value of 95.6% was recorded in Paspalum as an OM 

content.  Commelina benghalensis had the highest CP and EE among the weed forages. 

 

Sweet potato vines showed lower values of NDF in both seasons with 41.1% in the dry season 

and 38.1 % values in the wet season. The higher value of NDF was found in Panicum (87.4%) 

in the dry season and maize stover during the wet season (82.2%). The same panicum had the 

highest values of ADF in both seasons, with 56% and 52% for dry and wet seasons respectively. 

Lower values were reported in banana peels with 22.2% and 22.3% for dry and wet seasons 

respectively as ADF content. Phosphorus varied from 0.1% (bean straw) to 0.34% (Kikuyu 

grass) and from 0.11 (bean straw and rice straw) to 0.36% (Kikuyu grass) respectively for dry 

and wet seasons.
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Table 4.1: Feed Nutrients Composition in Mayaga and Peripheral Bugesera (MPB) 

N: Number of combined samples, DS: dry season, WS: wet season, DM: dry matter, CP: crude protein, EE: ether extract, NDF: Neutral detergent 

fiber, ADF: Acid detergent fiber, P: Phosphorus, Ca: Calcium, GE: Gross energy, MRG:Mixed roadside grasses 

 

 

 

 

 

 

 

 

Forages N DM (%) CP (%) EE (%) NDF (%) ADF (%) P% Ca% GE (KJ/Kg) 

 DS WS DS WS DS WS DS WS DS WS DS WS DS WS DS WS DS WS 

B.pseudo stem 4 4 8 7.1 3.9 4.3 1.5 1.4 68.5 61.6 28 25 0.11 0.15 0.54 0.57 16.7 17.4 

Kikuyu grass 4 3 19.1 17.2 15.1 17.0 2.7 2.9 65.3 63.1 39.8 36.1 0.34 0.36 0.26 0.25 18.4 19.2 

Napier grass 4 4 17.9 15.7 11.9 10.6 2.1 2.8 65 65.1 42.7 39.5 0.15 0.14 0.42 0.41 17.4 17.9 

MRG 4 4 36.5 27.5 8.5 10.4 1.4 2.4 65 57.3 45.4 42 0.16 0.19 0.35 0.42 16.9 17.7 

S. Potato vines 3 3 22.5 17.1 10.5 14.5 4.6 5.4 41.1 38.1 34.2 32.7 0.15 0.13 1.1 1.13 18.4 18.9 

p- value   0.059 0.193 0.063 0.055 0.002 0.358 0.216 0.001 

. 
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Table 4.2: Feed Nutrients Composition in Eastern Plateau (EP) 

N: Number of combined samples, DS: dry season, WS: wet season, DM: dry matter, CP: crude protein, EE: ether extract, NDF: Neutral 

detergent fiber, ADF: Acid detergent fiber, P: Phosphorus, Ca: Calcium, GE: Gross energy, MRG:Mixed roadside grasses 

Forages N DM (%) CP (%) EE (%) NDF (%) ADF (%) P (%) Ca (%) GE (KJ/Kg) 

 DS WS DS WS DS WS DS WS DS WS DS WS DS WS DS WS DS WS 

Banana leaves 4 4 17.5 17 9.5 10.5 7.3 7.4 55.7 52.4 40.7 39.5 0.15 0.16 0.94 0.91 18.1 18.4 

Banana peels 3 2 15.3 15.2 7.2 7 11.5 11.9 42.3 40.4 22.2 22.3 0.14 0.12 0.31 0.34 18.4 18.5 

B. pseudo stem 4 4 6.5 5.9 4 4.1 1.5 1.4 67.5 60.6 29.2 25.6 0.12 0.12 0.59 0.64 16.7 17.4 

Bean straw 4 4 87.5 56.6 7.1 7.2 1.1 1.4 69.7 66.5 46.7 41.5 0.12 0.15 0.9 0.88 17.9 18 

Brachiaria     0   3 - 23.8 - 15.4 - 2.1 - 65.7 - 35.7 - 0.16 - 0.72 - 18.7 

Calliandra     0   3 - 30 - 23.5 - 2.5 - 50.6 - 33.3 - 0.24 - 0.7 - 19.2 

Commelina 4 3 12 8 12.2 13.2 13.5 11.5 41.2 39.1 35.4 34.5 0.21 0.25 1.11 1.01 16.7 18.7 

Couch grass 4 4 51.1 43.1 8.1 10.8 1.4 1.3 53.1 50.3 36.4 34.3 0.16 0.14 0.37 0.34 17.9 19 

Dracaena  2 3 23.1 21.1 11.2 12.2 4.1 4.4 55.1 50.4 35.5 27.6 0.22 0.24 0.26 0.28 17.3 17.9 

Kikuyu grass 4 4 21.1 16.3 14.5 16.4 2.7 2.9 65.3 63.1 39.5 35.5 0.31 0.34 0.27 0.25 18.4 19.2 

Maize stover  4 4 91 - 3.6 - 0.7 - 83.7 - 43.1 - 0.14 - 0.35 - 17.9 - 

Napier grass 4 4 17.9 15.7 9.1 9.8 2.1 2.8 73.5 63.5 43.9 37.5 0.11 0.13 0.45 0.41 17.4 17.9 

Panicum 3 4 59.5 47.5 9.3 9.3 3.8 4.8 87.4 78.4 56.8 52.5 0.21 0.22 0.39 0.44 12.6 15.6 

Paspalum 3 3 22.7 22.4 10 12.7 2.5 2.7 68.5 62.5 44.7 40.2 0.19 0.16 0.31 0.37 18.2 18.7 

MRG 4 4 34.5 28.5 9.2 12.9 1.4 2.4 61 51.2 46.9 42 0.21 0.24 0.33 0.35 16.9 17.7 

S. Potato vines     3 3 19.2 16.2 11.5 13.5 4.8 5.1 41.7 38.5 35.8 32.7 0.17 0.17 1.4 1.3 18.3 18.7 

p-value   0.029 0.003 0.407 0.000062 0.000073 0.159 0.575 0.003 
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Table 4.3: Feed Nutrients Composition in Eastern Savanna and Central Bugesera (ESCB) 

Forages 

N 

DM (%) CP (%) EE (%) NDF (%) ADF (%) P% Ca% 

GE (KJ/ 

Kg) 

 DS WS DS WS DS WS DS WS DS WS DS WS DS WS DS WS DS WS 

B. pseudo stems 4 4 7 5.5 3.5 3.7 1.5 1.4 62.5 58.6 27.6 25.8 0.14 0.13 0.56 0.52 16.7 17.4 

Bean straw 3 3 88 52.6 7.1 7.2 1.1 1.4 69.7 66.5 43.5 42.6 0.1 0.11 0.85 0.81 17.9 18 

Brachiaria 3 0 26.8 - 10.2 - 1.9 - 68.1 - 35.8 - 0.16 - 0.72 - 18.1 - 

Commelina 4 0 11 - 12.2 - 13.5 - 41.1 - 35.2 - 0.2 - 1.02 - 16.7 - 

Couch grass 4 4 52.1 41.1 8.8 11.8 1.4 1.3 53.1 50.3 37.2 34.3 0.11 0.12 0.37 0.39 17.9 18.9 

Cyperus latifolius 4 4 26.7 23.7 7 8.6 3.1 3.3 52.5 50.5 52.9 51.1 0.26 0.25 0.33 0.33 17.3 17.6 

Hyparrhenia 4 4 31.1 27.1 11.4 14.4 5 4.7 67.2 65.2 36.5 33.3 0.23 0.25 0.33 0.36 18.9 19 

Kikuyu grass 4 4 20.1 18.2 14.8 17.4 2.7 2.9 65.3 63.1 37.6 35.7 0.34 0.36 0.31 0.3 18.3 19.2 

Leersia 3 0 35.2 - 9.5 - 2.1 - 66.2 - 35.1 - 0.18 - 1.44 - 17.4 - 

Maize stover 4 4 93 91 3.8 3.8 0.6 0.7 84.3 82.2 41.7 41.2 0.12 0.18 0.31 0.32 17.9 17.8 

Napier grass 4 4 17.9 15.7 8.7 9.6 2 2.8 71.5 64.5 40.8 38.6 0.13 0.12 0.48 0.44 17.4 17.9 

Rhodes grass 3 0 24.9 - 14 - 2.2 - 75 - 44.1 - 0.35 - 0.41 - 18.3 - 

Rice straw 4 4 92.8 92.8 4.2 4 1.4 1.4 69.1 69.1 38.5 40.4 0.11 0.11 0.32 0.33 15.5 15.3 

MRG 4 4 35 27.5 8.1 12.5 1.4 2.4 58 53 43.6 42 0.13 0.12 0.32 0.3 16.5 17.6 

Sorghum stover 4 4 93 92.8 4.6 4.9 1.2 1.2 74.6 76.6 46.5 45.9 0.2 0.19 0.29 0.26 18.1 18 

p-value   0.070 0.012 0.136 0.005 0.007 0.352 0.226 0.021 

N: Number of combined samples, DS: dry season, WS: wet season, DM: dry matter, CP: crude protein, EE: ether extract, NDF: Neutral detergent 

fiber, ADF: Acid detergent fiber, P: Phosphorus, Ca: Calcium, GE: Gross energy, MRG:Mixed roadside grasses
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The lowest values in Calcium content were reported in Dracaena (0.26%) and Kikuyu grass 

(0.25%) respectively for dry and wet seasons. The highest values of Ca content were found in 

Leersia (1.44%) and Sweet potato vines (1.3%) in dry and wet seasons respectively. The CP 

content of Napier grass varied with seasons and AEZ. The CP was 11.9, 9.1, and 8.7% 

respectively for MPB, EP, and ESCB in the dry season.  The CP values were respectively 10.6, 

9.8, and 9.6% for MPB, EP, and ESCB zones in the wet season. The mixed roadside grass CP 

content also showed a variation with AEZ. Values were 8.5, 9.2, and 8.1% respectively for 

MPB, EP, and ESCB zones in the dry season. The CP values of the mixed roadside grass were 

10.4%, 12.9%, and 12.5% respectively for MPB, EP, and ESCB zones in the wet season. The 

energy content showed a moderate variation within the feedstuff, varying from 12.6 to 19.2 

KJ/Kg DM for Panicum and Kikuyu grass respectively. However, GE was consistently higher 

(P<0.05) in the wet seasons in the three zones. 

 

4.4  Discussion 

4.4.1  Used Feedstuffs 

Twelve (12) out of the 22 were previously reported in the Bugesera District of the Eastern 

Province (Mutimura et al., 2015), and 6 types in the Northern province of Rwanda (Klapwijk 

et al., 2014). The feedstuffs reported previously were: Banana leaves, banana peels, banana 

pseudo-stem (Musa spp), Calliandra (Calliandra spp), Commelina (Commelina spp), corn 

plant, couch grass (Digitaria abyssinica), cyperus grass (Cyperus latifolius), maize stover (Zea 

mays), Napier grass, sorghum stover (Sorghum bicolor) and sweet potato vines (Ipomoea 

batatas) (Klapwijk et al., 2014; Mutimura et al., 2015). The low variation in feedstuff observed 

in Mayaga and peripheral Bugesera (MPB) may be attributed to the weather conditions and 

comparatively less land per farmer. More variation was observed during the dry season because 

of the scarcity of conventional forages; hence farmers opt for non-conventional feedstuffs. 

 

The findings on the use of Napier grass from this study differ from previously reported results 

which stated that Napier grass was one of the two most widely used grass species by 

smallholder farmers in Rwanda (Mutimura & Everson, 2011; Mutimura et al., 2013; Mutimura 

et al., 2015). This is probably because the current study targeted farmers with less land, hence 

they opted to grow food crops than forages. Farmers mostly go for couch grass a weed that is 

available during the weeding of crops, and roadside grass mixture that is easily got for free 

along with crop residues. The results of this study are in agreement with the previous reports 

in one district of the Eastern Province where Mutimura et al. (2015) found that more than 90% 



57 

 

of farmers in Bugesera district used crop residues and grasses occasionally harvested from 

roadsides and marshland.  However, in an intensive system, Napier grass is the most commonly 

used forage.  

 

4.4.2  Nutritional Characteristics 

The observed variation in nutritional characteristics of feedstuffs was expected as they depend 

on several factors including species, stage of maturity, climatic factors, and soil. The variation 

in nutrient content with seasons may be due to reduced photosynthetic activities of plants as a 

result of harsh environmental conditions and decreased absorption of necessary nutrients from 

the soil and reduced moisture during the dry season (Anele et al., 2009). During rainy periods, 

there is increased photosynthesis and moisture which increase nitrogen uptake, which could be 

the reason why the reported CP content was generally higher in the wet season (Anele et al., 

2009). This finding is in agreement with the earlier reports by Yayneshet et al. (2009) and 

Woldemariam et al. (2012) who reported the effect of season on the nutritional value of forages, 

where lower values of crude protein were reported in plants with advanced age and during 

periods of low moisture. This study further revealed increased fiber fraction values during the 

dry season which can be attributed to advancement in plant age associated with leaf maturity 

(Belachew et al., 2013). However, in MPB, Napier grass showed higher CP content during the 

dry season possibly because farmers harvest Napier grass when it is still very young. 

 

The nutritional characteristics of most forage species recorded in the current study were within 

the ranges found in other studies on the same species in Rwanda, with a CP varying from 3.6 

to 23.5% (Mutimura et al., 2015). However, the values of DM (12.2%), OM (80%), and NDF 

(40%) for Commelina spp were lower while its CP content of 12.2% was higher than that found 

by these authors while working on feed resources in smallholder dairy farms in Bugesera and 

Nyamagabe Districts of Rwanda. Couch grass, one of the most widely used grass, was among 

the grasses that had chemical composition within the limits of the previous study in Rwanda 

Province (Mutimura et al., 2015). Nevertheless, apart from the ADF content, other parameters 

had values less than 88.4%, 14.6%, and 71.4% respectively for DM, CP and NDF reported in 

Ethiopia on the same grass (Berhane et al., 2006). Apart from the EE that was higher in this 

study, the values of DM, CP, OM, NDF, P, and Ca content of the maize stover reported in this 

study were comparatively like the values reported in China (Li et al., 2014). Moreover, 

Menardo et al. (2015) while working on maize stover in Italy reported similar CP content (36.3 

to 56.1 g/Kg DM) as reported in this study. However, the results of  Kambashi et al. (2014) 
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were higher for CP in maize stover. The CP and OM values found in this study for Napier were 

similar to the ones reported by Mutimura et al. (2015). However, these authors reported a 

higher DM and a lower NDF. A study carried out in the Southern province of Rwanda showed 

a higher CP (150g/Kg) content but with similar DM as the current study (Klapwijk et al., 2014). 

The Southern province of Rwanda has a better rainfall level which would be associated with 

higher nutrient uptake. The CP, OM, ADF, and NDF values reported in the Republic of Congo 

for Napier, were also similar to the values reported in this study during the wet seasons  

(Kambashi et al., 2014). Onyango et al. (2019) reported similar values for DM (195 ± 34.5 

g/Kg), CP (8.3± g/Kg DM), NDF (653 ± 19.5) and ADF (376 ± 14.1 g/Kg DM) as the current 

study while working on Napier grass samples from Kenya. 

 

The DM reported on sweet potato vines was different from that reported by Salehi et al. (2014). 

The DM was higher and NDF lower because they used younger dried forages that were grown 

for animal feeds, which is not the case in Rwanda where sweet potato vines are harvested as 

residues at a late age during the time after harvest of the tubers. Apart from lower NDF, other 

parameters were close to the values reported by Mutimura et al. (2015) in Rwanda. The values 

of CP for Sweet potato vines were similar to the ones reported in the Southern province of 

Rwanda (Klapwijk et al., 2014). DM values reported in this study were within the ranges of 

those reported by Onyango et al. (2019) in Kenya, however, they were less than 261.3 g/Kg 

reported in the Southern Province of Rwanda (Klapwijk et al., 2014). 

 

4.5  Conclusion 

This study assessed the use of different forages in smallholder dairy farmers of the Eastern 

Province of Rwanda. The number of various forages is low due to the lack of more alternative 

forages for ruminant production. The use of grown forages is very low in the three zones 

possibly due to the limited land availability; thus, farmers rather grow food crops than animal 

feed. The crop residues are mostly used during the dry season, especially in ESCB zone.  

However, farmers mostly use the mixture of forages harvested from the roadsides and weeds 

from the food crop plantations. The nutrient content varies with seasons. Legume forages are 

the least used, hence there is a need for introducing and promoting new legume forages in the 

region to increase the production performance of dairy cattle. Commelina benghalensis should 

be evaluated for its potential for milk production as a CP supplement and methane mitigation 

effects due to its higher EE and lower NDF.  
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CHAPTER FIVE 

EFFECT OF NUTRIENTS SUPPLY ON MILK YIELD, COMPOSITION AND 

ENTERIC METHANE GAS EMISSION FROM SMALLHOLDER DAIRY FARMS 

IN RWANDA 

Abstract 

Livestock is a major source of livelihood to many rural communities in form of food and 

nutrition security besides providing income.  However, despite these benefits livestock also has 

a negative effect on the environment through greenhouse gas emissions from enteric methane 

that is produced by ruminants. This study, therefore, investigated the effect of feed on milk 

yield and composition through feed monitoring and quality assessment, and the consequent 

enteric methane gas emissions from smallholder dairy farms in drier areas of Rwanda, using 

the Tier II approach. ANOVA was used to assess the variations of different parameters between 

zones and seasons. The study was carried out using 186 dairy cows with a mean live weight of 

292 Kg. The dry matter intake was lower (P<0.05) during the long dry season (7.24 Kg). The 

Eastern Savanna and Central Bugesera (ESCB) zone had the highest (P<0.05) DMI of 9.10 Kg 

compared to Mayaga and peripheral Bugesera (MPB) and Eastern plateau (EP) zones. The Dry 

matter digestibility (DMD) in the seasonal feed basket varied between seasons and zones 

ranging from 52.5 to 56.4% for seasons and from 51.9 to 57.5% for zones. The daily protein 

supply was higher (P<0.05) in the long rain season with 969 g. The mean daily milk production 

of lactating cows was 5.6 L with a lower value (P<0.05) during the long dry season (4.76 L). 

The MPB zone showed the lowest (P<0.05) daily milk production with 4.65 L. The overall 

mean yearly milk production per cow was 1179 L. Milk fat varied from 3.79 to 5.49% with 

variations in both season and zone. The mean protein content varied from 3.19 and 3.17 to 3.26 

and 3.27% for zones and seasons respectively reflecting no variation (P>0.05) neither with 

season nor zone. The seasonal daily methane emission varied from 150 to 174 g for the long 

dry season and the long rain season respectively. The methane emission in the long dry season 

was lower (P<0.05) compared to the other seasons. Between zones, the variation for methane 

emission was from 152 for the MPB zone to 188 g for the ESCB zone (P<0.05). The mean 

emission factor (EF) was 59.4 Kg of methane/year. Methane emission per unit of milk 

production was lower in EP zone (46.8 g/L). Farmers should use high-quality feeds to increase 

the milk yield and reduce the methane gas produced per unit of milk. For an accurate 

assessment of the methane produced from dairy farms, there is a need for the use of Life Cycle 

Assessment approach that considers all the sources of emissions. 
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5.1  Introduction 

Rwanda’s economy is based on agriculture like most countries in Africa. The Rwandan 

agriculture sector contributes up to 43% of the national gross national product (GDP) (NISR, 

2017). Livestock as one of the major components of agriculture contributes up to 12% of the 

agricultural GDP with cattle being the main contributor (NISR, 2017). In Rwanda, cattle are 

being targeted for malnutrition reduction through improved milk production and consumption. 

Programs targeting improved milk production in the dairy sector, such as the “Girinka” 

program, were developed to enhance food security, especially in marginalized families. The 

“Girinka” program consisted of the distribution of dairy cows to poor families (Rwanda 

Governance Board (RGB), 2018). The number of cows distributed under the framework of 

Girinka program contributed significantly to the improvement of milk production (RGB, 2018).  

Despite the positive trend in the dairy sector, farmers face many challenges that include; a lack 

of adequate feed for cattle, which impairs milk yield and quality. The milk quantity and quality 

can be influenced by nutrition factors as reported in previous research (Arriola et al., 2014; 

Jensen et al., 2015). These include forage quality, forage concentrate ratio, level, and type of 

dietary fat among others which influence microbial ruminal fermentation. Ruminal microbial 

array determines the composition of the milk, including milk protein, milk fat, solid nonfat, 

and milk lactose (Brun-Lafleur et al., 2010). Studies showed that a shortage of feed supply 

mainly during the dry season is a major constraint to increased milk production (Mutimura et 

al., 2015). In attempt to overcome these feed-related challenges, farmers use conventional and 

non-conventional feedstuffs to meet the daily feed intake but not the nutritional requirements, 

which leads to relatively higher methane emissions per unit of milk (Hammond et al., 2013; 

Mutimura et al., 2015). 

 

Apart from being a source of food and income, livestock also negatively impacts the 

environment through greenhouse gas production, mainly enteric methane. The contribution of 

livestock to methane emission in Africa was estimated at over 70% of African agricultural 

greenhouse gas (GHG) emissions, and CH4 gas being the major component (Tubiello et al., 

2014). CH4 is a potent gas in terms of global warming with a potential that is 23 times higher 

than that of carbon dioxide (Loh et al., 2008). Additionally, the enteric CH4 gas production 

also represents a loss of gross energy from feed ingested by the ruminant.  It is estimated that 

2-12% of feed gross energy in ruminants is lost as CH4 gas which consequently contributes to 

low feed utilization efficiency (Johnson & Johnson, 1995). This loss may even be higher during 

the dry season when a high proportion of daily feed DM intake containing high levels of cell 
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wall constituents whose digestion in the rumen is associated with acetate type of fermentation 

that consequently produces higher quantities of methane. The previous studies estimated the 

methane gas emissions from ruminants in Rwanda using Tier I method for sheep and goats and 

Tier II for cows  (Paul et al., 2017). However, the parameters used for Tier II based largely on 

estimates by the farmers. The accuracy of farmer's estimates can be good in intensive systems 

but this represents an issue for smallholder livestock systems, where farmers do not keep 

records.   

 

Hence, there is a lack of information on the current seasonal daily nutrients supply, milk yield, 

and quality in the Eastern province of Rwanda. Moreover, the effect of this feed supply on milk 

yield and enteric methane emission is poorly documented. This study, therefore, investigated 

the effects of feed supply on milk yield and quality and enteric methane gas emission from 

smallholder dairy farms in drier areas of Rwanda through feed monitoring and quality 

assessment to improve the accuracy of calculated smallholder dairy cattle emissions as 

compared to the standard IPCC Tier 1 approach and previous estimates. 

 

5.2  Materials and Methods 

5.2.1  Study Area 

The study was conducted in the three (3) agro-ecological zones, namely, Mayaga and 

peripheral Bugesera (MPB), Eastern Savanna and Central Bugesera (ESCB), and Eastern 

plateau (EP) of the Eastern province of Rwanda (Figure 4.1). The six farms (2 in each AEZ) 

were used for the study. 

 

5.2.2  Animals and Animal Performance Data 

The study targeted smallholder dairy farm beneficiaries of “Girinka” program in communal 

cowsheds (CCS). Data was collected from six randomly selected CCS in the Eastern province 

of Rwanda. Each agroecological zone (AEZ) of the Eastern province of Rwanda was 

represented by two CCS.  Data collection was done four times at approximately two and a half 

months intervals from August 2018 to June 2019, to approximately coincide with the four 

seasons reported in the study area. In each CCS, 50% of cows were randomly selected and their 

identification recorded. The body condition score was assessed on a scale of 1 to 5 (Edmonson 

et al., 1989). The live weight of cows was estimated from the body length and heart girth 

measurements using Schaeffer’s formula (Dingwell et al., 2006; Yan et al., 2009). The 

information on parity, pregnancy, lactation status, and the stage of lactation was recorded from 
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farmer’s recall. The breed was identified from the skin coat color and farmer’s recall while age 

was estimated by observing the dentition of cows (Torell et al., 2003). 

 

5.2.3  Determination of Diet Quality and Seasonal “feed basket” 

The feed was monitored over two (2) weeks in late July to early August and mid-November 

2018, then in early February and early May 2019. July, August, and March are the three dry 

season months associated with feed scarcity, while October, November, April, and May are the 

peaks of the rainy seasons when feeds are more widely available. From each shed, 50% of cows 

were randomly selected for feed monitoring in zero-grazing.  A 50 Kg spring scale with units 

of 0.5 Kg was used for weighing feeds given to each selected cow. Refusals were weighed and 

recorded every morning. The types of feeds offered to cattle during the study were identified 

through observation. Samples of various varieties of feed were pooled separately. For each feed 

type, at most five samples were combined to make one sample type. One (1) Kg was weighted 

in each sample type and packed in a plastic bag for later chemical analyses. Feed samples were 

dried at 65°C to constant weight and ground to pass through a 1 mm screen and stored for later 

analysis.  Proximate analysis of feed was done by wet chemistry (Association of Official 

Agricultural Chemists (AOAC), 2005) for organic matter (OM), ash, Kjeldahl N (N × 6.25), 

acid detergent fiber (ADF), neutral detergent fiber (NDF), ether extract (EE), and Ca and P 

were determined by atomic absorption spectrophotometer. 

 

The types and total as-fed quantity of each feed resource (Napier grass, Calliandra, and cereal 

stover) for 14 days per season were recorded for each monitored cow. The dry matter supply 

of each feed resource was estimated from feed samples analysis.  To determine daily feed 

basket composition, the daily proportion of each feedstuff was calculated by dividing the DM 

quantity in 14 days by 14. From the proportion of feedstuff, the DM, Crude Protein (CP), 

Neutral Detergent Fibre (NDF) and Acid Detergent Fibre (ADF), Organic Matter (OM), Ether 

Extract (EE), and energy concentrations were calculated for a daily feed basket per season for 

each cow. Dry matter digestibility (DMD) was estimated using the equation developed by 

Oddy et al. (1983) as follows: 

DMD (%DM) = 83.58 0.824 -ADF (%DM) +2.626 N (%DM) ……………………..(1) 

ME= GE*DMD*CF(86%)  by Galyean et al., (2016) ……………………………...(2) 
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5.2.3   Milk Yield and Composition 

Individual morning and evening milk yields of lactating cows were recorded daily using a clear 

graduated plastic jug. Milk samples from the consecutive evening and morning milking were 

taken twice during the monitoring period for analysis of composition as a determinant of 

quality. Milk fat, protein, solids non-fat (SNF), lactose, water content, pH, and density were 

determined using a Lactoscan SAP standard 1050 (Basic Model: https://lactoscan.com/basic-

models-(43,1,3,product=15) verified on 25-04-2021). The quantity of standardized milk called 

Fat and protein corrected milk (FPCM) (4.0% fat and 3.3% protein) was estimated using the 

formula reported by Tomasula and Nutter, (2011) as follows: 

1 Kg FPCM= 1 Kg milk * (0.337 + 0.116 * Fat% + 0.06 * Protein %)…………….. (3) 

The milk yield per year was estimated by summing up the seasonal milk production. 

 

5.2.4  Estimation of Cattle Maintenance and Lactation Energy  

Metabolizable energy required for maintenance (MERM) and lactation (MERL) were 

determined for each animal in each season using equations 1.20, 1.21, and 1.12A in NRODR 

(CSIRO, 2007). The MERM was estimated by the following final resulting equation: 

MERM (MJ/d)= 𝐾 ∗ 𝑆 ∗ 𝑀 ∗
(0.26∗𝑀𝐿𝑊0.75∗𝑒𝑥𝑝(−0.03∗𝐴)

(0.02∗
𝑀

𝐷
)+0.5

 ……………………………………  (4) 

Where: K = 1.3 (intermediate value between that given for Bos taurus and Bos indicus); S= 1 

for females and castrates, 1.15 for males; M =1 (0% milk in diet); MLW = mid-term LW (LW 

in the middle of the season in Kg); A = age (in years); M/D = Metabolizable energy content 

(ME MJ/DM Kg). M/D =0.172 * DMD −1.707 (MJ ME/Kg DM); DMD =Dry Matter 

Digestibility (%). 

The MERL was calculated using the equation (1.43) given in NRODR(CSIRO, 2007) as: 

MERL =
𝐷𝑀𝑌∗𝐸𝐶𝑀

(0.02∗
𝑀

𝐷
)+0.4

   ……………………………………………………………… (5) 

Where: DMY: Daily Milk Yield (Kg) and ECM (MJ/Kg): energy content of milk 

Daily Milk Yield (DMY) was calculated as: 

DMY (L / d) =
 ∑𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑 𝑑𝑎𝑖𝑙𝑦 𝑚𝑖𝑙𝑘 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑖𝑛 𝑎 𝑠𝑒𝑎𝑠𝑜𝑛

𝑚𝑖𝑙𝑘𝑖𝑛𝑔 𝑑𝑎𝑦𝑠 𝑝𝑒𝑟 𝑠𝑒𝑎𝑠𝑜𝑛
  ……………………….. (6) 

The ECM was estimated using the formula from NRC, (2001):  

ECM (MJ/Kg) = (0.0929 * Fat % + 0.0547* Crude Protein %+ 0.0395*  

   Lactose %) * 4.184……………………………………………… (7) 
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5.2.5   Daily and Yearly Methane Determination and Corresponding Energy 

Daily Methane Production (DMP) was calculated using the equations by Moraes et al., (2014)  

as follows: 

CH4 = -9.311 (1.060) + 0.042 (0.001) x GEI + 0.094 (0.014) x NDF –  

0.381 (0.092) x EE + 0.008 (0.001) x BW + 1.621 (0.119) x MF………….. (8)  

for lactating cows 

And  

CH4 = 2.880 (0.200) + 0.053 (0.001) x GEI - 0.190 (0.049) x EE…………………... (9)  

for non-lactating cows 

CH4: Methane emissions (MJ/d); GEI: Gross energy intake (MJ/d); NDF: Dietary neutral 

detergent fiber proportion (% of dry matter); EE: Dietary ether extract proportion (% of dry 

matter); BW: Body Weight (Kg); MF: Milkfat (%). 

 

The estimated MJ of CH4 was converted to Kg of CH4 using a conversion factor of 55.58 MJ 

Kg−1 (EPA, 2014). Annual CH4 production (i.e., the EF) for the monitored animal was 

calculated using the following formula: 

EFAEZ = DMPLD*days of LD+ DMPSR*days of SR+ DMPSD*days of SD+ DMPLR 

*days of LR ……………………………………………………………….(10) 

EFAEZ: Emission factor in each agro-ecological zone, LD: Long dry season, SR: Short rainy 

season, SD: Short dry season, LR: Long rainy season. 

The methane emission per milk production was estimated by dividing the total methane 

emission factor per yearly milk production. Carbon dioxide equivalent was estimated by 

multiplying the quantity of CH4 by 25 (IPCC, 2007). 

 

5.2.6   Statistical Analysis 

Data collected were analyzed using the Statistical Package for Social Scientist (SPSS) software 

package (SPSS Ver. 16.0, SPSS Inc., Chicago, Illinois). Descriptive statistics were generated 

for nutrients supply, DMI, DMD, milk components, DMY, and DMP for each CCS and season.  

Different AEZ and seasons were compared with the repeated measures and Univariate 

ANOVA, respectively, followed by Bonferroni’s and Tukey’s honest significant difference 

tests for comparisons post hoc. A probability level of P≤ 0.05 was considered to be statistically 

significant. For the milk yield and methane gas analyses, data were subjected to ANOVA using 

the generalized linear model (GLM). The GLM fitted tested the association of milk production 

(MP) and CH4 emissions (DMP) with DMD and breeds of animals. 
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Yi = β0 + β1X1 + β2X2+…+ βnXn + ε  

Where: Yi = MP, β0, = constant, β1-n = regression parameters, Xi = DMP, dry matter digestibility, 

physiological status (age, stage of lactation, pregnancy, LW) and breeds, ε = random error 

effect. 

 

The effect of AEZ and Season on DMD and DMP was analyzed using ANOVA fitting seasons 

and AEZs as factors in a general linear model in the form: 

Yijk= μ + τi + βj + εij with i= {1, 2, 3,4,5,6,7} and j= {1, 2, 3, 4}  

Where: Yijk= DMP, μ= overall mean, τi= level effect of AEZ, βj=level effect of the season (R 

or D). εij= random error effect. 

 

5.3  Results  

5.3.1  Characteristics of Dairy Cows  

The study was carried out on 186 dairy cattle representing half (50%) of dairy cattle in 

monitored CCSs. The number per zones was 60 (from a total of 119), 60 (from a total of 121), 

and 66 (from a total of 135) for MPB, EP, and ESCB zones, respectively. The majority of cows 

used in this study were aged between 2 to 4 yrs, with a high variation between AEZ (Appendix 

D). Four (4) types of breeds were identified with the Holstein-Friesian being the most dominant 

breed (55.9%) and the local the least in number (7.5%). The lactation numbers varied between 

0 and 4 with three (3) lactations dominating. The mean live weight was 292 Kg, varying from 

270 to 311 Kg. The body condition score (BCS) varied from 2 to 5 on a scale of 1 to 5 with a 

high score during the rainy seasons. Most of the cattle were in lactating status throughout the 

year compared to non-lactating and heifers (Appendix D).  

 

5.3.2   Nutrients Supply 

The dry matter intake was significantly lower (P<0.05) in the long dry season compared to the 

other seasons. The ESCB had the highest DMI of 8.10 Kg (P<0.05), with no significant 

variation between MPB and EP. The dry matter digestibility (DMD) in the season basket 

showed a variation between seasons and zones varying from 52.56 to 56.42% between seasons 

and from 51.87 to 57.47% between zones. The DMD was lower (P<0.05) for the dry seasons 

followed by the short rainy season. The long rain season had the highest (P<0.05). DMD of 

56.42%. The DMD was significantly different among the zones with the MPB zone having the 

lowest DMD of 51.89% (Table 5.1). 
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The daily protein supply in the seasonal feed basket was significantly different among seasons, 

with a high supply of 710.88 g registered in the long rain season (P<0.05). ESCB zone had a 

significantly (P<0.05) lower protein supply of 475.14 g compared to the two other zones. 

Neutral detergent fiber (NDF) was significantly higher for ESCB zone with 4.73 Kg/day 

compared to MPB and EP zones with 3.35 and 3.22 Kg respectively. However, the NDF was 

higher for the short rainy season. The acid detergent fiber (ADF) was the highest in the short 

dry season.  

Table 5.1: Daily Nutrients Supply and Daily Metabolizable Energy Requirements 

(MER, MJ/d) for Maintenance (MERM) and Lactation (MERL) Across 

Seasons and AEZ 

Season 

 DM 

(Kg) 

DMD 

(%) 

Protein 

(g)  

NDF 

(Kg) 

EE 

(Kg) 

ME 

(Kj) 

MEM+ 

MEL (Kj) 

LD  5.411 52.831  374.581  3.721 0.0781  40.051  48.38 1 

SR 6.102 54.722 507.582  3.992  0.1072  48.192  55.972  

SD 5.932  52.563 493.392  3.9412  0.1092  44.753  51.551  

LR 6.182  56.474 710.883  3.5613  0.153  52.804  50.3112  

AEZ 

  

  

MPB 5.40a  51.87a  520.213b  3.35a  0.11a  40.44a  46.02a  

EP 5.49a  57.47b  574.12b  3.22a  0.11a  46.62b  54.11b  

ESCB 6.741b  53.09c  475.14a  4.73b  0.11a  51.74c  54.18b  

Overall mean  5.88  54.15 523.16 3.77 0.11 46.27 51.44 

 

abcOverall means on the same column with different superscripts differ significantly (P<0.05). 

123Overall means on the same column with different superscripts differ significantly (P<0.05). 

Number of observations: MPB= 29; EP = 30; ESCB = 32. LD Long dry; SR = Short dry; SD = Short 

dry; LR = Long rainy; SD*: Standard deviation AEZ = Agro-ecological zones, MPB: Mayaga and 

peripheral Bugesera, EP: Eastern plateau, ESCB: Eastern Savanna and Central Bugesera, 

 

The ether extract (EE) supply significantly varied between seasons with values between 0.08 

and 0.15 Kg for the long dry season and long rainy season respectively. However, the moderate 

variation of EE among the zones was not significant (P>0.05).  The mean metabolizable energy 

supply among the season differed significantly (P<0.05) with 40.05 KJ for the long dry season 

and 52.80 KJ for the long rainy season. The mean ME supply was different (P<0.05) among 

the three zones with ESCB zone having the highest value of 51.74 KJ and 40.44 KJ as the 

lowest for MPB zone. The total Metabolizable energy requirements for maintenance (MERM) 
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and Metabolizable energy requirements for lactation (MERL) differed significantly between 

the long dry season and short rainy season with 48.38 Kj and 55.80 Kj respectively.  MERML 

was lower (P < 0.05) for MPB zone compared to zone EP and ESCB zones (Table 5.1).  

 

5.3.3  Milk Yield and Composition 

The mean daily milk production of lactating cows in the study zone was 5.6 L. However, the 

daily milk production was the lowest (P<0.05) in the long dry season with 4.76 L compared to 

the other three seasons with 6.31, 5.63, and 6.10 L for the short rainy season, short dry season, 

and long rainy season respectively (Table 5.2). The MPB zone showed a lower daily milk 

production with 4.65 L compared to 6.20 and 5.90 L for EP and ESCB zones respectively.  

Table 5.2: Mean Daily Milk Yield per Lactating Cow 

   N Milk (L/d) SEM 

Season 

Long dry 119 4.76a 0.161 

Short rainy 123 6.31b 0.168 

Short dry 94 5.63ab 0.164 

Long rainy 92 6.10b 0.238 

AEZ 

MPB 110 4.651 0.156 

EP 155 6.202 0.144 

ESCB 163 5.902 0.164 

Overall mean 428 5.60 0.089 

abSeasonal means on the same column with different superscripts differ significantly (P<0.05). 

12zonal means on the same column with different superscripts differ significantly (P<0.05). 

AEZ = Agro-ecological zones, MPB: Mayaga and peripheral Bugesera, EP: Eastern plateau, 

ESCB: Eastern Savanna and Central Bugesera, SEM: standard error of the mean. 

 

The yearly milk production per cow was 1179.40 L and followed the same trend with the MPB 

zone having the lowest production (771.33 l) compared to the other two zones with 1427.10 

and 1325.10 L for MPB, EP, and ESCB zones respectively (Table 5.3). Yearly milk production 

for Holsetein-fresian breed varied from 625.97 to 1158.15 L for MPB and EP respectively. 
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Table 5.3: Mean Yearly Milk Yield per Lactating Cow 

  MPB EP ESCB Total and 

Overall mean  

Zonal Yield N 60 60 66 186 

Milk Yield (L) 771.33a 1427.1b 1325.20b 1179 

SEM 72.95 71.98 95.90 73.2 

Holstein-Friesian Yield N 34 23 47 104 

Mlk yield (L) 625.97a 1158.15b 1075.45b 953.19 

SEM 54.91 55.62 57.64 55.71 

 

abMeans on the same line with different superscripts differ significantly (P<0.05).  

AEZ = Agro-ecological zones, MPB: Mayaga and peripheral Bugesera, EP: Eastern plateau, 

ESCB: Eastern Savanna and Central Bugesera. 

 

Table 5.4: Milk Composition 

   Components (%) 

   N Fat  Proteins Lactose SNF 

Season 

Long dry 117 3.79 (0.166) a 3.17 (0.037) a 4.77 (0.055) a 8.69 (0.092) a 

Short rainy 120 4.04 (0.210) a 3.27 (0.027) a 4.88 (0.046) a 8.94 (0.064) a 

Short dry 92 5.49 (0.240) b 3.23 (0.031) a 4.80 (0.5052 a 8.88 (0.083) a 

Long rainy 89 4.50 (0.212) a 3.27 (0.032) a 4.89 (0.053) a 8.89 (0.095) a 

AEZ 

MPB 107 4.87 (0.164) 1 3.19 (0.039) 1 4.67 (0.068) 1 8.72 0.106) 1 

EP 153 3.93 (0.178) 2 3.26 (0.024) 1 4.92 (0.032) 2 8.92 (0.065) 1 

ESCB 158 4.60 (0.191) 1 3.23 (0.016) 1 4.85 (0.032) 2 8.85 (0.048) 1 

Overall mean 418 4.41 (0.108) 3.23 (0.015) 4.83 (0.024) 8.85 (0.039) 

abSeasonal means on the same column with different superscripts differ significantly (P<0.05). 

12 Zonal means on the same column with different superscripts differ significantly (P<0.05). 

AEZ = Agro-ecological zones, MPB: Mayaga and peripheral Bugesera, EP: Eastern plateau, ESCB: 

Eastern Savanna and Central Bugesera, SEM: standard error of the mean, SE: Standard error, SNF: 

Solid non-fat. 

 

The milk fat varied from 3.93 to 4.87% for zones. EP zone had a significantly lower butterfat 

content value compared to the remaining two zones. The short dry season showed the highest 

(P<0.05) value of 5.49% compared to other seasons that showed a moderate variation.  The 
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mean protein content varied from 3.19 and 3.17 to 3.26 and 3.27% for zones and season 

respectively with no significant variation neither with season nor zones.  The lactose content 

was lower in MPB zone (4.67%) compared to 4.92 and 4.85% respectively for EP zone and 

ESCB zones. However, no significant lactose content variation was observed among seasons. 

The SNF did not show any significant (P>0.05) variation neither with season nor with zones. 

It varied from 8.72 to 8.92% for zones and from 8.69 to 8.94% for seasons (Table 5.4).  

 

5.3.4  Methane Emission  

The seasonal daily methane emission varied from 145.59 to 177.36 g with the short dry season 

having the highest (P<0.05) (Table 5.5). Between zones, the variation for methane emission 

was from 143.11 for MPB zone to 185.54 g for ESCB zone which had the highest (P<0.05) 

emission. The mean emission factor (EF) in the study area was 57.96 Kg of Methane/year.  

However, the EF varied from 51.72 for EP to 66.58 Kg for ESCB zone. The energy loss per 

year in methane emission was estimated to be 3118.53, 2874.40, and 3741.99 MJ respectively 

for zone MPB, EP, and ESB. The yearly mean quantity of methane per unit of raw milk 

produced was 61.91 g CH4/ L of milk but it did not show any significant variation with zones. 

It varied from 44.92 for EP to 75.44 g CH4/ l of milk for MPB zone (Table 5.6). 

 

Table 5.5: Daily methane emission 

  N Methane (g/d) SEM 

Season 

Long dry 186 145.59a 3.98 

Short rainy 186 157.95a 5.03 

Short dry 184 177.36b 4.65 

Long rainy 184 156.19a 3.45 

AEZ 

MPB 60 147.411 4.20 

EP 60 143.111 4.20 

ESCB 66 185.542 4.07 

Yearly mean  186 158.69 2.40 

abSeasonal means on the same column with different superscripts differ significantly P<0.05). 

12 Zonal means on the same column with different superscripts differ significantly (P<0.05). 

g/d: gram per day, AEZ = Agro-ecological zones, MPB: Mayaga and peripheral Bugesera, EP: 

Eastern plateau, ESCB: Eastern Savanna and Central Bugesera, 
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Table 5.6: Emission factor, energy loss, and footprint 

AEZ MPB  EP  ESCB  Overall SEM 

N 60  60  66    

LW (Kg) 281 305 292 293 4.81 

EF: CH4 (Kg)/ year 54.72a 51.72a 66.58b 57.96 0.99 

CO2 Eq (Kg)/ year 1368 1293 1664.50 1449 4.95 

Energy loss as CH4 (MJ)/year 3118.53a 2874.40a 3741.99b 3255.80 55.21 

CH4 (g/L of raw milk) 75.44a 44.92a 68.30a 61.91 3.72 

CH4 (g/L of FPCM) 67.09a 49.46a 75.24a 63.80 4.72 

CO2 Eq (g/L of FPCM) 1677.25a 1236.50a 1881.00a 1595.00 23.60 

abMeans in same row with different superscripts differ significantly (P<0.05). 

AEZ = Agro-ecological zones, SEM: Standard error of the mean, MPB: Mayaga and 

peripheral Bugesera, EP: Eastern plateau, ESCB: Eastern Savanna and Central Bugesera, CO2 

Eq: carbon dioxide equivalent, FPCM: fat and protein corrected milk 

 

5.4  Discussion 

5.4.1  Nutrients Supply 

As expected the nutrients supply was lower in dry seasons. The results confirm earlier findings 

that showed a variation of fodder with the season in Eastern Africa, throughout sub-Saharan 

Africa and Rwanda (Klapwijk et al., 2014; Renard, 1997) where both the quality  and quantity 

of fodder given to cattle during the dry seasons are reported to be lower than in wet seasons. 

The DMI was lower in the long dry season as this season is associated with feed scarcity 

accompanied by poor feed digestibility, as observed in this study. The ESCB had the highest 

DMI because in that zone farmers usually practice crop-livestock integration agriculture; hence 

the crop residues are more available than in other zones, mainly during the dry season. The 

higher CP supply reported in EP zone could be explained by the quality of the forages in that 

zone. In EP, Couch and Kikuyu grasses which had a higher protein content were most widely 

used compared to other zones. The DM digestibility was linked with increased protein intake 

and reduced ADF. The CP in forages normally produces rumen degradable nitrogen that 

enables the rumen microbe to degrade fiber (Schwab et al., 2005). The ADF content (quantity 

per DM) that varied from 51.89 to 57.47 % in the current study was lower than 60.0 to 68.4% 

and 55.9–64.1% reported from smallholder dairy farmers in Nandi and Nyando counties of 

Kenya (Goopy et al., 2018; Ndungu et al., 2018). The digestibility was higher in the two 
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regions because the forages used were higher in CP and ADF content than the ones in the 

current study. The seasonal variation reported in this study corroborates the results reported in 

browse species in the Rift Valley of Ethiopia that showed an increase in DMD associated with 

the wet seasons (Hassen et al., 2017). The reason for the increase in DMD can be attributed to 

the increase in nutrient uptake, including nitrogen during the rainy season than in the dry season 

(Knapp et al., 2008). However, the results differ from the ones reported in Nyando and Nandi 

Counties of Kenya. In the two Counties, the DMD was higher in the dry season (Goopy et al., 

2018; Ndungu et al., 2018).  

 

The metabolizable energy supply was related to the quality and quantity of forage; hence the 

rainy season had the highest values. Similarly, the AEZ with high DMI had a higher ME intake. 

The Metabolizable energy requirement for Maintenance (MERM) and lactation (MERL), were 

lower in the long dry season due to the less live weight and comparatively less milk production. 

However, the highest value of MERL requirement was observed in the short-rain season. These 

results corroborate the earlier findings by Goopy et al. (2018) in Nyando County of Kenya that 

reported 32.7, 31.4, 27.5, and 25.7MJ/ day for the short dry season, short wet season, long dry 

season, and long wet season respectively for dairy cows aged of more than 2 years.  However, 

these values were lower than 51.44 MJ /day reported in the current study because of lower live 

weight. The current study had MEML lower than the 69.3 MJ /day found in Nandi County of 

Kenya for mature cows (Ndungu et al., 2018). 

 

5.4.2  Milk Yield and Composition 

The lower mean milk production was observed in the long dry season as the season is associated 

with feed scarcity and poor nutrient supply, manifested by the observed low protein supply 

during this season (Metcalf et al., 2008). EP zone had the highest daily milk production 

compared to others. This could be explained by the nutrients supply. The protein supply was 

significantly the highest of the three zones, but its metabolizable energy supply was the second. 

The mean season milk production that varied from 4.76 to 6.31 L with 5.60 L as the yearly 

mean reported in the current study is similar to 5.4 L reported in the Eastern province of 

Rwanda on Ankole Longhorn x Holstein Friesian crossbred cows fed on Napier grass 

(Mutimura et al., 2018). However, these authors reported higher means of 7.1 and 9.0 L when 

cows were fed on Napier grass and Brachiaria, each combined with Desmodium, respectively. 

The reason is the higher protein content of these diets compared to the mean protein content of 

the seasonal baskets in the current study. The mean daily milk yield in this study was higher 
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than 1.33-4.58 L of milk /day reported from the local-breed cow in the Southern province of 

Rwanda (Klapwijk et al., 2014). This could be elucidated by the point that the current study 

used Crossbreed with a higher potential for milk production than the local breeds. The same 

reason can explain the higher mean daily milk production compared to 4 L and 3.7 reported in 

smallholder farmers in Kenya (Muinga et al., 2016; Ndungu et al., 2018).  

 

The milk fat content reported in this study was relatively high compared to those found in the 

previous studies in Rwanda (Hirwa et al., 2017. The high milk fat content can be explained by 

the point that the feeds in the study zones were mainly made of forage and therefore high fiber 

content. When the feed contains a high fiber content, cellulose, the main component of the 

fiber, will be fermented slowly and steadily, resulting in a higher proportion of acetate (Sutton, 

1980). Acetate is the major lipogenic volatile fatty acid (VFA) and its high proportion results 

in elevated butterfat content. Milk fat percentage is correlated positively to rumen molar 

proportion of acetate and butyrate and negatively to that of propionate (Prange et al., 1978). 

Sutton (1980) reported that the changes in the molar proportion of propionate in the rumen 

estimated are responsible for 60% of the variations reported in milk fat content. 

 

The fat content in this study was higher than the 3.24 and 2.8 % reported in local breed Inyambo 

and Inyambo-Friesian cross respectively (Hirwa et al., 2017). The milk fat content in this study 

showed a moderate variation with season and zones. The milk fat was negatively correlated to 

the quantity of milk between the AEZs. Other milk components did not show a significant 

variation. The milk protein content of 3.2% reported in the crossbreed in Rwanda by Hirwa et 

al. (2017) was similar to the 3.23% reported in the current study. The lactose content of 2.58% 

reported by Hirwa et al. (2017) was much lower than that reported in the current study. 

 

5.4.3  Methane Emission 

Without any feed additives intervention, CH4 mitigant agents nor concentrate use,  the main 

determinant of the CH4 emission is the DMI followed by feed quality (Charmley et al., 2016;  

Ellis et al., 2007). This explains why the emissions were lower in the long dry seasons 

compared to other seasons despite its lower feed quality. The same reason explains the 

increased emissions in the ESCB zone because of its comparatively higher DMI with less 

quality feeds. The emission factor (EF) factor values reported in this study were lower than 

99.37 Kg of CH4/ year for dairy cattle reported in South Africa (Moeletsi et al., 2017) because 

the cows were heavier and more productive than the ones in the current study. However, the 
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values in this study (51.72 to 66.58 Kg) were higher than the values reported in studies carried 

out in Nyando and Nandi Counties of Kenya and Ethiopia (Defar et al., 2018; Goopy et al., 

2018; Ndungu et al., 2019). In Nyando County the mean EF values for adult females were 34.1, 

26.7, and 27.1 Kg for Highlands, Lowlands, and slopes topographic zones respectively (Goopy 

et al., 2018). The low emissions reported by these authors could be explained by the lower 

DMI due to the lower live weight compared to the one reported in this study. The mean live 

weight value in Nyando was 216.6 Kg (Goopy et al., 2018) while it was 292.6 Kg in this study 

for adult females. In Nandi County, the difference in their values was not as much different 

from those in this study compared to Nyando’s. The reported mean value in Nandi for adult 

females was 50.6 Kg in three agro-ecological zones (Ndung’U et al., 2019), which is a bit lower 

than the 57.96 Kg reported in this study. The mean live weight (306.9 Kg) in Nandi was similar 

to the one reported in this study. However, the lower emission can be explained by the lower 

DMI in Nandi. 

 

The present EFs were higher than the default IPPC value of 41 Kg from Middle East, 

developing countries in African, and other tropical regions livestock EFs using Tier I approach 

(IPCC, 2006) and higher than the average figure of 32 Kg CH4 per Tropical Livestock Unit 

(TLU ) per year for African ruminants (Herrero et al., 2008).  The IPPC predicts a mean live 

weight of 200 Kg for cattle in these regions which is lower than 292.6 Kg in this study, hence 

the lower EFs.   

 

Lower CH4 emission per unit gram milk produced (Carbon footprint) was observed in the EP 

zone because of comparatively best feed quality. The results showed the highest milk 

production in that zone despite the DMI that was not the highest. This suggests that the Carbon 

footprint can be reduced by increased milk production efficiency, which can be achieved 

through an increased supply of digestible feed and main nutrients like proteins, as observed in 

the EP zone. This was confirmed in a study carried out in Sweden by Danielsson et al. (2017) 

who worked on cows in an intensive production system. The authors reported a value of 8.04 

g as CH4 emission per litre of energy corrected milk. The value is much lower than 63.80 g 

reported in the current study, despite the higher estimated annual methane emission of 106.22 

Kg for the Swedish study. Danielsson et al. (2017) found a higher daily milk production of 

35.2 L for 23.8 Kg DMI compared to 5.6 L and 7.92 Kg for milk and DMI respectively in the 

current study. Dini et al. (2012) also reported a lower relative CH4 emission with 18.6 to 20.6 

g CH4 / Kg of fat corrected milk in improved dairy cows on pastures. With lower DMI in Nandi 
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County of Kenya, the CH4 emission per milk production was almost half the value reported in 

this study. The milk production varied from 3.7 to 5.3 L for Upper midlands and Lower 

highlands, respectively with 34.43 and 25.47 corresponding values of CH4 g per one liter of 

milk (Ndungu et al., 2018).  

 

The enteric CH4 emission represents a waste of feed gross energy. This suggests that the 

productivity of the cows can be increased through enteric methane emission reduction. 

Available literature shows that 2-12% of feed GE is wasted as combustible gases mainly 

methane and hydrogen (Johnson & Johnson, 1995), which contribute to global warming. 

However, for a full carbon footprint evaluation, there is a need to consider all the sources of 

methane at the farm level or by using Life Cycle Assessment approach (FAO, 2010). 

 

5.5  Conclusion 

The dry matter intake (DMI) and nutrients supply are lower in dry seasons. Thus, farmers 

should be trained on forage conservation to ensure the appropriate supply during the dry season. 

The DMI is higher in zone using more crop residues. The comparative high-quality forages 

results in a higher CP supply and daily milk production. Hence, there is a need for promoting 

the use of legume forages in the region to increase the Nitrogen supply. The milk fat content 

in this study shows a moderate variation with season and zones. The long dry season has a 

lower methane emission as it is associated with lower DMI. The present EFs are higher than 

the default IPPC value using Tier I approach due to a lower predicted live weight of cows in 

the IPCC estimates. The CH4 emission per unit of milk production is negatively correlated to 

daily milk production per cow. This suggests that the carbon footprint can be reduced by 

increased milk production efficiency through high-quality feeds. This study only considers 

animal feeds as a source of methane emission. However, all the sources of methane at the farm 

level should be considered by using Life Cycle Assessment approach for appropriate mitigation 

strategies. 
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CHAPTER SIX 

THE EFFECT OF INCLUSION OF POLYETHYLENE GLYCOL AND GARLIC 

POWDER ON IN VITRO DIGESTIBILITY OF NAPIER GRASS, CALLIANDRA 

CALOTHYRSUS AND CLITORIA TERNATEA 

Abstract 

Enteric methane emission represents a loss of feed gross energy in livestock. An in vitro study 

was conducted to evaluate the potential benefits of including Polyehylene glycol (PEG) and 

Garlic powder (GAP) on basal Napier grass (NG) supplemented with Calliandra calothyrsus 

(CC) and Clitoria ternatea (CT) on the production of gas, volatile fatty acid (VFA) and CH4 

emissions. Four experimental diets (Napier grass and legumes) supplemented with PEG and 

GAP equal to tannins 2%, 4%, and 8% of diets DM were used as substrates. Substrates (S) 

were as follows; S1 (100%NG), S2 (85% NG and 15% CC), S3 (84% NG, 8% CC, and 8% 

CT), and S4 (82% NG and 18 CT), and these were arranged on a completely randomized 

design. CH4 and VFA profiles were determined by gas chromatography (GC). The legumes 

supplemented substrates had the same CP content of 10%. The supplementation of CC and CT 

to NG improves the CP content and the total VFA without any effect on CH4 production. The 

CH4 production was significantly lower (P<0.05) for the substrates containing Calliandra (S2 

and S3). However, the addition of PEG translated into increased CH4 emission. The lower 

value of 47.14 mmol/L for total VFA was observed with S1 (NG alone) with 8% PEG added, 

while the highest was 54.44 mmol/L for S3 at 4% PEG added. The addition of legumes to the 

basal substrate (Napier grass) improved the total VFA (P<0.05) regardless of PEG or GAP 

levels. The 2% PEG level was enough to mitigate the effect of tannins in substrates containing 

Calliandra, but it did not have any effect on VFA nor CH4 production for the substrates 

containing Clitoria. The gas production was affected (P<0.05) by both legumes 

supplementation and garlic powder (GAP) addition. Methane gas was reduced by garlic powder 

addition, but there was no effect with increased levels of GAP. The use of GAP and legumes 

showed a potential of reducing CH4 emission varying from -0.28 to 28.62% compared to the 

basal substrate (Napier grass alone without legumes nor GAP). Apart from the acetate, other 

individual VFAs were significantly different (P<0.05). While formulating diets with Clitoria, 

there is no requirement of PEG to improve the forage nutritive value. Clitoria can partially or 

totally replace Calliandra to supplement basal Napier grass without a change in the nutritive 

value of the forages. A 2% level of garlic is enough to make significant changes in CH4 

emissions in a diet made of Napier grass combined with Calliandra or/ and Clitoria ternatea. 
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6.1  Introduction 

The problem of low-quality forage for dairy cattle has been reported in Rwanda, where the 

ruminant production in the country is predominantly based on Napier grass, natural pastures, 

and crop residues (Mutimura & Everson, 2011). This results in the use of low-quality forage 

with high cell wall content and low cellular content thereby resulting in reduced ruminant 

production and increased methane emission (Johnson & Johnson, 1995). In Rwanda, the 

legume-based forage production systems were promoted, where legume forages are used as 

supplements to Napier grass basal diet. These systems have a low dependence on chemical 

fertilizers and offer comparative environmental benefits (Phelan et al., 2015). Calliandra 

calothyrsus and Clitoria ternatea were among the promoted legumes. While Calliandra was 

moderately adopted, Clitoria is still on a trial period. Clitoria has a very low polyphenols 

content and it does not contain condensed tannins (CT), while Calliandra is known to have a 

high content of CT ( Maasdorp et al., 1999; Salawu et al., 1997). 

 

Several studies showed the importance of Calliandra and Clitoria in improving milk 

production. The same milk yield and an increase of the butterfat content of about 10% were 

reported in Kenya, when 1 Kg DM of Calliandra was used to feed lactating cows as an 

additional or replacement for commercial concentrates (dairy meal) to get a crude protein 

content of 16% (Paterson et al., 1996). However, due to the high levels of CT in Calliandra, its 

use has not always given satisfactory results. High use of CT in a diet affects negatively the 

use of proteins, hence reducing milk production as a result of complex formation with dietary 

proteins and binding that inhibits endogenous protein, such as digestive enzymes (Frutos et al., 

2004; Kumar & Singh, 1984). Moreover, a recent research done on sheep demonstrated that 

even at low levels, using an extract rich in CT in supplementation, significantly reduced in vivo 

nutrient digestibility (Gerlach et al., 2018). Several feedstuffs containing tannins showed 

various effects on animal’s body depending on their concentration, composition, and intake 

(Huang et al., 2017). CT is known to negatively affect enzyme and microbial activities in the 

gastrointestinal tract of animals (Makkar et al., 1989). To alleviate the potential negative effects 

of tannins, exogenous tannin complexing agents, like polyethylene glycol (PEG), have been 

utilised with promising results (Badran & Jones, 1965; Dentinho et al., 2018; Jones et al., 2000; 

Salem et al., 2006). Preformed tannin-protein complexes can be disrupted by PEG to release 

protein (Barry et al., 1986). Palmer and Jones (2000) reported that the inclusion of about 160 

mg PEG/g DM sample is suitable for the majority of tropical tanniniferous shrub legumes to 

limit any negative effect of tannins. 



77 

 

However, despite the negative effects of CT, they have been reported to have a beneficial effect 

on milk production and methane reduction in animals (Barry et al., 1986; Seresinhe et al., 2014; 

Tan et al., 2011) when used at appropriate levels.  Therefore, Calliandra should not be totally 

replaced by another legume source.  It can be partially replaced by the tannin-free, high protein 

content legume such as Clitoria.  Though legumes can improve the nutrient supply, supporting 

them with another strategy would increase production. To increase the efficiency conversion 

of feed to animal products, ruminant nutritionists have identified the manipulation of the 

ruminal microbial ecosystems as a promising and efficient strategy in dairy cattle (Mirzaei-Ag 

et al., 2012). Though the use of antibiotics was efficient to reduce nitrogen and energy losses 

from diet, they have risks due to the possibility of the appearance of the residues in milk and 

the development of antibiotic resistance in bacteria that can affect humans (CAFA,1997; 

McGuffey et al., 2001). Alternatively, scientists suggested the use of herbal extracts as an 

alternative in animal nutrition (Davidson & Naidu, 2000; FDA, 2004; Mirzaei-Ag et al., 2012), 

which lead to ameliorating rumen ecology (Kamra, 2005; Wanapat et al., 2008b). 

 

In vitro studies showed that several plant derivatives like garlic (Allium sativum) compounds, 

were able to reduce the number of hyper-ammonia-producing bacteria and the rate of AA 

deamination (McIntosh et al., 2003), and CH4 production (Cardozo et al., 2005; Chiquette & 

Benchaar, 2005). By reducing energy wasted as CH4 garlic extracts increased the efficiency of 

nutrient use in ruminants (Cardozo et al., 2005; Kamel et al., 2008; Kamruzzaman et al., 2011). 

Certain in vitro studies also found that garlic extracts can affect rumen fermentation by 

increasing the proportion of propionate and butyrate and reducing proportions of acetate 

(Busquet et al., 2005; Cardozo et al., 2005; Martín-García et al., 2011). A no-effect or increase 

on total VFA and decreased acetate: propionate ratio shows the potential of improving the 

nutrient utilization efficiency of the animal (Cardozo et al., 2005). 

 

Appropriate levels of Calliandra and Clitoria that can optimize milk production and reduce CH4 

production in Napier grass basal diets under the smallholder dairy production system in 

Rwanda are not known. Moreover, garlic was only evaluated on diets containing concentrate 

using in vivo and in vitro studies. Hence, this study evaluated the potential of PEG and garlic 

powder to improve nutrient utilization when added to diets composed of Calliandra 

calothyrsus, Clirotia ternatea and Napier grass as a basal forage. 
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6.2  Materials and Methods 

6.2.1  Study Site 

The experiment was carried out at the Animal Science Department Laboratory (in vitro 

experiment and DM) and in Tatton Agriculture Park, Egerton University, Njoro for feeding of 

the steer. The site is approximately within longitude 36º 36’E and latitude 0º 22’S and at an 

altitude of 2238 meters asl. The annual rainfall of the locality varies from 1000 – 1200 mm 

with a bimodal rainfall distribution pattern.  The temperature ranges from 19 to 22oC (Egerton 

University Weather Station, 2018 unpublished data). The proximate analysis was done in 

Kenya Agricultural and Livestock Research Organization (KALRO) Njoro station. 

 

6.2.2  Forage Samples 

Plant materials from Calliandra calothyrsus were harvested in early March from already 

established trees in Egerton University, Njoro Campus. The Napier grass was sourced from a 

farm near Egerton University, Njoro campus. The Clitoria ternatea was grown in Mtwapa in 

December 2019. The Mtwapa site is in the wet coastal lowlands agro-ecological zone, located 

at 03° 16.024 S, 04°02.930 E. The temperatures vary from 22°C to 30°C. The average annual 

rainfall is between 1000 mm and 1250 mm. Clitoria ternatea was harvested in March. After 

haymaking, the forage was taken to the experimental site at Egerton University. Apart from 

Napier grass that was used fresh, other forages were included as hay. Forage samples were 

oven-dried at 60°C for 48 hr (Abdulrazak et al., 2000) for proximate analysis and in vitro 

experiments. 

 

6.2.3  Chemical Analysis 

Dry matter (DM) was found out by drying the samples at 105°C overnight. The ash was 

measured by burning the feed samples in a muffle furnace at 525°C for 8 hr. The Kjeldahl 

method was used to determine the Nitrogen (N) content (AOAC, 2005), where the crude 

protein (CP) was calculated as N x 6.25. The method described by Van Soest et al. (1991) was 

used to measure neutral detergent fiber (NDF) content and acid detergent fiber (ADF) content 

of sample leaves. EE was determined using petroleum ether. The Butanol-HCl method as 

described by Makkar et al. (1995) was used to determine the condensed tannin (CT). CP, ADF, 

NDF, and EE were analyzed from Kenya Agricultural and Livestock Research Organization 

(KALRO) Njoro lab. All chemical the above-mentioned analyses were carried out in triplicate.  
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6.2.4  In vitro Gas Production 

Four series of incubation were conducted to evaluate the four diets. The four substrates were 

composed of a mixture of Napier grass, Calliandra, and Clitoria in the proportion described in 

Table 6.1. Apart from the first substrate of Napier grass, other series (mixtures) had the same 

CP content (Isonitrogenous). The proportion of each plant varied according to its CP content 

and targeted to use Clitoria and Calliandra as a supplement to basal Napier grass contributing 

between 20 to 15% of the total substrate. The interval of legumes proportion use (15 to 20%), 

was chosen because the study was targeting smallholder dairy farmers who are experiencing 

land scarcity for growing enough legumes to meet the protein requirements of dairy cattle. 

Table 6.1: Substrate composition out of the 200mg DM 

Composition 

Substrate 

1 2 3 4 

DM 

(mg) 
% 

DM 

(mg) 
% 

DM 

(mg) 
% 

DM 

(mg) 
% 

Napier  200 100 170 85 167.2 83.6 163.8 81.9 

Calliandra 0 0 30 15 16.4 8.2 0 0 

Clitoria 0 0 0 0 16.4 8.2 36.2 18.1 

CP 16.4 8.2 19.94 9.97      9.94    9.97 19.95 9.97 

Lipid (EE)  4 2 4.12 2.06 4.23 2.11 4.36 2.18 

NDF  143 71.5 138.23 69.12 137.41 68.7 136.41 68.21 

ADF 85 42.5 83.38 41.69 83.29 41.65 83.19 41.6 

Tannins 0.24 0.12 2.17 1.08 1.28 0.64 0.21 0.11 

 

A representative sample of each experimented plant was oven-dried at 60 oC, for 2 days, ground 

to pass through a 1-mm screen, and milled for use in the in vitro incubation. The white garlic 

was bought from the Njokerio market around Egerton University. Fresh garlic was crashed and 

oven-dried at 50°C for 48 hr. The dried sample was milled to pass through a 1-mm screen. The 

Garlic powder (GAP) was also analyzed for chemical composition. Two sets of in vitro 

experiments were conducted. 0.200 +- 0.02 g DM of the sample was weighed in triplicate into 

adjusted glass syringes of 100 ml, then 0, 20, 40, and 80 mg of PEG (MW 6000)/ g of substrate 

DM were added. The rates of PEG inclusion were selected by considering the threshold of 16 

mg PEG/g DM reported by Palmer and Jones (2000) for Calliandra when used alone. For each 

diet, an in vitro incubation was conducted in a completely randomized design using a control 

(no PEG) and three (3) doses of PEG. For the second set, 0.200 ± 0.02 g DM of forage sample 
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and white GAP were weighed in triplicate into adjusted glass syringes of 100 ml. The doses of 

garlic were 0, 20, 40, and 80 mg DM/ g of the total substrate DM (Table 6.2). The rates of GAP 

inclusion were selected by considering the intervals of 0 to 12.8% DM by Sahli et al. (2018) 

on in vitro experiment and the 0 to 6% DMI on in vivo experiment (Zafarian & Manafi, 2013). 

For each substrate, an in vitro incubation was conducted in a completely randomized design 

using a control (no GAP) and three (3) doses of GAP. 

Table 6.2: Substrate Composition Out of the 200 mg DM 

 S 

Ingredient quantity (mg DM)/ 200 mg 

of substrate 

  Chemical Composition of the 

substrate (%) 

  GAP PP Cc Ct  CP EE NDF ADF CT 

S1 

  

  

  

0 200.00 0.00 0.00  8.20 2.00 71.50 42.50 0.12 

4 196.00 0.00 0.00  8.40 1.97 70.21 41.77 0.12 

8 192.00 0.00 0.00  8.61 1.94 68.93 41.04 0.12 

16 184.00 0.00 0.00  9.02 1.88 66.36 39.57 0.11 

  

 S2 

  

  

0 170.00 30.00 0.00  9.97 2.06 69.12 41.69 1.08 

4 166.60 29.40 0.00  10.14 2.03 67.88 40.97 1.06 

8 163.20 28.80 0.00  10.31 2.00 66.64 40.26 1.04 

16 156.40 27.60 0.00  10.65 1.93 64.16 38.83 1.00 

  

 S3 

  

  

0 167.20 16.40 16.40  9.97 2.11 68.70 41.65 0.64 

4 163.86 16.07 16.07  10.14 2.08 67.47 40.93 0.63 

8 160.51 15.74 15.74  10.31 2.05 66.24 40.22 0.62 

16 153.82 15.09 15.09  10.65 1.98 63.78 38.79 0.59 

  

 S4 

  

  

0 163.80 0.00 36.20  9.97 2.18 68.21 41.60 0.11 

4 160.52 0.00 35.48  10.14 2.15 66.99 40.88 0.11 

8 157.25 0.00 34.75  10.31 2.11 65.77 40.17 0.10 

16 150.70 0.00 33.30  10.65 2.04 63.33 38.74 0.10 

PP: Pennisetum purpureum (Napier grass), Cc: Calliandra calothyrsus, CT: Clitoria ternatea, 

CP: Crude protein, EE: Ether extract, NDF: Neutral Detergent Fiber, ADF: Acid Detergent 

Fiber, CT*: Condensed tannins, S: Substrate 

 

The method of Menke and Steingass (1988)  was used to incubate samples in the rumen fluid 

in adjusted glass syringes. The rumen fluid was gotten from a fistulated steer fed twice daily 

for 10 Kg DM with the tested diet. The steer was fed for 14 days with a diet composed of 



81 

 

different proportions of forages but with the same protein content except for the control (Napier 

grass) as described in Table 6.3. The diet composition was determined by considering the 

predetermined chemical composition of the ingredients. The rumen contents were taken 2 hr 

after the morning feeding from diverse sites within the rumen of the donor steer. The rumen 

fluid was transferred into thermal flasks preheated to 39 ± 0.5°C and directly taken to the 

laboratory. The fluid was strained through 3 layers of cheesecloth to remove feed particles 

before use. 

Table 6.3: Diets Composition 

 Ingredient quantity (Kg DM)  Diet composition (g/ KgDM) 

Diet DMI  PP  CC  CT   CP  EE NDF  ADF  CT* 

1 10 10 0 0  82 20 715 425 1.2 

2 10 8.50 1.50 0  99.70 20.60 691.15 416.90 10.85 

3 10 8.36 0.82 0.82  99.71 21.15 687.04 416.47 6.45 

4 10 8.19 0 1.81  99.74 21.81 682.06 415.95 1.07 

PP: Pennisetum Purpureum (Napier grass), CC: Calliandra calothyrsus, CT: Clitoria ternatea, 

CP: Crude protein, EE: Ether extract, NDF: Neutral Detergent Fiber, ADF: Acid Detergent 

Fiber, CT*: Condensed tannins 

 

A buffer solution was prepared to confer the Menke and Steingass (1988) procedures and 

mixed with rumen fluid in a 2:1 ratio. The mixture was heated in a water bath at 39±0.4°C and 

flushed constantly with CO2 for 30 min, to keep anaerobic conditions before injecting 30 ml of 

it into the syringes. Syringes containing feed samples, rumen fluid, and buffer were softly 

shaken and incubated in a water bath at 39°C for a period of 24-hr for VFA, CH4, and pH and 

96-hr for total gas production. Each treatment was prepared in triplicate. The gas produced was 

noted before incubation (0) and 3, 6, 12, 24, 48, 72, and 96 hr after incubation. For the gas 

values of the samples, total gas values were adjusted for blank syringes incubation which 

contained only rumen fluid. The following model of  Ørskov and Mcdonald (1979) was used 

to fit cumulative gas production data. 

y= a + b (1-exp-ct) 

Where: 

a = the gas production from the immediately soluble fraction (ml) 

b = the gas production from the insoluble fraction (ml) at time t 

c = the gas production rate constant for the insoluble fraction (b) 
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t = incubation time (hr) 

y = gas produced at time 't' 

Parameters (a, b and c) were determined using “Excel Solver Add-in” for nonlinear models in 

Microsoft Excell 2016. 

 

After incubation, a sample of gas was taken using a needle and transferred into a 10 ml tube 

for CH4 analysis. The pH of the whole culture was measured using a pH meter introduced into 

the syringe. The volatile fatty acids (VFAs)  samples were prepared following a modified Erwin 

et al. (1961) method. Liquid samples for VFAs were taken by inverting the in vitro tube, which 

allowed the substrate to settle. Utilising a 27-gauge needle and syringe, 1.5 mL of sample was 

withdrawn. The liquid sample was transferred into a 2 mL tube, acidified with 300 μL of 

metaphosphoric acid (0.25; wt/vol), and centrifuged at 14,000 × g for 10 min to precipitate 

particulate matter. The supernatant was moved into 2 mL microcentrifuge tubes, which were 

frozen at –20°C until analysis for VFA concentrations. Two Blank syringes were also samples 

for CH4, VFA, and pH.  

 

The VFA profile was analyzed by GC (Model Varian Star 3400cx) with flame ionization 

detection (FID) using a 30-m stainless steel column and Nitrogen as carrier gas (isothermal 

oven temperature: 150°C; flow rate: 40 mL/min). The sample injection volume was 1 

microlitter. For each series of sample analysis, a calibration curve was generated from four gas 

different injection volumes (concentrations) for each of the three main VFA (Acetate, butyrate, 

and propionate) using the standards (sourced from Aldrich, > 99% pure). The CH4 was also 

analyzed using the same GC machine but using a 15-m carbon layer column and Hydrogen as 

carrier gas (isothermal oven temperature: 40°C; flow rate: 1.6 mL/min). A calibration curve 

was also generated using four points of know CH4 concentration. Total VFA concentration and 

CH4 production were corrected for the VFA concentration and CH4 of blank (i.e. rumen fluid 

plus buffer), then expressed as mmol/ L and ml/g DM respectively. 

 

6.2.5  Statistical Analysis 

The generated data will be subjected to ANOVA to determine the effect of condensed tannins 

(CT), crude protein (CP), non-digestible fiber (NDF), ADF, EE, and polyethylene glycol (PEG) 

and Garlic powder (GAP) on VFA and CH4 production using GLM procedures in SPSS. 

Yi = β0 + β1X1 + β2X2+…+ βnXn + ε  
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Yi = CH4 produced, VFA and A+B, β0 = constant, β1= Regression parameters, Xi = 

Quantity of CT, PEG, GAP, CP, ADF, NDF, EE, ε = random error 

Significance between individual means was determined using Tukey's multiple range test 

(Pearson & Hartley,1966). The significance of mean differences was set P<0.05. Standard 

errors of means were determined from the residual mean square in the ANOVA. 

 

6.3  Results 

6.3.1  Chemical Composition of the Forages Used  

The chemical composition of both legume species and Napier grass are shown in Table 6.4. 

On average, Calliandra and Clitoria had higher (P<0.05) crude protein content with 20 and 18% 

(200 and 180 g/KgDM) respectively compared to 8.2% (82g/ Kg DM) for Napier grass. The 

crude fat content (ether extract) showed a variation (P<0.05). It varied from 2% for Napier 

grass to 3% for Clitoria. Napier grass had a higher NDF and ash content compared to the two 

legumes. The tannin content was 6.55% for Calliandra while it was insignificant for Napier 

(0.12%) and Clitoria (0.05%). The reported ash was higher (P<0.05) for Napier. 

 

Table 6.4: Chemical Composition (% DM) of the Forages Used for Feeding the Steer 

and for in vitro Experiment 

  DM CP Lipid (EE) NDF ADF CT  Ash 

Napier grass 20.34a 8.20a 2.05b 71.52c 42.47c 0.12b 14.34c 

Calliandra hay  90.45c 20.01b 2.41b 55.60b 37.09b 6.55c 7.11b 

Clitoria hay 84.52b 18.16c 3.04c 53.32b 37.51b 0.05a 8.32b 

Garlic powder 88.76c 18.41c 0.44a 7.21a 5.93a 0a 3.7a 

abcMeans within columns followed by different letters differ significantly (P<0.05). 

ADF: acid detergent fiber; NDF: neutral detergent fiber; CP: crude protein; CT:condensed 

tannin; DM, dry matter; EE: Ether extract 

 

6.3.2  In vitro Gas Production With PEG 

Gas production of all substrates increased with increasing incubation time (Figure 6.1 and 

6.2). The total cumulative gas at 96 hr varied (P<0.05) from  163.30 ml/g for substrate 2 with 

no added PEG to 213.60 ml/g for substrate 4 with 8% DM of PEG added. The levels of PEG 

did not show any effect on the gas production at 96 hr on substrate 1 (Napier grass alone). 
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NG: Napier grass, CC: Calliandra calothyrsus, CT: Clitoria ternatea, PEG0,2,4,8 : Polyethylene glycol % 

Figure 6.1: Kinetics of In vitro Gas Production During Incubation of Different 

Combinations of Napier, Calliandra, and Clitoria for 96 hr 

The gas production varied (P>0.05) from 178.31 to 197.92 ml/g for 0% PG and 8% respectively 

(Figure 6.1 A). However, the inclusion of PEG affected (P<0.05) the total gas production in 

substrate 2 (Napier and Calliandra) without a variation (P>0.05) between the three high levels 

of PEG. The gas varied from 163.30 to 190.30 ml/g for 0 and 2% PEG respectively for substrate 

2 (Figure 6.1 B).  
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NG: Napier grass, CC: Calliandra calothyrsus, CT: Clitoria ternatea, PEG0,2,4,8 : Polyethylene glycol % 

Figure 6.2: Kinetics of In vitro Gas Production During Incubation of Different 

Combinations of Napier, Calliandra, and Clitoria for 96 hr 

 

The substrate 3 (NG-CC-CT) had a gas production varying (P<0.05) from 188.22 to 212.15 

ml/g for 0 and 4% PEG respectively (Figure 6.2 C). But as for substrate 2, there were no 
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PEG doses, all averaging around 213.63 ml/g of gas produced at 96 hr, even though the 

substrates with Clitoria ternatea fermented faster during the early stages (Figure 6.1 D).   

At 0% PEG added the total cumulative gas at 96 hr varied (P<0.05) from 163.30 and 211.45 

ml/g for substrates 1 and 4 respectively (Figure 6.2 A). The inclusion of Clitoria improved the 

gas production at 0% PEG. However, at other PEG levels, the variation of substrate did not 

show a variation (P>0.05) in the gas produced at 96 hr (Figure 6. 2, B, C, and D). 

 

6.3.3  Gas Production Parameters With PEG 

Table 6.5: Effect of Substrate on Potential Gas Production (A+B) and Rate of Gas 

Production (C) 

Substrate PEG (% DM) A+B C RSD 

Napier grass 

0 35.782 b 0.059 1.284 

2 38.046 c 0.074 0.881 

4 39.334 c 0.058 1.361 

8 39.762 c 0.056 0.572 

Napier grass  Calliandra 

0 32.932a 0.050 0.449 

2 38.113 c 0.069 1.775 

4 36.872 b 0.077 1.324 

8 37.043 bc 0.081 1.894 

Napier grass calliandra and clitoria 

0 37.701 bc 0.068 1.867 

2 42.717d 0.053 1.779 

4 43.147 d 0.055 1.713 

8 42.646 d 0.055 1.412 

Napier grass Clitoria 

0 42.624 d 0.051 2.368 

2 41.596 d 0.072 1.399 

4 42.537 d 0.072 1.588 

8 42.764 d 0.071 1.347 

abcdMeans within columns followed by different letters differ significantly (P<0.05). 

 

The potential gas production (A+B) varied (P<0.05) from 32.932ml (substrate 2 with 0 PEG) 

to 43.147 (substrate 3 with 4 % DM of PEG added (Table 6.5). The addition of Clitoria 

improved (P<0.05) the potential gas production. However, the variations didn’t increase for 

the PEG levels within the same substrate. The fractional rates of GP per hour (parameter C) for 
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substrates ranged from 0.050 to 0.081 for substrate 2 with 0% PEG and substrate the same 

substrate with 8% PEG. However, the C parameter didn’t show any directional variation. 

 

6.3.4  Effect of PEG on Methane Production, and VFAs of the Substrates 

The methane gas production was lower (P<0.05) for the substrates containing Calliandra 

(substrates 2 and 3). In substrates 2 and 3, there was no variation (P>0.05) in CH4 production 

with PEG levels except substrate 2 with 0% PEG. Without PEG addition the percentage of CH4 

decrease for substrates compared to the basal substrate (Napier grass) varied from around -0.32 

to 4.23 % for S4 and S2 respectively (Figure 6.3). However, the addition of PEG was translated 

into increased methane emission. Though the PEG increased the CH4 production, there were 

no variations for 2, 4, and 8% PEG levels. 

 
NG: Napier grass, CC: Calliandra Calothyrsus, CT: Clitoria ternatea 

Figure 6.3: % of CH4 Emissions Decrease by Substrate Compared to the Basal 

Substrate 

The lower value of 47.14 mmol/L for total VFA was observed with substrate 1 (With Napier 

alone) with 8% PEG added, while the highest was 54.44 mmol/L for substrate 3 at 4% PEG 

added. The addition of legumes to the basal substrate (Napier grass) improved the Total VFA 

(P<0.05) regardless of the level of PEG (Table 6.6). However, for substrate 2, there was a slight 

improvement (P<0.05) when the PEG was added at 2% with no variation (P>0.05) for higher 

inclusion. The variations for acetate, butyrate, and propionate followed the same trend as for 

the total VFA. However, the lower value of 33.24 mmol/L of acetate was observed with 
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substrate 1 at 8% PEG, while the highest being 37.81 mmol/L for substrate 3 at 2% PEG. The 

butyrate concentration varied from 3.36 to 3.99 mmol/L for substrate 1 (2% PEG) and substrate 

3 (2% PEG) respectively. The lower values (P<0.05) for propionate were reported in substrate 

1 where the lowest was 8.58 mmol/L 8% PEG. The higher value for propionate was 10.68 

mmol/L for substrate 3 (4% PEG). However, there were no variations (P>0.05) of propionates 

in the substrates with legumes. The A/P ratio was lower (P<0.05) for substrates containing 

Clitoria. It varied from 3.52 to 3.88 for substrate 3 (4%PEG) and substrate 1 (4% PEG). ` 

 

Table 6.6: Effect of PEG on Methane Production and VFAs of the Substrates 

Substrates PEG (% DM) CH4 (ml/g) Total VFA (mmol/L) AC B P 

S1 

0 13.57bc 48.23a 34.20ab 3.44a 8.95ab 

2 13.52b 48.50a 34.21ab 3.36a 8.96ab 

4 13.55bc 47.40a 33.68a 3.44a 8.90ab 

8 13.51b 47.14a 33.24a 3.41a 8.58a 

S2 

0 13.00a 50.55b 35.81bc 3.55ab 9.52bc 

2 13.51b 53.13bc 37.72c 3.76b 10.25c 

4 13.50b 53.40c 37.13c 3.72b 10.22c 

8 13.50b 54.35bc 37.76c 3.81b 10.61c 

S3  

0 13.55bc 52.83b 36.95c 3.86b 10.27c 

2 13.54bc 54.17bc 37.81c 3.99b 10.54c 

4 13.47b 54.44c 37.47c 3.76b 10.68c 

8 13.51b 53.42bc 36.70c 3.87b 10.42c 

S4 

0 13.61bc 53.11bc 36.43c 3.83b 10.27c 

2 13.57bc 54.37c 37.34c 3.99b 10.48c 

4 13.62c 54.40c 37.68c 3.97b 10.39c 

8 13.55bc 53.50bc 36.75c 3.81b 10.36c 

abcd Means within columns followed by different letters differ significantly (P<0.05). 

VFA: total volatile fatty acid, Ac: acetate, B, butyrate, P, propionate, PEG: Polyethylene 

Glycol, S1: Napier grass, S2: Napier grass and Calliandra, S3: Napier grass, Calliandra and 

Clitoria, S4: Napier grass and Clitoria 
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6.3.5  In vitro Gas Production With GAP 

For all substrates, the cumulative gas production increased with time and with the garlic levels. 

The cumulative gas production at 96 hr for substrate 1 (S1: Napier grass alone) varied from 

178.30 to 221.23 ml/0g. Substrate 2 (S2: Napier grass and Calliandra) had the lowest 

cumulative gas production varying from 163.30 to 211.12 ml/g (Figure 6.4).  

 
NG: Napier grass, CC: Calliandra calothyrsus, CT: Clitoria ternatea, GAP0,2,4,8 : Garlic powder % 

Figure 6.4: Kinetics of In vitro Gas Production During Incubation of Different 

Combinations of Napier, Calliandra, and Clitoria for 96 hr 
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S3 (Napier grass, Calliandra, and Clitoria) and S4 (Napier and Clitoria) had more cumulative 

gas production ranging from 37.64 and 211.45 to 245.75 and 264.85 ml/g respectively for S3 

and S4. The diet with Calliandra and Napier had the lowest cumulative gas production in all 

the levels of Garlic powder inclusion, while the substrate with Napier and Clitoria had the 

highest cumulative gas production (Figure 6.5) 

 

 

NG: Napier grass, CC: Calliandra calothyrsus, CT: Clitoria ternatea, GAP0,2,4,8 : Garlic powder % 

Figure 6.5: Kinetics of In vitro Gas Production During Incubation of Different 

Combinations of Napier, Calliandra, and Clitoria for 96 hr 

0

25

50

75

100

125

150

175

200

225

0 25 50 75 100in
 v

it
ro

 g
as

 p
ro

d
u
ct

io
n
 (

m
l/

g
 D

ry
 m

at
te

r)

Incubation time (hours)

A: Substrates with 0 % Garlic

NG_GAP0 NG_CC_GAP0

NG_CC_CT_GAP0 NG_CT_GAP0

0

25

50

75

100

125

150

175

200

225

250

0 25 50 75 100in
 v

it
ro

 g
as

 p
ro

d
u
ct

io
n
 (

m
l/

g
 D

ry
 m

at
te

r)

Incubation time (hours)

B: Substrates with 2 % Garlic

NG_GAP2 NG_CC_GAP2

NG_CC_CT_GAP2 NG_CT_GAP2

0
25
50
75

100
125
150
175
200
225
250
275

0 25 50 75 100in
 v

it
ro

 g
as

 p
ro

d
u
ct

io
n
 (

m
l/

g
 D

ry
 

m
at

te
r)

Incubation time (hours)

C: Substrates with 4 % Garlic

NG_GAP4 NG_CC_GAP4

NG_CC_CT_GAP4 NG_CT_GAP4

0
25
50
75

100
125
150
175
200
225
250
275

0 25 50 75 100in
 v

it
ro

 g
as

 p
ro

d
u
ct

io
n
 (

m
l/

g
 D

ry
 

m
at

te
r)

Incubation time (hours)

D: Substrates with 8 % Garlic

NG_GAP8 NG_CC_GAP8

NG_CC_CT_GAP8 NG_CT_GAP8



91 

 

6.3.6  Gas Production Parameters With GAP 

In all levels of garlic, the S4 had the highest cumulative gas production with the S2 having the 

lowest. The Cumulative gas for S4 ranged from 42.29 to 52.97 ml/0.2g respectively for 0 and 

8% garlic added. However, the cumulative gas production for S2 varied from 32.66 to 41.22 

ml/0.2 for 0 and 8% garlic added respectively (Table 6.7). 

 

Table 6.7: Effect of Substrate on Potential Gas Production (A+B) and Rate of Gas 

Production (c) 

  Fermentation parameters 

Substrates GAP (% DM) A+B C RSD 

S1: Napier grass 

0 35.78b 0.06 1.28 

2 40.07c 0.06 1.45 

4 42.24dc 0.07 0.55 

8 44.29d 0.07 0.78 

S2: Napier grass and Calliandra  

0 32.93a 0.05 0.45 

2 37.28bc 0.09 1.75 

4 39.63c 0.08 1.41 

8 41.22c 0.09 1.84 

S3: Napier grass, Calliandra and 

Clitoria 

0 37.70bc 0.07 1.87 

2 44.31d 0.06 1.56 

4 46.69de 0.06 1.19 

8 49.29e 0.06 1.13 

S4: Napier grass and Clitoria 

0 42.62dc 0.05 2.37 

2 47.76de 0.06 2.17 

4 50.62e 0.07 1.99 

8 53.04f 0.07 2.59 

abcd Means within columns followed by different letters differ significantly (P<0.05). 

The potential gas production (A+B) varied from 32.93 to 53.04 ml respectively for S2 without 

garlic added and S4 with 8% garlic. The inclusion of Clitoria ternatea and garlic increased 

(P<0.05) the potential gas production. Apart from S2, there was no variation (P>0.05) of 

potential gas production between 2 and 4% garlic. The variation between 4 and 8% garlic added 

was not significant except for S4 (P<0.05). The rate of gas production varied from 0.05 to 0.09. 
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6.3.7  Effect of GAP on Methane production, and VFAs of the Substrates 

Total VFA varied from 48.23 to 60.60 mmol/L for S1 without garlic and S3 with 4 % garlic 

added respectively (Table 6.8). The addition of legumes improved (P<0.05) the total VFA. 

The addition of garlic didn’t have any effect on the total VFA for S1 and S4 (P>0.05). However, 

there was an improvement (P<0.05) in total VFA for S2 and S3 when garlic was added. 

However, there was no change when the garlic was increased at 4 and 8% levels. 

 

Table 6.8: Effect of GAP on Methane Production and VFAs of the Substrates 

 Substrates GAP (% DM) CH4 ml/g Total VFA (mmol/L) AC B P 

S1 

0 13.57c 48.23a 34.20a 8.95a 3.44a 

2 11.14a 48.44a 33.30a 9.09ab 3.33a 

4 10.63a 51.13a 33.35a 10.31bc 3.64a 

8 10.61a 51.74a 33.90a 11.36c 3.73a 

S2 

0 13.00b 50.55a 35.81ab 9.52ab 3.55a 

2 10.06a 57.65bc 39.36c 11.56c 3.96ab 

4 9.64a 55.04b 35.44a 12.55c 3.91ab 

8 9.55a 59.79c 38.06bc 14.62d 4.13b 

S3 

 0 13.55c 52.83ab 36.95b 10.27bc 3.86ab 

 2 11.11a 60.03c 40.03c 12.58c 4.39b 

 4 9.64a 60.60c 39.84c 14.00d 4.32b 

 8 9.85a 59.43c 37.32b 14.94d 4.35b 

S4 

 0 13.61c 53.18b 36.48b 10.29bc 3.83ab 

 2 11.23a 54.03b 35.53ab 12.10c 3.74ab 

 4 10.35a 53.40b 33.59a 13.09c 3.67ab 

 8 9.88a 57.32bc 36.14b 15.05d 4.09b 

abcdMeans within columns followed by different letters differ significantly (P<0.05). 

VFA: total volatile fatty acid, Ac: acetate, B, butyrate, P, propionate, PEG: Polyethylene 

Glycol, S1: Napier grass, S2: Napier grass and Calliandra, S3: Napier grass, Calliandra, and 

Clitoria, S4: Napier grass and Clitoria 

 

The acetate ranged (P<0.05) from 33.30 (69%) to 40.03 (67%) mmol/L respectively for S1 

with 2% garlic and S3 with 2% garlic added. The results didn’t show a clear trend of variation 

with garlic levels nor with legumes inclusions. However, higher values were observed with the 
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S3 (NG, CC, and CT mixed). Butyrate quantity varied (P<0.05) from 8.89 (19%) to 15.05 

(26%) mmol/L respectively for S1 without garlic and S4 with 8% garlic added. The addition 

of legumes and garlic increased the butyrate quantity. The propionate level was higher with 

garlic added compared to the control within the substrate.  

 

The CH4 emissions ranged between 9.55 to 13.57 ml/g for S2 at 8% garlic and S4 without 

garlic added. High levels of CH4 emissions were observed in the substrates with Clitoria and 

Napier grass alone without garlic added. The addition of garlic at 2% reduced (P<0.05) the 

CH4 emission without (P>0.05) any change for high levels of garlic inclusion (Table 6.8). The 

percentage of CH4 decrease for substrates compared to the basal substrate (Napier without 

anything added) varied from around -0.29 to 29.62 % for S4 without garlic and S2 with 8% 

garlic powder added respectively (Figure 7.3). 

 
NG: Napier grass, CC: Calliandra Calothyrsus, CT: Clitoria ternatea 

Figure 6.6: Percentage of CH4 Emissions Decrease by Substrate Compared to the Basal 

Substrate 

 

6.4  Discussion  

The DM for Napier grass was the lowest because it was used fresh compared to legumes which 

were used as hay. The DM for Napier was in the ranges reported in earlier studies (Turano et 

al., 2016). The CP was also the lowest and in the ranges of 6 to 12% in other studies (Melesse 

et al., 2017; NRC, 2001; Turano et al., 2016). The NDF and ADF reported were high and in 
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the ranges reported in the literature (Turano et al., 2016). The higher NDF and ADF the lower 

the digestibility is (Morrison, 1983). The high ash content of Napier showed comparative 

higher minerals and lower organic matter (OM).  The EE was higher than the 1.09% reported 

in Ethiopia (Melesse et al., 2017). 

 

The higher content of  CP in legumes compared to Napier was reported in previous studies 

(Singh et al., 2012). Protein is the primary component of living things. The presence of higher 

protein levels in the legumes points towards their possible increase in feed value. The reported 

CP for Calliandra were in the ranges of 19.9 to 23.6 % reported by Pamo et al. 2005. However, 

it was lower than the 25.3% reported by Salawu et al., (1999) in Kenya by using 4 and 18 

months leaves. The NDF and ADF were also similar to the ones in Cameroun on older leaves 

(Pamo et al., 2005) but higher than 39.6 and 26.8% respectively for NDF and ADF reported in 

Kenya (Salawu et al., 1999). The CT for Calliandra reported in the current study was similar 

to 6.0% reported by McSweeney et al. (1999). However, it was lower than 7.46, 8.00, and 

12.7%, as reported in previous studies (Abqoriyah et al., 2014; Salawu et al., 1999; Setyawati 

et al., 2016). This can be explained by the age of the leaves used, which were very old. Previous 

studies reported a variation of CT with age, where older leaves often have less tannin content 

compared to younger leaves (Vaithiyonathan & Singh, 1989). The ash content for Calliandra 

was in the range of 5.6 to 8% early reported (Setyawati et al., 2016). 

 

Clitoria had a CP content closer to that of Calliandra. That makes it suitable for the whole or 

partial replacement of Calliandra as a protein supplement. The reported CP content was in the 

ranges reported in the literature. Kalamani and Gomez (2001) reported a mean protein content 

varying from 14 to 20% which was confirmed by Deshmukh and Jadhav (2014) with a CP of 

14.99% for Clitoria. However, some studies reported a CP varying from 19 to 23% depending 

on the variety and age (Cook et al., 2005). The same authors reported values of NDF and ADF 

which are similar to the ones of the current study. The ash content of 8.73% reported by 

Deshmukh and Jadhav (2014) was closer to the one in the current study. As expected, the 

addition of legumes to Napier grass improved the CP content of the diet by 21.6%. 

 

The nutrient composition values of garlic reported in this study were similar to those reported 

in previous studies (Kongmun et al., 2010, Sahli et al., 2018; Wanapat et al., 2008a). Garlic is 

relatively high in CP content (18.41% DM) compared to Napier grass. The close values in CP 

content of 19.2 and18.8% DM were reported by Kongmun et al. (2010) and Sahli et al. (2018) 
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respectively. The total cell wall content, NDF value (7.21% DM) is closer to 7.9% DM found 

by Sahli et al. (2018) but it is higher than those reported by Kongmun et al. (2011) and Manasri 

et al. (2012). Patra et al. (2011) and Sahli et al. (2018) reported closer values for ADF fraction 

to one reported in this study (5.93% DM) which was higher than the values reported by Manasri 

et al. (2012). The EE of 0.44 %DM reported in this study was closer to 0.5 % DM found by 

Kongmun et al. (2010). The ash content of 3.6 was comparable to 3.7%DM reported by Sahli 

et al. (2018). Though most of the chemical components did not vary, the observed difference 

mainly for cell walls may be related to genetic varieties and the age at which the garlic was 

harvested.  

 

The quantity of gas produced after 96 hr incubation with the substrate composed of Napier 

alone was similar to 39.7 ml/0.2g (198.5 ml/g) reported by Melesse et al. (2017). Except for 

substrate 2 (0%PEG), substrates with legumes produced more gas than Napier within 96 hr of 

incubation, which corroborates the findings of Singh et al. (2012). Substrate 2 with no PEG 

added has the lowest gas production, which means lower digestibility due to comparatively 

more CT from Calliandra than others. CT forms complexes with feed and microbial proteins 

and can significantly depress feed digestibility in vitro as well as in vivo in the rumen (Kumar 

& Singh, 1984). This was confirmed by the highest gas production in substrate 4 as it has lower 

CT and NDF. The addition of PEG improved the gas production in substrate 2 possibly due to 

the increased quantity of the available nutrients to rumen micro-organisms, particularly the 

available nitrogen. A previous study reported that the addition of PEG resulted in a significant 

increase in the rate and extent of gas and ammonia production (McSweeney et al. 1999). 

Getachew et al. (2000) confirmed that the addition of PEG or red Calliandra improved gas 

production. However, the level of improvement reported by these authors was higher due to 

the higher CT of their substrate.  

 

The potential gas production for substrate 2 was higher than 16.87 to 28.04 ml/ 0.2 g reported 

in Calliandra alone (Larbi et al., 1997) it was lower than 54.4 ml/0.2 g reported on Napier grass 

(Melesse et al., 2017). Substrate 2 (Napier grass and Calliandra) without added PEG showed 

the lowest gas production as it has more tannins compared to others, hence a lower early 

digestibility. For that substrate, the recorded GP24 of 22.30 ml/ 0.2g (1.08% tannins) 

corresponds to 111.50 ml/g, which is higher than 49.8 to 86.4 ml/g reported by Tan et al. (2011)  

while working on Guinea grass  (Panicum maximum) with CT levels varying from 0 to 6 %. 

That can be expressed by the higher CT content compared to the ones in the current study. By 
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incorporating different levels of tannins in Guinea grass substrate, Tan et al. (2011) reported a 

negative linear variation of gas production with tannins levels. The results corroborate those of 

Getachew et al. (2002) who reported strong links between CT and gas production.  Amasiab et 

al. (2016) found a gas production of 42.87 46.21 ml/0.02g on the mixture of Clitoria ternatea 

and Rhodes grass (Chloris gayana), which is higher than the one of the current study as the 

authors used more digestible substrate.  

 

The addition of PEG improved the digestibility of substrate 2. This confirms the binding 

affinity of PEG to tannin sites on which the proteins should have attached and become 

unavailable to rumen microorganisms as reported by previous studies (Gofoon et al., 2007; 

McMahon et al., 2000). Substrate 4 with Napier and Clitoria showed a better early gas 

production that can be translated as a better digestibility as it has fewer tannins and NDF. The 

results corroborated the results from Cameroon by Pamo et al. (2004), who reported an increase 

of GP24 with the addition of PEG on the substrate containing Napier and Calliandra. However, 

these authors found more gas produced varying from 43 to 44 mg/0.2g as they used more 

tannins hence more protein content. The threshold of the response of PEG levels was achieved 

at 2% which is less than the 16% reported in the previous study (Palmer & Jones, 2000). This 

is probably due to the low tannin content of the substrate used in the current study. 

 

In the present study, the substrate of Napier alone had higher NDF, ADF concentrations than 

substrates with legumes, and tended to produce more CH4. Similarly, Moss et al. (1994) 

reported that the concentration of substrates in ADF, NDF, hemicellulose, and cellulose are 

important fiber fractions affecting enteric methane production. The substrate composed of 

Napier grass and Calliandra had the lowest value for methane production. The quantity 

represents a decrease of 4.4% methane emission compared to the basal substrate (Napier grass 

only) without PEG. This shows that it has the potential to reduce CH4 gas emissions when used 

as a protein supplement. In a previous study, Calliandra, when replacing a non-tanniferous 

legume at 30% of the substrate, decreased CH4 emissions by 24% (Tiemann et al., 2008b). In 

the current study, the substrate with lower CH4 has a comparatively higher condensed tannins 

content. The CT was reported to reduce ruminal methane emission in previous studies (Hess et 

al., 2006a ; Muhlisin et al., 2017; Seresinhe, 2014; Soliva et al., 2008). CT has a methane 

mitigation effect through its suppressing effect on protozoa and specifically on methanogens  

(Goel & Makkar, 2012; Hess et al., 2003; Tan et al., 2011; Tavendale et al., 2005). In contrast, 

Seresinhe et al. (2012) found that CH4 production was not affected (P>0.05) by the presence 



97 

 

of condensed tannins or different levels of crude protein in forage mixtures containing low 

tannin legumes and high tannin non-legume. Moreover, Beauchemin et al. (2007) while using 

growing cattle, reported that feeding quebracho tannin extract at up to 20 g/Kg of DM did not 

reduce methane emissions. The explanation for this discrepancy is that the quebracho tannin 

supplementation level used by the authors is less than the threshold required to result in a 

reduction of methane production. The methane production in this study for 1.08% of CT, is in 

agreement with 14.9 and 10 ml/g DM reported by Tan et al. (2011) for CT varying from 0 to 2 

%. However, the study on Syzygium caryophyllatum and Calliandra calothyrsus reported a 

higher methane emission of 25.75 ml/ g DM despite a lower CT 3.41% probably due to the 

higher NDF (Seresinhe et al., 2012). The addition of PEG reduces the CT action which was 

translated into increased methane emissions as the case of total gas production discussed 

earlier. The increase of PEG levels didn’t increase the CH4 production probably due to the 

threshold of the action of PEG on tannins reached with the 2% PEG level. However, Palmer 

and Jones (2000) reported that the in vitro threshold of the response of PEG was 16% probably 

due to the CT content in their study. 

 

The reported values of total VFA in the current study were greater than 22.5 to 24.5 mmol/L 

reported in a study using a substrate of  Callianda and Napier grass in 30 and 70 % proportions 

respectively without a PEG added (Pamo et al., 2004). The reason could be the higher CT due 

to the comparative higher Calliandra inclusion. Nevertheless, the values for the current study 

were lower than the 100 mmol/ L reported in a study on Alfalfa and sainfoin due to the higher 

CP (16.6 to 22.2%) and much lower NDF (31.3 to 40.5 %) (Rufino-Moya et al., 2019). The 

inclusion of legumes which improved the CP content and lowered the NDF level increased the 

total VFA. However, the effect of condensed tannins on total VFA production is not explicit. 

Several studies showed a lower total VFA production when the CT was higher (Grosse 

Brinkhaus et al., 2017; Tan et al., 2011), but for others, an increase in doses of CT in a basal 

substrate reduced or maintained the total VFA production, depending on forage species (Hatew 

et al., 2016; Muhlisin et al., 2017). In the current study, the addition of PEG did not show any 

effect on total VFA production. Moreover, substrate and PEG interaction showed only a 

tendency. The results corroborated those of Calabrò et al. (2012)  and Niderkorn et al. (2012) 

while working on Sainfoin hay, which is contrary to the increase of total VFA production with 

increased PEG observed by Hatew et al. (2016). The dissimilarities between the studies could 

be due to the low dose of CT in the current study.  
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The quantities of acetate and propionate were numerically within the ranges of previous studies 

(Huyen et al., 2016; Tan et al., 2011).  A study on Napier grass with different doses of CT 

reported 39.93 to 33.43, 11.10 to 9.25, and 4.02 to 3.34 mmol/l respectively for 0, 1, and 2 % 

CT doses (Tan et al., 2011) which are in the same ranges as the values for the current study 

with a CT varying from 0.11 to 1.08%. The substrate manipulation aiming at CH4 mitigation 

look for means of diverting Hyforgen ions away from methane formation. An alternative 

electron-sink metabolic pathway to dispose of the reducing power (López et al., 1999; 

Ungerfeld et al., 2003) therefore has to happen. One of the priorities is the succinate propionate 

pathway that leads to propionate production (Newbold et al., 2005). Therefore, it is expected 

to have a rise in propionate production. Previous studies reported that the presence of CT leads 

to an increase in the propionate proportion and a reduction in the C2:C3 ratio (Hatew et al., 

2016, Huyen et al., 2016). However, in the present study, the effect of CT and PEG interaction 

on the numerical variation and proportion of propionate was not clear. Tan et al. (2011) 

reported a reduction of total VFA and propionate, but a numeric increase in acetate with 

increasing CT inclusion. 

 

The increased cumulative and potential gas production with the doses of garlic found in the 

current study corroborated those of Anassori et al. (2011)  and Sahli et al. (2018). The increased 

gas production is due to the increased substrate digestibility due to the use of garlic. Menke et 

al. (1979) showed that there is a high positive correlation between in vitro gas production and 

microbial growth. The increased digestibility may be a result of the increased density of the 

cellulolytic bacteria population as demonstrated by Kongmun et al. (2010) using in vitro assays 

on garlic powder. Moreover, the addition of garlic powder to the substrate, especially for the 

8% dose, tended to increase the protein supplies and non-lignified organic. These nutrients may 

increase gas production as they make a good environment for microflora (Chen et al., 2008). 

With fewer tannins, substates with Clitoria ternatea produced more gas as they were 

comparatively more digestible. 

 

The reduction in methane emission reported in this study corroborates previous studies on 

garlic extract (Patra et al., 2006) and garlic powder (Kongmun et al., 2010). The reduction of 

methane was associated with the inhibiting action of garlic extracts on the methanogen 

community (Busquet et al., 2005; Ferme et al., 2007; Kamel et al., 2008; Patra et al., 2006). 

The diallyl disulfide was identified as the first garlic extract which selectively acted upon 

methanogens. Without the addition of garlic, the substrate with higher tannin content expressed 
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the lower methane emission due to the methane reduction ability of CT (Tan et al., 2011). The 

highest methane decrease of 29.62% in the current study was closer to 31% reported by 

Zafarian and Manafi (2013) when using GAP supplemented in comparison to the control group 

in buffaloes. 

 

The current findings on total VFA were in agreement with the results of Wanapat et al. (2008a) 

who reported that the total volatile fatty acids (VFAs) were not affected by the addition of 

garlic powder. However, Kongmun et al. (2010) and Sahli et al. (2018) reported that increasing 

garlic powder in diets resulted in a decrease of total VFAs. The profile of VFAs was in 

agreement with previous studies that reported increased propionate (C3) and butyrate (C4) 

proportions simultaneously with a reduction of the proportion of acetate (C2) when garlic 

powder was added to a diet (Busquet et al., 2005; Kongmun et al., 2010; Sahli et al., 2018; 

Wanapat et al., 2008a). 

 

These results on CH4 and VFA profiles can be explained by the findings of Van Nevel and 

Demeyer (1988), who showed that in the metabolic pathway of rumen fermentation, CH4 was 

the main hydrogen sink; hence, inhibition of its synthesis will result in high reducing 

equivalents that need to be disposed of, with butyrate and propionate being the main 

alternatives. The CH4 reduction potential of garlic powder is desirable to reduce global GHG 

emissions and increase feed conversion efficiency. The pH was not affected by the garlic 

addition as previous reports on in vivo experiments had reported (Wanapat et al., 2008a; 

Zafarian & Manafi, 2013). 

 

6.5  Conclusion 

The present study shows that the supplementation of Calliandra calothyrsus and Clitoria 

ternatea to Napier grass substrate improves the CP content of the substrate and the total VFA 

without any effect on CH4 production. The addition of Clitoria ternatea and garlic powder 

increases gas production. Calliandra addition reduces the CH4 emission compared to other 

substrates. However, with the 2%, PEG added, the inclusion of Calliandra does not reduce the 

methane but increases the total VFA by 10%. The findings suggest that the farmer can use 

Calliandra with 2% PEG to improve livestock production, but removing the PEG can be 

beneficial for the environment and possibly also economical. GAP at the 2% level shows a 

potential of reducing CH4 emissions when added to the diet composed of Napier grass, Clitoria, 

and Calliandra. The study is suggesting that Clitoria can partially or totally replace Calliandra 
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to supplement the basal Napier grass diet without a change in the nutritive value of the forages. 

Moreover, comprehensive in vivo studies with animal hosts need to be undertaken to evaluate 

the sustainability of condensed tannins from Calliandra supplementation to mitigate methane 

production. The GAP dosage used in the current in vitro trial would not be feasible for practical 

feeding. In vivo experiments are recommended to evaluate the performance of legumes and 

GAP supplemented to Napier grass as a basal diet. Moreover, garlic leaves should be tested on 

the same forages as they are comparatively affordable to smallholder dairy farmers. 
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CHAPTER SEVEN 

GENERAL DISCUSSION, CONCLUSIONS, AND RECOMMENDATIONS 

8.1  General Discussion 

In Rwanda, dairy farmers are facing the challenge of low-quality feed, where the most widely 

grown forage is Napier grass (Pennisetum Purpureum). This results in reduced production and 

increased enteric methane emissions (Johnson & Johnson, 1995). The legumes introduced as 

supplements to Napier grass were not yet evaluated. This study aimed at improving milk 

production and reducing methane gas emissions in smallholder farms by assessing the existing 

potential feeds and use of Calliandra, Clitoria, PEG, and Garlic as supplements to Napier grass. 

The study showed that in the eastern province of Rwanda, most of the farmers fell into the 

small and medium landholder, with a land size varying from 0 to 2 ha. This was in agreement 

with the 0.76 ha that was reported as the average land size of farmers in Rwanda (Mutimura et 

al., 2013). This clearly shows the shortage of land for both food crops and forage growing. 

When land is scarce, farmers give a priority to food crop production. Fodder crops were given 

a small piece of land. The number of livestock kept varied with the land availability. That was 

shown by the lowest Tropical livestock unit (TLU) value in the zone with more farmers in the 

small landholding category. The improved dairy cattle dominated other species. Maize was the 

most grown crop in the area, followed by banana then beans. This is in agreement with the 

seasonal agricultural survey in the Eastern Province of Rwanda, where maize was the most 

grown crop, followed by banana and beans in third place (NISR, 2018). The most grown crops 

have residues that can be used by dairy farmers as feed in the zone.  

 

The feed monitoring on smallholder dairy farmers identified 22 types of forges used in the 

three AEZ with zonal and seasonal variations in their numbers. Twelve (12) out of the 22 were 

previously reported in the Bugesera District of the Eastern Province (Mutimura et al., 2015), 

and 6 types in the Northern province of Rwanda (Klapwijk et al., 2014). Roadside grasses, 

Napier grass, and Kikuyu grass (Pennisetum clandestinum) were the only grasses that were 

used in the three zones for all seasons. More variation in forage types was observed during the 

dry season because of the scarcity of conventional forages; hence farmers opt for non-

conventional feedstuffs. Most of the farmers use the land plot edges to grow Napier grass, 

hence making it the most grown fodder in the three zones as for previous studies (Mutimura & 

Everson, 2011; Mutimura et al., 2013). The adoption of newly promoted fodder is still low in 

the zone due to the lack of land. The only legume forage identified during the study period was 

Calliandra (Calliandra Spp) which contributed up to 0.16% of the overall dry matter intake 
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(DMI) among the beneficiaries of Girinka. This suggests that legumes adoption is still low in 

smallholder farms. 

 

Though Napier was the most grown fodder crop, collected fodder from roadside and weeds 

were reported as the dominant source for dry matter in livestock feeding, which corroborated 

previous (Mutimura et al., 2013). The couch grass was mainly used in wet seasons as it is one 

of the major weeds in Rwanda, hence the dry season corresponding to high cropping was 

associated with the high use of the couch grass from the cultivated lands. In the current study, 

Napier grass came 4th due to the same reason of unavailability of land. The findings on the use 

of Napier grass from this study differ from previously reported results which stated that Napier 

grass was one of the two most widely used grass species in smallholder farmers in Rwanda 

(Mutimura & Everson, 2011; Mutimura et al., 2013; Mutimura et al., 2015). The reason is that 

in the current study, targeted farmers had less land (<0.25 Ha), hence they opt for growing food 

crops than forages. In EP zone crop residues were mostly reported as farmers are trained and 

encouraged to practice zero-grazing. The use of crop residues is still low as farmers use them 

for mulching and green manure (Baudron et al., 2014; Castellanos-Navarrete et al., 2015). The 

use of crop residues increased during the dry season. Similar results were reported in the 

Southern province of Rwanda, where the use of crop residues increased after the harvest of 

maize (Klapwijk et al., 2014).  

 

The nutritional characteristics of most of the forage species reported in this study are within 

the ranges found in other studies on the same species in Rwanda, with a CP varying from 3.6 

to 23.5% (Mutimura et al., 2015). The observed variation in nutritional characteristics of 

feedstuffs was expected as they depend on several factors including species, stage of maturity, 

soil, and climatic factors. The variation of nutrient content with the seasons may be due to the 

reduced photosynthetic activities of the plants due to harsh environmental conditions and 

decreased uptake of necessary nutrients from the soil and reduced during the dry season (Anele 

et al., 2009). During rainy periods, there is an increase in CP content (Anele et al., 2009), but 

with advanced age and moisture stress the CP content would decrease (Woldemariam et al., 

2012; Yayneshet et al., 2009). Moreover, this study reported increased values for fiber fraction 

during the dry season which can be explained by advancement in the age of the plant associated 

with leaf maturity (Belachew et al., 2013). However, in MPB, Napier grass showed higher CP 

content during the dry season possibly because farmers harvest Napier grass when it is still 

very young. 
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The nutrients supply was lower in dry seasons. The results confirm earlier findings that showed 

a variation of fodder with the season in Eastern Africa, throughout sub-Saharan Africa, and 

Rwanda (Klapwijk et al., 2014; Renard, 1997) where both the quantity and quality of fodder 

offered to cattle during the dry seasons are reported to be lower than in wet seasons. The DMI 

was lower in the long dry season as this season is associated with feed scarcity accompanied 

by poor feed digestibility, as observed in this study. The ESCB had the highest DMI because 

in that zone farmers usually practice crop-livestock integration agriculture; hence the crop 

residues are more available than in other zones, especially during the dry season. The higher 

CP supply reported in EP zone could be explained by the quality of the forages in that zone. In 

EP, Couch and Kikuyu grasses which had a higher protein content were most widely used 

compared to other zones. The DMD was associated with increased protein intake and reduced 

ADF. The metabolizable energy supply was related to the quality and quantity of forage; hence 

the rainy season had the highest values. Similarly, the AEZ with high DMI had a higher ME 

intake. The Metabolizable energy requirement for Maintenance (MERM) and lactation (MERL), 

were lower in the long dry season due to the less live weight and comparatively less milk 

production. However, the highest value of MERL requirement was observed in the short-rain 

season. These results confirm earlier findings by Goopy et al. (2018) in Nyando County of 

Kenya. However, their values were lower than those reported in the current study because of 

lower live weight.  

 

The reported milk production was lower than expected considering the genetic potential of the 

kept cows due to the low-quality feeds used. The lower mean milk production was observed in 

the long dry season as the season is associated with feed scarcity and poor nutrient supply, 

manifested by the observed low protein supply during this season.  EP zone had the highest 

daily milk production compared to others. This could be explained by the nutrients supply. The 

protein supply was significantly the highest of the three zones, but its metabolizable energy 

supply was the second. The mean season milk production that varied from 4.76 to 6.31 L with   

5.60 L as the yearly mean reported in the current study is similar to 5.4 L reported in the Eastern 

province of Rwanda on Ankole Longhorn x Holstein Friesian crossbred cows fed on Napier 

grass (Mutimura et al., 2018). However, these authors reported higher means of 7.1 and 9.0 L 

when cows were fed on basal Napier grass and Brachiaria, each combined with Desmodium, 

respectively. The reason is the higher protein content of these diets compared to the mean 

protein content of the seasonal baskets in the current study. The mean daily milk yield in this 

study is higher than 1.33-4.58 L of milk /day reported from the local-breed cow in the Southern 
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province of Rwanda (Klapwijk et al., 2014). This could be explained by the fact that the current 

study used Crossbreed with higher potential than the local breeds. The same reason can explain 

the higher mean daily milk production compared to 4 L and 3.7 reported in smallholder farmers 

in Kenya (Muinga et al., 2016; Ndung’u et al., 2019). Though there was a variation in milk 

price with the milk production level, the variation rates of milk price were higher than ones for 

milk production due to the high proportion of milk sold informally. The milk fat content 

reported in this study was relatively high compared to those reported in the previous studies in 

Rwanda (Hirwa et al., 2017). The high-fat content can be explained by the fact that the feeds 

in the study zones were mainly made of forage therefore high fiber content resulted in more 

acetate (Prange et al., 1978; Sutton, 1980). The milk fat content in this study showed a moderate 

variation with season and zones, and it was negatively correlated to the quantity of milk 

between the AEZs. Other milk components did not show a significant variation. The milk 

protein content of 3.2 % reported in the crossbreed in Rwanda by Hirwa et al. (2017) was 

similar to the 3.23 % reported in the current study. 

 

Without any feed additives intervention, CH4 mitigant agents nor concentrate use,  the main 

determinant of the CH4 emission is the DMI followed by feed quality ( Charmley et al., 2016; 

Ellis et al., 2007). This explains why the emissions were lower in the long dry seasons 

compared to other seasons despite its lower feed quality. The same reason explains the 

increased emissions in the ESCB zone because of its comparatively higher DMI with less 

quality feeds. The present EFs were higher than the default IPPC value of 41 Kg from 

developing countries in African, Middle East, and other tropical regions livestock EFs using 

Tier I approach (IPCC, 2006) and higher than the average figure of 32 Kg CH4 per Tropical 

Livestock Unit (TLU ) per year for African ruminants (Herrero et al., 2008).  The IPPC predicts 

a mean live weight of 200 Kg for cattle in these regions which is lower than 292.6 Kg in this 

study, hence the lower EFs. Lower methane emission per unit gram milk produced (Carbon 

footprint) was observed in the EP zone. The results showed the highest milk production in that 

zone despite the DMI that was not the highest. This suggests that the Carbon footprint can be 

reduced by increased milk production efficiency, which can be achieved through an increased 

supply of digestible feed and main nutrients like proteins, as observed in the EP zone. This was 

confirmed in a study carried out in Sweden by Danielsson et al. (2017) who worked on cows 

in an intensive production system.  
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The in vitro experiment for the potential of supplementation and feed additives showed 

promising results. The addition of legumes to Napier grass improved the CP content of the diet 

by 21.6 %. Substrates with legumes produced more gas than Napier within 96 h of incubation, 

which corroborates the findings of Singh et al. (2012). However, substrate 2 with no PEG 

added has the lowest gas production, which means lower digestibility due to comparatively 

more CT from Calliandra than others. The addition of PEG improved the gas production in the 

substrate with Calliandra and Napier. Higher levels of PEG didn’t show a variation in gas 

production.  The effect of PEG on CT content diets corroborated earlier findings (Getachew et 

al., 2000; McSweeney et al., 1999). The threshold of the response of PEG levels was achieved 

at 2% which is less than the 16% reported in the previous study (Palmer & Jones, 2000). This 

is probably due to the low tannin content of the substrate used in the current study. The use of 

Garlic powder showed comparatively higher gas production than PEG on the same substrates. 

The increased early, cumulative and potential gas production with the doses of garlic found in 

the current study corroborated those of Anassori et al. (2011)  and Sahli et al. (2018). The 

increased gas production is due to the increased substrate digestibility due to the use of garlic. 

The addition of garlic powder to the substrate, especially for the 8% dose, tended to increase 

the protein supplies and non-lignified organic. These nutrients may increase gas production as 

they make a good environment for microflora (Chen et al., 2008). 

 

The substrate composed of Napier grass and Calliandra had the lowest value for methane 

production. The quantity represents a decrease of 4.4% methane emission compared to the 

basal substrate (Napier grass only) without PEG. This shows that it has the potential to reduce 

methane gas emissions when used as a protein supplement.  However, in terms of CH4 

reduction, Garlic powder had comparatively better results with the higher reduction rate being 

29.62% for garlic powder, which was closer to 31% reported by Zafarian and Manafi (2013). 

The inclusion of legumes which improved the CP content and lowered the NDF level increased 

the total VFA. In contrast, the effect of CT, PEG, and Garlic on total VFA production is not 

clear. Some studies reported a lower total VFA production when the CT was higher (Grosse 

Brinkhaus et al., 2017; Tan et al., 2011), but for others, an increase in doses of CT in a basal 

substrate decreased or maintained the total VFA production, depending on forage species 

(Hatew et al., 2016). Moreover, Kongmun et al. (2010) and Sahli et al. (2018) reported that 

increasing garlic powder in diets resulted in a reduction in total VFAs. A rise in propionate 

production would be expected while using CH4 mitigants. Previous studies reported that the 

presence of CT leads to a reduction in the C2:C3 ratio and an increase in the propionic acid 
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proportion (Hatew et al., 2016; Huyen et al., 2016). However, in the current study, the effect 

of CT and PEG interaction on the numerical variation and proportion of propionate was not 

clear. However, by using garlic powder, the current results on the profile of VFAs were in 

agreement with previous studies that reported an increased propionate (C3) and butyrate (C4) 

proportions simultaneously with a reduction of the proportion of Acetate (C2) when garlic 

powder was added to a diet (Busquet et al., 2005; Kongmun et al., 2010; Sahli et al., 2018; 

Wanapat et al., 2008a). 

 

8.2  Conclusions 

This study aimed at improving milk production and reducing methane gas emissions in 

smallholder farms by assessing the existing potential feeds and use of Calliandra, Clitoria, 

PEG, and Garlic. 

 

From the results of this study, the following conclusions can be drawn: 

i. The majority of the farmers are smallholder farmers owning less than 1 hectare of land, 

thus, farmers rather grow food crops than animal feed; which leads to the low use of 

grown forages and more use of collected fodders in the three zones. Crop residue use 

was limited in some areas due to poor storage facilities and knowledge. 

ii.  Napier grass is the grown forage used in all seasons and zone.  However, farmers 

mostly use the mixture of forages harvested from the roadsides and weeds from the 

food crop plantations. The crop residues are mostly used during the dry season, 

especially in ESCB zone. The legume forages are the least used.   

iii. The lower emission per unit g milk production (Carbon footprint) is observed in the EP 

zone that has a higher daily milk production per cow due to comparative better feeds. 

The present EFs are higher than the default IPPC value using Tier I approach due to a 

lower predicted live weight of cows in the IPCC estimates. 

iv. The present study shows that the in vitro supplementation of Calliandra Calothyrsus 

and Clitoria ternate to Napier grass substrate improves the CP content of the substrate 

and the total VFA without any effect on CH4. Clitoria can partially or totally replace 

Calliandra to supplement Napier grass without a change in the nutritive value of the 

forages. The inclusion of Calliandra alone without PEG added reduces the CH4 

emission by 4% and increases the total VFA by 5% compared to the basal substrate 

alone. The addition of Clitoria ternatea and garlic powder shows the potential of 

improving diet digestibility. Garlic powder shows the potential of reducing CH4 
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emissions when added to the diet composed of Napier grass, Clitoria ternatea, and 

Calliandra colothyrsus. 

 

8.3  Recommendations 

Considering the above-mentioned findings, in addition to the many benefits of feed efficiency 

in dairy farming, the following recommendations can be made:  

 

8.3.1  Stakeholders in the Dairy Sector 

i. There is a need for introducing and promoting new legume forages among smallholder 

farms to increase dairy animal performance and milk production efficiency. 

Appropriate technology should be applied to facilitate the efficient use of the potential 

lands for forage production in order to address the problem of land scarcity. 

ii. Legume forages are the least used, hence there is a need for introducing and promoting 

new legume forages in the region to increase the production performance of dairy cattle. 

Commelina benghalensis should be evaluated for its potential for milk production as a 

CP supplement and methane mitigation effects due to its higher EE and lower NDF. 

iii. Framers should improve the feed quality to reduce the Carbon footprint through 

increased milk production efficiency 

iv. Integrating different forage grasses and legumes with other farming system need to be 

given strong attention by concerned stakeholders. As suggested by this study, 

Calliandra and Clitoria can improve the CP content of feed in small dairy farms. 

 

8.3.2  Areas for Further Studies 

i. This study only considered animal feeds as a source of methane emission. However, all 

the sources of methane at the farm level should be considered by using Life Cycle 

Assessment approach for appropriate mitigation strategies 

ii. Comprehensive in vivo studies with animal hosts need to be undertaken to evaluate the 

sustainability of Condensed tannins from Calliandra supplementation to mitigate 

methane production. 

iii. In vivo experiments are recommended to evaluate the performance of legumes and 

Garlic powder supplemented to Napier grass as a basal diet. Moreover, garlic leaves 

should be tested on the same forages as they are comparatively affordable to 

smallholder dairy farmers. 
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APPENDICES 

Appendix A: Characteristics of Cattle in Communal Cowsheds 

 

No ID Age sex Breed WBS 

(Kg) 

WES 

(Kg) 

EQM ELD LN SMP BCS 

MS 

1            

2            

3            

4            

5            

6            

7            

8            

9            

10            

11            

12            

13            

14            

15            

16            

17            

18            

19            

20            

WBS: Weight at the beginning of the season, WES : Weight at the end of the season (Kg), 

EQM: Estimated quantity of the milk, ELD:Estimated lactation duration, LN:Lactation 

number, SMP: Stage of milk production, BCS MD: BCS in the middle of the season 
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Appendix B: Feeds monitoring form  

Name of CCS: ………………………………………………… 

No  DAY 1 2 3 4 

ID  M E R M E R M E R M E R 

1 

 

 Time             

Qt (Kg)             

Type             

2  T             

Q             

             

3  T             

Q             

             

4  T             

Q             

             

5  T             

Q             

             

6  T             

Q             

             

7  T             

Q             

             

8  T             

Q             

             

9  T             

Q             
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Appendix C: Seasonal and zonal “feed basket” composition 

 

 

MPB: Mayaga and peripheral Bugesera, EP: Eastern plateau, ESCB: Eastern Savanna and Central Bugesera, SD: Short dry, SW: Short rainy, LD: 

Long dry, LW: Long rainy. 

The values with different superscript letters in a line are significantly different (P<0.05) 

Feedstuff Daily use (Kg DM) 

   Agro-ecological zone Season Year 

Common name Scientific name Vernacular name MPB EP ESCB LD SR SD LR  

Banana leaves Musa spp Amakoma 0.00 0.03 0.00 0.02 0.01 0.00 0.02 0.01 

Banana peels Musa spp Ibishishwa by'ibitoki 0.00 0.01 0.00 0.01 0.01 0.01 0.00 0.00 

Banana pseudostem Musa spp Umutumba 0.12 0.63 0.02 0.52 0.26 0.13 0.10 0.25 

Bean straw Phaseolus vulgaris Ibishogoshogo 0.00 0.13 0.32 0.31 0.20 0.10 0.00 0.16 

Brachiaria Brachiaria spp Ifubwe 0.00 0.02 0.01 0.02 0.00 0.00 0.03 0.01 

Calliandra Calliandra  spp Kariyandara 0.00 0.04 0.00 0.00 0.00 0.00 0.05 0.01 

Commelina Commelina spp Uruteja 0.00 0.12 0.05 0.03 0.03 0.15 0.01 0.06 

Couch grass Digitaria abyssinica Urwiri 0.00 3.52 0.87 1.00 1.30 1.33 2.18 1.45 

Cyperus Cyperus latifolius Igikangaga, nyagishanga 0.00 0.00 0.10 0.07 0.06 0.00 0.00 0.03 

Dracaena Dracaena afromontana Umuhati 0.00 0.03 0.00 0.01 0.02 0.00 0.00 0.01 

Hyparrhenia Hyparrhenia spp Umukenke 0.00 0.00 0.50 0.00 0.00 0.26 0.46 0.18 

Kikuyu grass Pennisetum clandestinum  Umucaca 0.06 1.02 0.07 0.36 0.42 0.30 0.41 0.37 

Leersia Leersia hexandra  Urukemba/ urwuya 0.00 0.00 0.17 0.00 0.00 0.24 0.00 0.06 

Maize stover (dry) Zea mays Ibigorigori 0.00 0.17 3.66 1.85 2.24 1.28 0.00 1.35 

Napier grass Pennisetum purpureum Urubingo 0.25 1.41 0.85 0.29 0.39 0.95 1.75 0.84 

Panicum Panicum maximum Panikumu 0.00 0.05 0.00 0.00 0.00 0.02 0.04 0.02 

Paspalum Paspalum spp Pasiparume 0.00 0.07 0.00 0.01 0.01 0.01 0.07 0.02 

Rhodes grass Chloris gayana Kororisi 0.00 0.00 0.13 0.02 0.00 0.17 0.00 0.05 

Rice straw Oryza sativa Ibiceliceli 0.00 0.00 1.05 0.73 0.74 0.00 0.00 0.37 

Mixed roadside grasses  Imvange 6.60 0.01 1.18 1.82 2.31 2.87 3.18 2.54 

Sorghum straw Sorghum bicolor Ibisakasaka 0.00 0.00 0.07 0.04 0.05 0.00 0.00 0.02 

Sweet Potato vines (fresh) Ipomoea batatas Imozi y’ibijumba 0.23 0.08 0.00 0.11 0.09 0.07 0.14 0.10 

Total daily dry matter in take (Kg) 7.26a 7.33a 9.06b 7.221 8.142 7.902 8.422 7.92 
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Appendix D: Characteristics of the Monitored Animals 

 

  LD SR SD LR 

Categories MPB EP ESCB MPB EP ESCB MPB EP ESCB MPB EP ESCB 

Age (years) ≤ 2 4 3 7 - - - - - - - - - 

2- 4 56 26 19 - - - - - - - - - 

> 4 0 31 40 - - - - - - - - - 

Breed L 10 2 2 - - - - - - - - - 

 CB 10 16 2 - - - - - - - - - 

 J 6 19 15 - - - - - - - - - 

 HF 34 23 47 - - - - - - - - - 

Lactation 

number 

0 7 4 8 - - - - - - - - - 

1 21 14 6 - - - - - - - - - 

2 18 7 14 - - - - - - - - - 

3 14 22 30 - - - - - - - - - 

4 0 13 8 - - - - - - - - - 

BW (Kg) 270 299 283  283 307 292 280 302 296 290 311 295 

BCS 2 28 5 4 7 0 0 14 3 4 7 0 4 

3 21 44 40 28 24 11 32 36 35 28 42 39 

4 8 11 14 18 32 44 10 20 14 20 16 8 

5 3 0 8 7 4 11 4 1 11 4 2 14 

Status LT 33 38 46 30 46 47 25 46 31 20 36 37 

NL 13 12 11 16 8 10 23 14 23 29 24 24 

H 14 10 9 14 6 9 12 0 8 10 0 4 

Total  60 60 66 60 60 66 60 60 65 59 60 65 

LD: Long dry season, SR: Short rainy season, SD: Short dry season, LR: Long rainy season, MPB: Mayaga and peripheral Bugesera, ESCB: 

Eastern Savanna and Central Bugesera, and EP: Eastern plateau (EP), L: Local, CB: Crossbreed, J: Jersey, HF: Holstein-Friesian, BW: Bodyweight, 

BCS: Body condition score, LT: lactating, NL: Nonlactating, H: heifer 
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Appendix E: Consert Form for Farmers 

 

Greetings,  

I am AYABAGABO Jean de Dieu, assistant lecturer at the University of Rwanda – College of 

Agriculture, Animal Sciences and Veterinary Medicine. I am doing a study for my PhD at 

Egerton University. The objective of this study is to increase milk production and reduce 

methane gas emission from stallholder dairy farmers in Rwanda. These data will help us in 

developing appropriate policies aimed at improving animal feed availability through the year, 

to positively impact rural household incomes and a safe environment.  

If you agree to participate, I will ask you some questions related to animal feeds, milk quantity, 

and other questions related to your daily activities on the farm. I will further request you to take 

some milk samples so that I can analyze for the quality.  

Risks and benefits: I do not anticipate any risks to you participating in this study other than 

those encountered in day-to-day life.  You will benefit from the feedback on the impact of your 

feeding practices on your production and recommendation for improvement.   

Your answers will be confidential:  The records of this study will be kept private. In any 

report we make public we will not include any information that will make it possible to identify 

you. Research records will be kept in a locked file, and only the researchers (me and my 

supervisors) will have access to the records. 

Taking part is voluntary: You may refuse to participate or stop participating at any time, and 

you may refuse to answer any question. Your decision not to participate, or to stop 

participating, will not affect you in any way.  

You will be given a copy of this statement to keep for your records.  

Thank you for your time to answer the following questions. 

Statement of Consent: I have read the above information, and have received answers to any 

questions I asked. I consent to take part in the study.  

Your Signature ___________________________________ Date ___________________ 

Your Name (printed) ______________________________________________________ 

Signature of person obtaining consent _________________________ Date___________ 

Printed name of person obtaining consent ______________________________________  

Farmer’s ID code _________________________ 

 

 

 

 Province…………………………………………..District……….......................................  

Sector.....................................................................Cell…………………............................ 

AEZ……………. 

Telephone number…………………………………………………………………………….. 
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 Appendix F: Selected Pictures on the Field and in Laboratory 
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Appendix G: Key Outputs From Data Analysis 

 

ANOVA-PEG 

 
Sum of 

Squares df 

Mean 

Square F Sig. 

CH4(ml/g) Between Groups .287 3 .096 4.579 .007 

Within Groups .918 44 .021   

Total 1.205 47    

Gas produced at 24 hours 

(ml) 

Between Groups 165.207 3 55.069 12.287 .000 

Within Groups 197.199 44 4.482   

Total 362.406 47    

Gas produced at 48 hours 

(ml) 

Between Groups 
320.078 3 

106.69

3 
26.781 .000 

Within Groups 175.290 44 3.984   

Total 495.368 47    

Total VFA (mmol/L) Between Groups 294.725 3 98.242 53.223 .000 

Within Groups 81.217 44 1.846   

Total 375.942 47    

Acetate (mmol/L) Between Groups 98.131 3 32.710 34.293 .000 

Within Groups 41.969 44 .954   

Total 140.100 47    

Butyrate (mmol/L) Between Groups 1.793 3 .598 9.095 .000 

Within Groups 2.892 44 .066   

Total 4.685 47    

Propionate (mmol/L) Between Groups 20.535 3 6.845 27.540 .000 

Within Groups 10.936 44 .249   

Total 31.472 47    
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Effect of Tannins on Methane 

 

Dependent Variable:CH4ml/g    

Source Type III Sum of Squares df Mean Square F Sig. 

Corrected Model .867a 10 .087 9.488 .000 

Intercept 7195.247 1 7195.247 787502.952 .000 

TANNINS .867 10 .087 9.488 .000 

Error .338 37 .009   

Total 8754.876 48    

Corrected Total 1.205 47    

a. R Squared = .719 (Adjusted R Squared = .644)   

 

Diets and Methane 

 

CH4 (ml/g) 

Rations 

N 

Subset for alpha = 0.05 

1 2 

Tukey HSDa Napier grass-Calliandra 12 13.3775  

Napier grass-Calliandra-

Clitoria 
12 13.5192 13.5192 

Napier grass 12  13.5350 

Napier grass-Clitoria 12  13.5858 

Sig.  .092 .673 

Means for groups in homogeneous subsets are displayed.  

a. Uses Harmonic Mean Sample Size = 12.000.   

 

Diets and VFA 

Total VFA (mmol/L) 

Rations 

N 

Subset for alpha = 0.05 

1 2 

Tukey HSDa Napier grass 12 47.8167  

Napier grass-Calliandra 12  52.8583 

Napier grass-Calliandra-

Clitoria 
12  53.7117 

Napier grass-Clitoria 12  53.8458 

Sig.  1.000 .296 

Means for groups in homogeneous subsets are displayed.  

a. Uses Harmonic Mean Sample Size = 12.000.   
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Acetate (mmol/L) 

 

Rations 

N 

Subset for alpha = 0.05 

1 2 

Tukey HSDa Napier grass 12 33.8308  

Napier grass-Clitoria 12  37.0508 

Napier grass-Calliandra 12  37.1067 

Napier grass-Calliandra-

Clitoria 
12  37.2308 

Sig.  1.000 .969 

Means for groups in homogeneous subsets are displayed.  

a. Uses Harmonic Mean Sample Size = 12.000.   

 

Butyrate (mmol/L) 

Rations 

N 

Subset for alpha = 0.05 

1 2 

Tukey HSDa Napier grass 12 3.4108  

Napier grass-Calliandra 12  3.7100 

Napier grass-Calliandra-

Clitoria 
12  3.8692 

Napier grass-Clitoria 12  3.8975 

Sig.  1.000 .291 

Means for groups in homogeneous subsets are displayed.  

a. Uses Harmonic Mean Sample Size = 12.000.   

 

Propionate (mmol/L) 

Rations 

N 

Subset for alpha = 0.05 

1 2 

Tukey HSDa Napier grass 12 8.8483  

Napier grass-Calliandra 12  10.1483 

Napier grass-Clitoria 12  10.3750 

Napier grass-Calliandra-

Clitoria 
12  10.4775 

Sig.  1.000 .380 

Means for groups in homogeneous subsets are displayed.  

a. Uses Harmonic Mean Sample Size = 12.000.   
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GARLIC 

 

CH4 (ml/g) 

GARLIC-Levels (%of DM) 

N 

Subset for alpha = 0.05 

1 2 3 

Tukey HSDa 8 12 9.9717   

4 12 10.0650   

2 12  10.8858  

0 12   13.4308 

Sig.  .983 1.000 1.000 

Means for groups in homogeneous subsets are displayed.   

a. Uses Harmonic Mean Sample Size = 12.000.    

 

Garlic And Vfas 

Total VFA (mmol/L) 

GARLIC-Levels (%of DM) 

N 

Subset for alpha = 0.05 

1 2 

Tukey HSDa 0 12 51.1967  

2 12 55.0367 55.0367 

4 12 55.0433 55.0433 

8 12  57.0683 

Sig.  .061 .528 

Means for groups in homogeneous subsets are displayed.  

a. Uses Harmonic Mean Sample Size = 12.000.   

 

Acetate (mmol/L) 

GARLIC-Levels (%of DM) 

N 

Subset for alpha = 0.05 

1 

Tukey HSDa 8 12 35.5533 

0 12 35.8608 

4 12 36.3558 

2 12 37.0533 

Sig.  .396 

Means for groups in homogeneous subsets are displayed. 

a. Uses Harmonic Mean Sample Size = 12.000.  
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Butyrate (mmol/L) 

GARLIC-Levels (%of DM) 

N 

Subset for alpha = 0.05 

1 2 3 

Tukey HSDa 0 12 9.7567   

2 12  11.3333  

4 12  12.4867  

8 12   13.9925 

Sig.  1.000 .178 1.000 

Means for groups in homogeneous subsets are displayed.   

a. Uses Harmonic Mean Sample Size = 12.000.    

 

Propionate (mmol/L) 

GARLIC-Levels (%of DM) 

N 

Subset for alpha = 0.05 

1 2 

Tukey HSDa 0 12 3.6700  

2 12 3.8533 3.8533 

8 12 3.8858 3.8858 

4 12  4.0733 

Sig.  .452 .435 

Means for groups in homogeneous subsets are displayed.  

a. Uses Harmonic Mean Sample Size = 12.000.   

 

A/C 

GARLIC-Levels (%of DM) 

N 

Subset for alpha = 0.05 

1 2 3 

Tukey HSDa 8 12 2.6217   

4 12 2.8692   

2 12  3.2992  

0 12   3.6867 

Sig.  .081 1.000 1.000 

Means for groups in homogeneous subsets are displayed.   

a. Uses Harmonic Mean Sample Size = 12.000.    
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Model for Effect of Nutrients on VFA 
Dependent Variable:Total VFA (mmol/L) 

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model 134.496a 1 134.496 9.273 .004 

Intercept 55541.803 1 55541.803 3829.297 .000 

CP * EE * NDF * ADF * 

TANNINS 
134.496 1 134.496 9.273 .004 

Error 667.204 46 14.504   

Total 143825.317 48    

Corrected Total 801.700 47    

a. R Squared = .168 (Adjusted R Squared = .150)    

 

Grand Mean 

Dependent Variable:Total VFA (mmol/L) 

Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

54.543a .550 53.436 55.650 

a. Covariates appearing in the model are evaluated at the following values: CP content (%) = 

9.8396, Ether-Extract (%) = 2.0312, NDF (%) = 67.2052, ADF(%) = 40.6006, TANNINS (%) 

= .4712. 

 

Model for Effect of Nutrients on CH4 
Dependent Variable:CH4 (ml/g) 

Source Type III Sum of Squares df Mean Square F Sig. 

Corrected Model 3.969a 1 3.969 1.701 .199 

Intercept 2568.991 1 2568.991 1100.836 .000 

TANNINS 3.969 1 3.969 1.701 .199 

Error 107.349 46 2.334   

Total 6012.973 48    

Corrected Total 111.318 47    

a. R Squared = .036 (Adjusted R Squared = .015)   
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Appendix H: Ethical Clearance 
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Appendix I: Research Permit 

 

 



156 

 

Appendix J: Abstract of a Published Paper on Specific Objective 2 
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Appendix K: Abstract of a Published Paper on Specific Objective 3 

 

 

 


