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Executive Summary

The problem

Livestock are an integral component of  the 
smallholder mixed systems that dominate sub- 
Saharan Africa and South Asia. Availability of  
sufficient high-quality feed is a major constraint 
to productivity; livestock are often fed opportun-
istically and on poor-quality feed resources. 
A decline in grazing resources in response to the 
expansion of  cultivated land and poor control 
over grazing rights means ever-increasing pro-
portions of  variable-quality cereal and legume crop 
residues in ruminant livestock diets. Cultivation 
of  green forages specifically for feeding livestock 
is an important potential means of  addressing 
the feed gap. The prominence of  planted forages in 
smallholder farming systems varies hugely, and 
the extent of  their cultivation in sub-Saharan 
Africa and to some extent Asia is lower than would 
be expected given their potential to alleviate the 
chronic feed gap. This chapter explores the poten-
tial and actual impact of  planted forages and reviews 
success cases emerging from CGIAR research.

Potential of planted forages

Planted forages offer a range of  benefits, which 
is at odds with their apparent underuse in many 
smallholder farming systems. Well-managed 
cultivated forages provide substantial yields 
of  nutrient-rich biomass. Grasses provide large 
amounts of  moderate-quality feed. Legumes 
generally yield less, but the vegetative material 
is of  exceptionally high quality and provides an 
excellent high-quality feed to complement the 
basal resource of  cereal crop residues that often 
dominate livestock diets across the tropics.

Planted forages have several potential im-
pacts. Use of  forages can deliver social benefits 

including reducing the labour burden associated 
with feed sourcing, especially on women.  Forages 
can also deliver economic benefits through 
 improved livestock productivity, which often ex-
ceeds the opportunity costs of  utilizing land for 
staple crops. Finally, forages can play a strong 
role in delivering environmental impact through 
soil stabilization, carbon sequestration and main-
tenance of  habitats which support biodiversity.

Information on the use of  planted forages in 
the tropics is scanty, although there have been 
recent attempts to synthesize available informa-
tion. These reviews point to large areas of  improved 
planted forages in Latin America with a few 
documented successes in high-potential sites in 
China, India, South-east Asia and East Africa.

Research spending at ILRI

The International Livestock Research Institute (ILRI) 
and its predecessor, the International Livestock 
Centre for Africa (ILCA), have made major invest-
ments in livestock feed research. ILCA scientists 
(1974–1994) working on feed research of  all types – 
range ecology, forage diversity, planted forages, multi-
dimensional crops and the nutritional quality of  feeds 
– were about 18.8% of  the 1974–1994 number of  
ILCA staff. These figures imply real spending on vari-
ous aspects of  livestock feeding of  some US$70 mil-
lion (in 2015 US$) in the 20 years of  ILCA’s existence. 
ILRI (1995–2017) spending was some US$105 
million, for a 1975–2018 commitment of  US$175 
million, or roughly 10% of  the total. Planted forages 
accounted for the majority of  ILRI spending in the 
area of  livestock feeding. We have not been able to 
estimate research spending on forages at the Inter-
national Centre for Agricultural Research in Dry-
land Areas (ICARDA) or at the Centro Internacional 
de Agricultura Tropical (CIAT, or International 
Center for Tropical Agriculture now part of  the 
Alliance of  Bioversity International and CIAT).
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Impacts

Research by the various CGIAR centres with 
interests in planted forages has yielded a range 
of  success cases where research has led to 
 widespread uptake of  specific interventions in-
volving planted forages. For example, the World 
Agroforestry Centre (ICRAF) has been working 
on the use of  multi-purpose trees as livestock fod-
der in East Africa for the past three decades. This 
research effort led to the development of  feeding 
practices especially in support of  dairy production. 
In partnership with a range of  development part-
ners, multi-purpose trees were adopted by up to 
230,000 farmers according to some estimates. 
Similar experiences apply to other forage-based 
technologies including the push–pull system, in-
tensive small-scale grass production for beef  
fattening in South-east Asia and recent uptake 
of  planted forages – often based on selections by 
CIAT and ILRI – in South-east Asia and eastern 
Africa. In Latin America and the Caribbean, planted 
forages, by spontaneous adoption and selection 
by the private sector, national agricultural re-
search systems and CIAT have transformed live-
stock production over the last 60 years and are 
the main source of  animal feed albeit mostly on 
large farms. More recently, increased attention 
has been given to bred grass cultivars, with early 
uptake estimated by extrapolating from seed sales 
of  more than 900,000 ha of  CIAT bred hybrids.

Despite these successes, the uptake of  plant-
ed forages has been much less in sub-Saharan 
Africa and Asia than, for example, in Latin Amer-
ica. There are different analyses on the basis for 
this lack of  uptake ranging from those who point 
to lack of  awareness of  the potential merits of  
planted forages among farmers through to those 
who attribute lack of  uptake to inherent system 
characteristics that make them uncompetitive 
with alternative use of  land and labour.

Scientific impacts

Several scientific impacts are clear from CGIAR 
research on planted forages over the past four 
decades. First, CGIAR centres and national and 
international partners have been successful in de-
veloping intervention strategies involving plant-
ed forages. Examples include the use of  
multi-purpose trees in East Africa in support of  
dairy production, the push–pull system with its 

multiple production benefits including improved 
livestock production, and the development of  
intensive grass production on small plots in 
South-east Asia in support of  beef  fattening.

Second, the development of  improved plant-
ed forage cultivars, especially in Latin America, 
involving the private sector, the national research 
system and CIAT has clearly led to extensive up-
take by relatively large-scale farmers with clear 
livestock production dividends.

A third area of  scientific impact has been 
the developing of  understanding and methods 
for prioritization of  planted forage options for 
particular localities. Examples of  research out-
puts that codify the extensive knowledge within 
the global forage/feed network including CGIAR 
scientists have been the widely used Tropical 
Forages tool (www.tropicalforages.info/; accessed 
27 February 2020) and recently the Feed As-
sessment Tool (FEAST). Linked to this, CGIAR 
research has been important in understanding 
the systemic constraints on planted forage use in 
smallholder systems across the tropics.

Development impacts

There has been considerable development impact 
from planted forage cultivars notably Brachiaria 
spp. in Latin America, especially in Brazil. In Brazil 
the strong private sector and national research 
system (Brazilian Agricultural Research Corpor-
ation or EMBRAPA) have been instrumental along 
with CIAT. In other countries in Latin America and 
the Caribbean, the contributions of  CIAT have 
been more central. Other examples noted in this 
chapter include Stylosanthes spp. in China and 
Thailand and fodder hedgerows in East Africa.

Several other development impacts can be 
identified from CGIAR research on planted forages. 
The forage gene banks of  ILRI, ICARDA and CIAT 
have been the principal sources of  germplasm for 
development as described in Chapter 12 (this vol-
ume). The same centres have acted as a know-
ledge repository on planted forages for example 
through collation of  the Tropical Forages tool.

Studies of  the economic impact of  planted 
forages related directly to ILRI’s work are rare. 
An impact assessment in the 1990s in 15 West 
African countries showed some 27,000 adopt-
ers of  the fodder bank technology on 19,000 ha. 
The calculated economic internal rate of  return 
to the fodder bank technology was 38%.
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Capacity building and partnerships as 
development impacts

Capacity development impacts of  CGIAR re-
search have been mainly through the develop-
ment of  knowledge products on forages, notably 
the Tropical Forages tool, which is the main glo-
bal knowledge repository on tropical forages and 
is widely used. In addition, the development of  
technical materials and training manuals on for-
age development, notably in South-east Asia, is an 
excellent example of  the capacity development 
work of  CGIAR centres. Finally, CGIAR centres 
have had a strong convening function, for ex-
ample in convening of  international networks on 
forages through the Tropical Forages Newsletter 
initiative and the African Feed Research Network 
(AFRNET) convened by ILCA in the 1990s and 
the RIEPT network in Latin America and the 
Caribbean convened by CIAT in the 1980s.

Future directions

Future work on planted forages by CGIAR centres 
must involve renewed effort in breeding to pro-
duce lines that are resilient to stress, particularly 
in the face of  climate change and land pressure 
and responding to emerging and specific market 
demands. The promising work on prioritization 
of  feed options including planted forages must be 
extended to allow better targeting of  forage op-
tions to reduce effort to promote options that have 
little prospect of  success. Finally, CGIAR research 
needs to continue the process of  stronger part-
nering with private-sector actors at a range of  
scales in the feed sector. In the case of  planted 
forages, this could involve the incubation of  small- 
scale seed producers through technical training.

Introduction

The purpose of  this chapter is to answer the ques-
tion of  what the scientific and economic value of  re-
search and development work by CGIAR centres 
and partners has been in planted forages for small-
holders in tropical and subtropical livestock sys-
tems in Africa, Asia and the Americas. By planted 
forages, we mean the whole range of  plants used 
for feeding livestock and specifically cultivated for 

livestock nutrition. This includes forage grasses, 
herbaceous forage legumes and forage shrubs/
trees, the latter often legumes; in addition, some 
non-legumes and non-grasses such as Tithonia di-
versifolia, Morus alba and Trichanthera gigantea are 
planted and used for animal feeding.

Forage-based livestock production is signifi-
cant in temperate systems. In some cases, plant-
ed forages are the main source of  nutrition (e.g. 
Williams et al., 2007, for New Zealand). In the 
tropics and subtropics, cultivation of  forage dom-
inates livestock production in Latin America and 
the Caribbean (Jank et al., 2014) but is much 
less prominent in Asia and Africa. In the latter 
regions, livestock are fed on crop residues and 
natural forage either grazed in situ or cut and 
carried to confined animals (Renard, 1997). 
In a recent study of  12 global locations in sub- 
Saharan Africa and South Asia, forage crops 
contributed no more than 10% of  cattle diets, 
with crop residues accounting for a much larger 
share (Valbuena et al., 2015). Research in India 
has found that crop residues were the single 
most important feed resource, supplying around 
70% of  intake, with planted forages contribut-
ing 15% (Blummel et al., 2014). There are pock-
ets of  intensive forage use; for example, Napier 
grass (Pennisetum purpureum1) in East Africa is a 
base feed of  choice in dairy systems (Staal et al., 
2002). Moreover, recent work and case studies 
have identified the potential benefits of  planted 
forages in eastern Africa (González et al., 2016; 
N. Teufel et al., unpublished data) and tropical 
Asia (Stür et al., 2013) with an increasing – 
 although as yet limited – uptake of  tropical forages 
beyond Latin America and the Caribbean, as 
shown later in this chapter.

The work of  CGIAR on forages commenced 
in the early 1970s with research in CIAT as part 
of  the Beef  Production Systems Program. This 
programme later shifted its focus entirely to 
tropical forages and became the Tropical Forages 
Program in 1979 (Lynam and Byerlee, 2017b). In 
ILCA (and later ILRI), planted forages research 
began in the late 1970s with evaluations of  grass, 
forage legume and forage tree species in Nigeria 
and later in Ethiopia. The work of  ICARDA 
started at a similar time, focusing on testing 
and disseminating cereal/legume rotations with 
farmers in several countries in the West Asia and 
North Africa region, including Algeria, Iraq, 
Jordan, Lebanon, Morocco, Syria and Tunisia.
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The empirical basis of  the impact of  planted 
forages on tropical and subtropical livestock pro-
duction in Africa and Asia is not as strong as it 
should be. Some argue that there has been little 
to show for this effort in CGIAR institutions 
(Squires et al., 1992; Thomas and Sumberg, 
1995) beyond Latin America and the Caribbean, 
where there are documented large-scale impacts 
(Lynam and Byerlee, 2017b).

In this chapter, we first consider the tech-
nical merits of  planted forages. We then review 
what is known about the extent of  cultivation 
of  planted forages in selected locations before 
summarizing various successes in different 
tropical regions. Last, we reflect on lessons 
from these experiences and present ideas for 
future research.

The Role of Planted Forages  
in Tropical Farming Systems

Livestock are ubiquitous in the mixed crop– 
livestock systems of  the tropics. They are often 
poorly fed, subsisting on poor-quality crop re-
sidues, scavenged grasses and leaves, and a limited 
ration of  agro-industrial by-products. Planted 
forages have long been promoted as a way of  
improving feed supply. However, the place of  plant-
ed forages in smallholder livestock production 
outside of  perhaps East Africa, especially Kenya, 
is often limited2. Planted forages are widely used 
in Latin America, although the definition of  
smallholder there does not compare with the 
much smaller scale in sub-Saharan Africa. Some 
have argued that they are not used because of  
systemic and economic constraints (McIntire and 
Debrah, 1986), although analysis often focuses on 
forage legumes (Thomas and Sumberg, 1995; 
Sumberg, 2002). There are, however, recent suc-
cess reports such as from Asia (Stür et al., 2013) 
with more than 10,000 farmers adopting inten-
sive grass production, eastern Africa (Maass et al., 
2015) with stated adoption of  Brachiaria hybrids 
by at least 20,000 farmers, eastern Africa (Franzel 
and Wambugu, 2007) on the uptake of  fodder 
shrubs (mostly Calliandra calothyrsus) by more 
than 200,000 farmers, the adoption of  the push– 
pull system of  the International Centre of  Insect 
Physiology and Ecology (ICIPE) by more than 
30,000 farmers (Khan et al., 2011), the recent 

work on Brachiaria coordinated by ILRI and 
CIAT in East Africa with scaling of  up to 25,000 
households adopting Brachiaria germplasm 
selections (S. Ghimire, personal communica-
tion) and the adoption of  P. purpureum in eastern 
and Central Africa (Negawo et al., 2017; Staal 
et al., 2002).

The work of  Peters et al. (2001) is a forceful 
argument for planted forages as instruments for 
higher productivity and better natural resource 
management. They reviewed ‘…the role of  for-
age crops in improving the productivity of  small-
holder farming systems and breaking the cycle 
of  poverty and resource degradation [by pre-
senting] the contributions of  forage crops to in-
creasing farm incomes, intensifying farm pro-
duction, and contributing to better human 
nutrition.’

Planted forages offer strong technical bene-
fits in mixed crop–livestock systems. For example, 
Peters et al. (2001) gave the agronomic argu-
ments for planted forages in the tropics: (i) they 
provide higher crop yields per unit of  land com-
pared with alternatives, such as crop residues, 
natural pastures and browse; (ii) they provide 
higher forage quality in terms of  nutrients per 
unit of  dry matter (DM); (iii) there is improvement 
of  soil quality by fixing nitrogen and retaining 
water; and (iv) they may fill seasonal feed short-
ages, in terms of  providing feed when alterna-
tives are scarcest (e.g. natural pastures in the dry 
season). Similar arguments were advanced by 
Shelton et al. (2005). Rao et al. (2015) outlined 
the importance of  planted forages for ecosystem 
services.

White et al. (2013) give the technical bene-
fits of  forages in three domains. First, planted for-
ages can improve labour productivity given 
that they can reduce work to collect natural vege-
tation. Second, forages can allow savings in in-
put use, such as water and fertilizer. Cultivation 
of  forages can lead to improved productivity in 
terms of  biomass yield, energy or protein per 
unit area. Finally, forages can also have envir-
onmental benefits. Such benefits include im-
proved soil cover, reduced erosion and less weed 
infestation.

Table 13.1 lists the top 15 forage species re-
quested from the ILRI forage gene bank since the 
early 1980s. Of  the top ten grasses, P. purpureum 
(commonly known as Napier or elephant grass) 
has been reported to produce a DM yield of  
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Table 13.1. Indicative yield and nutritive value of the forage species most commonly requested from the ILRI gene bank (1984–2016). (Data on number of 
requests extracted from ILRI gene bank database. Yield and protein data from Cook et al., 2005; nutritive value data from Feedipedia, 2013.)

Forage Type
Number of  
requests

Indicative yield  
(t DM/ha/year)

Crude protein  
(% DM)

Metabolizable 
energy (MJ/kg DM) Observations

Chloris gayana Grass 833 10–25 3–17 8.5
Cenchrus ciliaris Grass 699 2–9 6–16 8.0
Pennisetum  

purpureum
Grass 564 10–30 Leaf: 9.5–19.7 8.2

Lablab purpureus Legume 1,874 4 Leaf: 21–38;  
stem: 7–20

9.2 Yield is per season

Vigna unguiculata Legume 1,412 3–10 Green foliage: 14–21;  
crop residue: 6–8

9.8 Yields refer to 8–12 
weeks

Cajanus cajan Legume 1,354 ~2 Leaf: 10–15 9.6 DM yields can be 
much higher under 
optimal conditions

Stylosanthes  
guianensis

Legume 1,210 5–10 12–20 8.0

Medicago sativa Legume 1,078 8–27a 18.3 8.5 No crude protein data 
in Cook et al. (2005)

Neonotonia wightii Legume 828 3–8 17.1 9.1 No crude protein data 
in Cook et al. (2005)

Stylosanthes hamata Legume 785 1–7 Leaf: 17–24;  
stem: 6–12

8.8

Stylosanthes scabra Legume 763 1–10 Leaf: 10–20 n/a
Trifolium tembense Legume 590 3–6 10–24 10.9
Sesbania sesban Tree 2,581 6–12 25–30 11.5
Leucaena leucocephala Tree 780 1–15 19–24 11.0
Gliricidia sepium Tree 604 2–20 18–30 11.5

aThe yield of M. sativa is under irrigation.
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 between 12 and 90 t/ha/year and crude protein 
concentrations of  between 5 and 16% (Negawo 
et al., 2017, and references therein). The data 
overall show the very high yield potential of  
planted forages, particularly forage grasses, when 
compared with natural pasture DM yields in, for 
example, Ethiopia, which range from 1 t/ha/year 
in the lowlands to 4–6 t/ha/year on seasonally 
waterlogged fertile areas (Alemayehu, 1998). 
The data also illustrate the high nutritive value of  
forages, especially forage legumes, many of  which 
have crude protein concentrations of  around 20%. 
Comparing these with the other major sources 
of  nutrition for livestock in developing-world 
smallholder systems, crop residues, under nor-
mal agronomic practices, cereal straw yields in 
sub-Saharan Africa would be in the order of  
1.5–7.0 t/ha with crude protein concentrations 
of  5–10% and metabolizable energy concentra-
tions of  6–8 MJ/kg DM (Zaidi et al., 2013).

Forage legumes, through their ability to form 
a symbiotic relationship with nitrogen-fixing 
rhizobia hosted in their root nodules, also offer 
improvements in soil quality and reductions in 
greenhouse gas (GHG) emissions and nitrogen 
fertilizer application. After harvesting the aerial 
portion of  the plants, the remains are degraded to 
produce organic matter and the nitrogen com-
ponent is mineralized to form ammonia, which 
is released into the soil and can be utilized by 
other plants in close proximity or planted subse-
quently. In addition, unlike in the above-ground 
portion of  the plant where nitrogen concentrations 
do not vary significantly, nitrogen concentra-
tions in below-ground legume tissues have been 
shown to vary considerably (Carranca et al., 2015).

Results by Muhr et al. (1999) showed the 
positive effects of  nitrogen contribution in the 
order of  80 kg/ha to the succeeding crop, even 
when removing the above-ground biomass, of  
Stylosanthes guianensis. Depending on the way in 
which livestock are managed, some nitrogen 
from legumes may be deposited on arable land as 
excreta returns but usually only a fraction (Rufino 
et al., 2007). Finally, there is the case that some 
forages provide feed at times of  general feed scar-
city. For example, some fodder trees provide green 
feed during the dry season when other feeds are 
scarce (Franzel et al., 2014). Seasonal livestock 
exclosures, where livestock are excluded for a 
time to allow biomass accumulation, can also 
provide dry-season feed by reserving biomass for 

periods of  scarcity (Tarawali and Pamo, 1992; 
Mekuria and Veldkamp, 2012) although prac-
tical uptake of  such practices has generally been 
limited (Tarawali et al., 1999).

As well as biological nitrogen fixation by 
forage legumes, some tropical grass roots have 
recently been shown to exude chemical inhibi-
tors of  biological nitrification, which suppress 
soil-nitrifying bacteria, reducing the rate of  
leakage of  nitrogen from the system, by blocking 
the conversion of  ammonium to nitrate. Inhibi-
tors have been identified in root exudates from a 
number of  legume and grass species including 
sorghum and rice, but by far the most intense 
activity was detected in Brachiaria humidicola 
(Subbarao et al., 2007). Subsequently, the cyclic 
diterpene ‘brachialactone’ was demonstrated to 
contribute between 60% and 90% of  the biological 
nitrification inhibition activity in Brachiaria root 
exudate (Subbarao et al., 2009). A further bene-
fit of  these soil-nitrifying bacteria is reductions 
in emissions of  the GHG nitrous oxide.

The paradox is that despite the positive ni-
trogen-fixing properties of  legumes, which offer 
benefits to plant production and soil health when 
grown in nitrogen-constrained environments, 
in general the uptake of  forage legumes in small-
holder systems has been limited (Sumberg, 2002; 
Shelton et al., 2005).

The extent of planted forages in tropical 
farming systems

Global estimates of  the area planted to forages 
are not readily available. There are, however, coun-
tries where forage data are readily available. Data 
from the Indian Council for Agricultural Research 
(ICAR) indicate the area planted to ‘improved’ 
forages in India is around 8 million ha with the 
dominant species being Egyptian clover (Trifoli-
um alexandrinum) and forage sorghum (ICAR, 
2011). In Brazil, another hotspot of  planted for-
age production, EMBRAPA estimates that the 
total area planted to forages is 115 million ha 
with Brachiaria spp. accounting for 80% of  the 
area and Panicum maximum accounting for 10% 
(Sluszz, 2012).

Planted forages have been promoted for 
many years in eastern Africa (Abate et al., 
1985). A survey of  areas with commercial dairy 
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production was carried out in Ethiopia and 
Kenya in 2015 to determine the levels of  forage 
adoption, production practices and importance 
as a feed source (N. Teufel et al., unpublished 
data), in which 180 communities were selected 
across the major regions in each country. In 
Ethiopia, 20 woredas were purposively selected 
from Tigray (three), Amhara (six), Oromiya 
(seven) and Southern Nations Nationalities and 
Peoples (four) for intensity of  dairy production. 
Within these woredas, nine kebeles3 were ran-
domly selected. In Kenya, 12 counties were se-
lected from Nyanza (three), western (two), Upper 
Rift (three), central (three) and coast (one) re-
gions, based on the density of  dairy animals and 
information about forages. Random selection 
identified 15 sublocations, the lowest formal ad-
ministrative level, within each selected county 
and one village within each selected sublocation 
for the survey. During the survey, focus groups 
responded to quantitative and qualitative ques-
tions on farming characteristics and forage pro-
duction practices regarding the whole village, 
such as the total number of  farming households 
and cultivated area, the number of  households 
growing a specific forage and the area of  this for-
age planted. Most forages were differentiated by 
species only. Because of  its importance, Napier 
grass (P. purpureum) was differentiated into four 
variety types at data collection: ‘Kakamega I’, 
‘Kakamega II’, ‘other improved varieties’ and 
‘local varieties’. The share of  households grow-
ing forages among farming households and the 
forage share of  cultivated land, where forage ex-
tent was expressed in area units, were calculated 
for comparison.

Results of  this study indicate that in Ethiopia, 
forage grasses are grown by 10–35% of  house-
holds, while in Kenya 10–85% of  households 
grow grasses. Forage legumes are grown by 
fewer households overall; in Ethiopia, their oc-
currence (up to 12% of  households) is higher 
than in Kenya (up to 2% of  households). Forage 
trees occur reasonably widely with up to 40% of  
households growing trees in Ethiopia and up 
to 20% in Kenya. The areas devoted to planted 
forages are small. However, forage trees are often 
planted singly or in rows, for which area meas-
ures were not recorded.

Sesbania was the most common planted for-
age in Ethiopia, with 34% of  households growing 
it and 0.5% of  cultivated area allocated to it. Local 

varieties of  Napier grass also figure highly. In 
Kenya, local Napier varieties were the most com-
mon forage and were grown by over 90% of  house-
holds in the surveyed areas, although they ac-
counted for only around 5% of  total cultivated 
area. Improved varieties of  Napier grass ranked 
second in frequency of  occurrence. Measuring 
adoption by area favours crops that are grown on 
larger farms, such as fodder oats in Ethiopia or 
Rhodes grass and the Kakamega Napier grass 
varieties in Kenya. In summary, the area shares of  
fodder crops are generally low in both countries, 
with Napier grass in Kenya being the most wide-
spread, grown on around 6% of  cultivated land 
(combining all varieties). Because many of  these 
crops are harvested multiple times per year, their 
biomass shares are higher than their area shares.

Adoption of planted forages  
in sub-Saharan Africa

In this and the following sections we review cur-
rent knowledge on adoption of  planted forages 
related to CGIAR research efforts. We do this by 
focusing on a series of  significant bodies of  work 
in different regions that have led to at least mod-
erate success.

Fodder banks in West Africa

The fodder bank concept was developed by ILCA 
(now ILRI) and partners in the late 1970s in 
Nigeria to help crop–livestock farmers in the dry 
to subhumid zone to: (i) overcome dry-season 
feed constraints; and (ii) improve soil fertility. It 
consisted of  establishing small (typically 4 ha) 
fenced paddocks with a prolifically seeding, self- 
regenerating forage legume (mainly Stylosanthes 
hamata) for strategic supplementation of  live-
stock grazing natural pastures (Mohamed-Saleem 
and Suleiman, 1986). Such supplementation led 
to significant increases in livestock productivity 
under experimental conditions. After 2–3 years, 
the legume fodder bank was replaced by an un-
fertilized sorghum or maize crop that provided 
yields equivalent to fertilization with up to 45 kg 
nitrogen/ha (Tarawali, 1991). After the crop 
phase, the area was reconverted to a fodder bank 
via hard-seeded soil seed reserves. Research and 
promotional activities related to this technology 
came to an end in the early 1990s.
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An impact assessment, conducted by 
Elbasha et al. (1999) in 15 West African coun-
tries showed that, until 1995, there were about 
27,000 adopters of  the fodder bank technology 
covering about 19,000 ha. Given the estimated 
US$7 million research expenditure to develop this 
technology, an internal rate of  return of  38% 
was calculated. Elbasha et al. (1999) stressed the 
finding that a considerable time lag (at least 15 
years) was necessary for diffusion of  the tech-
nology. The second part of  their statement, ‘...
the impact of  adopted fodder banks has paid for 
the research that went into their development at 
least three times over, and this will increase sub-
stantially in the next few years, given current 
adoption trends’ remains to be confirmed.

Multi-purpose trees

ICRAF and partners have been active in develop-
ing multi-purpose trees and shrubs as fodder in 
East Africa over the past three decades4. Multi- 
purpose trees have been defined as ‘all woody 
perennials that are purposefully grown to pro-
vide more than one significant contribution to 
the production and/or service functions of  a land- 
use system. They are so classified according to 
the attributes of  the plant species as well as to 
the plant’s functional role in the agroforestry 
technology under consideration’ (Huxley, 1984). 
Functions include livestock feed, construction, 
fuel, improved soil fertility, erosion control and 
shelter, among others.

Initial research in the early 1990s estimated 
the potential of  C. calothyrsus, Sesbania sesban and 
Leucaena leucocephala to provide feed for small-
holder dairy cows in the central highlands of  Kenya 
(Franzel and Wambugu, 2007). C. calothyrsus 
proved most suitable, and much of  the research 
effort has focused on understanding how it fits 
into small farms. Multi-purpose trees and forage 
trees in general have the advantage that they re-
quire minimal inputs and can be planted along 
field margins and on soil bunds. They have the 
disadvantage of  slow growth (first harvests in 
much of  East Africa are 12 months after trans-
planting) and the need for stable land tenure to 
justify investment in a multi-season crop.

ICRAF published a comprehensive review 
of  the impact of  multi-purpose trees (Place et al., 
2009). This review gave data on the production 
impact of  intake of  tree forage by livestock as 

well as a synthesis of  the various adoption stud-
ies. The best estimate was that milk yield in-
creased by 0.6–0.8 kg/kg intake of  Calliandra 
leaf. Scaling this production impact up using es-
timates of  adopters in East Africa, the authors 
estimated the economic impact of  forage tree 
adoption in Kenya in 15 years to be in the order 
of  US$20–30 million. The report also assembled 
adoption data from various sources to arrive at a 
total of  206,000 farmers having adopted multi- 
purpose trees in East Africa by 2005. By the au-
thors’ own admission, the farmer numbers are 
‘rough guesses’, often partly based on data from 
reports of  non-governmental organizations 
promoting multi-purpose trees with associated 
uncertainties. Nevertheless, it is clear that the 
number of  farmers growing multi-purpose trees 
in East Africa is notable.

The ‘project focus’ of  the reported adoption 
of  multi-purpose trees was highlighted in a re-
cent paper by Brockington et al. (2016) in which 
a previous agroforestry intervention was re-
visited 5 years after the project end. While the 
primary focus was on fruit trees, multi-purpose 
trees also formed part of  the study, and the issues 
around ‘adoption’ are generic. Assessment of  
fodder tree adoption must be done over several 
years, whereas conventional project cycles are 
usually too short to allow this. The result is that 
most assessments track the very early stages of  
adoption focusing on counting numbers of  farm-
ers receiving extension support and materials 
while neglecting evaluation of  longer-term 
diffusion of  tree technologies. Abandonment of  
fodder tree interventions following the end of  
projects is relatively common (Francis and Atta- 
Krah, 1989; Mekoya et al., 2008). Not all farmers 
who test fodder trees go on to adopt them (Kiptot 
et al., 2007). However, there are also cases of  
spontaneous diffusion of  fodder tree technolo-
gies without researcher involvement (Kiptot et al., 
2006; Wambugu et al., 2011) so the story is not 
clear. What is needed for this and other planted 
forage initiatives are some independent evalu-
ations involving medium-term revisits to project 
sites to assess the extent of  sustained use of  fod-
der trees beyond the project life. Further studies 
like that of  Brockington et al. (2016) would be 
welcome.

Successful use of  multi-purpose trees for 
fodder is ‘knowledge intensive’, and much of  
ICRAF’s recent work has been around suitable 
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dissemination pathways to enhance adoption 
(Kiptot et al., 2006; Lukuyu et al., 2012). At the 
current stage of  smallholder system development, 
it may therefore be some while before we see 
spontaneous uptake of  multi-purpose trees with-
out project intervention.

Napier grass in East Africa and beyond

Napier grass (P. purpureum, sometimes called ele-
phant grass) is a perennial species originating in 
sub-Saharan Africa that is known for its high 
biomass production and rapid regeneration cap-
abilities, good palatability and nutritional qual-
ities. These features have made it highly popular, 
mainly as a ‘cut-and-carry’ feed in livestock 
production systems across the tropics and sub-
tropics. The popularity of  Napier grass is not 
attributable to CGIAR research as it was intro-
duced from southern Africa in the colonial, pre- 
CGIAR era. However, because of  its importance, 
especially in East Africa, it has featured strongly 
in CGIAR research as outlined below. Napier 
grass is highly adaptable to a broad range of  pro-
duction systems and environments. Although it 
is known to grow best in regions where annual 
rainfall exceeds 750 mm and in locations below 
2100 m above sea level, it has been reported to 
grow at up to 3000 m above sea level in tropical 
regions and to contain similar concentrations of  
crude protein to lucerne, and has been used to 
replace lucerne hay in livestock production sys-
tems (Criscioni et al., 2016). It can be chopped and 
fed directly and can also be grazed or conserved 
and made into hay, silage or pellets (Figueira et al., 
2015; Mapato and Wanapat, 2018). There are 
approximately 25 Napier grass varieties or culti-
vars, and an additional 16 sterile hybrids formed 
with pearl millet (Pennisetum glaucum) currently 
being grown around the world (Cunha et al., 
2011). In addition, the species is open pollinated 
and therefore highly heterozygous with signifi-
cant variability for both nutritional and agro-
nomic traits, which indicates that there are sig-
nificant opportunities for the development of  
new and improved varieties (Negawo et al., 2017). 
The current varieties come in two main forms: 
there are the standard ‘tall’ varieties, which are 
renowned for their biomass production and are 
most popular in the cut-and-carry systems and 
there are the dwarf  or ‘short’ varieties, which do 
not produce as much biomass but have shorter 

internodes (i.e. increased leaf:stem ratio) and are 
considered to be of  higher quality and to have 
greater resilience to abiotic stresses (Sollenberger 
et al., 1987).

Napier grass is most prevalent in the cut-and- 
carry systems that dominate livestock production 
systems, particularly dairy, in East and Central 
Africa. It is considered the most popular peren-
nial fodder for the smallholder crop–livestock 
farming systems in Kenya (Nyambati et al., 2010), 
and has been reported to represent approxi-
mately 80% of  planted forages in this country 
(Staal et al., 1997). Recent estimates by authors 
of  this chapter based on the survey reported in 
Tables 13.2 and 13.3 indicated that Napier grass 
is an important feed resource for at least 1.3 mil-
lion households in Kenya and Ethiopia. The variety 
Bana is currently the most commonly grown in 
Kenya, although, as indicated elsewhere in this 
chapter, other selected varieties are growing in 
importance. This is mainly because, while con-
sidered resilient in the face of  many pests and 
diseases, the impact of  some specific diseases 
(namely head smut and stunt) have had a nega-
tive impact on the further growth and distribu-
tion of  this species. However, new material 
such as the smut-resistant Kakamega I and 
Kakamega II, which are accessions from the 
ILRI gene bank, are alternatives where smut is a 
threat (Mwendia et al., 2008). More recently, 
other gene bank accessions have been identified 
as a source of  tolerance, or resistance, to stunt 
disease (Wamalwa et al., 2017). The potential of  
Napier grass with respect to yield, disease resist-
ance and ease of  harvest has been assessed in 
Ethiopia (Kebede et al., 2017) and Tanzania 
(Sikumba et al., 2015).

Napier grass has also had a significant im-
pact in production systems outside Africa and 
has been readily adopted in South and South- 
east Asia. For example, Pakchong 1 (or ‘Super 
Napier’), a tall hybrid cultivar recently developed 
in Thailand and distributed in other countries 
including the Philippines, Malaysia and India, is 
being widely promoted for cultivation in small-
holder systems (Halim et al., 2013; Wangchuk 
et al., 2015). In India, the standard Bajra-Napier 
hybrid (also known as king grass) variety has 
been identified as an option for sustained fodder 
yields, particularly for cattle and buffalo produc-
tion systems (Kadam et al., 2017). Napier grass is 
also a popular cut-and-carry forage in the trop-
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Table 13.2. Distribution of fodder grasses, legumes and trees in areas with dairy production in Ethiopia and Kenya. (Data from N. Teufel. et al., unpublished 
survey.)

Country Region No. villages

Forage grasses Forage legumes Forage trees

No. villagesa Hh (%)b Area (%)c No. villagesa Hh (%)b Area (%)c No. villagesa Hh (%)b Area (%)c

Ethiopia Amhara 54 40 10.9 0.6 25 5.6 0.4 53 40.6 2.4
Oromiya 63 54 12.2 0.6 30 3.3 0.1 40 15.2 3.1
SNNP 36 34 34.5 1.3 23 12 0.4 21 6.1 0.3
Tigray 27 25 14.8 1.3 23 8.5 1.1 27 24.3 3.4

Kenya Central 45 45 82.7 12.9 13 2 0.2 11 0.7 0.1
Coast 15 6 9.2 0.5 1 0.1 0
Nyanza 45 39 67.1 6.7 3 0.8 0.1 16 20.3 0.7
Upper Rift 45 45 42.2 7.6 3 0.3 0.2 11 6.3 0.1
Western 30 30 68.3 6.8 4 0.8 0 12 4.2 0.1

SNNP, Southern Nations, Nationalities, and Peoples’ Region.
aNumber of villages in which fodder was grown.
bShare of households (Hh) growing forages among farming households.
cArea share of cultivated area devoted to forage, considering only forages for which extent of adoption was recorded by area units.
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ical southern states of  China where king grass is 
also an option. Here, new varieties that have been 
developed include Guimu and Guimin Yin, which 
are mainly considered for use as feed for cattle and 
other livestock (Shilin et al., 2007). In the grazed 
systems of  Japan, the dwarf  varieties, commonly 
grown in combination with Italian ryegrass (Lolium 
multiflorum), are growing in popularity (Ishii 
et al., 2005; Fukagawa and Ishii, 2018).

In South America, one of  the few active 
breeding programmes for Napier grass exists at 
EMBRAPA in Brazil (Gomide et al., 2015). There 
is a history of  exchange of  material between the 
ILRI gene bank and EMBRAPA, which enhanced 
the diversity in each of  the collections in support 
of  the development of  new cultivars (Negawo et al., 
2018). Some of  the most recent cultivars from 
EMBRAPA produced include Pioneiro, a standard 
variety for cut-and-carry systems (Figueira et al., 
2016), and BRS Kurumi, a dwarf  variety mainly 
targeted for grazing but also considered suitable 
for cut-and-carry systems (Gomide et al., 2015; 
Pereira et al., 2017).

Push–pull technology

The so-called push–pull system developed by 
ICIPE and the Rothamsted Research Institute is 

a biological intervention to control maize stem 
borer (Khan et al., 2006, 2008a, 2014; ICIPE, 
2015). The basis of  the technology is that stem 
borer moths are repelled by phytochemicals in the 
legume Desmodium spp. (D. intortum, D. uncinatum) 
but are attracted by the green biomass provided 
by Napier grass. Planting patterns for Desmodi-
um, Napier grass and maize that take account of  
these effects can lead to reduced stem borer in-
festation. The planting pattern usually involves 
maize intercropped with Desmodium as a repel-
ling plant (push) with the intercropped area 
 surrounded by Napier as an attractant for pests 
(pull). A further benefit is reduced infestation 
by Striga spp. (S. hermonthica and S. asiatica), an 
 obligate parasitic weed that can greatly reduce 
host crop yields. The technology has potential 
environmental and economic benefits in that it 
does not require expensive and damaging pesti-
cides. The technology also provides feed in the 
form of  Napier grass and Desmodium fodder, as 
well as reducing pests.

Assessments by the originating institutions 
suggest that tens of  thousands of  farmers have 
adopted the practice in East Africa. For example, 
a 2011 study put the number of  adopters at 
30,000 in East Africa, with the technology cover-
ing 15,000 ha (Khan et al., 2011). More recent 
promotional materials estimate the number of  

Table 13.3. The most important fodder crops by households in Ethiopia and Kenya. (Data from N. Teufel   
et al., unpublished survey.)

Country Rank Species No. villagesa Hh (%)b Area (%)c

Ethiopia 1 Sesbania (Sesbania sesban) 136 34 0.5

2
Napier, local (Pennisetum 

purpureum)
141 16 0.3

3 Rhodes grass (Chloris gayana) 50 7 0.2

4
Desho grass (Pennisetum 

pedicellatum)
44 6 0.1

5 Lucerne (Medicago sativa) 43 5 0.1

Kenya 1
Napier, local (Pennisetum 

purpureum)
162 93 5.2

2
Napier, other improved  

(Pennisetum purpureum)
11 10 0.2

3 Rhodes grass (Chloris gayana) 41 8 0.8
4 Calliandra (Calliandra calothyrsus) 43 7 0
5 Fodder sorghum (Sorghum spp.) 3 6 0

aNumber of villages in which fodder was grown.
bShare of households (Hh) growing forages among farming households.
cArea share of cultivated area devoted to forage, considering only forages for which extent of adoption was recorded by 
area units.



462 A.J. Duncan et al. 

adopters to be closer to 100,000 (ICIPE, 2015). 
In common with fodder trees, push–pull is a 
knowledge-intensive technology that has been 
heavily promoted by the originating institu-
tions. Definitions of  ‘adoption’ in the literature 
around push–pull tend to be vague and often 
relate to the numbers of  farmers ‘reached’ 
with the technology rather than those accept-
ing and adopting the practice over the long 
term. Adoption estimates are usually presented 
without a clear definition of  adoption and 
without supporting evidence against which to 
judge their reliability. As with fodder trees, 
there is a need for independent evaluations to 
assess the true extent of  adoption of  the push–
pull technology.

The assumed strength of  push–pull is its 
multiple benefits, which include reduced pest 
damage, fewer weeds, more feed and improved 
soil fertility using legumes (Desmodium spp.). 
However, in the context of  assessing forage suc-
cesses, push–pull is not necessarily the strongest 
example because the potential benefits accrue 
from both improved cereal yields and improved 
forage production. In some economic assessments 
of  the benefits of  push–pull, the extra milk from 
improved livestock feeding does not feature in 
cost–benefit calculations (Khan et al., 2008b). 
Other studies have factored in economic benefits 
from forages based on prevailing market prices 
for forages and found them to be important in the 
overall profitability of  the technology (de Groote 
et al., 2010).

Adoption of planted forages in Asia

CIAT has stimulated adoption of  intensive grass 
production linked to beef  cattle fattening and 
cow–calf  breeding systems in South-east Asia 
(Stür et al., 2007). The technology involves 
cut-and-carry grass plots with the species being 
mainly Panicum maximum, B. humidicola and 
Brachiaria hybrids. The areas planted to grasses 
are small, averaging around 0.25 ha, but plots 
as small as 0.1 ha are viable because production 
is intensive and grass yields can be very high. 
The success of  the planted forages initiative 
depended on the participatory nature of  the 
intervention coupled with improved planting 
materials (Ayele et al., 2012).

The planted forage initiative in South-east 
Asia evolved over two decades through multiple 
projects with estimated numbers of  farmers 
adopting it in excess of  10,000 in Vietnam alone 
among those directly involved in project areas 
(Stür et al., 2013). Although assessments of  the 
extent of  adoption are conducted by the origin-
ating institutions and are thus not independent, 
the counts are based on surveys of  random sam-
ples of  households in the study districts and thus 
have some credibility. The technology has now 
been taken up by local government structures 
(Millar and Connell, 2010), and the reach is likely 
to be much larger although, again, independent 
assessments are needed.

Other examples are the adoption of  the leg-
ume Stylosanthes guianensis, based on accession 
CIAT 184, as a cover crop and for leaf  meal pro-
duction in tropical China, reaching about 300,000 
farmers to feed poultry and pigs (Guodao and 
Chakraborty, 2005) and the use of  various 
Stylosanthes spp. in India by 250,000 farmers 
(Shelton et al., 2005).

Adoption of planted forages in Latin 
America and the Caribbean

In terms of  area, adoption of  tropical forages in 
Latin America and the Caribbean is widespread 
and the role of  the CGIAR centres has been import-
ant (Lynam and Byerlee, 2017a) although the 
beneficiaries have generally been larger farmers.

In 2002, a Brachiaria decumbens × brizantha 
× ruziziensis cultivar coming out of  CIAT’s breeding 
programme (Miles, 2001, 2007) was released 
(Lynam and Byerlee, 2017b) as the first bred 
Brachiaria cultivar to be documented. Brachiaria 
hybrids have since been commercialized through 
interaction with the private sector, namely the 
Papalotla Group and Dow AgroSciences. Uptake 
based on documented commercial seed sales to 
the end of  2018 was estimated to be some 
960,000 ha mostly sown in the past decade. 
 According to CGIAR reports, more than 
100,000 ha are planted on an annual basis, 
with numbers still below the potential as seed 
production and commercialization channels are 
still evolving (CGIAR, 2018). Most adopters ap-
pear to be small and medium-sized livestock pro-
ducers (Papalotla, personal communication), 
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although not equivalent to ‘smallholders’ as 
used in the African context. Recently, Papalotla 
registered advanced cultivars in Kenya and is 
commercializing these through licensing agree-
ments (Government of  Kenya, 2016). The ori-
ginal cultivar Mulato had limited commercial 
success due to low seed production and was 
quickly replaced by Mulato 2 when higher seed 
production was included as an additional breed-
ing objective. In subsequent years, a series of  
Brachiaria decumbens × brizantha × ruziziensis hy-
brid cultivars and a synthetic mixture were re-
leased, namely Cayman (tolerant to water log-
ging), Cobra (more erect growth habit), Camello 
(better drought tolerance), Mestizo (synthetic 
mixture of  three hybrids for better establishment 
and pasture utilization) (Papalotla: www.grupo-
papalotla.com/productos.html and Tropical 
Seeds: www.tropseeds.com/varieties/, both ac-
cessed 27 March 2020) and Converse (Dow 
Agrosciences). Additional materials for in-
creased tolerance to drought and shade (e.g. for 
silvopastoral systems) and additional synthetic 
mixtures are to be commercialized in the next 
2–4 years (Papalotla, personal communication). 
CIAT is also advancing the development and 
commercialization of  B. humidicola and Panicum 
maximum breeding lines.

Some of  the most widespread adoption of  
planted forages is in Brazil where it is estimated 
that about 120 million ha have been planted, of  
which 99 million are Brachiaria spp. and about 
17 million ha are P. maximum (Jank et al., 2014). 
This has largely been driven by the private sec-
tor and EMBRAPA, which are valuable part-
ners, and involves large farms that are only per-
ipherally within the mandate of  the CGIAR 
system.

Similar production increases have been 
achieved in the Eastern Plains of  Colombia as 
part of  the collaboration of  the Corporacion 
Colombiana de Investigacion Agropecuaria 
(CORPOICA) and CIAT, with inclusion of  
Brachiaria spp. in crop/pasture rotations leading 
to a doubling of  carrying capacity compared 
with degraded pasture and a tenfold increase 
over native savannah (Rincón and Ligarreto, 
2008; Rincón et al., 2010).

Better documented is the uptake of  Brachiaria 
grasses in Mexico and Central America where 
by the early 2000s over 3 million ha were re-
ported based on extrapolation from seed sales 

(Holmann et al., 2004). Surveys in Colombia’s 
Eastern Plains carried out in 2017 suggested 
that about one-third (about 3 million ha) of  im-
proved pastures are sown using Brachiaria cul-
tivars selected by CORPOICA and CIAT or bred 
by CIAT; across a set of  five countries, an esti-
mated 59.2% of  all pastures were found to be 
planted with Brachiaria grasses, with about 
half  being CIAT- selected Brachiaria (ISPC, 
2018). Through the work of  EMBRAPA, with 
contributions from CIAT, Rivas (2002) esti-
mated that 1.5 million ha had been sown to An-
dropogon gayanus by 2000.

The documented success of  forage legumes 
so far is less visible. However, for Arachis pintoi, 
cv. Amarillo developed in Australia and selected 
by EMBRAPA and CIAT for tropical America, 
around 65,000 ha have been reported to be 
adopted in Acre in Brazil (Valentim and de An-
drade, 2005). A Stylosanthes spp. mixture (‘Esti-
losantes Campo Grande’), co-developed by B. 
Grof  (EMBRAPA, ex-CIAT), has been sown on 
150,000 ha in the southern Cerrados of  Brazil 
(Fernandes et al., 2005).

These South American examples point to 
possible future growth in use of  planted forages in 
Africa once livestock production becomes more 
commercial, farm sizes increase, private-sector 
actors have stronger engagement and the in-
stitutional environment is more conducive to 
growth of  the forage sector.

Knowledge products  
on planted forages

As well as research on planted forages, CGIAR 
centres have generated a range of  ‘knowledge 
products’, which collect internal and published 
knowledge and present it in a form that is useful 
for scientists and the wider livestock develop-
ment community. Examples of  such knowledge 
products are the Tropical Forages tool, the Trop-
ical Grasslands-Forrajes Tropicales journal and the 
Feed Assessment Tool (FEAST).

Tropical Forages tool

A wide array of  plant species is used as feed for 
livestock and these differ in both their suitability 
as livestock feed and in the biophysical conditions 
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that support their growth. In 2005, the inter-
national planted forages community initiated 
the Tropical Forages tool to collate the tacit 
knowledge of  forage experts as well as published 
data on forage characteristics to develop an 
online tool to support selection of  appropriate 
forages for specific purposes and locations. The 
Tropical Forages tool (www.tropicalforages.
info; accessed 28 February 2020) has been 
available since 2005 and is currently receiving 
approximately 500,000 annual hits with visitors 
coming from universities, development agencies, 
seed companies and (informed) farmers. It is open 
access and easy to use, providing detailed infor-
mation on more than 170 major forage species 
and the environments they are adapted to. The 
tool was developed by the Commonwealth Sci-
entific and Industrial Research Organisation 
(CSIRO), the Queensland Department of  Agricul-
ture and Fisheries, CIAT and ILRI, and capitalized 
on the inputs on more than 50 forage experts, 
with widespread knowledge and experience in 
tropical and subtropical forages. An updated ver-
sion of  the tool was launched in 2021.

Tropical Grasslands-Forrajes Tropicales

The online journal Tropical Grasslands-Forrajes 
Tropicales was established in 2012 as a successor 
to the former journals, Tropical Grasslands, pub-
lished during 1967–2010 by the Tropical Grass-
land Society of  Australia, and Pasturas Tropicales, 
published during 1979–2007 by CIAT.

The main features of  Tropical Grasslands- 
Forrajes Tropicales are that the journal is inter-
national, published online only, open access 
(no charges for subscription or publication fees), 
bilingual (English and Spanish), peer reviewed 
and guided by a 23-member Editorial Board, 
which is composed of  the world’s leading trop-
ical pasture scientists. Further information on 
the journal is available at its website (www.trop-
icalgrasslands.info; accessed 28 February 2020). 
Back issues of  the predecessor journals, Tropical 
Grasslands and Pasturas Tropicales, can also be 
accessed at this site. The journal is indexed in the 
major abstract and citation databases of  peer- 
reviewed literature and is widely used; as of  
December 2019, there had been more than 
492,000 abstract views and more than 669,000 
PDF/eBook downloads; currently the journal 
receives 229,000 annual visits.

Feed Assessment Tool (FEAST)

FEAST (Duncan et al., 2012) is a systematic, 
participatory approach to supporting design of  
livestock feed interventions at the village/com-
munity level. It was originally developed in 2008 
by ILRI in collaboration with CIAT. FEAST in-
volves a structured conversation with farmers 
at the village level to characterize the local 
farming system, the role of  livestock in the farm-
ing system and the way in which livestock are 
currently fed. This is followed by application of  a 
short household survey among selected farm-
ers. Data from the survey are used to develop a 
series of  standardized graphical outputs, which 
support decision making on appropriate feed 
interventions. A  further feature is an interven-
tion-ranking module, which generates a priori-
tized list of  candidate interventions derived from 
automatic analysis of  survey data. The FEAST 
data application itself  has been downloaded 
by 1400 individuals and has been applied in 
over a dozen countries. Over 70 FEAST reports 
have been published online. Published outputs 
in the FEAST collection in the CGIAR publica-
tion repository have had over 15,000 views and 
downloads per year in the past 5 years.

Forage seed technical support  
and distribution

CGIAR has been active in the provision of  advice 
and technical training in forage production as 
well as production and sale of  seeds for estab-
lishment of  tropical forages to address these con-
straints. The seed production units of  CIAT and 
ILRI provide a source of  tropical forage seeds and 
planting material of  selected best-bet species at 
cost for use in establishing national forage seed 
production. CIAT provides seeds of  25 herb-
aceous legumes, nine grasses and seven fodder 
trees. ILRI currently can supply seeds of  33 spe-
cies of  herbaceous legumes, ten species of  grass 
and five species of  fodder trees. Provision of  seeds 
from the two sources is complementary, mostly 
handling different species and distributing in 
 different regions, primarily within the regions 
where the centres are located (Table 13.4). CIAT 
has shipped seeds of  over 20,000 samples to 88 
different countries, while ILRI has provided over 
8500 samples in response to over 1500 orders 
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since the establishment of  their forage seed ac-
tivities. Seed distribution has supported the for-
age evaluation networks of  CIAT and ILRI in 
Asia, Latin America and the Caribbean, and 
sub-Saharan Africa, and has strengthened for-
age research and development activities globally.

Tropical forage seed production is a special-
ist market because many species are perennial 
and annual reseeding is not required. This leads 
to uncertain demand, which causes a high de-
gree of  risk to both seed producers and sellers 
and has reduced investment in a more formal 
distribution seed system for forage seeds in many 
developing countries (Hanson and Peters, 2003). 
This has also contributed to fewer new varieties 
and species being released in recent years and 
promotion of  an informal integrated community- 
based seed supply system to fill the gap. A recent 
survey in Ethiopia showed that many small-
holders are willing to pay for forage seeds and to 
use land for planted forages where alternative 
feed is scarce and where market opportunities 
for milk and meat exist (Negassa et al., 2016).

Both centres have supported alternative 
suppliers in the tropical forage seed agribusi-
ness. CIAT has partnered with the Papalotla 
Group from the private sector to achieve a wide 
dissemination of  hybrid pasture seeds developed 

by CIAT that will be distributed by Papalotla. Both 
CIAT and ILRI have supported entrepreneur- 
or farmer-led seed supply systems to comple-
ment large-scale private seed production. Col-
laboration with government institutions and 
non-governmental organizations has ensured 
training of  farmers in seed production, seed quality 
control and certification. A farmer-led seed 
enterprise, PRASEFOR (Artisanal Forage Seed 
Production), was formed in Honduras as an 
association of  12 smallholder farmers to produce 
grass seeds. In contrast to many other farmer-led 
seed enterprises, this was business oriented and 
formed with very limited financial support, mak-
ing the approach easily replicable (Hanson and 
Peters, 2003). Farmers were able to obtain a 
return of  more than US$600/ha on forage seed 
production compared with an estimated US$60/
ha for maize production. A similar approach was 
recently piloted in Ethiopia through the Deutsche 
Gesellschaft für Internationale Zusammenarbeit 
GmbH (GIZ)-funded FeedSeed project by mentor-
ing individuals and forage seed businesses 
 representing smallholder farmers, cooperatives 
and commercial seed companies, thereby help-
ing to stimulate the availability of  more and 
better- quality forage seed and forage use by small-
holder livestock producers. The pilot project 

Table 13.4. Major countries of recipients of forage seeds from CIAT and ILRI. (Data from ILRI and CIAT 
databases, February 2019.)

CGIAR centre Country Number of seed samples Amount distributed (kg)

CIAT Bolivia 492 306
Brazil 837 535
Colombia 16,202 55,912
Costa Rica 570 993
Ecuador 618 189
Honduras 476 95
Mexico 597 110
Nicaragua 522 162
Peru 1,024 1,295
Venezuela 605 1,723

ILRI Burundi 42 54
Cameroon 98 74
Ethiopia 6,989 34,591
Ghana 81 33
Kenya 159 199
Pakistan 51 44
Rwanda 47 29
Tanzania 130 136
Uganda 69 77
Zambia 58 43
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 incubated 30 profitable private companies 
whose annual seed sales reportedly started at 
US$20,000 and increased to US$400,000 by 
the end of  the 2-year project. With seed prices at 
US$5–20/kg in early 2019, forage seed produc-
tion does seem to be economically attractive.

Environmental benefits of planted forages

The potential impact of  tropical forages on GHG 
emissions has been well documented. Mitigation 
approaches include direct reduction of  emissions, 
enhancing of  carbon sequestration, higher pro-
ductivity per land area and/or livestock unit and 
of  feed efficiency (Peters et al., 2013; Searchinger 
et al., 2013; Rao et al., 2015) and avoiding detri-
mental land conversion. By applying suitable 
practices, land can be freed for reforestation or 
for landscape restoration while livestock output 
grows. Genetic solutions to curb nitrous gas emis-
sions and nitrate leaching – while reducing the 
amount of  nitrogen fertilizers in crop–livestock 
rotations – have been demonstrated as a proof  of  
concept for biological nitrification inhibition 
(Subbarao et al., 2017). The environmental role 
of  symbiotic nitrogen fixation by tropical legumes 
is recognized, as is the potential of  tannin-rich 
legumes for reduction of  methane emissions by 
livestock (Schultze-Kraft et al., 2018). Less infor-
mation is currently available on the water foot-
print of  forage-based feed production, with fodder 
production being a major driver of  water use in 
livestock systems (Herrero et al., 2012).

The main potential environmental impact 
of  tropical and subtropical planted forages will be 
through intensification of  livestock production and 
accompanying reductions in emissions assum-
ing livestock numbers decrease as production 
intensifies. The situation may change when the 
role of  tropical forages in providing ecosystem 
services is further recognized and economic 
incentives for increased adoption of  planted for-
ages are in place (such as Payment for Ecosystem 
Services schemes). Because pasture-based systems, 
which are the largest single land-use category 
globally (Erb et al., 2007), are changing from ex-
tensive grasslands to more intensive mixed crop–
livestock farming, there is the opportunity that this 
transition could reduce GHG emissions without 
negative effects on food security (Havlík et al., 

2013). Moreover, the high-risk sites, or ‘hotspots’, 
for GHG emissions are located in areas of  low 
livestock productivity – extensively managed 
areas in eastern Africa, Latin America and the 
Caribbean, and South Asia (Gerber et al., 2013; 
Herrero et al., 2013). These are also the areas 
with the greatest potential for increased forage 
use, although as argued elsewhere in this chap-
ter increased forage use would depend heavily 
on the economics of  land and labour use.

As examples of  the potential importance of  
forages in climate-change scenarios, the govern-
ments of  Brazil and Colombia have identified the 
intensification of  livestock production, using 
planted forages and proper management, as key 
strategies to mitigate GHG emissions in agricul-
ture. The strategies are outlined in the Plano ABC 
(Ministério da Agricultura, Pecuária e Abasteci-
mento, 2012) and the NINO (Ministerio de Am-
biente y Desarrollo Sostenible, 2015) for Brazil 
and Colombia, respectively, as a combination of  
increased productivity per livestock unit and 
land area and favouring environmentally sound 
land-use changes. Thornton and Herrero (2010) 
has illustrated the possibility of  specific technolo-
gies such as improved Brachiaria and Leucaena 
spp. to reduce GHG emissions through increased 
per-animal productivity and assumed reductions 
in livestock numbers. Lal (2010) has stated that 
29% of  the overall carbon mitigation potential 
will be from pastureland. The biggest potentials 
for carbon sequestration (i.e. through restoring 
degraded grasslands) are in South America and 
Africa (Conant, 2002; Conant et al., 2011).

In a review of  the potential of  forages to 
mitigate emissions, Peters et al. (2013) concluded 
that forage-based systems have a lower ecological 
footprint than feedlots. Better management of  
crops and grasslands, and restoration of  degraded 
lands, can result in a mitigation potential as 
high as 3.5 billion t CO

2-eq/year or 75% of  the 
biophysical mitigation potential stated by Smith 
et al. (2008). Thornton and Herrero (2010) cal-
culated that a modest 30% adoption rate of  im-
proved deep-rooted Brachiaria pastures could 
yield a mitigation potential of  29.8 million t 
CO2-eq/year in the Cerrados of  Brazil alone, an 
amount equivalent to 2% of  the total mitigation 
potential of  agriculture. According to Fisher 
et al. (2007) and Blanfort et al. (2012), the miti-
gation potential of  planted forages to accumu-
late carbon under adequate pasture and animal 
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management is second only to forests. To refine 
these estimates, further research in a variety of  
contexts is required.

What has limited the impact of planted 
forages in tropical Africa and Asia?

Despite the technical potential of  planted forages, 
a common research finding is that they are rarely 
adopted beyond project-led initiatives in Africa 
and Asia. Evidence for spontaneous widespread 
adoption is rare, except, for example, Australia 
and Brazil where the context is very different 
and smallholders are not the main beneficiary. 
The reasons for lack of  adoption are complex. 
Promoters of  planted forages are convinced of  
their technical merits and advocate greater 
‘promotion and dissemination’ to convince 
smallholders of  their advantages. In the termin-
ology of  Sumberg (2002) forage legumes have 
taken on a ‘mantle of  absolute goodness’. The 
realists view lack of  adoption as being related to 
inherent system properties, which make them 
unattractive for farmers given the prevailing 
economic environment. To quote Sumberg 
(2002): ‘Particular attention is placed on the 
idea that the biophysical and socio-economic 
factors that have previously been constraints to 
legume adoption should now be viewed as sys-
tem properties and incorporated into the design 
specification of  technology.’

This idea that system properties are what 
constrain the uptake of  planted legumes and 
planted forages in general is compelling and was 
also proposed by McIntire and Debrah (1986) as 
long ago as the mid-1980s. McIntire and Debrah 
(1986) laid out a series of  propositions regarding 
the suitability of  forage legumes for smallholder 
systems. Among their propositions were that at 
different population densities competition for 
land and labour will tend to disadvantage forage 
legumes as a viable part of  the farm enterprise. 
At low population densities (e.g. pastoral sys-
tems), competition for labour is an issue. In such 
systems, crops and animals are managed as sep-
arate enterprises, as mobility of  livestock is a ne-
cessary property of  the system. Devoting labour 
to tending of  forage crops becomes impractical. 
At high population densities (e.g. mixed inten-
sive systems), competition for land becomes the 

issue. In such systems, land is scarce and use of  
land for production of  staple and cash crops 
takes priority over the production of  livestock 
feeds for reasons of  economics.

The barrier of  system properties is also ap-
parent in the arguments of  Ruthenberg (1980) 
in his consideration of  the scarcity of  medium- 
to long-term grass cultivation in the tropics (‘ley 
farming’). Ruthenberg pointed out various char-
acteristics of  tropical farming systems that make 
ley farming unattractive. Among the reasons 
offered by Ruthenberg were the poor nutritive 
quality of  tropical grasses, the advanced animal 
husbandry needed to make such systems work 
and the relative (un)profitability of  use of  land 
for livestock production compared with arable 
options such as maize, sorghum and cassava.

A more recent line of  argument in the de-
bate about adoption success of  planted forages 
frames the problem as one of  ‘innovation cap-
acity failure’ (Hall et al., 2007). The applica-
tion of  innovation systems theory to the ques-
tion of  feed development follows a trend across 
the CGIAR system to think about technical 
change in the context of  innovation systems – 
the network of  agents and their interactions 
that are necessary to foster change. In ILRI 
and CIAT, projects around the time, including 
the Fodder Adoption Project and Fodder Innov-
ation Project, attempted to move beyond tech-
nical feed research to investigate institutional 
barriers to technical change in the feed sector 
(Ayele et al., 2012; Reddy et al., 2013). In the 
logic of  these projects, there was a recognition 
that Sumberg’s (2002) ‘system properties’ 
were indeed impediments to progress but that 
focusing on the institutional issues could over-
come some of  these barriers including difficul-
ties of  seed supply, access to markets and the 
need to deal with policy constraints to bring 
about improvements in livestock feeding. 
While these projects did not fully achieve their 
ambitions, they did bring in new thinking 
about innovation in the livestock feed sector 
and helped to broaden research perspectives 
beyond a narrow focus on forage management. 
In South-east Asia in particular, application of  
such thinking did lead to adoption of  forages 
at a reasonable scale (Stür et al., 2013). Such 
innovation systems thinking is now routinely 
embedded in CGIAR-led projects and pro-
grammes focused on feed and forage 
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 improvement in the CGIAR Research Pro-
gramme on Livestock and Fish (Puskur et al., 
2011).

Global impacts from planted tropical 
forages

Early research on tropical planted forages focused 
on collection and characterization of  forage spe-
cies with economic potential to improve livestock 
productivity. This involved collections in sub- 
Saharan Africa organized mainly from Australia. 
Promising accessions are now stored in the vari-
ous gene banks of  CGIAR, notably those at ILRI, 
CIAT and ICARDA. Despite extensive forage 
research activity in the CGIAR and other centres, 
forage adoption among smallholders has gener-
ally been disappointing. Pengelly et al. (2003) 
concluded that ‘despite 50 years of  investment 
in forage research in the tropics, forage adoption 
has been relatively poor across all tropical farm-
ing systems’. Sumberg (2002) argued that for-
age legumes had not achieved their potential in 
sub-Saharan Africa, despite 70 years of  research 
to promote them. Shelton et al. (2005) in their 
review of  forage legume successes found that 
none of  the 14 legume cultivars released in 
Latin America and the Caribbean between 1980 
and 2000 was well adopted.

In reaction to these disappointing findings 
about the impact of  tropical forages research, 
there have been attempts to re-evaluate the im-
pact. The most recent example is the meta-analysis 
of  White et al. (2013), which built upon the 
study by Shelton et al. (2005). The Shelton study 
presented 19 case studies and estimated areas 
planted to various tropical legumes around the 
world, along with numbers of  farmers and gross 
economic benefits. Notable successes were cow-
pea in West Africa accounting for 1.4 million ha 
(ex ante impact estimate), fodder trees in East 
Africa totalling 4 million m of  hedgerows, 
Stylosanthes spp. in southern China (more than 
200,000 ha), Thailand (more than 300,000 ha) 
and India (less than 250,000 ha), Pueraria 
 phaseoloides as grazed pastures in Brazil (480,000 
ha) and A. pintoi also in Brazil (more than 
65,000 ha). The authors identified factors fa-
vouring adoption as meeting the needs of  farm-
ers, building partnerships, understanding the 
resources and skills of  farmers, engagement with 

rural  communities, and long-term involvement 
of  champions (Shelton et al., 2005).

The study by White et al. (2013) sought to 
quantify the impact of  planted tropical forages 
in general (and not just legumes, as in the study 
by Shelton et al., 2005). They defined the impacts 
in three main domains: economic, social and 
environmental. Positive impacts can include 
improved soil cover and hence reduced erosion, 
nitrogen fixation by legumes leading to improved 
soil health, and deeper rooting leading to im-
proved water-use efficiency and soil carbon stor-
age. Negative impacts can include the introduc-
tion of  invasive characteristics and loss of  local 
biodiversity.

The authors set out a series of  nine meth-
odological shortcomings of  the studies reviewed 
as a caution to the conclusions about economic 
impact. Despite shortcomings in the methods 
and data in the evidence reviewed, the analysis 
yielded some interesting insights. White et al. 
(2013) identified a total of  118 million ha plant-
ed to ‘improved’ tropical forages from the studies 
they compiled. They estimated that Brazil ac-
counted for 86% of  the known planted area of  
improved forages. The area under Brachiaria spp. 
dominated. The farm-size characteristics of  this 
adoption were not fully defined and included 
large commercial operations.

Emphasizing the methodological short-
comings of  the sample studies, fewer than 20% 
of  the studies directly attempted to quantify 
economic impacts. Furthermore, the lack of  a 
common methodology to quantify economic 
impacts (mixture of  net present value ap-
proaches and annual estimates) meant that it 
was difficult to come up with an estimate of  
total economic benefit. Environmental and so-
cial impacts were even less frequently quanti-
fied, with 7% and 2% of  the studies quoting 
environment and social impacts, respectively. 
The authors recognized a trend for greater em-
phasis on longer-term impacts in later studies, 
suggesting that the research for development 
community is increasingly aware of  the need 
to quantify large-scale impacts. Of  all the stud-
ies analysed, fewer than 15% were conducted 
independently of  the personnel affiliated with 
the programme or project. This may have led 
to exaggeration bias, as those closely involved 
would be under pressure to justify their re-
search through impact. As previously noted, 
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this lack of  independent assessment is also an 
issue with the various success cases outlined 
earlier in this chapter.

New adoption potential

Given the advances in the quality and coverage 
of  databases, scientists can target forage research 
to sites of  highest probable adoption. Several fac-
tors affect adoption potential. One is population 
density. Forage cultivation can be expected to 
occur at intermediate population densities where 
there is sufficient land but where labour does not 
become a limiting constraint, or in areas of  high 
population density that are highly productive. 
A second factor is profitability in the situations 
where high demand and prices can provide the 
incentive to invest in forages (e.g. instead of  or as 
well as vegetable production). A third factor is 
rainfall distribution: given that forage is a year- 
round enterprise especially for dairy production, 
forages are more likely to succeed where rainfall is 
well distributed. If  this is not the case, forages can 
work but the capacity to conserve, especially 
through hay-making, may be crucial for adoption.

We outline an example for Napier grass 
(P. purpureum) and its potential as a cut-and-carry 
forage. We utilized the model EcoCrop as imple-
mented in DIVA-GIS (Hijmans et al., 2012). To 
generate suitability surfaces for Napier grass, 
EcoCrop estimates a suitability index from 0 to 
100 for a crop, based on monthly precipitation 
and temperature surfaces and on a small number 
of  crop-specific parameters. We evaluated Napier 
grass suitability for current climatic conditions 
using the WorldClim dataset (distributed as part 
of  DIVA-GIS). For possible future climatic condi-
tions, we downscaled spatially coarse output from 

several climate models in relation to a high GHG 
emissions scenario for periods centred on 2050 
and 2090 (Jones and Thornton, 2015). Aggregate 
differences in both projected temperature and 
rainfall for the climate models selected are shown 
in Table 13.5.

To identify areas with ‘moderate’ popula-
tion densities, following Kruska et al. (2003) we 
used a lower limit of  20 people/km2, above which 
increasing proportions of  land are cultivated 
(Reid et al., 1995, 2000). Goddard et al. (1975) 
and McIntire et al. (1992) showed that fallowing 
disappears (and agricultural fields coalesce) at 
densities above 85 people/km2 across the semi- 
arid to humid zones in Africa. We thus set the 
moderate population density to be between 20 
and 85 people/km2, and we used the dataset 
GPW v4 (CIESIN, 2016).

As a proxy for market pull, we used the ac-
cessibility dataset of  Nelson (2008), which gives 
the travel time in minutes to the nearest city 
with a population in excess of  50,000, based on 
the estimated travel time to cross each pixel in 
relation to land cover, slope, elevation, the roads 
network, and any railways, rivers and water 
bodies. As a threshold, following Jones and 
Thornton (2009), we selected a value of  200 
min, allowing the possibility for a smallholder to 
take produce to market and return home on the 
same day.

The results are shown in Table 13.6 and Fig. 
13.1. These ‘high- potential’ sites are defined as the 
areas having at least moderate suitability for Na-
pier grass and having a moderate human popula-
tion density (20–85 people/km2) and are within 
200 min travel time of  large population centres. In 
all regions, suitability increases to the 2050s but 
then declines to the 2090s, presumably in response 
to ever-higher temperatures and increased plant 

Table 13.5. General Circulation Model (GCM) responses for the land areas between latitudes 30°N and 
30°S. Values shown are for ‘future minus current’. (From Jones and Thornton, 2015.)

GCM

2050s 2090s

Annual  
rainfall (mm)

Average annual 
temperature (°C)

Annual  
rainfall (mm)

Average annual 
temperature (°C)

GISS-E2-R (NASA Goddard 
Institute for Space Studies)

–53 +1.96 –56 +3.63

Ensemble mean (17 GCMs) +12 +2.36 +32 +4.68
HadGEM2-ES (UK Met 

Office, Hadley Centre)
–2 +2.93 –10 +5.83
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evapotranspiration. Nevertheless, the proportion 
of  area that is of  high suitability increases over 
time compared with the area of  moderate suitabil-
ity, and the proportion of  highly suitable hotspot 
land outside the tropics is increasing over time. The 
trends for the cooler General Circulation Model 
(GCM; Table 13.6, middle panel) are similar, al-
though Asia sees an increasing area of  highly suit-
able high-potential sites up to the 2090s. The hot-
ter GCM results (Table 13.6, lower panel) indicate 
that the tropics are in general becoming rather 
warm for Napier grass, and there are large areas in 
the northern temperate zones that are projected to 
be highly suitable high-potential sites.

Changing human population dynamics in 
the coming decades can be expected to affect 
suitability by increasing pressure on land, 

 particularly in peri-urban areas. These effects 
are difficult to estimate, however. For example, 
increasing population densities to the middle 
of  the current century are likely to decrease the 
range of  tsetse-transmitted trypanosomiasis 
in parts of  Africa through habitat destruction 
(McDermott et al., 2002). However, evaluating 
possible future changes in land use and land 
competition due to population growth and 
urban migration is more challenging, mostly be-
cause of  the difficulty in projecting future devel-
opment of  road and other transport infrastruc-
ture, which is often the forerunner of  highly 
localized increases in population density

This simple illustrative analysis suggests that 
the potential high-potential sites for Napier grass 
adoption as a cut-and-carry forage are relatively 

Table 13.6. High-potential sites for Napier grass as a cut-and-carry forage by region, period and climate 
model (km2). (Unpublished data from K. Kekae, G. Brychkova, P.C. Mckeown, J. Hanson, C.S. Jones, 
P.K. Thornton and C. Spillane, 2018.)

Region

Current conditions  
(2000)

Ensemble mean  
(17 GCMs) (2050s)

Ensemble mean  
(17 GCMs) (2090s)

Moderate 
suitability

Excellent 
suitability

Moderate 
suitability

Excellent 
suitability

Moderate 
suitability

Excellent 
suitability

Global 600,847 1,355,312 516,552 2,169,758 652,472 1,668,437
Latin America 174,039  363,101  97,149   560,998 162,458   394,257
Sub-Saharan 

Africa
201,548  712,057 109,829   920,105 186,875   725,251

Asia 149,343  257,897  89,741   436,231 125,500   304,854

Current conditions (2000) GIS2 GCM, 2050s GIS2 GCM, 2090s

Moderate 
suitability

Excellent 
suitability

Moderate 
suitability

Excellent 
suitability

Moderate 
suitability

Excellent 
suitability

Global 600,847 1,355,312 546,007 1,981,659 524,104 2,044,916
Latin America 174,039   363,101 115,716   522,540  88,633   504,335
Sub-Saharan 

Africa
201,548   712,057 117,360   766,692 120,844   689,778

Asia 149,343   257,897  94,726   467,864  82,912   483,741

Current conditions (2000) HADG GCM (2050s) HADG GCM (2090s)

Moderate 
suitability

Excellent 
suitability

Moderate 
suitability

Excellent 
suitability

Moderate 
suitability

Excellent 
suitability

Global 600,847 1,355,312 557,462 2,212,979 571,497 2,365,266
Latin America 174,039   363,101 114,498   557,242 131,724   491,588
Sub-Saharan 

Africa
201,548   712,057 116,960   876,141 109,760   848,881

Asia 149,343   257,897  87,816   446,145  94,043   441,943

Top, mean of 17 General Circulation Models (GCMs); middle, a ‘cool’ GCM (GISS-E2-R, see Table 13.5); bottom, a ‘warm’ 
GCM (HadGEM2-ES, see Table 13.5).
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Moderate/good suitability
Very good/excellent suitability

2050s
(all GCMs)

Current

2090s
(all GCMs)

Moderate/good suitability
Very good/excellent suitability

Moderate/good suitability
Very good/excellent suitability

Fig. 13.1. High-potential Napier adoption sites in sub-Saharan Africa.
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limited in the global tropics. A more robust ana-
lysis could be done that takes rainfall distribution 
into account, as well as by using a more sophisti-
cated niche and suitability model than EcoCrop, 
such as MaxEnt (Warren and Seifert, 2011). An-
other missing element is information on possible 
changes in forage quality under a changing cli-
mate. Nevertheless, there is considerable poten-
tial to exploit new datasets for more appropriate 
targeting. Local evaluation, coupled with informa-
tion on where particular forages are actually 
being utilized, has considerable potential to guide 
future forage targeting and adoption.

The Future

Planted forages have the potential to fuel growth 
in the smallholder crop and livestock sector 
in Africa and Asia by providing high-quality 
feed and by filling seasonal gaps. In addition to 
 productivity benefits, planted forages can reduce 
the environmental footprint of  livestock.

Adoption of  planted forages has been below 
its potential in nearly all of  sub-Saharan Africa 
and South Asia. Adoption in Latin America has 
been better, notably in Brazil and in parts of  Cen-
tral America. Such success is rare in Asia and 
sub-Saharan Africa (with the possible exception 
of  Napier grass in East Africa), but as mixed 
crop–livestock systems continue to expand, so 
will planted forage use.

To conclude, we offer some lessons for the 
future:

• Apply lessons from Latin America and the 
Caribbean to sub-Saharan Africa and South- 

east Asia about the systemic conditions needed 
for successful planted forage development 
among smallholders. These South American 
examples point to possible future growth in 
use of  planted forages in Africa once livestock 
production becomes more commercial, farm 
sizes increase, private-sector actors have 
stronger engagement and the institutional 
environment is more conducive to growth 
of  the forage sector.

• To exploit the full potential of  environmental 
benefits, it is evident that work on forages (and 
other feeds) needs to be integrated with ani-
mal health and animal genetics.

• We need to better define system constraints 
to forage use and to target solutions for sys-
tem constraints along with a continuing 
focus on farm-level experimentation and on 
forage breeding. Understanding system 
constraints will facilitate better forage tar-
geting using spatial forecasting of  global 
high-potential sites.

• Create markets for public and private agents 
by: (i) building germplasm supply arrange-
ments (public or private, depending on lo-
cation); and (ii) identifying value chain 
constraints and resolving them through 
novel business arrangements.
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Notes

1 The nomenclature of several tropical forage species has changed recently. Because this review  
considers past research, we use the earlier accepted names throughout. It should be noted, however, that 
according to the taxonomy proposed by the USDA Germplasm Resources Information Network (GRIN), 
Brachiaria brizantha, B. decumbens and B. humidicola are now accepted as Urochloa brizantha, U. decum-
bens and U. humidicola, respectively; Pennisetum glaucum, P. pedicellatum and P. purpureum as Cenchrus 
americanus, C. pedicellatus and C. purpureus, respectively; and Panicum maximum as Megathyrsus max-
imus and Pueraria phaseoloides as Neustanthus phaseoloides.
2 Older accounts from East Africa show Napier grass in the early 20th century (Boonman, 1993).
3 A kebele is the smallest administrative unit in Ethiopia. A ‘woreda’ is the second smallest admininstrative 
unit in Ethiopia.
4 Fodder tree research has been pursued in East Africa for decades, as shown in the archives of the East 
African Agricultural and Forest Journal: (www.tandfonline.com/toc/teaf20/current).



 The impact of CGIAR research on use of planted forages by tropical smallholders 473

References

Abate, A., Kayongo-Male, D. and Wanyoike, M. (1985) Fodder for high-potential areas in Kenya. In: Animal 
Feed Resources for Small-scale Livestock Producers. Proceedings of the second PANESA workshop, 
11–15 November, Nairobi. Available at: https://cgspace.cgiar.org/bitstream/handle/10568/49993/x5548e.
pdf?sequence=1 (accessed 27 March 2020).

Alemayehu, M. (1998) Natural pasture improvement study around smallholder dairy areas. Small Dairy 
 Development Project (SDDP), Addis Ababa.

Ayele, S., Duncan, A.J., Larbi, A. and Khanh, T.T. (2012) Enhancing innovation in livestock value chains 
through networks: Lessons from fodder innovation case studies in developing countries. Science and 
Public Policy 2012, 333–346.

Blanfort, V., Ponchant, L., Dezecache, C., Stahl, C., Freycon, V., et al. (2012) Dynamique du carbone dans 
les sols de prairies issues de la déforestation de la forêt amazonienne: étude d’une chronoséquence 
en Guyane française. [Study of carbon dynamics in grassland soils derived from the deforestation of 
the Amazonian forest: chronosequence study in French Guiana.] In: 19ème Rencontres Autour Des 
Recherches Sur Les Ruminants, 5–6 December, Paris.

Blummel, M., Haileslassie, A., Samireddypalle, A., Vadez, V. and Notenbaert, A. (2014) Livestock water 
productivity: feed resourcing, feeding and coupled feed-water resource data bases. Animal Production 
Science 54, 1584–1593.

Boonman, J.G. (1993) Elephant grass as fodder crop. In: East Africa’s Grasses and Fodders: Their Ecology 
and Husbandry. Springer Netherlands, Dordrecht, Netherlands, pp. 217–234.

Brockington, J.D., Harris, I.M. and Brook, R.M. (2016) Beyond the project cycle: a medium-term evaluation 
of agroforestry adoption and diffusion in a south Indian village. Agroforestry Systems 90, 489–508.

Carranca, C., Torres, M.O. and Madeira, M. (2015) Underestimated role of legume roots for soil N fertility. 
Agronomy for Sustainable Development 35, 1095–1102.

CGIAR (2018) CGIAR Research Program on Livestock Agri-Food Systems 2018 Annual Report. CGIAR, 
Nairobi.

CIESIN (2016) Gridded population of the world version 4 (GPWv4): population density adjusted to match 
2015 revision UN WPP country totals. Center for International Earth Science Information Network 
(CIESIN), Palisades, New York.

Conant, R.T. (2002) Potential soil carbon sequestration in overgrazed grassland ecosystems. Global 
Biogeochemical Cycles 16, 1–9.

Conant, R.T., Ogle, S.M., Paul, E.A. and Paustian, K. (2011) Measuring and monitoring soil organic carbon 
stocks in agricultural lands for climate mitigation. Frontiers in Ecology and the Environment 9, 169–173.

Cook, B.G., Pengelly, B.C., Brown, S.D., Donnelly, J.L., Eagles, D.A., et al. (2005) Tropical forages: an inter-
active selection tool. Web Tool. CSIRO, Brisbane, Australia, DPI&F, Queensland, Australia, CIAT, Cali, 
Colombia, and ILRI, Addis Ababa.

Criscioni, P., Marti, J.V., Pérez-Baena, I., Palomares, J.L., Larsen, T. and Fernández, C. (2016) Replace-
ment of alfalfa hay (Medicago sativa) with maralfalfa hay (Pennisetum sp.) in diets of lactating dairy 
goats. Animal Feed Science and Technology 219, 1–12.

Cunha, M.V. da, Lira, A.M., Santos, M.V.F. dos, Freitas, E.V. de, Dubeux Junior, J.C.B. et al. (2011) Associ-
ation between the morphological and productive characteristics in the selection of elephant grass 
clones. Revista Brasileira de Zootecnia 40, 482–488.

de Groote, H., Vanlauwe, B., Rutto, E., Odhiambo, G.D., Kanampiu, F. and Khan, Z.R. (2010) Economic 
analysis of different options in integrated pest and soil fertility management in maize systems of West-
ern Kenya. Agricultural Economics 41, 471–482.

Duncan, A., York, L., Lukuyu, B., Samaddar, A. and Stür, W. (2012) Feed Assessment Tool (FEAST): a system-
atic method for assessing local feed resource availability and use with a view to designing intervention 
strategies aimed at optimizing feed utilization. Questionnaire for Facilitators, Version 5.3; updated: 15 
June 2012. ILRI, Addis Ababa.

Elbasha, E., Thornton, P.K. and Tarawali, G. (1999) An ex post economic impact assessment of planted 
forages in West Africa. ILRI Impact Assessment Series No. 2. ILRI, Nairobi.

Erb, K.H., Gaube, V., Krausmann, F., Plutzar, C., Bondeau, A. and Haberl, H. (2007) A comprehensive glo-
bal 5 min resolution land-use data set for the year 2000 consistent with national census data. Journal 
of Land Use Science 2, 191–224.

Feedipedia (2013) Animal feed resources information system. INRA, Paris, CIRAD, Montpellier, France, 
AFZ, Paris, and FAO, Rome. Available at: www.feedipedia.org/node (accessed 18 February 2020).



474 A.J. Duncan et al. 

Fernandes, C.D., Grof, B., Chakraborty, S. and Verzignassi, J.R. (2005) Estilosantes Campo Grande in Bra-
zil: a tropical forage legume success story. Tropical Grasslands 39, 223.

Figueira, D.N., Neumann, M., Ueno, R.K., Muller, M.M.L. and Faria, M.V. (2015) Produção e composição 
química do capim elefante cv. pioneiro em diferentes alturas de resíduo – revisão de literatura. [Pro-
duction and composition of chemical elephant grass cv. pioneer in different heights of waste – literature 
review.] Brazilian Journal of Applied Technology for Agricultural Science, Guarapuava-PR 8, 103–110.

Figueira, D.N., Neumann, M., Ueno, R., Galbeiro, S. and Bueno, A.V.I. (2016) Forage yield and quality in 
elephant grass cv. Pioneiro harvested at different cutting heights and times. Semina: Ciências Agrári-
as 37, 1017–1028.

Fisher, M.J., Braz, S.P., Dos Santos, R.S.M., Urquiaga, S., Alves, B.J.R. and Boddey, A.R.M. (2007) Another 
dimension to grazing systems: soil carbon. Tropical Grasslands 41, 65–83.

Francis, P.A. and Atta-Krah, A.N. (1989) Sociological and ecological factors in technology adoption: fodder 
trees in southeast Nigeria. Experimental Agriculture 25, 1–10.

Franzel, S., Carsan, S., Lukuyu, B., Sinja, J. and Wambugu, C. (2014) Fodder trees for improving livestock 
productivity and smallholder livelihoods in Africa. Current Opinion in Environmental Sustainability 6, 
98–103.

Franzel, S. and Wambugu, C. (2007) The uptake of fodder shrubs among smallholders in East Africa: key 
elements that facilitate widespread adoption. In: Hare, M.D. and Wongpichet, K. (eds) Forages: A 
Pathway to Prosperity for Smallholder Farmers. Proceedings of an International Symposium, Faculty 
of Agriculture, Ubon Ratchathani University, Thailand, pp. 203–222.

Fukagawa, S. and Ishii, Y. (2018) Grassland establishment of dwarf Napiergrass (Pennisetum purpureum 
Schumach) by planting of cuttings in the winter season. Agronomy 8, 12.

Gerber, P.J., Steinfeld, H., Henderson, B., Mottet, A., Opio, C., et al. (2013) Tackling climate change through 
livestock: a global assessment of emissions and mitigation opportunities. FAO, Rome.

Goddard, A., Mortimore, M. and Norman, D. (1975) Some social and economic implications of popu-
lation growth in rural Hausaland. In: Caldwell, J.C. (ed.) Population Growth and Socioeconomic 
Change in West Africa. Columbia University Press for the Population Council, New York,  
pp. 321–336.

Gomide, C.A.M., Chaves, C.S., Ribeiro, K.G., Sollenberger, L.E., et al. (2015) Structural traits of elephant 
grass (Pennisetum purpureum Schum.) genotypes under rotational stocking strategies. African Jour-
nal of Range & Forage Science 32, 51–57.

González, C., Schiek, B., Mwendia, S.W. and Prager, S. (2016) Improved forages and milk production in 
East Africa. A case study in the series: economic foresight for understanding the role of investments 
in agriculture for the global food system. CIAT Publication No. 422. CIAT, Cali, Colombia.

Government of Kenya (2016) The Seeds and Plant Varieties Act – crop varieties. The Kenya Gazette 74, 
2696–2701.

Guodao, L. and Chakraborty, S. (2005) Stylo in China: a tropical forage legume success story. In: O’Mara, 
F.P., Wilkins, R.J., ’t Mannetje, L., Lovett, D.K., Rodgers, P.A.M. and Boland, T.M. (eds) Proceedings of 
the XX International Grassland Congress: Offered Papers, Dublin. Wageningen Academic Publishers, 
Wageningen, Netherlands, p. 322.

Halim, R.A., Shampazuraini, S. and Idris, A.B. (2013) Yield and nutritive quality of nine Napier grass 
varieties in Malaysia. Malaysian Journal of Animal Science 16, 37–44.

Hall, A., Sulaiman, R. and Bezkorowajnyj, P. (2007) Reframing technical change: Livestock Fodder Scarcity 
Revisited as Innovation Capacity Scarcity. ILRI, UNU-MERIT, ICRISAT and IITA on behalf of the 
System-wide Livestock Programme, CGIAR Systemwide Livestock Programme, Addis Ababa.

Hanson J. and Peters, M. (2003) Meeting the need for herbage seeds in developing countries. In: Loch, D.S. 
(ed.) Proceedings of the 5th International Herbage Seed Conference. Herbage Seeds in the New 
Millennium – New Markets, New Products, New Opportunities, 23–26 November, Gatton, Australia. 
Queensland Department of Primary Industries, Cleveland, Australia, pp. 26–37.

Havlík, P., Valin, H., Mosnier, A., Obersteiner, M., Baker, J.S., et al. (2013) Crop productivity and the global 
livestock sector: implications for land use change and greenhouse gas emissions. American Journal 
of Agricultural Economics 95, 442–448.

Herrero, M., Grace, D., Njuki, J., Johnson, N., Enahoro, D., et al. (2012) The roles of livestock in developing 
countries. 8th International Symposium on the Nutrition of Herbivores 7 (s1), 3–18.

Herrero, M., Havlik, P., Valin, H., Notenbaert, A., Rufino, M.C., et al. (2013) Biomass use, production, feed 
efficiencies, and greenhouse gas emissions from global livestock systems. Proceedings of the National 
Academy of Sciences USA 110, 20888–20893.



 The impact of CGIAR research on use of planted forages by tropical smallholders 475

Hijmans, R.J., Guarino, L. and Mathur, P. (2012) DIVA-GIS, Version 7.5. Available at: www.diva-gis.org (accessed 
27 February 2020).

Holmann, F., Rivas, L., Argel, P.J. and Pérez, E. (2004) Impact of the adoption of Brachiaria grasses: Central 
America and Mexico. Livestock Research for Rural Development 16, 98.

Huxley, P.A. (1984) The basis of selection, management and evaluation of multi-purpose trees: an overview. 
International Council for Research in Agroforestry, Nairobi.

ICAR (2011) Forage crops and grasses. In: Handbook of Agriculture. Indian Council of Agricultural Research 
(ICAR), New Delhi, pp. 1353–1417.

ICIPE (2015) The ‘push–pull’ farming system: climate-smart, sustainable agriculture for Africa. ICIPE, Nairobi.
Ishii, Y., Yamaguchi, N. and Idota, S. (2005) Dry matter production and in vitro dry matter digestibility of 

tillers among napiergrass (Pennisetum purpureum Schumach) varieties. Grassland Science 51, 
153–163.

ISPC (2018) Tropical forages and the diffusion of Brachiaria cultivars in Latin America. Standing Panel on 
Impact Assessment (SPIA) Brief No. 70. CGIAR Independent Science and Partnership Council, 
Rome.

Jank, L., Barrios, S.C., Do Valle, C.B., Simeao, R.M. and Alves, G.F. (2014) The value of improved pastures 
to Brazilian beef production. Crop and Pasture Science 65, 1132–1137.

Jones, P.G. and Thornton, P.K. (2009) Croppers to livestock keepers: livelihood transitions to 2050 in Africa 
due to climate change. Environmental Science & Policy 12, 427–437.

Jones, P.G. and Thornton, P.K. (2015) Representative soil profiles for the Harmonized World Soil Data-
base at different spatial resolutions for agricultural modelling applications. Agricultural Systems 139, 
93–99.

Kadam, S.S., Kumar, A. and Arif, M. (2017) Hybrid Napier for round the year quality fodder supply to the 
dairy industry – a review. International Journal of Current Microbiology and Applied Sciences 6, 
4778–4783.

Kebede, G., Feyissa, F., Assefa, G., Alemayehu, M., Mengistu, A., et al. (2017) Agronomic performance, dry 
matter yield stability and herbage quality of Napier grass (Pennisetum purpureum (L.) Schumach) 
accessions in different agro-ecological zones of Ethiopia. Journal of Agricultural and Crop Research 
5, 49–65.

Khan, Z.R., Midega, C.A.O., Hutter, N.J., Wilkins, R.M. and Wadhams, L.J. (2006) Assessment of the 
potential of Napier grass (Pennisetum purpureum) varieties as trap plants for management of Chilo 
partellus. Entomologia Experimentalis et Applicata 119, 15–22.

Khan, Z.R., Midega, C.A.O., Amudavi, D.M., Hassanali, A. and Pickett, J.A. (2008a) On-farm evaluation of 
the push pull technology for the control of stemborers and striga weed on maize in western Kenya. 
Field Crops Research 106, 224–233.

Khan, Z.R., Midega, C.A.O., Njuguna, E.M., Amudavi, D.M., Wanyama, J.M. and Pickett, J.A. (2008b) 
Economic performance of the ‘push–pull’ technology for stemborer and Striga control in smallholder 
farming systems in western Kenya. Crop Protection 27, 1084–1097.

Khan, Z., Midega, C., Pittchar, J., Pickett, J. and Bruce, T. (2011) Push–pull technology: a conservation 
agriculture approach for integrated management of insect pests, weeds and soil health in Africa. Inter-
national Journal of Agricultural Sustainability 9, 162–170.

Khan, Z.R., Midega, C.A.O., Pittchar, J.O., Murage, A.W., Birkett, M.A., et al. (2014) Achieving food security 
for one million sub-Saharan African poor through push–pull innovation by 2020. Philosophical Transac-
tions of the Royal Society B: Biological Sciences 369, 20120284.

Kiptot, E., Franzel, S., Hebinck, P. and Richards, P. (2006) Sharing seed and knowledge: farmer to farmer 
dissemination of agroforestry technologies in western Kenya. Agroforestry Systems 68, 167–179.

Kiptot, E., Hebinck, P., Franzel, S. and Richards, P. (2007) Adopters, testers or pseudo-adopters? Dy-
namics of the use of improved tree fallows by farmers in western Kenya. Agricultural Systems 94, 
509–519.

Kruska, R.L., Reid, R.S., Thornton, P.K., Henninger, N. and Kristjanson, P.M (2003) Mapping livestock 
oriented agricultural production systems for the developing world. Agricultural Systems 77, 39–63.

Lal, R. (2010) Managing soils and ecosystems for mitigating anthropogenic carbon emissions and advan-
cing global food security. Bioscience 60, 708–721.

Lukuyu, B., Place, F., Franzel, S. and Kiptot, E. (2012) Disseminating improved practices: are volunteer 
farmer trainers effective? Journal of Agricultural Education and Extension 18, 525–540.

Lynam, J. and Byerlee, D. (2017a) Forever Pioneers – CIAT: 50 Years Contributing to a Sustainable Food 
Future… and Counting. CIAT, Cali, Colombia.



476 A.J. Duncan et al. 

Lynam, J. and Byerlee, D. (2017b) The Tropical Forages Program. In: Forever Pioneers – CIAT: 50 Years 
Contributing to a Sustainable Food Future… and Counting. CIAT, Cali, Colombia, pp. 80–91.

Maass, B.L., Midega, C.A.O., Mutimura, M., Rahetlah, V.B., Salgado, P., et  al. (2015) Homecoming of 
Brachiaria: improved hybrids prove useful for African animal agriculture. East African Agricultural and 
Forestry Journal 81, 71–78.

Mapato, C. and Wanapat, M. (2018) Comparison of silage and hay of dwarf Napier grass (Pennisetum 
purpureum) fed to Thai native beef bulls. Tropical Animal Health and Production 50, 1473–1477.

McDermott, J.J., Kristjanson, P.M., Kruska, R.L., Reid, R.S., Robinson, T.P., et al. (2002) Effects of climate, 
human population and socio-economic changes on tsetse-transmitted trypanosomiasis to 2050. In: 
The African Trypanosomes. World Class Parasites, Vol 1. Springer, Boston, MA, pp. 25–38.

McIntire, J. and Debrah, S. (1986) Forage research in smallholder and pastoral production systems. In: Util-
ization of Agricultural By-Products as Livestock Feeds in Africa. Proceedings of a workshop held at 
Ryall’s Hotel, Blantyre, Malawi, September 1986. ILCA, Addis Ababa, pp. 118–126.

McIntire, J., Bourzat, D. and Pingali, P. (1992) Crop–livestock interaction in sub-Saharan Africa. World Bank 
Regional and Sectoral Studies. World Bank, Washington, D.C.

Mekoya, A., Oosting, S.J., Fernandez-Rivera, S. and van der Zijpp, A.J. (2008) Farmers’ perceptions about 
exotic multipurpose fodder trees and constraints to their adoption. Agroforestry Systems 73, 141–153.

Mekuria, W. and Veldkamp, E. (2012) Restoration of native vegetation following exclosure establishment on 
communal grazing lands in Tigray, Ethiopia. Applied Vegetation Science 15, 71–83.

Miles, J.W. (2001) Achievements and perspectives in the breeding of tropical grasses and legumes. In: 
Grassland Ecosystems: An Outlook into the 21st Century. Proceedings of the XIX International 
Grassland Congress, 11–21 February, Sao Paulo, Brazil. Brazilian Society of Animal Husbandry, 
Brazil, pp. 509–515.

Miles, J.W. (2007) Apomixis for cultivar development in tropical forage grasses. Crop Science, 47 (Suppl. 
3), S238–S249.

Millar, J. and Connell, J. (2010) Strategies for scaling out impacts from agricultural systems change: the 
case of forages and livestock production in Laos. Agriculture and Human Values 27, 213–225.

Ministério da Agricultura, Pecuária e Abastecimento (2012) Plano setorial de mitigação e de adaptação às 
mudanças climáticas para a consolidação de uma economia de baixa emissão de carbono na agri-
cultura: plano ABC (Agricultura de Baixa Emissão de Carbono). Ministério da Agricultura, Pecuária e 
Abastecimento (MAPA), Ministério do Desenvolvimento Agrário, Coordenação da Casa Civil da 
Presidência da República, Brasília.

Ministerio de Ambiente y Desarrollo Sostenible (2015) NINO Ganadería Bovina Sostenible: Densificación 
productiva, reconversión de pasturas y devolución a la naturaleza. Ministerio de Ambiente y Desar-
rollo Sostenible (MADS), Bogotá, Colombia.

Mohamed-Saleem, M.A. and Suleiman, H. (1986) Nigeria and West Africa: fodder banks. Dry-season feed 
supplementation for traditionally managed cattle in the subhumid zone. World Animal Review 59, 11–17.

Muhr, L., Tarawali, S.A., Peters, M. and Schultze-Kraft, R. (1999) Forage legumes for improved fallows in 
agropastoral systems of subhumid West Africa. III. Nutrient import and export by forage legumes and 
their rotational effects on subsequent maize. Tropical Grasslands 33, 245–256.

Mwendia, S.W., Mwangi, D.M., Wahome, R.G. and Wanyoike, M. (2008) Assessment of growth rate and 
yields of three Napier grass varieties in Central Highlands of Kenya. East African Agricultural and For-
estry Journal 74, 211–217.

Negassa, A., Shapiro, B., Kidane, T., Abdena, A. and Hanson, J. (2016) Ex-ante assessment of demand for 
improved forage seed and planting materials among Ethiopian smallholder farmers: a contingent valu-
ation analysis. ILRI Project Report. ILRI, Nairobi.

Negawo, A., Teshome, A., Kumar, A., Hanson, J. and Jones, C. (2017) Opportunities for Napier grass (Pen-
nisetum purpureum) improvement using molecular genetics. Agronomy 7, 28.

Negawo, A.T., Jorge, A., Hanson, J., Teshome, A., Muktar, M.S., et al. (2018) Molecular markers as a tool 
for germplasm acquisition to enhance the genetic diversity of a Napier grass (Cenchrus purpureus 
syn. Pennisetum purpureum) collection. Tropical Grasslands-Forrajes Tropicales 6, 58–69.

Nelson, A. (2008) Estimated travel time to the nearest city of 50,000 or more people in year 2000. Global 
Environment Monitoring Unit, Joint Research Centre of the European Commission, Ispra, Italy.

Nyambati, E.M., Muyekho, F.N., Onginjo, E. and Lusweti, C.M. (2010) Production, characterization and nu-
tritional quality of Napier grass [Pennisetum purpureum (Schum)] cultivars in western Kenya. African 
Journal of Plant Science 4, 496–502.



 The impact of CGIAR research on use of planted forages by tropical smallholders 477

Pengelly, B.C., Whitbread, A., Mazaiwana, P.R. and Mukombe, N. (2003) Tropical forage research for the 
future – better use of research resources to deliver adoption and benefits to farmers. Tropical Grass-
lands 37, 207–216.

Pereira, A.V., Lédo, F.J. da S. and Machado, J.C. (2017) BRS Kurumi and BRS Capiaçu – new elephant grass 
cultivars for grazing and cut-and-carry system. Crop Breeding and Applied Biotechnology 17, 59–62.

Peters, M., Horne, P., Schmidt, A., Holmann, F., Kerridge, P.C., et al. (2001) The role of forages in redu-
cing poverty and degradation of natural resources in tropical production systems. ODI Agricultural Re-
search & Extension Network (AgREN), London.

Peters, M., Herrero, M., Fisher, M., Erb, K.-H., Rao, I., et al. (2013) Challenges and opportunities for improv-
ing eco-efficiency of tropical forage-based systems to mitigate greenhouse gas emissions. Tropical 
Grasslands-Forrajes Tropicales 1, 156–167.

Place, F., Roothaert, R., Maina, L., Franzel, S., Sinja, J. and Wanjiku, J. (2009) The impact of fodder trees 
on milk production and income among smallholder dairy farmers in East Africa and the role of research. 
ICRAF Occasional Paper. World Agroforestry Centre, Nairobi.

Puskur, R., Baker, D., Omore, A.O. and Staal, S.J. (2011) Changing approaches to pro-poor livestock market 
development: Innovation and upgrading in the value chain. Livestock Exchange Issue Brief 17. ILRI, 
Nairobi.

Rao, I., Peters, M., Castro, A., Schultze-Kraft, R., White, D., et al. (2015) LivestockPlus - The sustainable 
intensification of forage-based agricultural systems to improve livelihoods and ecosystem services in 
the tropics. Tropical Grasslands-Forrajes Tropicales 3, 59–82.

Reddy, T.S.V., Puskur, R., Hall, A. and Sulaiman, R. (2013) Applying innovation system principles to fodder 
scarcity: experiences from the Fodder Innovation Project. CRISP Working Paper 2013-001. Centre for 
Research on Innovation and Science Policy (CRISP), Hyderabad, India.

Reid, R., Kruska, R., Perry, B., Ellis, J. and Wilson, C. (1995) Environmental impacts of trypanosomiasis 
control: conceptual model, approach and preliminary results of studying indirect effects through 
changes in land-use. In: Proceedings of the 22nd Meeting of the International Scientific Council for 
Trypanosomiasis Research and Control, Nairobi, Kenya. OAU/ISCTRC, Nairobi, pp. 235–243.

Reid, R.S., Kruska, R.L., Deichmann, U., Thornton, P.K. and Leak, S.G.A. (2000) Human population 
growth and the extinction of the tsetse fly. Agriculture, Ecosystems and Environment 77, 227–236.

Renard, C. (ed.) (1997) Crop Residues in Sustainable Mixed Crop/Livestock Farming Systems. CAB Inter-
national, Wallingford, UK.

Rincón, A., Bueno, G.A., Álvarez, M., Pardo, Ó., Pérez, O. and Caicedo, S. (2010) Establecimiento, manejo 
y utilización de recursos forrajeros en sistemas ganaderos de suelos ácidos. Corporación Colombiana 
de Investigación Agropecuaria (Corpoica), Villavicencio, Colombia.

Rincón, Á. and Ligarreto, G. (2008) Productividad de la asociación de maíz-pastos en suelos ácidos del 
Piedemonte Llanero colombiano. Corporación Colombiana de Investigación Agropecuaria (Corpoica), 
Villavicencio, Colombia.

Rivas, L. (2002) Impacto económico de la adopción de pastos mejorados en América Latina tropical. CIAT, 
Cali, Colombia.

Rufino, M.C., Tittonell, P., van Wijk, M.T., Castellanos-Navarrete, A., Delve, R.J., et al. (2007) Manure as a 
key resource within smallholder farming systems: analysing farm-scale nutrient cycling efficiencies 
with the NUANCES framework. Livestock Science 112, 273–287.

Ruthenberg, H. (1980) Farming Systems in the Tropics. Clarendon Press, Oxford.
Schultze-Kraft, R., Rao, I.M., Peters, M., Clements, R.J., Bai, C. and Liu, G. (2018) Tropical forage legumes 

for environmental benefits: an overview. Tropical Grasslands-Forrajes Tropicales 16, 1–14.
Searchinger, T., Waite, R., Hanson, C., Ranganathan, J., Dumas, P. and Matthews, E. (2013) Creating a 

sustainable food future: a menu of solutions to sustainably feed more than 9 billion people by 2050. 
World Resources Institute, Washington, D.C.

Shelton, H.M., Franzel, S. and Peters, M. (2005) Adoption of tropical legume technology around the world: 
analysis of success. In: McGilloway, D.A. (ed.) Grassland: A Global Resource. Wageningen Academic 
Publishers, Wageningen, Netherlands, pp. 149–166.

Shilin, W., Jones, R.M., Minggang, X. and Pingna, H. (2007) Quality and seasonal yields of promising for-
age species in the red soils region of southern China. Australian Journal of Experimental Agriculture 
47, 942–948.

Sikumba, G.N., Mangesho, W., Lukuyu, B.A., Ngulu, F. and Bekunda, M. (2015) Participatory evaluation of 
farmer preferences and productivity of selected Napier grass (Pennisetum purpureum) accessions in 



478 A.J. Duncan et al. 

northern Tanzania. Poster prepared for the International Conference on Integrated Systems Research, 
3–6 March 2015, Ibadan, Nigeria. ILRI, Nairobi.

Sluszz, T. (2012) Monitoramento tecnologico de cultivares de forrageiras tropicais. Cadernos de Prospecção 
5, 1–13.

Smith, P., Martino, D., Cai, Z., Gwary, D., Janzen, H., et al. (2008) Greenhouse gas mitigation in agriculture. 
Philosophical Transactions of the Royal Society B: Biological Sciences 363, 789–813.

Sollenberger, L.E., Prine, G.M., Ocumpaugh, W.R., Schank, S.C., Kalmbacher, R.S. and Jones, C.S. (1987) 
Dwarf elephant grass: a high quality forage with potential in Florida and the tropics. Proceedings of 
the Soil and Crop Science Society of Florida 46, 42–46.

Squires, V.R., Mann, T.L. and Andrew, M.H. (1992) Problems in implementing improved range management 
on common lands in Africa: an Australian perspective. Journal of the Grassland Society of Southern 
Africa 9, 1–7.

Staal, S.J., Baltenweck, I., Waithaka, M.M., de Wolff, T. and Njoroge, L. (2002) Location and uptake: integrated 
household and GIS analysis of technology adoption and land use, with application to smallholder dairy 
farms in Kenya. Agricultural Economics 27, 295–315.

Staal, S.J., Chege, L., Kenyanjui, M., Kimari, A., Lukuyu, B., et al. (1997) Characterisation of dairy systems 
supplying the Nairobi milk market: a pilot survey in Kiambu District for the identification of target 
groups of producers. ILRI, Nairobi.

Stür, W.W., Horne, P.M., Phengsavanh, P., Gabunada, F., Khanh, T.T. and Connell, J. (2007) Planted forages – 
the key for making money from smallholder livestock production: experiences from CIAT’s forage R&D 
in Southeast Asia. In: Forages – A Pathway to Prosperity for Smallholder Farmers. Proceedings of a 
Forage Symposium, Ubon Ratchathani University, Thailand, pp. 313–331.

Stür, W.W., Khanh, T.T. and Duncan, A.J. (2013) Transformation of smallholder beef cattle production in 
Vietnam – technology, innovation and markets. International Journal of Agricultural Sustainability 11, 
363–381.

Subbarao, G.V., Wang, H.Y., Ito, O., Nakahara, K. and Berry, W.L. (2007) NH4
+ triggers the synthesis and 

release of biological nitrification inhibition compounds in Brachiaria humidicola roots. Plant and Soil 
290, 245–257.

Subbarao, G.V., Nakahara, K., Hurtado, M.P., Ono, H., Moreta, D.E., et al. (2009) Evidence for biological 
nitrification inhibition in Brachiaria pastures. Proceedings of the National Academy of Sciences USA 
106, 17302–17307.

Subbarao, G.V., Arango, J., Masahiro, K., Hooper, A.M., Yoshihashi, T., et al. (2017) Genetic mitigation 
strategies to tackle agricultural GHG emissions: the case for biological nitrification inhibition technol-
ogy. Plant Science 262, 165–168.

Sumberg, J. (2002) The logic of fodder legumes in Africa. Food Policy 27, 285–300.
Tarawali, G. (1991) The residual effect of Stylosanthes fodder banks on maize yield at several locations in 

Nigeria. Tropical Grasslands 25, 26–31.
Tarawali, G. and Pamo, E.T. (1992) A case for on-farm trials of fodder banks on the Adamawa Plateau in 

Cameroon. Experimental Agriculture 28, 229–235.
Tarawali, G., Manyong, V.M., Carsky, R.J., Vissoh, P.V., Osei-Bonsu, P. and Galiba, M. (1999) Adoption of 

improved fallows in West Africa: lessons from mucuna and stylo case studies. Agroforestry Systems 
47, 93–122.

Thomas, D. and Sumberg, J.E. (1995) A review of the evaluation and use of tropical forage legumes in 
sub-Saharan Africa. Agriculture, Ecosystems and Environment 54, 151–163.

Thornton, P.K. and Herrero, M. (2010) Potential for reduced methane and carbon dioxide emissions from 
livestock and pasture management in the tropics. Proceedings of the National Academy of Sciences 
USA 107, 19667–19672.

Valbuena, D., Tui, S.H.K., Erenstein, O., Teufel, N., Duncan, A., et al. (2015) Identifying determinants, pres-
sures and trade-offs of crop residue use in mixed smallholder farms in Sub-Saharan Africa and South 
Asia. Agricultural Systems 134, 107–118.

Valentim, J.F. and de Andrade, C.M.S. (2005) Forage peanut (Arachis pintoi): a high yielding and high quality 
tropical legume for sustainable cattle production systems in the western Brazilian Amazon. In: O’Mara, 
F.P., Wilkins, R.J., ’t Mannetje, L., Lovett, D.K., Rogers P.A.M. and Boland T.M. (eds) Proceedings of 
the XX International Grassland Congress: Offered Papers. Wageningen Academic Publishers, Wage-
ningen, Netherlands, p. 329.



 The impact of CGIAR research on use of planted forages by tropical smallholders 479

Wamalwa, N.I.E., Midega, C.A.O., Ajanga, S., Omukunda, N.E., Muyekho, F.N., et al. (2017) Screening 
Napier grass accessions for resistance to Napier grass stunt disease using the loop-mediated iso-
thermal amplification of DNA (LAMP). Crop Protection 98, 61–69.

Wambugu, C., Place, F. and Franzel, S. (2011) Research, development and scaling-up the adoption of 
fodder shrub innovations in East Africa. International Journal of Agricultural Sustainability 9, 
100–109.

Wangchuk, K., Rai, K., Nirola, H., Thukten, T., Dendup, C. and Mongar, D. (2015) Forage growth, yield and 
quality responses of Napier hybrid grass cultivars to three cutting intervals in the Himalayan foothills. 
Tropical Grasslands-Forrajes Tropicales 3, 142–150.

Warren, D.L. and Seifert, S.N. (2011) Ecological niche modeling in Maxent: the importance of model complexity 
and the performance of model selection criteria. Ecological Applications 21, 335–342.

White, D.S., Peters, M. and Horne, P. (2013) Global impacts from improved tropical forages: a meta-analysis 
revealing overlooked benefits and costs, evolving values and new priorities. Tropical Grasslands- 
Forrajes Tropicales 1, 12–24.

Williams, W.M., Easton, H.S. and Jones, C.S. (2007) Future options and targets for pasture plant breeding 
in New Zealand. New Zealand Journal of Agricultural Research 50, 223–248.

Zaidi, P.H., Vinayan, M.T. and Blummel, M. (2013) Genetic variability of tropical maize stover quality and 
the potential for genetic improvement of food-feed value in India. Field Crops Research 153, 94–101.


