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Abstract: This paper follows the transition from ethnobotany to a deeper scientific understanding
of the food and medicinal properties of African agroforestry tree products as inputs into the start
of domestication activities. It progresses on to the integration of these indigenous trees as new
crops within diversified farming systems for multiple social, economic and environmental benefits.
From its advent in the 1990s, the domestication of indigenous food and non-food tree species has
become a global programme with a strong African focus. This review of progress in the third decade
is restricted to progress in Africa, where multi-disciplinary research on over 59 species has been
reported in 759 research papers in 318 science publications by scientists from over 833 research teams
in 70 countries around the world (532 in Africa). The review spans 23 research topics presenting
the recent research literature for tree species of high priority across the continent, as well as that
in each of the four main ecological regions: the humid zone of West and Central Africa; the Sahel
and North Africa; the East African highlands and drylands; and the woody savannas of Southern
Africa. The main areas of growth have been the nutritional/medicinal value of non-timber forest
products; the evaluation of the state of natural resources and their importance to local people; and
the characterization of useful traits. However, the testing of putative cultivars; the implementation of
participatory principles; the protection of traditional knowledge and intellectual property rights; and
the selection of elite trees and ideotypes remain under-researched. To the probable detriment of the
upscaling and impact in tropical agriculture, there has been, at the international level, a move away
from decentralized, community-based tree domestication towards a laboratory-based, centralized
approach. However, the rapid uptake of research by university departments and national agricultural
research centres in Africa indicates a recognition of the importance of the indigenous crops for both
the livelihoods of rural communities and the revitalization and enhanced outputs from agriculture in
Africa, especially in West Africa. Thus, on a continental scale, there has been an uptake of research
with policy relevance for the integration of indigenous trees in agroecosystems and their importance
for the attainment of the UN Sustainable Development Goals. To progress this in the fourth decade,
there will need to be a dedicated Centre in Africa to test and develop cultivars of indigenous crops.
Finally, this review underpins a holistic approach to mitigating climate change, as well as other
big global issues such as hunger, poverty and loss of wildlife habitat by reaping the benefits, or
‘profits’, from investment in the five forms of Capital, described as ‘land maxing’. However, policy
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and decision makers are not yet recognizing the potential for holistic and transformational adoption
of these new indigenous food crop opportunities for African agriculture. Is ‘political will’ the missing
sixth capital for sustainable development?

Keywords: agroforestry; food security; genetic improvement; indigenous fruits and nut trees;
livelihoods; nutrition; policy; poverty alleviation; rural development; tree crops

1. Introduction

The idea of domesticating traditionally important indigenous trees as new crops in
the tropics for their useful and marketable food and non-food products originated in the
1980s [1]. This idea, which includes both cultivation and genetic improvement, was taken
up by the World Agroforestry Centre (ICRAF) in 1993, following a conference in Edinburgh
in 1992 aimed at ‘Rebuilding Tropical Forest Resources’ and the advent of Woody Plant or
Really Green Revolution [2]. Since then, it has become a pan-tropical programme expanding
across the first two decades in both the number of candidate species for domestication and
the range of research topics involved in its multidisciplinary approach [3–10] targeting
14 of the 17 UN Sustainable Development Goals [11,12]. Non-timber forest products are
currently believed to be used by about 44% of the global population [13].

Tens of thousands of tree species around the tropics and sub-tropics produce both
edible and medical products which have been important in the day-to-day lives of local
people. With the expansion of agriculture to feed a growing human population, many
of these species were cleared from the land to make way for a small number of staple
food crops, often with little regard either for their traditional and cultural significance
or their diverse and highly nutritious fruits, nuts and leaves. Over the first two decades
of their domestication (1992–2002; 2002–2012), research sought to develop techniques,
skills and strategies capturing the many potential social and economic benefits that the
cultivation of these products could deliver through community agroforestry projects and
expanded marketing and trade. In addition, research and development projects have also
been initiated to process and add value to the products both locally and internationally.
Trees, especially indigenous trees, play an important role in the capture of environmental,
social and economic benefits/profits from agriculture, described as ‘Land Maxing’ [14], by
investing in the five forms of capital (natural, human, social, physical and financial) and so
converting the so-called ‘inevitable trade-offs’ to sustainable policy ‘trade-ons’ [15].

The highlights of the first two decades [16] were as follows:

• Greater understanding of ethnobotany, traditional knowledge of indigenous species
and their deliberate cultivation by farmers;

• The application of vegetative propagation techniques in community-based village
nurseries using marcotting/grafting to capture mature traits of individual trees and
stem cuttings for the multiplication of elite trees as putative cultivars;

• The development of appropriate nursery techniques for the sexual and asexual propa-
gation of candidate species in remote villages;

• The development of participatory priority setting for the selection of candidate species
for domestication and integration into agroforestry systems. Some 50 local species were
identified for further research and development around the tropics and sub-tropics;

• The establishment of Rural Resource Centres to provide: (i) knowledge and skills for
the participatory domestication of local species using appropriate, low-technology
techniques adapted for use in remote locations with minimal infrastructure in ways
that allow local community members to benefit from their own initiatives and (ii) the
capacity to develop community engagement and infrastructure to maximize environ-
mental, social and economic benefits;

• The quantification at the village level of 3- to 10-fold continuous tree-to-tree intraspe-
cific variation in community farmland to understand the range of genetic variation
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available to local communities and its accordance with local knowledge. Subsequently,
this knowledge was formulated to identify market-specific ideotypes. Primarily, it
was morphological variation that was investigated, but this was later expanded into
nutritional and other biochemical traits;

• The start of the evaluation of genetic variation using molecular technologies;
• The examination of communal, socio-economic, legal and political issues affecting

both the adoption and impact of domesticating indigenous food and non-food tree
species and the marketing of their Agroforestry Tree Products (AFTPs).

At the end of the second decade [16], it was envisioned that the developments in the
third decade would include the following:

• Improved capture of ontogenetically mature phenotypes by better understanding of
the physiology of grafting and marcotting;

• Analysis of variations in nutraceutical, pharmaceutical and other ingredients of AFTPs
to meet the needs of new market opportunities and the identification of market-
oriented ideotypes;

• Greater investment in postharvest processing to expand local, regional and global
trade opportunities;

• Investigation of reproductive biology for increased use of controlled breeding in
centralized tree domestication research;

• Upscaled tree domestication, especially in Africa, focusing on species with impact on
income generation and nutrition;

• Impact analysis based on well-defined criteria and indicators;
• A better understanding of the role of domesticated agroforestry trees in the achievement of

sustainable multifunctional farming systems and wider local and regional marketing;
• Expanded opportunities for successful marketing of AFTPs, including public–private

partnerships in commercial markets;
• Recognition of intellectual property rights to protect poor farmers and local communi-

ties from unscrupulous entrepreneurs;
• Enhance policy support for the upscaling of intensified agroforestry systems.

This review examines progress made in Africa over the third decade (2012–2021), as
reported in the scientific literature. Thus, it presents an update on reports of the work done
in the first two decades, rather than a state-of-the-art review across the three decades.

Progress in the Third Decade

We evaluated the published literature, both by region/agroecological zone and by re-
search topic/discipline and from a pan-African policy perspective, using Internet databases
such as Google Scholar and ResearchGate, as well as our personal knowledge and networks.
A similar approach in the first and second decades [16] examined 16 research topics and
over 50 species from around the world. In addition to a set of more general pan-African
research papers, the present review is focussed on four African regions (Humid West and
Central Africa, Sahel and North Africa, the Highlands and Drylands of East Africa and the
Savanna and Miombo Woodlands of Southern Africa). These papers were then partitioned
into a set of 23 research topics (Table 1).
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Table 1. The list of 23 research topics used to characterize the scientific literature relating to the
domestication of indigenous African food and non-food tree species.

Number Research Topic

1 The state of natural resources and their genetic diversity, governance and
management—understanding the issues/constraints.

2 Ethnobotany of food and medicinal species candidates for
cultivation—including their role in diets, health and food security.

3 Commercial value of non-timber forest products (NTFPs) in local markets.
4 Nutritional/medicinal value of wild NTFPs.
5 Priority setting for domestication/commercialization—species preferences.
6 Characterization of useful traits: morphological and physical.
7 Assessments of genetic variation and its characterization.
8 Germplasm, germination and reproductive biology.
9 Vegetative propagation of candidate species.
10 Selection of elite trees and ideotypes.
11 Product commercialization—evaluation/marketability and processing.
12 Domestication concept and strategy.
13 Testing of putative cultivars.
14 Farmer capacity building—role of Rural Resource Centres, etc.
15 Implementation of participatory principles.
16 New techniques, skills and strategies (including support for gender issues).
17 Nursery developments and improved planting stock.
18 Post-harvest issues.
19 Protection of Traditional Knowledge and Intellectual Property Rights.
20 Trade and the law.

21 Local impacts of cultivation and marketing of Agroforestry Tree
Products (AFTPs).

22 Potential regional and international impacts of cultivation and
diversification of farming systems and agroecology.

23
Policy relevance to upscaling rural/urban development and to global
sustainability (hunger, malnutrition, poverty, wildlife habitat, livelihoods
and social equity, social justice, economic development, etc.).

2. Overview of the Literature
2.1. Regional

We reviewed a total of 759 articles published between 2012 and 2021 from 4 Regions of
Africa, recognizing some overlap between socio-political boundaries and broad ecological
zones. Out of these publications, 39% originated from Humid West and Central Africa
(HWCA), 20% from Sahelian West and North Africa (SWNA), 9% from Highland and Dry
East Africa (HDEA) and 15% from the Savannah and Miombo Woodlands of Southern
Africa (SMWSA). A total of 17% were of pan-African (PA) importance. In total, this is more
than double (125%) the total number of African papers published over the first two decades
combined (Figure 1).

2.2. Research Topics

When the 759 publications were divided by research topic, those from most topics
had greatly increased in number, with some new topics also being very well represented,
especially: (i) the nutritional/medicinal value of NTFPs (see: [17]); (ii) the evaluation of the
state of natural resources and their genetic diversity, governance and management; (iii) the
ethnobotany of candidate species; and (iv) the characterization of useful traits (Figure 2).
However, topics that were not represented more frequently were: (i) the testing of putative
cultivars, (ii) the implementation of participatory principles, (iii) protection of traditional
knowledge and intellectual property rights and (iv) the selection of elite trees and ideotypes
(Figure 2). At the pan-African level, three topics were well represented. These were (i) the
domestication concept and strategy, (ii) the potential impact of cultivation and (iii) the
policy relevance and implications for Sustainable Development Goals (Figure 2).
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in Africa by research topic (see Table 1) and decade.

Impressively, in addition to this growth in the number of publications relating to tree
domestication, there was a huge increase in both the number of research teams in universi-
ties and research institutes conducting this work (833 in total from 70 countries [532 from
34 countries in Africa; 182 as research partners from 17 countries in Europe; 37 from 11 coun-
tries in Asia; 66 from five countries in the Americas; and 16 from 2 countries in Oceania];
see Supplementary Materials Table S1). Interestingly, this growth was also associated with
multidisciplinary partnerships and a greatly increased range and number of science journals
publishing these papers (290 journals and 28 books—see Supplementary Materials Table S2).
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2.3. Species

In the literature for tree domestication during the third decade, 59 African species
were identified (Table 2), generally with different species in each Region, although a few
dry zone species were reported from other regions, notably baobab (Adansonia digitata)
being important in three regions. A wider range of ethnobotanically important species
were also discussed, indicating the potential for further growth in the future.

Table 2. African tree and other woody species producing edible products that have been identified
as prime candidates for domestication in the literature over the third decade (species in bold have
pan-African priority in the region).

Humid Lowlands of West
and Central Africa

Sahelian Drylands of West
and North Africa

Highlands and Dryland of
East Africa

Savannah and Miombo
Woodlands of Southern Africa

Allanblackia spp. Vitellaria paradoxa Adansonia digitata Sclerocarya birrea
Prunus africana Adansonia digitata Allanblackia stuhlmannii Adansonia digitata
Irvingia spp. Sclerocarya birrea Zizyphus mauritiana Azanza garckeana
Dacryodes edulis Tamarindus indica Vitellaria paradoxa Uapaca kirkiana
Garcinia kola Zizyphus mauritiana Ficus natalensis Strychnos spinosa
Cola spp. Azanza garckeana Balanites aegyptiaca Strychnos cocculoides
Gnetum spp. Moringa oleifera Albizia coriaria Dovyalis caffra
Ricinodendron heudelotii Borassus aethiopum Markhamia lutea Vangueria infausta
Chrysoplyllum albidum Carapa procera Tamarindus indica Parinaria curatellifolia
Tetrapleura tetraptera Parkia biglobosa Vitex doniana Sizygium cordatum
Canarium schweinfurthii Vitex doniana Vitex mombassae Vitex spp.
Pentaclethera macrophylla Dalium guineense Sclerocarya birrea Flacourtia indica
Baillonella toxisperma Garcinia kola Zizyphus mauritiana
Trichoscypha aciminata Xylopia aethiopica
Afrostyrax lepidophyllus Detarium microcarpum
Gnidia glauca Balanites aegyptiaca
Pausinystalia johimbe Prosopis africana
Tetracarpidium conophorum Argania spinosa
Garcinia lucida Irvingia gabonensis
Gambeya africanum

3. Advances in Domestication Technologies and Their Application

The first and second decades of agroforestry tree domestication were strongly based on
the decentralized concept of participatory domestication [18] and a bottom-up philosophy
for very rapid progress arising from the vegetative propagation of elite trees selected at
the village level. The foundation of this community-based approach was the development
of Rural Resource Centres by ICRAF [18] to assist participating communities acquire the
skills, knowledge and understanding of long-known, simple horticultural techniques such
as grafting, air layering (marcotting) and the rooting of cuttings, which can be implemented
by local people in remote villages without access to financial capital, and utility services
such as electricity and piped water. It is, however, important to recognize here that
there is an inadequate resource of people nationally, regionally and internationally with
the appropriate skills in vegetative propagation to meet the scale of the need for these
techniques if participatory domestication is to be scaled up across Africa.

Participatory domestication provides the basis for the development of a self-help strat-
egy for community engagement [19,20], leading to the development of ‘socially-modified
crops’ [14,15]. It is focussed on the intensification of agroforestry for multiple environmen-
tal, social and economic benefits as part of the three-step approach to rapidly reducing
hunger by closing the Yield Gaps in staple food crops while also addressing malnutrition,
poverty and social injustice [15,21,22]. This has important policy implications for African
people and for the planet (see Section 10 below).

In the third decade, there has been reduced research activity in Participatory Domesti-
cation led by the World Agroforestry Centre (ICRAF) due primarily to a loss of donor funds.
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This is less a loss of support for the concept and more a need to make funds available to
other causes. Meanwhile a new source of funding became available for a more centralized
top-down biotechnological programme focussed on a laboratory approach to crop improve-
ment by genetic characterization and tree breeding [23]. It is based on the acquisition of
knowledge of the mechanisms of genetic variation in modern science laboratories, again led
by the ICRAF [24]. Interestingly, in parallel with this change in direction by the ICRAF, there
has been a substantial increase in domestication-related research in African universities
and research institutes (Supplementary Materials Tables S1 and S2), most of it in support of
local livelihoods and land uses. It must be hoped that decentralized tree domestication has
not succumbed to the prevailing view that academic advancement is more important than
real-life impact [25]. Indeed. It is important to recognize that a participatory approach to
domestication with benefits flowing to local communities is essential when the traits being
selected are rooted in Traditional Knowledge [18].

While the centralised approach is relatively easy to coordinate, its results do not always
filter down to small-scale farmers, who encounter high transaction costs when receiving
external farm inputs, such as tree planting material and information on the management
of cultivars [23]. Thus, the centralised approach does not promote local development
based on community decision making about which species to prioritise for cultivation;
the development of efficient farm management methods in a smallholder context; or the
resolution of social, economic and political barriers faced by smallholder farmers [23]. Thus,
perhaps to the detriment of short-term upscaling and impact, tree domestication studies
in the third decade have moved towards a much longer-term strategy than the rapid and
highly successful decentralized community approach. This shift in strategy will require
a means to disseminate improved germplasm to farmers lacking the financial resources
to purchase the planting material [26]. In addition to some indigenous fruit and nut tree
species, this centralized domestication programme additionally includes over 50 annual
orphan crops (cereals, legumes, etc.) as important understorey additions to agroforestry
systems. This is aimed at furthering diversification of farming systems and diets [27];
however, their successful integration into complex agroecosystems may require selection
for higher yields in shady environments.

It is important to emphasise here that these two different strategies are not mutually
exclusive. Historically, tree crops have been domesticated from the wild over millennia
using decentralised horticultural approaches based on techniques of vegetative propaga-
tion to create cultivars that capture the unique characteristics of naturally occurring elite
individuals. Over recent decades, centralised tree breeding programmes between these
cultivars and wild relatives has led to new generations of selected varieties.

It is clear from the above summaries of these two strategies that they lie at opposite
ends of a domestication strategy spectrum (Figure 3) and that they have different merits
relevant to the domestication of indigenous trees and to needs of tropical farmers in the
short- and long-term. A number of review papers have been written about the merits
of both approaches and their use in recent years (Table 3), including the concept of a
systems approach [28]. So, we will not replicate the information here. However, to assist
development agencies and donors to understand their differences and likely impacts, a
detailed cost–benefit analysis would be helpful.
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Table 3. Sources of information about different domestication strategies and their use.

Decentralized Participatory Approach Centralized Laboratory Approach

Leakey [14,15,18,29] Dawson et al. [26,30]
Takoutsing et al. [31] Hendre et al. [24]

Degrande et al. [19,20] McMullin et al. [27]
Essougong et al. [32] Jamnadass et al. [33]

Wouapi et al. [34]

Finally, the recently republished tree domestication strategy for indigenous fruit
trees [35] presents overarching principles for the establishment of three interlinked tree
populations: gene resource population, selection resource population and production
resource population. The strategy includes ways in which science-based principles for
low-technology, appropriate methods of vegetative propagation can be used in remote
area without access to electricity and piped water and yet maintain the genetic diversity
of the preferred traits of the elite mother tree [36,37]. This is the basis of the concept of
decentralized domestication.

4. Pan-African Priority Species

In this section, we review the progress made to domesticate those species which
for ecological reasons are found naturally across two or more socio-political regions in
the continent of Africa. It is important to recognize here that these species are much
more than ‘Famine Foods’ [38,39] and are highly appreciated by local people for many
different reasons.

4.1. Adansonia digitata (Baobab)
4.1.1. Ethnobotany, Uses and Natural Resources

Adansonia digitata is a large, deciduous, drought-tolerant tree reaching 18–25 m in
height and with a trunk up to 10 m in diameter [40,41]. It is the only species of its genus
in Africa and is distributed across the drylands stretching from Senegal to Sudan and
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from Ethiopia to Natal. It provides a wide variety of non-timber forest products (NTFPs),
although these are least used in southern Africa [40–42].

In addition to its important edible fruits, baobab has been declared to be one of Africa’s
most important leafy vegetables [43], as seen regarding the livelihoods of local communities
in Mali [44]. Consequently, it has been identified as a high-priority species for domestication
across Africa. Baobab products—leaf, fruit pulp and seed kernels—are widely marketed
and have been approved for trade as ‘novel food’ in the European Commission. Baobab is
adaptable to adverse climatic conditions, suggesting its potential to contribute to climate-
resilient strategies in Africa. Every part of the tree is used: roots, bark, wood, leaves,
flowers, capsules, gum, seeds and fruits for food, fibre and medicine. Its edible fruits and
leaves are rich in vitamins, making them important for nutrition. The bark fibres are also
important products for multiple everyday uses. Across the continent, over 300 uses of the
tree have been recorded. Its medicinal products treat up to more than 20 diseases. These
are used for subsistence and/or sold by local communities to generate income, making a
significant contribution towards poverty alleviation in rural areas.

In Sudan, an ethnobotanical survey found 25 different uses for baobab products [45,46]
with preferences for sweet leaves and large fruits with a high yield of white fruit pulp,
as opposed to acidic and/or slimy pulp and bitter leaves. Rashford [43] has reviewed
leaf palatability, nutritional content and seasonal consumption in Sub-Sahara Africa, with
wide variation in consumers preferences [47]. In Burkina Faso, both gender-related and
village-related differences in use and management have been recognized, indicating the
need to seek locally appropriate management systems [45]. The identified traits were
also considered to be important indicators of individual candidate trees with potential for
domestication. In Kenya, baobab is recognised as being important for nutritional diversity
in the staple diet. Fruit pulp is also consumed as snacks, primarily fresh without any
processing [48]. However, about 60% of respondents stored fruits for later consumption
when nutritious food was scarce. Households also sell baobab fruits to augment their
income and thus to purchase other foods (45%) and to pay for healthcare (13%) and
education (23%). In Sudan, the sale of baobab products could be both negatively and
positively affected by different internal and external factors, but those that lift households
out of poverty are beneficial to rural development [49,50]. This requires appropriate
institutional, technical and financial support.

In Kenya, when a multi-stakeholder approach was taken to the initiation of a community-
based development enterprise for both baobab kernel oil and powdered fruit pulp, the
target impacts were to benefit community livelihoods and their capacity to manage and
utilize the resource, as well as to enhance consumption and food security [39].

To promote the conservation and domestication of baobab across Africa, Gebauer
et al. [51] comprehensively reviewed its ecology, diversity and current utilization and
presented ideas to encourage further studies and investment in the species. These include
studies of its phenotypic and genetic variation, population status/uses, socioeconomics of
management/processing and trade, nutritional value, horticultural production, ecophysiol-
ogy and its root system. In addition, domestication-related studies have considered the
potential to cultivate young baobab trees in a leaf production system [43].

4.1.2. Genetic Variation and Domestication
Phenotypic Characterization and Provenance Variation

A number of studies this decade have sought to gain a deeper understanding of
the variation in baobab. The first made a proximate analysis of 178 fruit samples from
11 Sahelian West Africa sites in Burkina Faso, Mali and Niger [52] and evaluated the
variability in fruit morphology, as well as sugar and vitamin C content.

Like most such studies, there was a high level of intraspecific variation between
individual trees, but there was also a linear relationship between rainfall and vitamin C
content across these sites, with vitamin content being higher in sites with lower precipitation.
A negative relationship was found between fruit size and both latitude and longitude, while
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there was a positive correlation between sugar content and latitude and longitude. The
authors, however, concluded that the levels of vitamin C and sugar within site variation
merited a more detailed study to identify superior trees. A somewhat similar study of
10 provenances in Mali [53] confirmed some of these correlations. The study also found that
pulp iron content was positively correlated with topsoil sodicity and base saturation, while
pulp vitamin C content correlated positively with topsoil sand fraction, water and base
saturation. Furthermore, significant negative correlations were found between rainfall and
pulp vitamin C content and between mean annual temperature and fruit and pulp weight
and pulp fraction, suggesting that these traits are influenced by the environment [53].

In a pan-African study of 17 baobab provenances from Kenya, Tanzania, Zambia,
Zimbabwe, Malawi and Mali, significant variation was found in the pulp moisture, protein,
fibre, ash and elemental content among provenances [54]. However, there were differ-
ences at the national level in most traits, indicating opportunities for selection, both for
germplasm conservation and for domestication. Two follow-up studies in Kenya found tree-
to-tree variation in a wide range of nutritional parameters. In the first, trees from coastal
populations with larger fruits produced higher fruit yields than those inland [55]. Some
elite trees were selected with high fruit weight, high pulp proportion and intermediate
or sweet-tasting fruit pulp in the two regions. The second study in six populations con-
firmed the importance of intraspecific variation between individual trees at the population
level [56], especially in iron, zinc and vitamin C. Despite the correlations reported above
between fruit traits and the local environment, these authors suggest that genetics play
a stronger role in nutritional variation than the environment. Thus, these results further
illustrate the importance of tree-to-tree variation in the domestication and cultivation of
this species.

In Ghana, it was concluded from studies on 14 morphological traits that the diversity
of genetic variation makes its domestication highly appropriate [57]. To further determine
the potential to domesticate baobab for its nutritional qualities, a study has examined the
fatty acid composition of seed oil in provenances from across the African continent [58].
This identified significantly different mean provenance variation, with the following overall
means: saturated fatty acids (17–22%), monounsaturated fatty acids (32–38%) and polyun-
saturated fatty acids (22–26%). Palmitic acid, oleic acid and linoleic acid were the most
abundant of each of these fatty acids, respectively. In parallel with this, the nutritional
content of leaves showed high variability across genotypes from 36 populations, which
could be placed in 4 variance clusters [59]. These authors recommended tree breeding
between divergent populations to develop genotypes with higher nutritional values, as
well as greater tolerance of biotic and abiotic stress.

Together, the above studies illustrate the potential to select elite individual baobab
trees for domestication and expanded cultivation in dryland Africa [51] and that further
research on tree genetics is needed to complement ethnobotanical knowledge [46] to ensure
that the cultivated trees meet the needs of the people.

To aid in this research, germplasm conservation and domestication programmes,
baobab ‘descriptors’, have been published [60]. These include ‘passport’ descriptors defin-
ing the parameters that should be observed when the accession is collected; ‘management’
descriptors for accessions in the genebank; ‘environment and site’ descriptors, which are
site-specific parameters for characterization and evaluation trials; and ‘site’ descriptors
for germplasm collecting. Studies have found that descriptors to discriminate between
phenotypes were equally expressed across all environments.

Genetic Variation

Unlike other species in the genus Adansonia, baobab (A. digitata) is tetraploid. How-
ever, a study of the variation in floral and pollen characters and chromosome number
in specimens from Africa has identified a new diploid species, which has been found
to co-exist with baobab below 800 m altitudes in Africa but is reported to extend up to
1500 m [61]. It has been called Adansonia kilima sp. nov. and is superficially similar to
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A. digitata, but the species can be differentiated on the basis of floral morphology, pollen
and chromosome number. However, by using a combination of phylogenetic analyses and
statistical comparisons of various traits such as flowers, stomata and chromosome counts,
Cron et al. [62] found that A. kilima is neither cytologically nor morphologically distinct,
and the authors have thus reduced the proposed species to synonymy with A. digitata.

Six studies have sought to gain a better understanding of the genetic variation un-
derlying the morphological and nutritional variation of baobab. The first was a seedling
provenance trial to assist a breeding programme for leaf production in an irrigated hedge
system in Mali. It involved 14 provenances—10 from Mali, 2 from Niger and 2 from
Burkina Faso. Highly significant differences in leaf production were found among prove-
nances and families within provenances, with moderate to low heritability estimates for
leaf productivity [63]. Strong correlations between diameter and leaf production indicated
the potential to use diameter as a predictor for leaf production vis à vis its seasonality.
Somewhat similar provenance trials with seedlings were also conducted in Malawi [64–66].
In general, West African provenances grew faster than those from East Africa but with weak
correlations between leaf morphological traits and climate, although the leaflet number was
significantly greater in drier areas. The Malawi trial showed that the mainland populations
were genetically distant from the one on the isolated Likoma Island. A study in Malawi
also sought to determine whether the morphometric traits in fruit and seed characteristics
within and between provenances could delineate populations from different zones into
landraces. The results found that single seed weight showed pronounced evidence of
divergence of populations into ecotypes [67].

The other three studies used microsatellites to assess genetic diversity, the first in
seven coastal and inland Kenyan populations [68], the second in populations of the Nuba
Mountains of Sudan [69] and the third in Malawi [67]. All these genetic studies also found
high morphological diversity in fruits and/or leaves. Interestingly, there was evidence
that some baobab morphotypes retained leaves during the dry season [70]. Within the
high diversity in the fruit length, width and length/width ratio along a climate gradient
from the Blue Nile to North Kordofan in Sudan, clavate and crescent shapes were found
only in North Kordofan, while a rhomboid shape was only found in the Blue Nile [71]. In
Kenya, the genetic diversity was high, with little difference between coastal and inland
sites, despite limited geneflow between populations. Likewise, there was little difference
in genetic diversity between sites in Sudan, although two distinct gene pools were ob-
served, with the one close to a main road being more diverse, suggesting an influence
of human intervention [72]. In Malawi, moderate genetic differentiation was observed
among populations indicating the presence of a large number of common alleles, resulting
in a homogenisation effect. The authors attributed the low genetic variation found to
marginalized populations, anthropogenic factors and founder effects.

A physiological study to examine geographical variation in drought tolerance using
plants from Mali and Malawi found that baobab responded to water stress by leaf shedding
and allocating more biomass to the root system, while regulating photosynthesis and
transpiration by stomatal control [73]. Water stored in the taproot was used to protect old
leaves and for the formation of new leaves and roots, with a significant correlation between
taproot water content stomatal closure. Interestingly, the two populations had different
drought strategies, suggesting that selection for drought tolerance may be possible.

Domestication

In Niger, farmers have chosen a baobab-based agroforestry programme that suits
their livelihood needs for its potential to improve their household food security and
income [74]. A study of seed germination to enhance the performance of seeds of A. digitata
in Nigeria found that a soak in 98% sulphuric acid for an hour prior to sowing improved
establishment [75]. However, in southern Africa, domestication began with the selection of
clonal propagation, especially in Zambia and Malawi [65]. To take advantage of the high
intraspecific phenotypic and genetic variation within and between populations, vegetative
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propagation techniques have many advantages. One study reviewing the literature on
the use of vegetative propagation in baobab reported only 30% rooting success with IBA
hormone [76] and recommended the need for further studies, especially for the rooting
of cuttings and marcotting. Anjarwalla et al. [77] and Jenya et al. [40], however, reviewed
‘top cleft’ and ‘side veneer’ grafting techniques in Kenya and Malawi. Top cleft grafting
showed slightly more survival success than side veneer (71% vs. 55%). Using 2-year-old
rootstock was slightly more successful than 1-year old ones. The study in Malawi also
found that top cleft grafts had higher success rates than side veneer grafts. The results
indicate that baobab is easily amenable to grafting when done at the right time with the
correct size of scions—the same is probably true for the rooting of cuttings [37]. Both studies
recommended grafting for use in domestication programmes. Nevertheless, when using
grafting, attention must be paid to the risks of graft incompatibility and to the common
situation that shoot growth from the rootstock can replace the intended growth from the
selected scion. Marcotts and rooted cuttings on their own roots avoid these risks [37].

4.1.3. Commercialization of Products

As discussed earlier, nutritious baobab products are very important locally across
dry Africa and have potential markets as lifestyle food products in Europe and in the
USA [78]. Indeed, thanks to processing and packaging, they have already gained access
to international markets [43] with several hundred formulations in European markets,
following approval for trade by the European Commission. In Kenya, women have been
the main actors in the baobab value chain networks, principally trading unprocessed
pulp known locally as ‘mabuyu’, made out of baobab-pulp-covered seeds, sugar and food
colour [79]. This candy increases in value from <1 USD/kg paid to fruit collectors up
to USD 1.5 paid by the consumer. This is an important source of extra income for rural
households, especially in the dry season, suggesting that there is great potential to increase
market income through the domestication of baobab trees.

To enter international markets, food products have to meet food safety standards
associated with processing and product quality. In Malawi, a baobab-processing sector
has emerged to supply both food and non-food products to local consumers, based on
small-scale, informal enterprises. Studies by Darr et al. [78] have shown the importance of
value-addition through approved standards of processing and packaging. Baobab fruits
may have other potential uses. For example, the transesterification of baobab oil has been
carried out to assess the potential of baobab kernel oil for use as biodiesel [80]. The results
show that important fuel properties of biodiesel from baobab oil met both the European
and American (EN and ASTM) standards. Baobab is one of two species examined to
evaluate concerns about ecological sustainability and inequality arising from the increased
formalization of trade in natural products [81]. The study concludes that better informed
and more respectful of local knowledge is needed to ensure respect for customary laws.

Marketing Concerns

Concerns have been raised that developing international markets for African indige-
nous food products could damage local supply, environmental degradation and loss of
local dietary diversity. These concerns for subsistence users of baobab were greatest in
West Africa, where there is a high dependence on these products, unlike southern Africa,
where baobab has been reported to be ‘underutilized’ and where commercialization could
help reduce poverty [42]. This concern was the subject of a conference “Bridging the gap
between increasing knowledge and decreasing resources” in the Czech Republic in 2014,
which examined these issues [82]. The meeting concluded that research should “address
the improvement of the long-term food security and nutrition of local communities in the
target regions by (i) ensuring the availability of and access to baobab products with high
nutritional value, (ii) increasing the use of baobab products in daily diets, and (iii) raising
incomes from selling raw and processed baobab products of high nutritional value”. These
objectives concur strongly with the initiatives to domesticate indigenous food trees as new
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crops for subsistence farmers [3,14]. In addition, Chivandi et al. [83] have identified the
need for research to focus on how to tap into health benefits of indigenous tree products
for people and animals and to develop new products such as natural sweeteners and
pectins for industrial use. They also emphasise the environmental and livelihood benefits
arising from increased community-based sustainable utilisation and conservation of these
tree species.

Concerns have also been raised about increased grazing pressure on natural regenera-
tion. Studies have ascertained that baobab populations do decline under heavy livestock
grazing, but that they are sustainable under moderate grazing pressures [41], as seed
production is substantial [84]. However, the predation of fruits by baboons also leads
to population decline, as does drought due to failure of the ‘rains’. These authors did
conclude, however, that planting and protection from livestock is required to overcome
recruitment bottlenecks.

4.2. Sclerocarya birrea (Marula)
4.2.1. Ethnobotany, Uses and Natural Resources

There are three sub-species of Sclerocarya birrea in Africa: subsp. birrea, subsp. caffra
and subsp. multifoliolata. Their natural distribution spans drylands in 29 African countries,
but they primarily grow in different areas in Africa. Subsp. birrea is found in the Sahel and
northern Africa, and subsp. caffra is found in the Miombo Woodlands of southern Africa. In
East Africa, both subspecies are found, while in Tanzania alone subsp. multifoliolata is native,
but it can also be found together with the other two subspecies. Under good conditions, the
tree can grow up to 15–20 m, with a mean diameter of 80–100 cm at maturity [85]. Generally,
S. birrea occurs in areas receiving 200–1600 mm rainfall per annum on sandy to loamy soils.
However, in Malawi, S. birrea thrives mainly in hot, dry areas at altitudes of 500–1000 m
with a mean annual rainfall of 900–1000 mm and mean annual temperature of 22 to 23 ◦C.
The species also thrives on hydromorphic soils with limited drainage, which are seasonally
waterlogged [85].

To understand the population stability of marula in the Bushbuck Ridge area of
South Africa, tree density and size–class distribution profiles were evaluated in areas with
different land uses. Tree density was highest in homegardens due to discarded seeds from
household beer making and lowest in crop fields [86]. Female tree densities were relatively
constant across all land-use types, suggesting that the combination of cultural and economic
values can conserve species, although harvesting them for fuel wood in rangelands may
pose a threat. The authors consider that such findings may be relevant to other social-
ecological situations where natural resources are important for sustaining livelihoods.

A mature tree of S. birrea can produce as many as 91,000 fruits. These can be eaten
fresh or fermented to make beer [85], while the edible kernels are rich in a highly nutritious
oil. The leaves and the bark of S. birrea also have medicinal uses, and the wood can be
carved into utilitarian items such as spoons and plates or decorative animal figures [85]. In
addition, the species is a browse for livestock and provides shade for cereal crops.

Within many African communities, the fruits and kernels in particular, have great
cultural and ceremonial value [85]. Nevertheless, the natural resource is under considerable
pressure due to the extensive clearing of woodlands for settlement and agriculture, which
threaten the ecosystem services and genetic diversity of the species [85]. Despite this, a
survey in southern Africa found that local communities had positive attitudes towards the
conservation of marula trees and were also keen to participate in their domestication [87].
It was also clear that there is a need for more information about local management strate-
gies [88], including its vulnerability to wildlife pressures from fruit and seed predation,
especially from elephants [89]. An ethnobotanical survey in Namibia found that 87% of the
population had indigenous knowledge passed down from their parents, with a majority
indicating that the species was in a decline not being addressed by any management [90].

In Zimbabwe, a study compared the distribution and stem densities of marula in
natural vegetation and on farms and found that there were nearly twice as many trees in
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farms (7 vs. 4 stems/ha), with female trees outnumbering males (55 vs. 34%) [91]. The
author concluded that this is the result of farmer protection of fruit producing female trees
and advocated the need for further work to domesticate this species. Another study exam-
ined the harvesting and utilization of the species by smallholder communities [92,93] and
found that 49% of households consumed ripe fruits raw, while 76% also made a traditional
fermented wine/beer and 54% consumed the kernels. The utilization of these products
is a major source of income for local people meeting the economic needs of poor commu-
nities in rural areas while also contributing to food and nutritional security [85]. Indeed,
the larger fruited S. birrea subspecies caffra is more commonly cultivated as homestead
trees in southern Africa than is subspecies birrea in the Sahel, due to its tendency to have
larger fruits.

4.2.2. Genetic Variation and Domestication

Marula was one of the priority tree species identified for domestication by the ICRAF
and local farmers in the 1990s. When 21 provenances (20 of S. birrea ssp. caffra and
1 of S. birrea ssp. birrea) from Malawi, Zambia, Zimbabwe, Namibia, Botswana, Tan-
zania, Mozambique and Mali were planted in Mangochi, Malawi, there were signifi-
cant differences—up to threefold—between the populations for most vegetative growth
traits [94]. Studies in Namibia and South Africa found some evidence that farmers have
initiated domestication by selecting desirable trees in the lands [95]. The Marracuene
population from Mozambique was ranked top for height, diameter at breast height, crown
width and crown depth. After 7 years, only 8 populations had fruits, of which the Mar-
racuene population had the greatest fruit yield with considerable tree-to-tree variation
in fruit production ranging from 1 to 1228 fruits per tree [94]. A follow-up study then
found significant variation among the provenances in the number of fruits, fruit weight,
pulp weight, seed weight, fruit length and diameter [85], with no correlation between the
number of fruits and other fruit traits. The authors recommended that studies should
investigate fruit taste and other quality traits. A weak relationship between fruiting and
vegetative growth suggests that growth should not be used as a predictor of fruiting [96].
Likewise, only moderate correlations have been reported between fruit yield and crown
growth. Thus, more work is needed to understand any possible relationships between
vegetative growth and fruiting. Relevant here may be the recently reported provenance
differences in their susceptibility to leaf predation by insect pests in Malawi [97].

Genetic variation, especially tree-to-tree, in many parameters has important implica-
tions for domestication of this species [36,95,98]. In a follow-up provenance study five years
later [99], phenological traits differed between provenances, although with some overlap.
Like many indigenous fruit and nut species in Africa, marula is a dioecious species with
male and female trees. The earliest flowering was in the eastern provenances (Mozambique
and Swaziland) and later in others. The early flowering genotypes fruited and matured
between August and January, while the later provenances fruited from September to May,
with male trees flowering slightly earlier than females, but some trees classified as female in
one year were found to have some male flowers in the next season. Fruit yields also differed
between years (2016/2017 versus 2017/2018), indicating probable environmental influences
on phenology. These results suggest a need for more detailed phenological studies. This
is especially the case in the Sahel, where the flowering season in Senegal (February to
March) is only a few months after that in the southern hemisphere, with fruiting from April
to July [100]. However, at the most southerly site (Amaly), there was a small amount of
flowering from October to November. Nevertheless, marked differences were observed
between and within sites for the leafing and flowering phases and a significant difference
within and between species [100]. Marula nuts can contain up to four oil-rich kernels, but
in Burkina Faso, the number ranged from one to three [101], as has also been reported from
southern Africa, perhaps due to poor pollination success [102].

While provenances are grown from seed, horticultural cultivars are vegetative propag-
ules. When growth of seedings was compared with that of stem cuttings, survival was
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greatest in cuttings, although seedlings grew faster [103]. The author recommended the
use of cuttings because of their better survival, but of course, cuttings from selected elite
trees are also genetically superior and identical for whatever trait(s) have been selected [37].
Likewise, marula is one of the species included in the African Orphan Crops Consor-
tium initiative for genomic studies aimed at the breeding of high yielding, nutritious and
climate-resilient crop varieties, discussed below [24].

4.2.3. Commercialization of Products

Like many other indigenous tree food products, S. birrea has nutritious fruits contain-
ing high levels of vitamins and oil rich kernels with unique fatty acid profiles, etc. [104]
with dietary significance for humans [105], as well as a supplement for livestock feeds [106].
For example, a study in the Sudano-Sahelian zone in the north of Cameroon gave the prod-
ucts of S. birrea subspecies birrea the third highest total use value of the 50 woody species
documented [107]. There is evidence in southern Africa that the processing of fruits and
kernels is common and, in some places, highly advanced. In South Africa and Botswana,
there is commercial processing of the fruits for juice, jams, snacks and liquors. In addition
to the traditional uses of marula, there are numerous potential new commercial uses, such
as the ‘Amarula’ liqueur [108], biodiesel [109], vinegar [110], jams, jellies, yoghurt and ice
cream [111]. In addition, there are health and medicinal uses [112,113], as phytochemical
analysis in Nigeria has shown that the stems, roots and leaves contain alkaloids, tannins,
phenols and flavonoids with medicinal properties [114]. This rich phytochemical content
varies between sites. Additionally, marula oil has many food and domestic uses as it is
10 times more stable to oxidation than olive oil and has free radical scavenging properties.
These are traits conferring its use in cosmetics [94].

With extensive tree-to-tree variation in so many traits, it is clear that when domesticat-
ing marula and many other indigenous fruit and nut trees, there is great potential to identify
ideotypes—ideal trait combinations—to meet specific market and/or industry needs by
developing a hierarchy of different ideotypes to meet different market opportunities [115].
Individual trees matching a selected ideotype can then be propagated vegetatively to form
elite cultivars to meet market needs.

4.3. Vitellaria paradoxa (Shea Nut)
4.3.1. Ethnobotany, Uses and Natural Resources

The shea nut tree (Vitellaria paradoxa) occurs from the Sahel to the drylands of central
East Africa. It is one of the best known among many indigenous trees of Africa as the
oil from its nuts is the source of shea butter that is widely used in the confectionary and
cosmetic industries. Shea butter production as a source of edible fat from agroforestry
parklands is second only to cocoa butter as a source of stearic acid in the multi-billion dollar
chocolate and cosmetic industries [116]. Shea is also famous as one of the dominant species
in the Sahelian parklands which are densely populated by both people and livestock [117].
In Burkina Faso, V. paradoxa, Tamarindus indica and Adansonia digitata were ranked the most
important medicinal plants [118], while the same species are also the source of important
traditional foods with high nutritional value [119].

In addition to its products and their role in livelihoods, V. paradoxa parklands are
recognized for their contribution to environmental services. These roles were studied in
Benin where soil and land-use variables of farmland in particular strongly affected the yield
of shea fruits [120]. Interestingly, in Benin, a survey found that the parklands contained
a good distribution of tree diameter classes, showing that shea agroforests have a stable
and regenerating population with opportunity for improved management of juveniles
to guarantee the stability of the system [121]. There is, however, variation in fruit yields
between years, as well as strong variation in the production of individual trees. These
parklands provide some resilience to local climate change, involving a complex set of factors
influencing the density and age of individual trees and their impacts on the production of
both staple crops and tree crops [122]. Understanding the interactions between trees and
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crops across different ecological conditions would assist the development of successful
adaptation strategies to combat climate change in West Africa. For example, shea and other
local species have also been reported to be excellent for carbon storage and thus for the
mitigation of climate change and as a source of wood fuel [123]. It is clear, therefore, that
V. paradoxa has an important potential role in the restoration of degraded farmland. This
could be enhanced by domestication. For example, in Burkina Faso, about 51% of land was
found to be favourable for its cultivation [124]. Interestingly, male and female farmers in
Burkina Faso have been found to hold overlapping areas of knowledge about shea uses,
yields and shea nut characteristics and recognize the importance of the same management
practices and principles guiding the selection and conservation of shea trees in cultivated
fields [125]. This case study from Burkina Faso indicates the importance of intra-household
knowledge sharing to the achievement of resilient agroforestry practices.

In the context of climate change, a modelling study has concluded that habitat protec-
tion and restoration could be achieved in Benin by the domestication of the species to both
conserve V. paradoxa and support farmers’ livelihoods [126].

4.3.2. Genetic Variation and Domestication

Shea nuts are especially important for women’s incomes, but in some areas, pro-
ductivity is in decline. Two actions which can reverse this decline are the removal of
parasite-infested trees, heavy pruning of old trees and grafting scions from selected trees
on to young rootstocks [127,128]. In this respect, participatory surveys of local knowledge
have found that local people in Burkina Faso recognize at least 25 ethno-varieties [129],
based on locally agreed criteria, such as nut size, characteristics and folk names, which
relate to 11 primary fruit and nut variants of the shea tree in the area [129] providing an
excellent starting point for domestication. When 28 ethno-varieties from three farming
systems were sampled in Uganda and analysed using microsatellites, 86% of the genetic
variation was found to occur within individual trees with high gene flow [130], although
three distinct populations were identified. Using a set of 12 quantitative traits, a study
of 220 elite trees in Côte d’Ivoire identified three agro-morphological clusters which did
not completely overlap with their geographic origins. One cluster was considered to be
especially relevant for the development of high-yielding grafted plants [131]. In Benin, the
shea parklands of Bembèrèkè were found to have considerable morphotype diversity with
the widespread small fruit type (‘Yanki’) said to produce high fruit and butter yields [132].

A study in Burkina Faso to assess the interannual variation in fruit production along a
climatic gradient found that fruit production was strongly and positively related to tree size
and that at the individual tree level variation in fruit production between years was greater
in drier areas, with some variation between climate zones [133]. Conversely, in addition
to the livelihood benefits that can be derived from the domestication of indigenous fruit
and nut species for cultivation in agroforestry parklands in the Sahel, there are important
environmental benefits from revegetation and land rehabilitation.

Importantly, V. paradoxa has important physico-chemical properties relating to food
and medicinal uses [134]. For example, one study of the medicinal properties of shea nuts,
found that the extract of defatted kernels and its constituents contained potential antioxi-
dant, anti-inflammatory, skin-whitening, chemopreventive, and anticancer agents [135].

Although early studies of vegetative propagation of shea trees found that it is not
an easy species, a recent study of grafting on two-year-old rootstocks in Côte d’Ivoire
found that terminal slit grafting resulted in the greatest success (90%), with recovery in
21 days and good vegetative growth (1.63 twigs; 5.59 leaves; and 3.28 cm in height per
month) recorded in the grafted plants [136]. This opens the way for the development of
elite cultivars.

However, good fruit production in agroforestry systems depends on the successful
pollination of many flowers. A study of pollination success in Burkina Faso examined the
effects of local and landscape habitat diversity and found that the loss of biodiversity can
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lead to pollen limitation [137], indicating that shea yields in parklands are likely to benefit
from the retention of a diverse array of other tree and shrub species.

With all these different selection opportunities, it is clear that the domestication of
shea trees could be based on a range of different ideotypes [115] appropriate either for
domestic use or for income generation in local and regional markets/industries.

4.3.3. Commercialization of Products

The development of a value chain can result in social issues such as gender inequality.
The international trade in shea has been opaque to the consumers of its edible products
about the role of women involved in the production, harvesting and post-harvest processing
of shea nuts [116]. In an attempt to address this, a 3D animation has been produced to
indicate opportunities to improve the extraction yields, to lower production costs and to
improve the marketable product. Furthermore, to raise awareness of these gender issues,
Ingram et al. [138] have examined examples from the shea and cocoa industries to illustrate
the opportunity to effect changes in agroforestry systems.

4.3.4. Post-Harvest Storage

The expansion of shea production raises post-harvest issues. For example, the storage
of shea fruits and nuts is often associated with their damage by a wide range of insects
(mites, ants and weevils), threatening food security, self-sufficiency and farmer income.
These risks increase with longer periods in storage. To minimize these losses, care should
be taken to maximise product quality, ensure proper drying prior to storage and to promote
general hygiene [139]. To minimise damage during the shelling of nuts and to maximise
increase in the efficiency of the process, a special shea nut shelling machine has been
developed [140] with high shelling, recovery and cleaning efficiencies (96%, 83% and
70%, respectively).

4.3.5. Impacts and Multiple Benefits

The potential of V. paradoxa to sequester carbon in standing biomass for the mitigation
of climate change is one of its multiple benefits. However, one must also recognize that
in the preparation of cosmetic products from shea nut oils, there are carbon emissions
arising from post-harvest operations and the use of shea products for fuel. One study
has examined ways to minimise these emissions by more efficient use of the co-products,
and found that substantial savings can be made over the relatively inefficient traditional
processes [50]. Furthermore, there is an opportunity to use ‘green chemistry’ to produce
a wide range of new products from shea butter as part of a new global approach to the
industrial development of sustainably produced and healthy edible vegetable oils and
fats [141]. Using a modelling approach to this kind of development, Seghieri [142] has
simulated the intensification of shea parklands’ production to predict their economic,
agronomic and environmental performance.

4.4. Allanblackia Species (Tallow Tree)
4.4.1. Ethnobotany, Uses and Natural Resources

Three Allanblackia species have been of special interest: A. parviflora in Ghana, A. floribunda
in Cameroon and Nigeria and A. stuhlmannii in Tanzania. The oil-rich kernels of Allanblackia
species have traditionally been used by local people for their edible oils and medicinal
properties. Allanblackia trees are said to be dioecious with separate male to female trees. The
ratio of male:female has been found to vary between farmland of different age ranging from
1:0.5 to 1:2 on recent and mature farmland, respectively [143]. The predominance of female
trees in farmland was thought to be the result of the selective felling of non-productive male
trees, with obvious implications for domestication. Towards the end of the second decade,
their domestication became a major Public–Private Partnership agroforestry initiative due
to commercial interest in their unique fatty acid profiles [16]. This has led to enhanced
interest in its cultivation as a new crop.
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4.4.2. Genetic Variation and Domestication

The focus of genetic selection has been the unique fatty acid profile of Allanblackia
kernels, especially their stearic and oleic acid contents. This has led to studies on their
chemistry to better understand the health benefits of Allanblackia oils. For example, Crock-
ett [144] has emphasised the need for a better authentication of the oils to determine their
safety for human consumption to prevent heart disease. A study using High-Performance
Thin-Layer Chromatography found the presence in seed oils of phytochemicals probably
from the seed shells/husks [145]. Such secondary metabolites may be important in future
research. In a parallel study, [146] examined oil yields finding large tree-to-tree variation
of importance for domestication and no suggestion that oil yield was affected by soil
properties. Nevertheless, the highest oil yields were found in trees from wet evergreen
forests. In southern Nigeria, little variation in the mean fruit length, width or weight was
identified between three provenances, although high within-provenance variation was
observed [147].

Domestication has been constrained by a number of issues arising from: (a) diffi-
cult propagation by seed and by vegetative propagules; slow vegetative growth and pla-
giotropism; and (b) farmer participation in both cultivation and business development [148].
Seeking to resolve some of the seed germination problems, sectioned and stratified seeds
were tested for their germination capacity [149]. Proximal sections germinated best, while
distal sections only produced seed roots.

Allanblackia trees have been found to be difficult to propagate vegetatively, being
slow to root as stem cuttings and typically producing only one or two roots. In addition,
due to the weeping branching habit of the trees, branch cuttings tend to develop with
plagiotropism. However, fertilizer applications to stockplants enhanced both stockplant
growth and the subsequent rooting of cuttings [150]. In accordance with the principles
for robust propagation by cuttings [37], more recent studies have found that the light
environment of the stockplants affects subsequent rooting success [151]. However, the
optimum irradiance has not yet been identified, nor has the importance of light quality
been determined. When air-layering was tested on shoots from stumps of different heights,
those from short stumps rooted best [149].

Obviously, when developing clonal stands of selected trees, it is important to ensure
the optimum sex ratio. In a comparative study of flowering in seedlings, stecklings and
grafted plants, grafted mature trees started to flower after two years, while faster-growing
juvenile seedlings were yet to flower after 8 years [152].

Despite the Public–Private Partnership approach developed for the domestication of
Allanblackia species the proposed pathways conformed to those of decentralised partici-
patory domestication and the development of multifunctional agriculture [153] aimed at
integrated rural development and the reconciliation of biodiversity and livelihood concerns
to achieve societal goals [148]. Thus, like the domestication of other West African indige-
nous fruits and nuts, a community approach has been promoted for Allanblackia [154], in
which communities are encouraged to develop their own village nurseries and to expand
with satellite nurseries.

4.4.3. Commercialization of Products

The prime focus of the commercialization has been its potential in the manufacture of
margarine for international markets. However, as with domestication, a localized approach
to marketing was promoted through small- and medium-term enterprise development for
the Allanblackia product trade [155]. This initiative has resulted in the export of nuts for
processing in Europe.

4.5. Tamarindus indica (Tamarind)
4.5.1. Ethnobotany, Uses and Natural Resources

A national-scale analysis of the traditional use of indigenous plants in Burkina Faso
found tamarind (Tamarindus indica) to be one of the top three most important medicinal
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species [118] worthy of development. In sub-Sahara Africa, this species is traditionally used
to build resilience into the farming system in terms of food security, income generation
and ecosystem stability [156]. Indigenous fruits are one of the most important groups of
plants for consumption by local people, with T. indica among those of greatest importance
for their nutritional value across the continent [104,105,107]. Nevertheless, there is a need
for much more information about the nutritional composition of tamarind.

Approximately half of the population in one study in Uganda [157] had T. indica in their
compounds or homegardens, about 50:50 self-propagated or planted, mostly intercropped
with other crops or trees. In Senegal, the effects of climate change on the species distribution
and density around villages were recorded and modelled for future climates. The results
showed a decreasing south to north gradient in tree density, suggesting that, under climate
change, the area for future cultivation will decline. T. indica has been reported to be one
of a number of indigenous fruit tree species with potential to be used in small-scale local
industries in northern Nigeria to promote food security and rural development, especially
if some of the current constraints such as inadequate electricity supply and access to
capital can be removed [158]. As climatic conditions affect flowering and fruiting [159],
there are concerns about the impact of climate change. However, using three different
climate models to assess future impacts of climate change, it was concluded that a decline
in precipitation will convert the currently poorly suitable sub-humid humid zone into
highly suitable zones, while an increase in rainfall would convert the currently highly
suitable semi-arid and subhumid dry zones into poorly suitable areas [160]. An increase
in aridity would therefore extend the potential geographic range of tamarind in Benin. In
addition, genetic conservation appears to be important in the northwest basin to avoid
future inbreeding depression.

4.5.2. Genetic Variation and Domestication

Tamarind is an important smallholder crop in the Sahelian countries, making it highly
appropriate for local domestication based on the most interesting phenotypes/genotypes
possessing several desired traits. Plotting the frequency distribution of the different fruit
traits indicated that farmers have already achieve stage one of domestication, demonstrating
the use of this technique to assess the level of farmer domestication.

In Mali, a field trial tested different provenances from four contrasting agro-ecological
zones and found that elite trees of tamarind contain the best combination for the most
desirable fruit traits. There was good correspondence between these data and farmers’ se-
lection criteria, with trees from the driest areas producing smaller fruits and less pulp [161].
Although the study found evidence that the environment influenced both morphological
and nutritional traits of tamarind fruits, marked genetic variation was also evident. As
part of a first step towards domestication, this study characterized tree-to-tree variation
in pod morphology, sweetness and tartaric acid content in four provenances. Although
most trees produced sour fruits with high tartaric acid content, some sweet tamarinds were
identified, especially those from Hombori. Importantly, a few trees in each provenance
were found to combine a number of desirable fruit traits and so to represent elite trees—or
an ideotype—appropriate for local domestication.

4.5.3. Commercialization of Products

Although having a sharp, sour taste, the pulp of tamarind fruits is used industrially to
make sauces, syrups, jams, chutney and beverages [162], with greater potential for its oils.
In addition, its leaves, bark and roots are used as medicinal products, fuelwood and fodder.
In Uganda, T. indica is greatly valued by the majority of the population as food, medicinal,
cultural, social, environmental amelioration and income generation purposes [157].
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4.6. Zizyphus species (Ber)
4.6.1. Ethnobotany, Uses and Natural Resources

There are many Ziziphus species, several of which are indigenous to Africa. Here,
we discuss three species: Z. mauritiana, Z. mucronata and Z. spina-christi. They are all
indigenous to dry, low-rainfall and high-temperature areas. They produce edible fruits
which are used in local cuisine, as well as to make alcoholic and non-alcoholic drinks, jams,
etc. The trees have large spines and are also used to make hedges to exclude livestock.

Z. mauritiana fruits are harvested in large quantities in the Zambesi basin of Zim-
babwe [163]. These fruits are marketed both locally and to neighbouring countries, although
many households in this area are food-insecure and dependent on Food Aid. The authors
of this study concluded that the cultivation of this species should be encouraged, both for
food and for income generation. In an ethnobotanical study in the north of Cameroon,
Z. mauritiana was one of the 50 species considered to have high use value with respect to
its multiple uses and ethnobotanical heritage and that the species is either conserved or
planted in farming systems [107,164]. Likewise, a pan-African multi-species study reported
that Z. mauritiana had great potential for its high nutritional quality and potential for
income generation [104]. This study called for more data to fully evaluate the potential of
this species in Sub-Saharan Africa. One study with this objective has been conducted in
the Sahelian and Sudanian ecozones of Mali to examine the relationships in a number of
dry zone species between growth and fuelwood properties with mean annual rainfall and
geographical coordinates [165], but Z. mauritiana was not one that was recommended as
having good growth:fuelwood properties. In northern Namibia, however, the roots of Z.
mucronata are recognized for their medicinal properties and are used to treat diarrhoea in
cattle [90].

4.6.2. Genetic Variation and Domestication

Tree breeding and genetic studies in Z. mauritiana have been aimed at improving
both productivity and drought adaptation in the Sahel. This has focussed on combining
the heavy-fruiting characteristics of Asian germplasm with the greater pest and drought
tolerance of local germplasm [166].

4.6.3. Commercialization of Products

Adam, Pretzsch [49] found that the fruits of Ziziphus spina-christi, like Z. mauritiana
and Z. mucronate, are sold in Sudan within a subsistence strategy not always with positive
benefits. They concluded that further research was needed to determine the potential to
develop approaches that ensure strategies that lift people out of poverty, together with
appropriate institutional, technical and financial support [50]. However, another study in
Sudan has examined the role of home gardens and forest ecosystems for the domestication
and conservation of Z. spina-christi [167]. It assessed the diversities of morphological
traits and amplified fragment length polymorphisms with regard to variation within and
among locations and sites. It appeared that both fruit size and genetic diversity were
greater in homegardens than in forests, perhaps due to the human selection of germplasm.
This suggests that homegarden populations have undergone some domestication and are
probably a source of desirable germplasm.

4.7. Prunus africana (Pygeum)
4.7.1. Ethnobotany, Uses and Natural Resources

Prunus africana is found in many highland areas of Africa, often in isolated popula-
tions. Extracts from its bark are used in the pharmaceutical industry as a major source of
compounds to treat benign prostate hyperplasia (prostate enlargement) in men [168]. This,
especially in Cameroon, Kenya and southern Africa, has led to unsustainable overexploita-
tion, which is threatening the existence of the species.
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4.7.2. Genetic Variation and Domestication

The over exploitation of Prunus africana has led to calls for its integration into agro-
forestry systems and its domestication to improve the source of these medicinal products
to supply the pharmacological industry. To this end, seedling and vegetative propagation
studies have been implemented in parallel with studies aimed at reducing the misuse of the
products, domestication and conservation of the genetic resource and the improvement of
its wise use locally and internationally [169,170]. Low-technology propagation of cuttings
in a non-mist propagator have been found to be enhanced by the use of endomycorrhizal
fungi in the rooting medium [171]. Meanwhile, Komakech et al. [172] have developed
in vitro culture methods to mass produce planting stock of Prunus africana as an alternative
to seed germination and the rooting of cuttings [172]. Shooting and rooting media were
designed for optimal survival, and the parameters for photosynthesis, growth physiology
and genetic fidelity were tested for uniformity with the mother tree. In support of its do-
mestication and conservation, genomic and cytological studies have examined this unique
African member of the Prunus genus [173].

The World Agroforestry Centre has also led a pan-African programme with multiple
partners to implement the conservation, domestication and cultivation of pygeum by
farmers using agroforestry systems [174]. This has placed great emphasis on the role of
farmers, the industry and policy makers to ensure much more sustainable production,
harvesting and bark processing. As part of this initiative, a study of the role of mycorrhizal
fungi on the growth and phytochemical content of the bark has for the first time found that
the associations between mycorrhizal fungi and the roots of pygeum have positive effects
on the growth of seedlings [175].

5. Humid Lowlands of West and Central Africa
5.1. The State of Natural Resources and Their Governance and Management

The humid West and Central Africa Region spans from the Congo Basin westwards
along the coast of the Gulf of Guinea, up to Guinea. It has the greatest share of the
15,387 vascular plant species found in Africa, with more than 30% being endemic [176].
This equates to 5–7% of the world’s trees flora, with five of its countries appearing as the
botanically best explored on the continent. These trees produce a large number of Non-
Timber Forest Products (NTFPs)—most of which are neglected, underutilized and poorly
documented [6,177–190]. According to Ingram [191], 951 and 706 species are exploited for
NTFPs in the Democratic Republic of Congo and Cameroon, respectively, 35% of which
are traded locally. The access and use of these NTFPs are increasingly constrained by
deforestation, destruction of their natural habitats and by overharvesting. Indeed, the
recovery and survival after harvesting of bark- and root-based products from Afrostyrax
lepidophyllus, Annickia chlorantha, Garcinia kola, Garcinia lucida, Prunus africana, Pycnanthus
angolensis and Scorodophloeus zenkeri are affected by: (i) the ecological conditions where they
grow, (ii) the anatomical characteristics of the targeted tissue and (iii) the technique, inten-
sity and frequency of exploitation [192–196]. Unsustainable trade also threatens Garcinia
kola [197], Gnidia glauca [198], Afrostyrax lepidophyllus, Baillonnela toxisperma, Irvingia spp.
and Pentaclethra macrophylla [199,200].

5.1.1. Governance Issues

In many countries of the region, including Cameroon, the Democratic Republic of
Congo, Nigeria, Benin, Cote d’Ivoire and Ghana, the economic, social and cultural im-
portance of NTFPs are increasingly being recognized in national and regional policy and
in regulatory frameworks. This is due to the adoption by these nations of a govern-
ment strategy promoting NTFPs for poverty alleviation and the livelihoods support to
poor and vulnerable forest-dependent communities. However, an analysis of the new
forestry policy in Cameroon has highlighted some incoherence and dual ownership for
the land and trees which, if strictly enforced, could be a disincentive for on-farm tree
planting [201–203]. The governance of NTFPs harvesting is generally regulated by both
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customary and statutory systems involving different institutional arrangements governing
access and trading [182,204–206].

As a result, the concept of privately owned tree crops producing Agroforestry Tree
Products (AFTPs) has been proposed to distinguish them from common-property forest
resources [207]. This is important, as these tree products are the backbone of most rural
economies and contribute to the enhancement of the socio-economic welfare of forest-
dependent communities [180,187,189,191,208–224]. Furthermore, studies have demonstrated
that the sustainable exploitation, commercialization and management of NTFPs/AFTPs could
contribute immensely to the attainment of important Sustainable Development Goals
(SDGs) such as SDG 2 (zero hunger), SDG 3 (good health and wellbeing), SDG 13 (climate
action) and SDG 15 (life on land) [21,225–227]. Moreover, Leakey [12,22] has said that 14 out
of 17 SDGs could be directly and indirectly achieved through the agricultural production
of NTFPs as agroforestry tree products.

5.1.2. Management Issues

Many studies over the last decade have demonstrated farmers’ interest and willingness
to domesticate and cultivate local tree species in humid West and Central Africa [147,183,
212,228–235]. Moreover, many of these species can be found in farmers’ fields, where they
provide products and services useful for the livelihood and resilience of farmers [236–241].

In the first two decades (1992–2002 and 2003–2012), much of the groundwork for the
participatory/decentralized approach to tree domestication was conducted in Cameroon.
This involved the identification of candidate species by stakeholders; the documentation
of associated local knowledge about products’ variability and consumer preferences; in-
centives and disincentives for adoption; and the development of simple, appropriate and
affordable horticultural propagation techniques to capture the genetic traits of individual
elite trees [3,37]. This work has continued in Cameroon and expanded to other countries
during the third decade (2012–2021), as reported here.

5.2. Ethnobotany of Food and Medicinal Species for Cultivation

Several ethnobotanical studies undertaken in West and Central Africa have further
documented traditional knowledge associated with the use, conservation and management
of indigenous tree species identified as ecologically, socially and/or economically important
for society, as follows:

• Local management practices and socioeconomic factors affecting farmers’ strategies
for cultivating species were documented on candidate species selected for domesti-
cation during the first two decades: Irvingia gabonensis [233], Dacryodes edulis [242]
and Garcinia kola [196,243,244]. Farmers have developed a set of quantitative and
qualitative criteria to segregate these species and recognize them as “locally acknowl-
edged morphotypes (LAM)” or ethnovarieties. Market integration and other economic
opportunities were found to be the most important factors influencing farmers’ de-
cision to maintain and intensify the cultivation of preferred ethnovarieties in their
farms. Moreover, social networks for seed and planting material exchange, including
ethnically and gender-differentiated uses were found to contribute to gene flow and
the conservation of high genetic diversity despite the selection, urbanization and agri-
cultural intensification associated with the domestication process [245]. Furthermore.
perceptions of and preferences for fruit traits linked to intraspecifc tree diversity vary
according to interethnic and rural–urban differences, which need to be considered in
future domestication activities [246].

• Local use and socioeconomic importance were documented, as well as the pressure
on natural stands due to overexploitation and unsustainable management of food,
medicine and other services from Baillonella toxisperma, a multipurpose food, medic-
inal and timber species in Cameroon [247]; Garcinia lucida, a medicinal species in
Cameroon [248]; Xylopia aethiopica, a tree species used as food, spice and medicine in
Benin and other Central and West African countries [249]; Gnidia glauca, a medicinal
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tree species in Cameroon [198]; Cola spp., a group of food, medicinal and ritual species
in Benin [250,251]; and Canarium schweinfurthii, a multipurpose tree species used for
food, ritual and medicinal purposes [252–255]. This has provided evidence of unsus-
tainable exploitation and has led to recommendations for the domestication of these
species to create an alternative source of products.

• Many species locally threatened by deforestation, land use change and unsustainable
exploitation for food, medicine, fibre and other services, have little-known resource
bases, habitats and unrecorded local knowledge [192,227,256]. The key challenges to
sustainability that were identified were: unfavourable cultural beliefs [233,249], indis-
criminate and illegal logging, low accessibility and low acceptability, as well as inade-
quate research on their cultivation [257]. Criteria were designed and used to assess the
sustainability of wild harvesting based on biological type, part used, habitat type and
status, popularity and stand structure. Overexploited and threatened species were clas-
sified as vulnerable and have been recommended for domestication [192,198,227,256].

• Indigenous fruits are consumed by the members of the majority of households in
Cameroon, as they are recognized for their nutritious value [258–260]. In addition,
the study examined the relationship between food insecurity and deforestation and
found that rural people in the deforested agricultural areas close to towns and cities
had the greatest food insecurity due to the absence of nutritious forest foods [261]. The
consumption of wild forest food is not associated with any stigma of poverty [262].
The authors suggested that the culinary uses of indigenous foods should be widely
promoted to improve food security [262].

Findings from the above research have confirmed the importance of ethnobotanical
studies as an inclusive and participatory step towards an appropriate and contextualised
domestication strategy that takes into account the needs and constraints of the local situ-
ation. By recognizing the opportunities and benefits for local households, these research
outputs underpin the concept of domesticating ‘socially modified crops’ [14,29].

5.3. Commercial Value of Non-Timber Forest Products in Local Markets

NTFPs are known as an important source of income for many actors involved in their
value chains, and the commercial value of these tree products is one of the important
criteria when selecting candidate species for domestication. Income generation is an
incentive for farmers to adopt the cultivation and domestication of useful and marketable
species [181,249,263]. This leads to a ‘win-win’ situation combining poverty reduction with
biodiversity conservation to achieve both forest conservation and income generation for
rural people [3,22,264].

During this third decade, value chains of some economically important NTFPs have
been explored across West and Central Africa with the aim of guiding policy and in-
stitutional reforms that could better support their contribution to rural livelihoods. In
some areas of Cameroon, for example, more than 80% of households rely on forest-
dependent livelihood activities. The annual economic value of 16 food-based NTFPs
involving 283,000 people has been estimated at USD 64.7 million, with an added value
of USD 13 million or 0.2% of the national GDP [218,265]. The contribution of NTFP in-
come to rural livelihoods depends on many ecological, social and economic variables,
including the availability and accessibility to forest resources and to markets, as well as
gender [179,187,190,213,214,266–268]. The distribution and use of revenues vary accord-
ing to gender and wealth, with harvesters in remote areas earning less than traders and
processors in more accessible sites. Women typically dominate the value chains and gen-
erate income from their interventions into the NTFPs sector [224,264,269]. The financial
contribution of NTFPs to the household economy remains relatively low, but the products
are highly valued for their cultural importance and food security benefits [270,271]. Im-
portantly, however, poor institutional capacity to control and enforce existing regulations
increases the transaction costs, while corruption negatively affects the conservation status
of NTFP species, as well as the financial benefits at all levels of the value chain [138,265,272].
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The third decade has seen an explosion of action-research on ways to improve the
commercialization of NTFPs and agroforestry tree products (AFTPs) for smallholder pro-
ducers. For example, in Cameroon, research aimed at improving the commercialization of
Cola spp. has shown that collective action and group sales at the producer and trader levels
could lead to improved market information, increased product quality and quantity, re-
duced transaction costs, enhanced negotiating abilities and strengthened social bonds [273].
Strangely, according to Gyau et al. [274], the perceived usefulness is mainly related to eco-
nomic benefits of group activities and did not influence farmers’ intentions to participate
in kola group sales in Cameroon, suggesting that extension messages should rather em-
phasise the social benefits of collective action to increase farmers’ participation. Likewise,
Cosyns et al. [275] demonstrated that project interventions promoting commercialization
of Ricinodendron heudelotii kernels in southern Cameroon allowed participating households
to increase their social assets significantly, whether it be in terms of linking, bridging or
bonding capital. This improvement was nevertheless mutually reinforced by a positive
change in other farmer livelihood assets, in particular financial capital. Facheux et al. [276],
comparing three different types of interventions (group sales, facilitating a village-level
stabilisation fund to allow for off-season sales, provision of storage methods) in the market
chains for R. heudelotii and Cola spp. in Cameroon, concluded that the three modes are
complementary. Nevertheless, group sales, because they do not involve the use of new
technology or credit facilities, can serve as a good starting point for helping producer
groups achieve quick and meaningful gains as a prelude to introducing other post-harvest
and marketing interventions. The success of group sales depends greatly on the creation
of some form of partnership or strategic alliances between producers and traders. This
stimulated an analysis of the case of producer groups and traders in the NTFP value chains
in Cameroon [277]. They found that, despite low levels of satisfaction of the outcome of
the relationship and low levels of trust between producers and traders, both parties were
committed to continue the alliance, possibly for other strategic reasons such as reducing
transaction costs.

In addition to collective marketing, facilitating processing and reducing post-harvest
losses can significantly improve income from several NTFPs, but these aspects remain
largely understudied. One exception is the work on a njansang (Ricinodendron heudelotii)
extraction machine [278]. Manual extraction of njansang kernels is time-consuming and te-
dious, so the authors examined the feasibility of introducing a njansang extraction machine
to mechanize the process. However, the authors argue that such technology development
should follow a participatory and iterative approach involving all stakeholders to make
sure the equipment meets the needs of the end-users.

To improve marketing processes and the commercial success from the trade of NTFPs
in West and Central Africa, there is also need for the promotion of an enabling business
environment through a sound and contextualized regulatory framework that takes into
consideration: (i) the interests of all stakeholders involved and the development of local and
export markets and (ii) equitable benefit sharing along the NTFP value chains, while being
consistent with the sustainable use, management and domestication of these underutilized
species [269–271,279].

The observed trend of farmers venturing in the cultivation of NTFP species, such as
I. gabonensis in Cameroon, shows their commitment to the long-term availability of the
resources [280]. However, despite some policy and institutional reforms in the NTFP value
chain, more effort is needed to implement them for improving the business environment
and the sustainability of the NTFP subsector [237,271,281–283]. In addition, internationally
there is interest in increasing the trade in ‘green’ market products, usually labelled ‘organic’,
‘fair trade’, ‘bio’ or ‘deforestation-free’, with the objective of reducing deforestation and
mitigating climate change. According to Leakey and Van Damme [284], this crucially
needs to be extended to the many poor, hungry and marginalized smallholder farmers
in developing countries. In this context, agroforestry tree domestication is important
for the enhancement of economic returns as value chains from local to global become
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more sophisticated and demand higher quality, greater uniformity and a regular and
continuous supply.

5.4. Priority Setting for Domestication/Commercialization

The top five priority species identified as candidates for domestication in West and
Central Africa in the 1990s were Irvingia gabonensis/wombulu, Dacryodes edulis (safou) Chrys-
ophylum albidum, Ricinodendron heudelotii and Garcinia kola [3]. Subsequently, the list was
updated based on context specificity and emerging markets, including two heavily ex-
ploited medicinal species—Prunus africana and Pausinystalia johimbe [16]. For the originally
identified priority species, progress during the third decade focussed on contextualis-
ing information on producers’ and consumers’ preferences with a view to guiding the
identification of ethnovarieties that meet specific market and consumers’ niches [233,242].
In addition, some of the original group of priority species for Central African countries
were extended to neighbouring countries. These include G. kola and Cola spp. in Benin,
Sierra Leone and Nigeria [244,250,251,285–287] and I. gabonensis and Ricinodendron heude-
lotii in Benin and Côte d’Ivoire [233,256,288]. In Nigeria, Cola pachycarpa has been selected
among the three botanically identical monkey cola species (Cola lateritia, C. lepidota and
C. pachycarpa) for domestication programs, largely based on the sweetness of their edi-
ble fruit [285]. In addition, more species have been prioritized for domestication across
the region. They include: Annonidium mannii, Afrostyrax lepidophyllus, Baillonnella toxis-
perma, Canarium schweinfurthii, Gambeya africanum, Garcinia lucida, Gnidia glauca, Pentaclethra
macrophylla, Trichoscypha acuminata, Tetrapleura tetraptera and Scorodophloeus zenkeri and
Synsepalum dulcificum. These newly identified priority species should be considered in do-
mestication programmes to meet the needs of forest and biodiversity conservation, markets
and livelihoods of rural communities.

5.5. Characterization of Useful Traits

The genetic variation of individual trees within and between populations for more
than 70% of candidate tree species for domestication has been assessed using morphological,
biochemical and molecular markers. This is an essential step in the domestication process
that allows the identification of elite trees and populations and confers the opportunity
for the selection and development of genetically superior putative cultivars to enhance
income and livelihoods [289]. In studies from earlier decades, the intraspecific variation
was examined in priority species such as I. gabonensis [16]. This has now been extended
to include sensory evaluation, as this determines consumers’ preferences [290]. The study
found that desirable flesh attributes were flavour, juiciness, sweetness, taste and texture,
while the preferred kernel traits were colour, texture and flavour.

Significant progress has been made during the third decade in the intraspecific charac-
terization of Dacryodes edulis in Cameroon and Gabon [242,245,246,291–294]; Irvingia spp.
in Benin and Nigeria [233,295–297]; G. kola in Nigeria [298–302], Cote d’Ivoire [303] and
Benin [244,304,305]; Cola spp. in Nigeria [306] and in Benin [287,304]; Allanblackia flori-
bunda in Nigeria [147]; Chrysophyllum albidum in Benin and Nigeria [307,308]; Penthacletra
macrophylla and Trichoscypha acuminata in Cameroon [234,309]; and Strychnos spinosa in
Benin [310].

In Ghana, most of the low-kernel-oil-yielding trees of A. parviflora were identified in
the semideciduous forest zone, while the wet evergreen forest zone described as having
very high-kernel-oil-yielding trees was recommended for selection in the domestication
process [146].

5.6. Assessments of Genetic Variation
5.6.1. Provenance Studies

Based on provenance studies with Dacryodes edulis, an approach of controlled cross-
pollination combining the male parent, the hermaphroditic male type and the status of
female parent was used to identify six best combinations from Boumnyebel and Makenene
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provenances. They were characterised by a high fruit setting rate (>70%), fruiting index
(>50%) and a low rate of fruit dropping after fruit set (<20%). Though the breeding
methodology did not improve fruit size as expected, it was recommended for controlling
early fruit drop, known as the most important agronomic challenge affecting Dacryodes
edulis production [291].

5.6.2. Molecular Studies

The most used molecular markers for genetic characterization of species under domes-
tication in West and Central Africa are the microsatellites. In D. edulis, six microsatellite
markers were used for niche characterization, gene flow and genetic structuration in se-
lected Cameroonian and Gabonese populations and accessions [291,311–313]. However,
these markers failed to segregate clusters and ethnovarietal groups due to the outcrossing
reproduction systems of the species added to the social networks, which strengthened
gene flow and contributed to an unexpected high level of genetic diversity conservation
within and among populations, albeit affected by the selection intensity placed on preferred
traits [242,245,314]. Recommendations for next steps in genetic studies include the isolation
and characterization of more DNA markers in D. edulis and their use for early selection in
progeny trials and advanced studies such as gene discovery, trait-linked marker-assisted
selection and gene mapping [291,312,314].

The development of the domestication programme for many candidate species is con-
strained by the taxonomic confusion amongst existing varieties or species. In Irvingia spp.,
the morphological, agronomical, biochemical, ecological and molecular characterization
undertaken in Benin, Nigeria, was mainly aimed at the taxonomic delimitation between
the so-called “bitter” and “sweet” varieties for bush mangoes [295,296,315,316]. In the
same way, in Cameroon, more than eight species belonging to the Irvingiaceae, including
five from the Irvingia genus, were found to be grouped under the common name of “bush
mango” and used by the Baka indigenous people [200]. Furthermore, there is a need for
the characterization of all species grouped under the name ‘bush mango’ within West and
Central Africa to clarify their identity and to ensure the accurate association of knowledge
with genetic resources in domestication programmes. Molecular techniques have been
used to address the issue. Amplified Fragment Length Polymorphisms of DNA combined
with chloroplastic microsatellites were therefore used but failed to consistently differentiate
between bitter and sweet bush mangoes from both Nigeria and Benin, indicating the need
for exploring more discriminating markers to segregate the species and their genetically
diverse varieties [296].

Molecular techniques involving inter-primer binding site retrotransposons markers
were successfully used for genetic differentiation within the three Gnetum species, namely,
G. africanum, G. buchholzianum and G. latispicum, and could be recommended for conserva-
tion, taxonomy and evolution studies of indigenous species [317]. Interestingly, consumers’
preferences for the bitter taste of Gnetum leaf-based meals have been found to vary between
Nigeria and Cameroon. Sensory attributes should therefore be assessed when selecting
vines of Gnetum sp. for domestication [318].

In addition, G. kola and Cola spp. have been characterized in Nigeria and Benin
using Random Amplified Polymorphic DNA [300,306] and microsatellites markers, respec-
tively [244]. The knowledge of genetic diversity within and among studied populations
in these countries provide important information for the assessment of the domestication
strategies and their influence on the conservation of the genetic resources of the targeted
species [244,245,312].

5.7. Nutritional Value of Non-Timber Forest Products

The knowledge on the composition, nutritional and medicinal/therapeutic value
of fruits, leaves, barks, roots and other products from candidate species for domesti-
cation is critical when promoting their domestication, use and developing appropriate
value-adding technologies.
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Biochemical and nutritional characterization were used for Cola nitida in Ghana for
the selection of highly nutritious varieties [319] and in Nigeria to identify important
micronutrient profiles in collections of Irvingia spp. [320], as well as for the selection of
nutritionally superior trees of Tetrapleura tetraptera [321]. A wide variation in nutrients
(moisture, ash, protein and β-carotene), minerals (zinc, potassium, phosphorus, sodium and
copper) as well as bioactive compound such as plant sterols (γ- and β-sitosterol, ergosterol
and campesterol), vitamin E, caffeine and squalene were observed among 11 accessions
of D. edulis from southeastern Nigeria, suggesting a huge potential for genetic selection
for nutritional, therapeutic and commercial exploitation at national and international
levels [293]. In Côte d’Ivoire, two varieties of safou, namely, D. edulis var edulis and D. edulis
var parvicarpa were identified based on their morphological and chemical fruit traits,
with D. edulis var. edulis showing higher content in minerals such as calcium, potassium,
zinc, iron, magnesium and manganese and therefore recommended as a potential source
for essential nutrients and cosmetic products for Ivorian populations [322]. Based on
nutritional traits, Tetrapleura tetraptera accessions were structured into four clusters, from
which five accessions were identified using multiple traits performance as superiors and
recommended for broadening the genetic base of the germplasm for the domestication and
varietal development [321].

In addition to their protein, ash, fat and crude fibre content, the peel and pulp of
I. wombulu from Nigeria and Côte d’Ivoire contain appreciable amounts of minor nutrients
and micro-nutrients. These include essential and non-essential amino acids, such as lysine
and methionine, and prominent essential oils (δ-αtocopherol, β-tocopherol and stigmas-
terol). They could therefore provide supplements for the food, pharmaceutical and cosmetic
industries [220,323]. The ascorbic acid concentration in the fruit mesocarp of the closely
related I. gabonensis is higher than some common sources of vitamin C [324–326]. Further-
more, based on its high saponification value, substantial contents of lauric and myristic
acid, triacylglycerol and phenolic compounds, its kernel oils have been recommended for
food additives, as flavour ingredients or for processing as margarine, oil creams, cooking
oils, defoaming agents, cosmetics and pharmaceutical products [327–329]. Other parts
of Irvingia spp. trees, such as the leaves, seed coats and fruit peel, are utilizable sources
of food nutrients and phytochemicals [330]. With appropriate fermentation, kernel paste
has been found to reduce the antinutrient and increase the essential nutrient contents of
the food-thickening products made from processed kernels [331]. Thus, the analysis of
the hydrocolloids contributing to the food-thickening property of the kernels have shown
enhanced nutritive value [332].

Like the Irvingia species, bioactive compounds such as polyphenols, flavonoids, al-
kaloids, terpenes and sterols have been found in D. edulis cake after extracting oil from
the fruit pulp and the kernels [333]. D. edulis fruit pulp powder has been used for the
flavouring and nutritional fortification of rice-based biscuits with protein, essential amino
acids and minerals [334].

In Cameroon, Baillonella toxisperma, Pentaclethra macrophylla and Trichoscypha abut
have been reported to be excellent sources of bioactive compounds such as flavonoids,
polyphenols, carotene, vitamin C and essential minerals. Their daily consumption has
therefore been recommended for protection against ailments and oxidative stress [335]
and to meet the nutritional needs of women. Similarly, in Gabon, substantive amounts
of bioactive compounds have been found in widely consumed fruits such as Panda oleosa,
Afrostyrax lepidophyllus, Gambeya lacourtiana, Pseudospondias longifolia and Poga oleosa. Simi-
larly, studies in Nigeria have examined the phytochemical and physical chemical properties
of Chrysophyllum albidum oil with regard to its nutritional and medicinal uses [336].

While the above studies have helped to document the nutritional value of some
indigenous tree species, their contribution to household nutrition and food security is
poorly known. According to Tata-Ngome et al. [261], this is because information on
household consumption patterns and the use of indigenous tree products is lacking; hence,
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they are not properly captured in food and nutrition surveys with implications for policies
and strategies concerning food security and health concerns.

5.8. Medicinal Value of Wild Non-Timber Forest Products

In addition to providing essential nutrients, many tree products have medicinal
properties [222,337–340]. For example, the seeds of I. gabonensis show antimicrobial and
antioxidant activities [341,342], as well as the ability to improve liver and kidney functions.
Furthermore, there are reports of suitability for the management and control of body
weight, with benefits on Type 2 diabetes by lowering blood glucose level and ameliorating
the lipid profile [343–347], as well as its seed extract having a nephrocurative effect on
acetaminophen-induced kidney damage due to their flavonoid content [348]. Additionally,
studies on I. gabonensis in Nigeria have revealed biochemical properties conferring higher
antioxidant activity and potentially enhancing their range of medicinal, food or cosmetic
uses [341], creating new market opportunities.

The fruit peel and pulp of I. wombulu also have antifungal properties effective on
common fungal pathogens and so have been recommended for use as a natural and eco-
friendly fungicide [349].

The polyphenol content of D. edulis fruits also has high therapeutic value as a potent
functional food and/or nutraceutical in the treatment and management of diabetes and
its complications [350], while its antimicrobial properties are effective on some common
human pathogens such as Staphylococcus aureus, Klebsiella pneumonia, Enterococcus faecalis,
Escherichia coli, Pseudomonas aeruginosa and Proteus vulgaris.

Likewise, the bioactive constituents of C. schweinfurthii have antimalarial, anticancer,
antioxidant, antimicrobial and antibacterial, anti-diabetic, analgesic activities as well as
having nephroprotective, growth promoting, food preserving and anthelminthic and ter-
miticidal properties [252].

The oil extracts from G. kola seeds were recommended for applications in food, cos-
metics and pharmaceutical industries based on its flavonoids, phenolic, minerals and other
phytochemicals contents reported as having antioxidant, antimicrobial, anti-inflammatory,
hypocholesterolemic, antiviral, anti-diarrheal, antiproliferative, antiandrogenic and anti-
coronary activities [351].

Meanwhile, the seed oils of Allanblackia spp. used for vegetable-based dairy products
such as ice cream and spreads have been found to provide health advantages for people
prone to cardiovascular disease or with hypercholesterolemia [144].

The increased medicinal and nutritional value of products from agroforestry trees
can be expected to motivate farmers to adopt agroforestry systems. However, the appli-
cation of the existing useful nutritional, medicinal and therapeutical knowledge through
development of efficient community-based enterprises is constrained by issues of intellec-
tual property rights over Traditional Knowledge. This poses issues of political will and
financial investment.

5.9. Selection of Elite Trees and Ideotypes

Most studies on genetic variation during the third decade have been focussed on assess-
ing the genetic and social consequences of the morphological diversity observed in preferred
fruits traits among trees within and between populations, such as in D. edulis [245,314].

Five plus-trees of Cola acuminata were selected for use in cultivar development based
on the morphological characterisation of 1204 fruits and kernels from three populations
in the centre region of Cameroon [180]. Finally, by using 10 fruits and kernel traits from
152 I. gabonensis and 293 D. edulis trees, [352] have shown that farmers in Nigeria have
selected and domesticated I. gabonensis (stage 2 of domestication, with a 44% relative gain
in flesh depth) while those from Cameroon have domesticated D. edulis (stage 2 and 3 of
the domestication with 67% relative gain in flesh depth). Interestingly, the domestication
process also contributed to increased genetic diversity [352] for both species, supporting
the concept that the participatory domestication approach provides a steppingstone for an
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enhanced integration and conservation of genetic diversity of candidate species into the
farming systems [18].

Based on 9 tree and fruit traits, 41 robust trees including promising individuals
with end-users’ preferred traits (high fruit mass and pulp-dense genotype) were selected
from 203 accessions of Synsepalum dulcifcum, a shrub known as a miracle multipurpose
natural sweetener in the Dahomey Gap and Upper Guinea of West Africa [353]. By further
finetuning their participatory breeding approach to take into account farmers’ and end-
users’ (consumers and processing companies) preferred traits, the authors observed high
similarity in the preference for breeding traits (fruit size and miraculin content) across
agroecological niches and actors’ categories, suggesting opportunities for regional breeding
programmes and the targeted ex situ conservation of the species [354,355].

5.10. Nursery Development and Improved Planting Stock

Seedling germination in tree nurseries is the starting point of many domestication
activities and has been further studied in many species. For example, in Benin, fresh seeds
of Irvingia gabonensis and Irvingia wombulu were found to germinate optimally without any
pretreatment, even under the climatic conditions of the savanna lowlands of the Dahomey
Gap (Vihotogbé et al., 2014 [315]). Interestingly, the early growth of both I. gabonensis
and Chrysophylum albidum seedlings was better under full sun and unshaded agroforestry
systems [356].

In some species, such as those of Allanbackia and Garcinia, seed germination is recog-
nized to be difficult due to seed dormancy systems. However, significant progress has
been made in Allanblackia parviflora by using proximal and longitudinal sections and by
stratifying whole seeds at warm temperature to improve imbibition [149]. Scarification
to break seed dormancy was achieved in C. schweinfurthii by physically cracking, remov-
ing or burning the seedcoat, to facilitate domestication by farmers [357]. Likewise, the
germination of G. kola seeds has been improved by mechanical scarification, storage at
room temperature and pretreatment with gibberellic acid (GA3) [358]. GA3 has also been
found to promote the germination of Prunus africana seeds treated with sodium nitrate [169].
Benefits in seedling growth were observed when G. kola and Prunus africana seedlings were
inoculated with Arbuscular Mycorrhizal Fungi [175].

The technologically accessible and financially affordable horticultural techniques de-
veloped in the first decade [37] have been extended to other species and locations in the
third decade. For example, in the humid savanna highlands of Cameroon, the training,
technical skills and backstopping knowledge received by small-scale nursery operators
were recognized and expanded for the production of the high-quality tree seedlings needed
for the successful reforestation and tree domestication initiatives [228,359]. This concept
was also expanded through the Rural Resource Centres developed and promoted within
the region as a pathway for upscaling multifunctional agriculture and promoting sus-
tainable natural resource management in the Congo Basin [183]. In another example, the
domestication of candidate species in Ghana was moved to village satellite nurseries and
away from a central nursery to ease access to communities [154].

With regard to pests of indigenous fruit tree species, D. edulis is damaged by four
psyllid species: Pseudophacopteron serrifer, P. tamessei, P. eastopi and P. pusillum. A recent
study has determined the reproductive cycles of the latter two species, which lay eggs on
different parts of their host [360].

5.11. Vegetative Propagation

The successful vegetative propagation through leafy and leafless stem cuttings as well as
air layering or marcotting have been reported for Allanblackia spp. Cola spp. and Garcinia spp.
and many other tree candidates for domestication in WCA [149,150,232,361–364]. For exam-
ple, these studies suggest that Garcinia spp., initially considered as difficult to regenerate,
could be vegetatively propagated using stem cuttings and grafting [31,363–365]. In Côte
d’Ivoire, leafy greenwood and softwood stem cuttings of G. kola presented good ability to
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shooting and rooting in non-mist propagators while leafless hardwood stem cuttings were
only able to shoot even without application of exogenous hormones [363,364]. In the Demo-
cratic Republic of Congo, leafy stem cuttings of C. acuminata with 25 cm2 leaves rooted well
(81%) when treated with the auxin Indol-butyric acid [366]. In the difficult to propagate
A. floribunda, like Cola anomala, rooting was significantly improved with an application of
nitrogen-based fertilisers [150,362]. The leafy stem cutting production and subsequent root-
ing speed were significantly improved by appropriate light management for A. foribunda
stockplants, confirming previous findings on the importance of the pre-severance light
environment for successful stockplant management [151].

The rooting of cuttings from mature trees is generally recognized as being difficult,
in contrast to that of juvenile cuttings. However, the good rooting of mature cuttings
of G. kola and Annona muricata enabled them to be categorized as easy to root species,
while Anonidum mannii, Gambeya albida and Irvingia gabonensis were rated moderately
easy [367,368]. In contrast, Triplochiton scleroxylon, which is easy to propagate by juvenile
cuttings [37], was difficult to propagate from mature cuttings [367]. The propagation of
Ricinodendron heudelotii and Gnetum spp. through leafy stem cuttings was significantly
improved during this third decade by pretreating cuttings with nutrient-based solutions
enriched with exogenous auxins and/or honey [369–371]. It was observed that exogenous
auxins and specifically Indole-butyric acid pretreatment can promote the synthesis and
accumulation of phenolic compounds and enzymes needed for root differentiation [372].

The success of air layering/marcotting, which is used to capture the phenotype of
a mature individual tree, was affected by the position, orientation and diameter of the
marcotted branches and the marcotting season and rooting substrate, with orthotropic
and upper branches of Cola acuminata, G. kola and D. edulis and lower pollarded stems
of A. parviflora showing the best rooting [149,373,374]. On the other hand, marcotts of
P. macrophylla and C. lepidota in the Nigerian savanna rooted well following an application
of auxin when treated during the rainy season [375,376], while in Gabon, Santiria trimera
marcots formed roots independent of the type of substrate used [377].

In recent work by the ICRAF, it was observed that G. kola could be successfully
propagated using the side tongue, top cleft, side veneer and whip-and-tongue grafting
methods, while the top cleft grafting method gave the highest percentage of success for
Irvingia gabonensis, Cola nitida, Ricinodendron heudelotii and Monodora myristica [378]. The au-
thors also demonstrated that cross-species rootstock compatibility was successful between
I. gabonensis and I. wombulu. These results are important for guiding appropriate propaga-
tion approaches in the domestication processes of these priority species of the WCA.

With the above success in vegetative propagation, it should be easy to capture the
huge tree-to-tree variation found in indigenous fruits and nut trees across their natural
range and thus improve their production quantitatively and qualitatively on farms [12].
This does not, however, offset the need for seed-based regeneration, which is important to
maintain and broaden the genetic base and adaptability of domesticated species. Moreover,
comparative studies on the growth, flowering and fruiting of trees grown from vegetative
and seed-based planting material have shown the fast growth, biomass accumulation and
carbon sequestration benefits of D. edulis trees from stecklings and grafts as compared to
seedlings [379,380], while A. floribunda trees from seedlings grew faster and had greater
yields than those from vegetatively propagated materials [152]. Nevertheless, grafts and
marcots have the huge advantage of retaining reproductive maturity and hence early
flowering and fruiting [37].

Interestingly, CO2 sequestration has been found to be greater in plants derived from
rooted cuttings and marcots than in seedlings, offering additional income-generating
opportunities from Payments for Ecosystem Services to counter climate change [380].

5.12. Post-Harvest Issues

Most indigenous fruits are consumed fresh, and many have a short shelf-life, affecting
product quality and marketability. For example, the ripe, oil-rich fresh fruits of D. edulis
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can only be stored for a few days before softening and rotting. This negatively affects
transportability to the market, as well as the fruits’ organoleptic and nutritional attributes.
To date, little has been done to find ways of increasing shelf-life. However, storage at 18 ◦C
has been reported to preserve fruit texture [381,382]. Nuts generally have a longer shelf-life
if kept dry. The shelf-life of bitter kola (G. kola) nuts in Nigeria has been extended from two
to eight weeks by storage in sandy soils and jute bags [383].

Many priority species for domestication produce oily and edible kernels, the ex-
traction of which is usually performed manually and characterized by being labour-
intensive and time consuming. Efforts have been made to mechanise the kernel extraction
from Ricinodendon heudelotii and I. gabonensis nuts. The mechanized kernel extractor for
R. heudelotii has cut the time required from 61 min to 2 min, but the damage to the ker-
nels is extensive [278]. Steps are being taken to improve this technology [384,385]. For
I. gabonensis, a link between moisture content and nut cracking has improved the physical
and mechanical factors influencing efficient and economical kernel extraction [386]. In a
different case, a kernel/juice extraction machine for I. gabonensis had a kernel extraction
efficiency of 66% without kernel damage and juice extraction efficiency of 69%. This juice
and seed extractor is appropriate for use by low-income rural women [387], thus increasing
women’s economic empowerment and reducing the socio-economic gender gaps in Africa.
In Côte d’Ivoire, well processed Irvingia wombolu and unfermented seeds free of smell fetch
higher prices off-season (145 CFA for 12 seeds) than they do at harvest time (110 CFA for
15 seeds) [220].

In addition, post-harvest product processing can be important, as it may affect not
only the nutritional value but also market acceptability of NTFPs from indigenous food
trees and hence their value and utilization of indigenous fruit trees. For example, a recipe
for an instant dry soup mix powder of I. gabonensis, called “ogbono” in Nigeria, has been
reported to increase acceptability while being easy to cook [388].

5.13. Enterprise Development

Non-timber forest products (NTFPs) are mostly considered as common property from
forests and woodlands, nonetheless, often with legal restrictions on harvesting and com-
merce. However, there are complex issues around the practicality of compliance [201]. It
has been proposed that when indigenous forest trees are cultivated on farms, they should
be seen as privately owned crops and be recognized to produce Agroforestry Tree Products
(AFTPs), hence freed from these legal restrictions [16,207]. This is important for both trade
and value-adding enterprise development, both of which create the incentive for domesti-
cation to improve livelihoods and to ensure the sustainable use of natural resources. To
date, food, pharmaceutical and cosmetic applications of many NTFPs are well documented,
but there has been little enterprise development. Among the few reported cases, dried fruit,
jams, juices and other drinks are being produced from several indigenous fruits in Nige-
ria [158], such as C. albidum, I. gabonensis and Spondias mombin. Simple procedures suitable
for small-scale commercial production are being applied, including osmotic dehydration,
open kettle jam-making process and mechanical juice extraction followed by hot water
pasteurization. However, these processes are often constrained by inadequate electricity
supply, inappropriate technology, poor capacity for production and food safety and lack of
working capital [158,389]. Bannor, Ros-Tonen [390] have identified some positive influences
of domestication on entrepreneurism, including high-quality and uniform raw products,
market information, appropriate knowledge and personal commitment.

5.14. Upscaling and Capacity Building—The Role of Rural Resource Centres

In the humid lowlands of West and Central Africa, a community-based extension ap-
proach involving relay organisations and Rural Resource Centres has been at the forefront
of technology extension and upscaling for three decades [19–21,391]. It has successfully
promoted capacity building and is reaching increased numbers of farmers disseminating
new knowledge and skills. These range from the identification and selection of candidate
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species, nursery development, vegetative propagation techniques and agroforestry-tailored
skills to the needs of stakeholders at each level of the domestication process. Essougong
et al. [32] reported that, on average, Rural Resource Centres organized 40 training sessions
annually, reaching 1444 farmers in Cameroon. It was observed that a single Relay Orga-
nization was supporting on average 100–240 farmers to acquire essential domestication
skills, such as the vegetative propagation techniques, as well as tree planting, management
and harvesting techniques [223]. To enhance organisational and financial sustainability of
this extension and capacity building approach, other activities include social networking
between Centres as well as their private and institutional clients, development partners,
local research teams and municipalities [34].

As a farmer-centred approach to extension, Rural Resource Centres have been identi-
fied as an excellent source of agricultural information [32]. The model has been awarded
the distinction of being one of the top 20 innovations benefitting smallholder farmers [20].
For example, in 2011–2013, Rural Resource Centres in Cameroon, Nigeria and the Demo-
cratic Republic of Congo actively engaged over 5300 farming households. This resulted
in more than 315 small-scale village nurseries producing around 6.3 million agroforestry
trees—including selected putative cultivars of priority indigenous fruit and nut trees [19,20,392].

To build on this success and expand the scale of Rural Resource Centres both in the re-
gion and across Africa will require capacity building in the ‘grassroots’ relay/implementing
organisations, fund raising and wider ownership of the approach to deliver their skills and
services [19,20].

6. Sahel and North Africa
6.1. The State of Natural Resources and Their Governance and Management

The Sahel and North Africa region is characterised by extensive parklands, which
may contain over 40 indigenous multifunctional tree species [117,128], with lower species
richness at farm-field level than in the fallows [393]. The species composition and density
vary depending on the agro-ecological zone (humid, sub-humid and semi-arid) and farmers’
preferences for their products and services [128]. Nevertheless, the dominant species
include Vitellaria paradoxa, Parkia biglobosa, Adansonia digitata, Faidherbia albida, Balanites
aegyptiaca, Acacias (Acacia raddiana and A. senegal) and Lannea microcarpa [117,128,393].
Farmers have been using these trees for millennia for food, fodder, medicine, income
and regulatory ecosystem services—e.g., soil fertility improvement, water regulation and
micro-climate buffering [128,394,395].

The governance and management of tree resources in the Sahel and North Africa
is mostly influenced by land tenure, gender and ethnicity [396]. Tree resources belong
to land owners such that land users are not usually allowed to plant or harvest them
on rented land [128]. Furthermore, since women do not own land [128,396], they are
disproportionally disadvantaged in the management of fruit trees, and their user rights are
limited [396]. Women are only allowed to manage tree species of subsistence value such as
shea nut (Vitellaria paradoxa), bread fruit (Artocarpus altilis) and oil bean tree (Pentaclethra
macrophylla) [397]. However, men usually take over whenever “by products” of such tree
species become valuable [396]. These practices emphasize the importance of recognizing
social and cultural dynamics when upscaling agroforestry programmes and promoting
extension services in the Sahel and North Africa. Ecological conditions also influence the
governance and management of tree resources in this semi-arid region, where farmers
typically integrate livestock within agroforestry practices more than their counterparts in
sub-humid areas [398]. This variation probably reflects the farmers’ long-term experience
with these ecological conditions of their respective areas and the perceived benefits from
such practices.

At the field level, the management of trees generally varies depending on the species
and desired outcomes. For instance, shrubs are repeatedly coppiced at the onset of the
rainy season to prepare the fields for sowing, while fodder trees are pruned in the dry
season to provide livestock fodder during the lean season. Old fruit trees such as P. biglobosa
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and V. paradoxa are typically pruned to rejuvenate their fruit production [393]. However,
A. digitata, L. microcarpa and V. paradoxa are usually pruned annually for fruit or leaf
harvesting [120,393]. Additionally, agroforestry trees are pruned to reduce the shading of
associated field crops and/or to increase the yield of cereal crops [128]. These traditional
management systems provide springboards for improved agroforestry programmes in
the region.

Despite the importance of this long history and its associated good management
practices, the rich forest biodiversity in the region is threatened by changes in land use
and climate change. The two factors are implicated in habitat fragmentation and/or the
contraction of suitable habitat of indigenous trees such as tamarind (Tamarindus indica) [160],
Detarium microcarpum [399], V. paradoxa [124], and P. biglobosa [400]. This is threatening mil-
lions of livelihoods that depend on these natural resources. This is one of the many reasons
the areas highlighted in the third decade (2012–2021) are important for the initiation and
upscaling of agroforestry tree programmes to ensure sustained and improved livelihoods
in the region.

6.2. Ethnobotany of Food and Medicinal Species Candidates for Cultivation

In Burkina Faso, baobab is known to be harvested for 25 uses, mostly centred on the
nutritional value of its fruit [45], while, in Benin, Moringa oleifera is valued as a leafy food
and fodder and as a medicine [401]. The nuts, bark and leaves of Carapa procera, however,
are highly valued for cosmetic and therapeutic purposes in Mali [402]. On the other hand,
Garcinia kola is one of popular plant species for treating male infertility in Benin [403].

Local knowledge and preferences are especially important when identifying eth-
novarieties and plant traits of importance when engaging with farmers to domesticate
wild trees [129,404]. In Benin, for example, large fruits with many good quality seeds
are preferred in P. biglobosa [404]. These preferred traits within use categories are crucial
when ranking farmers’ preferences to guide species selection [118,119,405]. Accordingly, in
eastern Burkina Faso, A. digitata, Bombax costatum, P. biglobosa and V. paradoxa have been
identified as the most important out of 25 species for health-related uses [119], although
more generally, Khaya senegalensis, A. digitata, Diospyros mespiliformis and T. indica were
ranked highly in a nationwide assessment of 1033 plants for traditional medicine, human
nutrition and animal fodder [118].

On the other hand, C. procera has been identified as the most preferred oil species
by women in Burkina Faso [405], while, in the Sudanian zone of Benin, the fruits, leaves
and bark of Strychnos spinosa were highly valued for 20 different uses, including food and
medicine [406], varying by climate zone, ethnic group and gender. Likewise, 38 indigenous
edible fruit species including 25 trees and 13 shrubs have been identified in the Sahelian
areas of Cameroon [157]. The species are used in various ways, such as salads or cooked
sauce from the leaves of Ficus spp., Vitex spp., Ziziphus spp. and Lannea spp.; the pulp of
baobab and Ziziphus mauritiana is used for preparing refreshing juice and biscuits; while
the seed of Balanites aegyptiaca may be boiled and eaten like peanuts or used for extracting
oil [157]. Likewise, the income-generating food and medicinal products of Xylopia aethiopica
trees are greatly appreciated in southern Benin, as in many other parts of Africa, often
leading to over-exploitation. This raises the need to sensitize local people to the opportu-
nities for domestication and species conservation [249]. Taken together, these examples
illustrate the crucial role of ethnobotanical studies in agroforestry programmes by helping
to identify priority species for specific local needs and knowledge gaps for conservation
and sustainable use of such resources. Indeed, demand-driven research that considers
the role of traditional ecological knowledge in light of the changing socio-economic and
environmental conditions may contribute to the formulation and implementation of viable
policy-relevant strategies [407].
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6.3. Commercial Value of Non-Timber Forest Products in Local Markets

Non-timber forest products (NTFPs) from trees are very important in the economies
of rural households in the Sahel and North Africa [128,264,408] and to provide commercial
incentives for farmers to adopt agroforestry trees [409]. For instance, shea products have a
strong economic potential, where a collector may earn about USD 300.00 annually from
sales of edible shea caterpillars (Cirina butyrospermii) in Burkina Faso, Mali and Togo, while
in Burkina Faso, shea butter contributes to nearly 90% of total fat and oil consumed in
rural households and 25% in urban households [128], indicating a strong commercial
value in local markets for these products. Through a local market value chain analysis of
Carapa procera in Mali, Dembélé et al. [410] have shown that poverty levels of traders may
improve by an average of 63% as they can earn an annual income of USD 221.53 against
a poverty threshold of USD 350. In Benin, the African fan palm (Borassus aethiopium) has
potential to uplift the welfare of women who are particularly specialized in hypocotyl and
fruit collection for commercial use as food [411]. Moreover, baobab leaves are one of the
commercially most important leafy vegetables in West Africa [43].

Other studies have reported on the commercial importance of NTFPs for their indus-
trial or cosmetic potential uses. Notably, an ethanolic extract of M. oleifera leaves can be
used to extend the shelf-life of cream cheese [412].

6.4. Priority Setting for Domestication/Commercialization

To date, priority setting for the domestication of indigenous fruit trees in the re-
gion has been done mostly on three fronts: (i) climate change and habitat suitability,
e.g., [124,160,400,413]; (ii) farmers’ preferences and prioritisation (e.g., [74,118,129,211,285,
286,405,406,414,415]); and (iii) combined literature review and prioritization schemes [416].

For instance, black plum (Vitex doniana) is a highly valued multipurpose tree in Benin.
Currently, the species can potentially be cultivated in about 85% of the country, but this
area is expected to increase by 3–12% under future climatic conditions [413]. In contrast,
nearly 51% of Burkina Faso is presently suitable for the cultivation of V. paradoxa, and that
the area may decline by 13% by 2070 [124]. On the other hand, Detarium microcarpum is
currently cultivated in only two ecological zones (Sudanian and Sudano-Guinean) of the
three zones in Benin [399].

Prioritising tree species preferred by farmers is considered to be instrumental for
the success of domestication programmes [417], since it empowers farmers to simulta-
neously improve the production of both their crops and woody multipurpose species,
as for example with baobab in Niger [74]. In Sierra Leone, Heritiera utilis, Garcinia kola
and Beilschmiedia mannii were highly appreciated by the local farmers through a rigorous
national re-prioritisation process that employed a combination of focus-group data, field
observations, a market survey and a ranking exercise [286]. In Benin, P. biglobosa fruits
containing many large, good quality seeds were selected by farmers for domestication [404],
while in Burkina Faso, T. indica, V. paradoxa and A. digitata have been ranked as the most pre-
ferred medicinal plants [118], although women selected C. procera for its oil [405]. This may
be indicative of how socio-economic factors including gender may influence the choices
and decisions of farmers with regard to agroforestry tree cultivation and domestication,
which ought to be considered in agroforestry programmes. Moreover, Moringa oleifera
appears to be a promising tree for domestication in Benin with an adoption rate of up to
97% in the southern part of the country, where row planting of species was found to be
preferred [414].

Lastly, 10 top-priority indigenous fruit trees have been earmarked for cultivation
and commercialization in Benin for their economic potential [416]. These are Vitellaria
paradoxa, Parkia biglobosa, Adansonia digitata, Irvingia gabonensis, Blighia sapida, Tamarindus
indica, Dalium guineense, Vitex doniana, Borassus aethiopum and Garcinia kola.

In the deciduous forest area of Ghana and the Guineo-Congolian zone of Benin, the
small tree/shrub Synsepalum dulcificum (miracle berry) has been accorded high priority for
with regional potential for plant breeding and commercialization [355].
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6.5. Characterization of Useful Traits

As reported for baobab in the Pan Africa section, the quantification of useful traits,
including the nutrient content of fruits and leaves of trees is one of the most important
steps in identifying superior planting material for domestication [53]. The influence of
environmental factors (e.g., soil and climate) on nutritional traits and fruit morphology
has been widely reported for indigenous fruits in dry Africa [54,161,417,418]. For example,
significant morphological variation has been reported for Annona senegalensis between Ekiti
and Osun States in northern Nigeria [417], as well as in Benin [418], where about 42% of the
phenotypic variability between climate zones has been attributed to differences in mean
annual rainfall and the mean temperature of the warmest quarter [418].

In Côte d’Ivoire, elite shea trees with strong trunks, small leaves and a high number
of fruits per tree have been identified as favourable grafting stock [131]. Variation in
phenological traits have also been reported for Sclerocarya birrea in Senegal, including
marked differences in leafing and flowering within the species [100].

In Benin, S. spinosa has been characterised for trunk (dbh) and fruit traits (fruit mass,
pulp mass, seed number, ratio) across seven populations in two climatic zones (Sudano-
Guinean vs. Sudanian zones) [310]. High significant variations among populations in the
traits studied were found, with a within-population variation accounting for 53–90% of the
total variation, suggesting a high potential for the selection for domestication [310]. The
study found tree populations from Bassila (Sudano-Guinean Zone) as having useful traits
for domestication. Similarly, morphotypes 1 and 2 of B. aethiopum showed high performance
for fruit (fruit length, dry weight and shape index) and seed traits (number of seeds), and
these might be good candidates for selection and breeding programmes in Benin [419]. So,
too, have high values for fruit, seed and leaflet traits of Afzelia africana from the humid areas
of Benin shown best performance under optimal climatic and anthropogenic disturbance
conditions [420].

While these few studies provide an insight into the depth of the trait variations
important for elite tree selection and domestication, they also underscore the importance of
considering local environmental factors for agroforestry programmes in different sites [161].

6.6. Assessment of Genetic Variation and Its Characterization

Genetic variability assessment is one of the fundamental steps towards domestica-
tion of wild tree species, since it would help strengthen breeding and conservation pro-
grammes [421]. This is crucial for domestication and sustainable management, particularly
in the context of rapid environmental changes [400]. Notable examples in the third decade
include Prosopis africana [422], A. spinosa [423] and P. biglobosa [400,421].

6.6.1. Provenance Studies

Weber, Montes [422] analysed growth from a nursery test of 28 provenances and
275 progenies nursery test of Prosopis africana at 8 months relative to field performance at
11 and 13 years to investigate clines in the growth and survival of Prosopis africana from sites
in Burkina Faso and Niger across the Sahelian and Sudanian ecozones. The study found that
the root/shoot ratio had the highest heritability of growth variables in the nursery and that
larger root/shoot ratios equated with better field growth and survival in dry locations [422].
The authors have suggested that investment in underground tissues indicates mean annual
rainfall is a good predictor of field performance under dry conditions. Thus, Prosopis fricana
provenances from the drier locations have been recommended for agroforestry projects in
rural communities [422].

In Morocco, the morphological diversity between 122 argan tress (A. spinosa) has been
characterised using 30 quantitative traits over a period of three years in an in situ preserved
population [423]. Interestingly, vigour traits (leaf and shoot sizes) were positively correlated
with fruit traits, while broad-sense heritability estimates were high for clustered leaf traits,
thorn numbers and for fruit, stone and kernel traits. Thus, with regard to the selection
of elite trees for breeding programmes, genotypes have been grouped into five relatively
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homogenous clusters, with a focus on traits related to fruit, stone, kernel morphologies and
leaf size, shoot length and glomeruli density [423].

In Senegalia senegal, provenance studies investigating growth and gum arabic yield
found genotype-specific variation, suggesting a need to investigate the effect of soil pH,
the physical and chemical properties of soils and management to clarify traits underlying
drought tolerance and gum yield [424].

6.6.2. Molecular Studies

To enhance selection towards conservation, breeding and sustainable utilization of
P. biglobosa in Nigeria, [421] assessed 16 accessions for their variability based on DNA
profiling and seed protein. Interestingly, a genetically distinct accession with a unique seed
protein marker has been selected for potential exploitation in breeding programmes. Due
to the narrow genetic base of the accessed accessions, the authors have recommended the
intensification of germplasm screening across the different agroecological zones of Nigeria
and their characterization using specific markers [421].

Land-use change is one of the major threats to biodiversity and genetic variation in
agro-ecosystems undermining the capacity of ecosystems to provide goods and ecosystem
services [400,425]. It can also lead to habitat fragmentation [400]. In Burkina Faso, a study
was conducted on the influence of habitat fragmentation on patterns of genetic diversity
and gene dispersal of P. biglobosa in 2475 genotypes from 4 mature tree populations using
10 highly polymorphic nuclear microsatellites [400]. The study found high genetic diversity
across the four populations—with similar genetic diversity and inbreeding between adults
with a low level of selfing. This result seems to concur with other studies, indicating long-
distance pollen transfer between P. biglobosa populations, facilitated mainly by bats and
honey bees [426]. Notably, stem diameter had a pronounced effect on male reproductive
success in the three populations, with the highest male reproductive success recorded in
trees with a dbh of 60–75 cm [400]. This implies that fragmentation under the current
conditions does not pose serious limitations to gene flow in P. biglobosa [400]. Nevertheless,
it is important to safeguard high plant diversity and pollination services for posterity [137].

6.7. Nutritional Value of Non-Timber Forest Products

Nutritionally, a recent review of the carbohydrates, proteins, fats, fibres, ash and
dry matter of 98 indigenous food tree species from sub-Saharan Africa has provided a
valuable overview of the potential to domesticate these species for their nutritional benefits
in the region [427]. The candidate species include A. digitata, Afzelia africana, B. aegyptiaca,
D. microcarpum, S. birrea, T. indica and V. paradoxa. Fruits, seeds and leaves differ in their
fibre and carbohydrate contents, but generally, seeds have comparably high contents of
fat, protein and dry matter, while leaves are good sources of protein and ash. Nonetheless,
indigenous food trees are good sources of carbohydrates, proteins, fats, ash and dry
matter [427], potentially important for the alleviation of food and nutrition insecurity
facing the region and for the attainment of Goal 2 (End hunger and improve nutrition) of
the UN Sustainable Development Goals and the 2063 African Agenda.

6.8. Medicinal of Non-Timber Forest Products

In addition to food and nutritional security, the importance of non-timber forest
products in the region cannot be overemphasized as they contribute to health and income
generation. Despite the wide appreciation of the medicinal and food products of many tree
species in dry Africa, such as Parkia biglobosa [428], there is lack of knowledge about their
use to reduce poverty and improve nutrition [427]. One explanation for this could be the
lack of data to inform decision makers at different levels. To address this, attempts have
been made to assess and quantify medicinal values of a number of indigenous fruit trees,
especially in humid West Africa and in southern Africa, as reported in other sections of this
review. In the Sahel and North Africa, studies have examined the presence and amounts of
different phytochemicals (notably alkaloids, tannin, phenol and flavonoids) in the roots,
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stems and leaves of Sclerocarya birrea and Sterculia setigera in northern Nigeria [114]. Apart
from the diversity of phytochemicals found in the two species, the study also found that the
quantitative variation in this phytochemical composition varied between sites (Kem and
Yola, both in the Adamawa State), probably due to differences in environmental conditions
in the States [114]. These results indicate the medicinal potential of these species.

Studies on the numerous pharmacological properties of Strychnos spinosa (e.g., an-
timicrobial, antiplasmodial, anti-trypanosomal, anti-leishmanial, anti-nematicidal, anti-
inflammatory, anti-oxidant and antidiabetic) have indicated a need for more clinical trials
to assess the effects of its bioactive components [429].

In Nigeria, Ewere et al. [340] have shown that I. gabonensis may be used to treat in-
flammation and haematological abnormalities following revelations of the protective effect
of ethanol stem bark extracts of the species against sodium-arsenite-induced inflamma-
tion and haematological derangements in Wistar rats, while extracts of Annona muricata
could become an alternative option for treating haemorrhagic anaemia [430]. Similarly,
the Ethiopian pepper (Xylopia aethiopica) has shown to possess potential pharmacological
benefits following a literature study [431].

6.9. Selection of Elite Trees and Ideotypes

The selection of the right tree species is crucial for the success of agroforestry pro-
grammes to deliver the expected potential environmental, social and economic bene-
fits [14,15,289,425]. Like prioritisation, it ensures that conservation efforts including re-
sources are focussed on the species and candidate trees with the greatest potential to meet
the needs of farmers through the propagation of elite individual trees.

In Morocco, 12 promising genotypes of A. spinosa have been selected from a group
of 52 candidate genotypes based on fruit density and kernel yield to address the specific
environmental conditions in the country [432]. Although it is not known how well the
selected elite trees and ideotypes will perform under a wider set of field conditions, the
study provides useful information for consideration under different conditions prior to the
commencement of full scale agroforestry programmes [433].

6.10. Nursery Developments and Improved Planting Stock

Despite the alternative of vegetative propagation, insufficient, low quality and inef-
ficient seed supply system are challenges to smallholder tree-planting farmers, posing a
serious constraint to the adoption of agroforestry systems based on indigenous species [425].
However, in baobab, through the combination of provenance studies [64] and field trials
with poultry and cow manure [434], good field performance has been achieved.

6.11. Vegetative Propagation

Vegetative propagation is used to capture elite phenotypes as putative cultivars
and has been evaluated in a number of important tree species in the region, including
Prosopis africana [433], Argania spinosa [435,436], B. aegyptiaca [437,438], A. digitata [76] and
V. paradoxa [136]. For instance, in Niger, Prosopis africana has been found to be amenable
to air layering with no significant differences between the diameter classes and between
the positions, although the success rate was low (28% after 4 months) [439]. Air layering
has also been successful in B. aegyptiaca in Niger—93% after 2 months, with 83% sur-
vival [437]—while in Morocco, A. spinosa has been successfully propagated vegetatively by
leafy semi-hardwood stem cuttings in studies examining the effects of nutrient solutions,
auxins, cutting position and genotypes [435,436]. Basal cuttings treated with Hoagland
solution had the best rooting (64%) with the most roots (45), allowing the selected elite
trees to be successfully propagated. Similarly, terminal slit grafting has been recommended
as the best method for shea trees in nurseries for use by farmers in Côte d’Ivoire based on
2-year old rootstocks that showed promising results such as high recovery rate (90%) and
high mean values of growth traits [136].
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Together with results in baobab and shea, these studies indicate the potential to
develop putative cultivars of indigenous tree species in the Region, opening the opportu-
nity to use participatory approaches to domesticate and upscale the availability of elite
trees [19,20,425], with a shorter period to fruit production [102]. This would reduce the in-
vestment costs that constrain farmer adoption of agroforestry technologies with indigenous
trees [241].

6.12. Post-Harvest Issues

Characteristically almost all work on smallholdings is done manually and is thus
labour demanding and tedious [140]; this limits the potential outputs and economic bene-
fits from agroforestry in the region [409]. It is therefore important to address post-harvest
storage, drying, shelling, and pulp and seed extraction so as to reduce wastage and ulti-
mately maximise benefits, especially in nut producing species like Vitellaria paradoxa [139].
Similarly, the post-harvest processing of young shoots and leaves of Moringa oleifera and
M. peregrine by drying them under partial shade, as opposed to direct sun, results in higher
amino acid and mineral contents [440].

6.13. Upscaling and Capacity Building

There are a multitude of challenges and barriers to agroforestry adoption which affect
upscaling of agroforestry systems in the Sahel and North Africa. These include institutional,
cultural, financial, political, technical and knowledge-based issues [425,441]. The recent
re-publication of a tree domestication strategy [35] addresses these issues, providing an
opportunity for upscaling and capacity building of agroforestry. The strategy also presents
principles for the establishment of three-interlinked tree populations: gene resource pop-
ulation, selection resource population, and production resource population to meet the
production, social, economic and environmental intensification needs of agroforestry.

The challenge now, however, is to scale up the application of tree domestication
within agroforestry for meaningful social, economic and environmental impact at different
scales (national, regional, global) [35]. The key to adoption partly lies in addressing
the site-specific needs which are driven by different preferences and aspirations of local
communities. Indeed, membership to a tree farmer group, awareness of farmers about socio-
ecological benefits of agroforestry, and effective provision of extension services positively
affect adoption [409,442,443]. Accordingly, success involves meeting farmers’ choices,
with appropriate technological designs and implementation [409] through participatory
approaches which form the core of the tree domestication strategy [35]. In this regard, it is
widely recognised that farmer institutions can play a crucial role in upscaling and capacity
building of agroforestry programmes [409,442,443]. For example, by drawing data from
1080 rural households in Burkina Faso, Mali, Niger and Senegal, Binam, Place [442] found
that farmers belonging to well-structured formal and informal institutions demonstrated a
better collaborative attitude towards tree regeneration on-farm and developed plans for
good management and protection of natural resources.

Given that awareness of the benefits of agroforestry and technical support are some of
the positive determinants of farmers’ adoption of agroforestry [409,443], farmer institutions
such as Rural Resource Centres [19,20,444] that have been comprehensively discussed
earlier in this review will be essential for the design and effective implementation of the
tree domestication strategy towards upscaling and capacity building. Among other things,
farmer institutions may serve as platforms for farmer-to-farmer exchange of knowledge,
skills and benefits of agroforestry. They may also serve as entry points for introduction
of new agroforestry technologies and associated technical support. It is also recognised
that addressing key barriers to both the supply and demand of tropical tree foods [441]
will make agroforestry have more meaningful impact. To achieve this, and to make the
tree domestication strategy more dynamic, more research on producers’ and consumers’
behaviour and preferences ought to be considered [27].
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7. Highlands and Drylands of East Africa
7.1. State of Natural Resources and Their Governance and Management

The highlands and drylands of Kenya, Uganda, Tanzania, Burundi, Ethiopia, Eritrea,
Sudan, Somalia and Djibouti have a broad agroforestry base where farmers and local
communities recognize trees as important components of a sustainable and resilient liveli-
hood system. For example, the farming and adjacent forest landscape of the Ethiopian
Highlands near to Mt. Duro (Oromia Region) is rich in useful species diversity (43 genera,
27 families) with predominance of the Fabaceae family [445]. The increasing population
pressure resulting from encroaching farmland is, however, reducing species diversity of
the natural forest emphasizing the need to train farmers in technologies that both conserve
the forest biodiversity and increase farm productivity [445]. Nearby, in Basona Worena
District the predominant tree species are eucalypts for timber, Olea africana for fodder and
fuelwood, Croton macrostachyus for shade and erosion control in coffee plantations and
nitrogen-fixing species like Sesbania sesban, Cupressus lusitanica, and Acacia abyssinica [446].
These trees are appreciated for restoration activities due to their hardiness, multiple uses,
and positive impacts on soil fertility, landscape, and livelihoods. By contrast, in the high-
lands of Uganda, the agroforestry activities of local communities have a stronger focus on
tree planting near homesteads [447]. This study indicated that assurance of economic re-
turns incentivized community nurturing of natural regeneration of trees, emphasizing that
economic benefits to different user groups are of paramount importance for the promotion
of agroforestry practices.

Apart from traditional uses such as fuelwood, timber, fodder, and fruits, the drylands
of East Africa are bestowed with some species producing products such as gum arabic, a
resin produced from trees or shrubs of Acacia senegal and Acacia seyal particularly in South
Sudan, Eritrea, Somalia, and northern Kenya. It is gathered by pastoralists in the wild or
traditionally cultivated in gum gardens [448]. Other important gums include frankincense
and myrrh, obtained in the dry savannahs of Ethiopia, Eritrea, Dijbouti and Somalia from
various species of the genera Boswellia and Commiphora.

In this dryland environment, the thorny Balanites aegyptiaca or desert date, has been
shown to be both a good intercrop with sorghum and as a candidate for dry land restoration
in northern Ethiopia. In the semi-arid drylands of Southeastern Ethiopia, Tamarindus indica
based agroforestry was studied for fruit yield predictability and it was found that on-farm
trees gave higher yields than those in bush land [449]. Dobera glabra, was also found to be a
popular fruit tree species in this region. Meanwhile, in the semi-arid region of East Shewa
the richness of tree species was relatively low as expected for a dryland area. However, tree
species abundance and composition were similar between the croplands and homesteads
with a native:exotic ratio of 75:25%. The retention of local species in the studied area was
indicative of prevalence of farmer managed natural regeneration and led to a positive
correlation with the number of trees, but not with species richness due to the planting
of fewer tree species on larger holdings [450]. The authors, nevertheless, suggested that
tree planting and managed natural regeneration are key to enhanced species richness
and tree cover. Other factors influencing the choice of agroforestry species in southern
Ethiopia are the ease of road access and farm size. Both had a negative effect on native tree
populations due to their replacement by exotic fast-growing trees like Eucalyptus and other
non-indigenous annual cash crops. Abebe et al. [451] found a high richness for indigenous
species in the home gardens of Sidama zone in Southern Ethiopia with prominence of Coffea
arabica-based home gardening system. However, commercial cash-crop oriented home
gardening system (enset-coffee-maize-chat type and enset-coffee-maize-chat-Pineapple
type) had a lesser tree density than the subsistence one (enset-coffee-maize-sweet potato
type and enset-coffee-maize type). Thus, commercialization of home gardens threatens the
species richness and diversity in the area, compromising the long-term sustainability of the
landscape [451].

A critical review of wild edible species of Ethiopia found a lack of scientifically based
information about a key range of genetic variables important for tree domestication which
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has resulted in a failure to capture their full potential in terms of quality, production, and
marketing [452].

In the Sudanese savannas characterized by low rainfall and semidesert landscape,
agroforestry practices have been reported to enhance farmer income generation from non-
timber forest products. This has a high potential for poverty alleviation influenced by:
(i) the biological product; (ii) trade and marketing networks, and (iii) the level of labour and
capital inputs [50]. However, the authors urged caution with regard to the generalization
of their findings due to regional differences.

7.2. Ethnobotany of Food and Medicinal Species for Cultivation

In the highlands and drylands trees produce a very wide range of useful food and
non-food products. The most commonly used food products are fruit, followed by leaves
and then occasionally roots, with many species having multiple edible parts (Adansonia
digitata, Balanites aegyptiaca, Grewia spp. etc.). In southern Ethiopia, Cordia africana, Millettia
ferruginea, Erythrina brucei and Olea capensis are the major indigenous multipurpose tree
species used in agroforestry systems, while in the north of the country, Croton macrostachyus,
Vernonia amygdalina, Faidherbia albida, Acacia nilotica, Acacia seyal and Grewia bicolour are
common. Whereas, in the central highlands, Albizia gummifera, Cordia africana, Croton
macrostachyus, Ficus vasta and Vernonia amygdalina are popular [453] with potential for
greater utilization [454].

Local communities have good knowledge about the uses of these indigenous non-
timber forest products which support livelihoods and nutrition of small holders in dryland
with region-specific preferences. Importance of indigenous fruit trees for food and nu-
tritional security and the livelihoods of local populations across Africa have been amply
justified by many studies [455]. In the arid lowlands of Ethiopia, 52 wild edible fruits are
consumed, notably those from Celtis africana, Ziziphus spina-christi, Balanites aegyptiaca and
Tamarindus indica prioritized for conservation and domestication; as well as Opuntia ficus-
indica, Carissa edulis and Ximenia americana in the Amhara Region and Syzygium guineense
and Carissa edulis in the Oromia Region [456]. Likewise, in the Nuba Region of Sudan,
the products of 14 species including Adansonia digitata, Ziziphus spina-christi and Balanites
aegyptiaca contribute to the livelihoods of fruit collectors and traders [49]. However, their
financial returns are constrained by a lack of market organization government taxation
policies and road connectivity. An ethnobotanical survey of 300 households in this area
subsequently indicated the local importance of cultural practices associated with the har-
vesting and widespread use of tree products vis à vis their conservation and sustainable
use for future generations [457].

In addition to food, tree products have important medicinal uses. For example,
in Burundi, Tanzania, and Uganda, >80% of the population use traditional medicines
particularly in the rural areas [458,459], while in the Mabira Central Forest Reserve of
Uganda a total of 190 species with 68 perennial trees from 152 genera in 61 families are
recognized for their medicinal importance [460] Ninety four percent of these species were
from forests. Likewise in the North Shewa Zone of Oromia Region of Ethiopia 73 medicinal
plants of which 14 were trees, came from 42 families [459]. A major concern identified by
these studies is the preservation and transmission of this knowledge to future generations
and the need for the documentation of traditional knowledge about their cultural uses and
processing before it is lost.

7.3. Commercial Value of Non-Timber Forest Products in Local Markets

The East African drylands, especially in the Horn of Africa, are also well known for
their commercially-important tree gums and resins, and to a lesser extent their use as
fodder and for craft wood. Here local communities are especially engaged in harvesting
resins from Boswellia spp. and Commiphora spp. for their pharmaceutical and industrial
applications [461]. Despite the industrial value of these species, the management practices,
harvesting and market value chains are quite primitive and underdeveloped and there are
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concerns for protection against overgrazing, and the need for assisted natural regeneration,
training and congenial government policies.

As most of these dry zone tree species are insect pollinated, beekeeping is also a major
activity in the region and Ethiopia, Kenya and Tanzania are major producers and exporters
of honey and beeswax [448].

7.4. Priority Setting for Domestication/Commercialization

Many of the important indigenous trees of East Africa with potential for domestication
as new crops are also found in other regions of Africa and progress with them in the 3rd
decade has been reported above in the Pan Africa section.

Prioritization is needed to maximise returns on investment without compromising
the useful biodiversity on farming landscape and was implemented in earlier decades of
this domestication initiative [16]. Recent updates for Uganda have added Ficus natalensis,
Markhamia lutea, and Albizia coriaria [447] while Tamarindus indica, Vitex doniana, Vitex mom-
bassae and Sclerocarya birrea have been listed on abundance and utilization as community
favourites for the drylands of Kenya, Uganda, and Tanzania [105].

In addition, the African Orphan Crops Consortium (http://africanorphancrops.org/
meet-the-crops/, accessed on 1 January 2022) has listed 53 trees among its 101 African
underutilized crops for genetic characterization [24].

7.5. Characterization of Trees

Characterization of trees for different traits, phenology, and nutrients is a critical step
for the capture and improvement of their useful genetic diversity. This directly helps
in the selection of domestication traits for greater marketability, enhanced consumption,
nutritional value and for greater ease of management and maintenance in the field [30].
In the semi-arid drylands of Ethiopia, Tamarindus indica is a species maintained for its
commercial value on farm as well as in bushlands. In general trees on farm were found to
be larger and to produce more fruits, but the trees were less numerous [449] indicating active
management by the farmers. This was also very evident from positive correlation between
total yield and production related traits (e.g., dbh), as well as better yield predictability.

In addition to foods, another trait dependent economic activity that can support
livelihoods of local communities is wood carving. Wood density and colour are important
characteristics of species suitable for carving purposes. Based on these traits, Dalbergia
melanoxylon (ebony), Combretum schumanii (Mkongolo), Cordia sinensis and Olea africana
(African olive) and Brachylaena huillens are the slow growing species preferred by wood
carvers in Kenya [462]. Like B. huillensis and D. melanoxylonare the continued existence of
many of these slow growing species is under threat thus placing the people’s livelihoods
in jeopardy. Consequently, a study has examined the potential of other species and found
Azadrachta indica (mkilifi), Terminalia prunoides (mutoo), Afzelia quazensis (mbambakofi),
Brachystegia spiciformis (mrithi) and Manilkara sansibarika (mgambo) to be alternatives for
the carving industry.

7.6. Assessment of Genetic Variation

DNA Markers can now be used to characterize genetic variation, however to date,
many of the indigenous trees of East Africa have not yet been characterized in this way [24].
Studies in A. digitata [67,68,72] have been reported in the Pan Africa section of this review.

7.7. Nutritional Value of Non-Timber Forest Products

Agroforestry can provide healthy, local, and affordable solutions for increasing veg-
etable and fruit uptake in a sustainable manner. Apart from energy they provide mi-
cronutrients to counteract the major micronutrient deficiencies in vitamin A, iron, and
zinc prevalent in sub-Saharan Africa as indicated by 91% of the world’s Hidden Hunger
Index affected pre-school children being in Africa [463]. Indigenous fruits like Adansonia
digitata, Sclerocarya birrea and Grewia tenax are rich in vitamin C, vitamin A and iron respec-
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tively [455]. Thus, a child eating 10 g of A. digitata pulp would get 100% of its vitamin C
requirement. Likewise, the consumption of 40–100 g of G. tenax berries meets nearly 100%
per cent of the daily iron requirement of a child less than eight years old.

In the Lake Victoria basin of eastern Uganda, fruits of Saba comorensis are rich in
β-carotene, vitamins C, and minerals like potassium, magnesium, and calcium. Being rich
in vitamin C, zinc, and iron, it has a potential to address the issue of stunted growth and
hidden hunger [464]. Due to climate change and unpredictable crop yields, this species is
enhancing livelihoods and the food and nutritional security of local communities.

The African Orphan Crops Consortium has published a synopsis of the nutritional
contents of some of its candidate trees and crops [24].

7.8. Medicinal Value of Non-Timber Forest Products

Many east African dryland tree species have medicinal properties [17]. A study of
locally-consumed wild plants from Nakisunga sub-county, Uganda, many of which were
herbaceous, found them to be worthy of further scientific study of their nutrient quality
and conservation measures devised for their sustainable production with regard to their
efficacy to relieve the effects of HIV-AIDS [465]. A woody vine, Telfairia pedata, producing
oyster nuts with health and nutritional benefits is also recognized as having potential for
domestication in Tanzania [466].

7.9. Nursery Development and Improved Planting Stock

The development of procedures and methods for production, procurement, processing,
distribution, of seeds and the successful planting of seedlings and clonal propagules
(cuttings, grafts, etc.) is fundamental to tree domestication. Key biological traits and
management practices include understanding germination behavior, rooting and shooting
behavior, scion and root stock compatibility, responsiveness to management and associated
cultural practices.

Initial efforts to domesticate and popularize Markhamia lutea an indigenous tree species
in the Kenya Highlands indicated its great potential in agroforestry for erosion control,
shade, shelter, soil amelioration and as a source of fuel and easy to work but durable
wood [467]. Seeds collected from Kakamega Forest had 90–100% germination grew better
than those from Siyaya and Teso. The demand for seeds of this species from the Kenyan
Forest Seed Centre has been very high. Early growth has shown some provenance variation,
but nursery management is equally important.

Regeneration studies with Allanblackia stuhlmannii, an increasingly important fruit
tree (see Pan Africa section) from the Usambara Mountains in Tanzania has indicated
that, despite its reputation as being difficult to germinate, overall germination was around
75–80% [468]. Early seedling growth also showed good survival.

7.10. Vegetative Propagation

Propagation poses a major challenge for successful domestication and adoption of
many tropical tree species. Like most long-lived trees the endangered medicinal tree
species of the African Highlands, Prunus africana, has very long regeneration cycle as well
as recalcitrant seed germination. The species is overexploited due to its pharmaceutical
value and needs an immediate attention for upscaling production by on-farm adoption.
While stem cuttings are easily rooted in village nurseries [171], in-vitro culture methods
have been developed for mass production under centralized laboratory conditions [172].

7.11. Trade and Law

One of the major factors affecting sustainable utilization of forest produce by local
communities is the policy and law governing access and use of forests and natural resources.
Although wild edible plants do have an important role to play in resilience of dependent
communities, a lot needs to be achieved regarding the governance and laws for balancing
the exploitation and replenishment of forests. While many farmers in East Africa cultivate
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and harvest tree products there seems to be a lack of clarity about the law at least in
the arid and semi-arid Tharaka County in Kenya, where foresters who are government
appointed custodians of natural forests were unclear about the laws dealing with access
and exploitation of forest produce [469]. Similarly, some of the farmers were also unclear
about rules, fees and process of obtaining licenses, possibly associated with unscrupulous
practices such as corruption and bribes. This uncertainty poses constraints to the equitable
access of local communities to the natural resources and the development of value-added
products. As in other parts of Africa, the recognition of agroforestry trees and products as
farm crops may minimize this problem [207].

In Kenya, the trees-on-farms legislation under Farm Forestry Rules of 2009, aim to
promote at least 10% forest cover on agricultural landholdings to combat climate change.
Despite poor implementation of this law, Chisika et al. [470] found relatively good tree cover
on farms, but they attributed this mainly to other legal instruments affecting farm forestry.

7.12. Local Impacts of Cultivation and Marketing of Tree Products

Local home gardens are known to be rich in species diversity and are important for on-
farm conservation of plant genetic resources. Such complex and dynamic agro-ecosystems
have potential to reduce crop failures, are resource efficient, provide ecological services,
and support livelihood by providing nutrition and income generation. All of these make
home gardens climate resilient systems of crop production.

In the semi-arid zone of Sudan, ‘Jubraka’ is a farming system in which home gardens
are important source of food during periods hunger and food scarcity, especially before
onset of rainy season. A study of 61 Jubrakas in four villages of the Nuba Mountains, South-
Kordofan Province, Sudan, identified a total of 110 species from 35 plant families of which
perennials accounted for 57%, including 12 indigenous fruit trees [69]. Generally, it was
found that commercialization actually increased the species richness of these home gardens.

Another study in Sudan evaluated the suitability of manufacturing juice and candy
from the highly nutritious fruits of A. garckeana. The results indicated that the products had
high sensory and energy benefits [471].

8. Savannah and Miombo Woodlands of Southern Africa
8.1. The State of Natural Resources and Their Governance and Management

The Miombo Woodlands contain about 75 indigenous fruit trees, which have provided
highly nutritious edible fruits for hunting-gathering communities [16,472] long before
settled agriculture [473]. They have supplemented the diet of rural families by providing
essential micronutrients, antioxidants, polyphenols, and health benefits, especially for
mothers and children. They also serve as an alternative for income (cash and barter),
especially during times of food scarcity and economic hardship [16,78,473–477], as such
they play an important role in reducing the vulnerability of rural households to hunger
and poverty in southern Africa [472]. In Zimbabwe, indigenous fruit trees can reduce this
vulnerability by 33% during critical periods in the cropping season [473], also providing a
coping strategy for farmers in Zambia and Malawi during periods of drought.

Against this background, tree planting in the Southern African region has histori-
cally involved developing commercial timber plantations of Eucalyptus, Pinus and Acacia
species [478], or exotic fruits [479]. However, recently, tree planting initiatives in the region
have been expanded to include the planting of agroforestry species, indigenous fruit trees,
and to a limited extent, indigenous commercial (timber and food) species [478].

Many of Africa’s indigenous fruit and nut trees have great potential for domestication
and the ‘rebooting’ of tropical agriculture [22]. All of the ten species identified to have
untapped potential for food and nutrition security by Omotayo and Aremu [257] occur
naturally in southern Africa. In Zimbabwe, about 99% of homesteads in semi-arid areas
contained trees (each with around 4–18 trees) primarily planted for fruits and shade.
However, fuelwood, traditional medicines, windbreaks and homestead decoration were
considered secondary benefits [480]. In recent times, farming and non-farming households
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with access to these nutrient-rich indigenous fruits had managed to live above the poverty
line throughout the year through sales of fruits when agricultural labour demands were
high [473]. With the worsening food crisis, high levels of population growth, and increasing
rural and urban poverty levels in southern Africa, there is growing recognition of the
importance of indigenous fruit trees.

As reported in the second decade of tree domestication the food production capacity
in the Southern Africa region is reaching its limit due to the over-cultivation of the fragile
soils and consequent loss of soil fertility and health [16]. The periodic droughts in the
regions have exacerbated this situation and have led to greater exploitation and loss of
wild indigenous fruit trees in some areas. Moreover, in countries such as Malawi, Zambia
and Zimbabwe, land clearance for maize (Zea mays) and other staples has severely reduced
the availability of indigenous fruits and nuts. Over the last three decades, to minimise
this worsening situation, the domestication of indigenous fruit trees has been adopted to
incentivize the integration of indigenous fruit trees into farming systems for cultivation
and sustained use.

The exploitation of certain indigenous fruit trees as a wild-harvested food source
and for medicinal purposes in certain parts of southern Africa, especially rural areas,
is well-documented [481]. Wild fruit trees are severely prone to over-exploitation and
extinction as forests recede due to deforestation and the fact that they are being cut down
for medicinal purposes without replacement [472]. The commercialization of harvesting
and trade of some species such as Uapaca kirkiana and Ziziphus mauritiana from natural
populations can result in genetic erosion and reduction of the regenerative capacity of the
species as the seeds are being removed from their natural environment [23,478]. As a result,
indigenous fruit trees are scattered, populations are small and fragmented, and in some
cases, they have completely disappeared from the landscape [478]. This is one of the key
reasons for promoting domestication and cultivation. The genetic makeup of some species
may have been altered by farmers retaining desirable trees and felling others [478] as part
of domestication.

The growing popularity of indigenous fruit trees in rural communities for their food
and non-food products in southern Africa has led to domestication and commercialization
programmes in selected priority species to improve the quality of their products [478].
This Agroforestry Tree Domestication Programme started in Southern Africa in the early
1990s, led by the World Agroforestry Centre (ICRAF) and continues today [16,85,482].
It provides local communities with a sustainable means to cultivate indigenous fruits
and nuts, diversify farming systems and enhance how these species promote food and
nutritional security while increasing household incomes can be used to pay school fees,
improve homesteads and gain access to better healthcare [96].

In southern Africa, the participatory, more decentralised domestication approach
to domestication has been gaining attention in the last decade due to the failure of top-
down approaches and the complexity of natural resources management, conservation, and
utilisation within rural communities [473,478]. The approach was developed through close
collaboration between scientists and farmers, where the farmers and local communities
are involved in selecting species [478]. The farmers utilise the participatory domestication
approach on their farms and tree nurseries, where the focus is initially on satisfying the
immediate domestic needs of households for tree foods and then expands by producing
planting material for sale to other farmers and by commercializing tree products).

8.2. Ethnobotany of Food and Medicinal Species for Cultivation

The traditional use of indigenous food plants has been widespread in southern Africa.
For example, in northern Namibia, 87% of people between 18 and 98 years old reported that
they had learned about using these species from their parents. However, 56% indicated that
their use was declining, with only limited attention to improving management practices.
Four species (Berchemia discolor, Hyphaene petersiana, Sclerocarya birrea and Diospyros mespili-
formis) were especially important for treating toothache diarrhoea, cough, tonsillitis, burns,
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skin allergy, stomach ache, snake bite, and constipation [90]. In Central Sekhukhuneland
in South Africa, 44% of species were used for food, while 46% were medicinal, and 40%
had various craft uses [483]. Using a Species Popularity Index, this study revealed a need
for a greater systematic recording of indigenous plants. Likewise, medicinal plants are
still widely used in rural areas of Mpumalanga, South Africa, especially for urinogenital
disorders, while Combretum collinum is important for respiratory diseases [484].

Azanza garckeana is one of the priority species for domestication in southern Africa.
It is a popular multipurpose fruit tree that is widely recognized across Africa for its
phytochemical properties and so for its nutritional and medicinal uses [485–492]. A total of
22 traditional medicinal uses of A. garckeana are documented in the literature, ranging from
asthma, abscesses, anaemia, diabetes and epilepsy to malaria, chest and liver problems and
sexually transmitted diseases [489]. Likewise, other ethnobotanically important species
with potential for domestication, like Vangueria infausta and Dovyalis caffra, have nutritional
and medicinal properties [493,494].

8.3. Commercial Value of NTFPs in Local Markets

Due to a lack of knowledge and the bias of research and development in large-scale
agriculture, the indigenous fruit trees of southern Africa remain relatively unknown in
the global market [112]. Thus, they do not contribute much to southern Africa’s regional
and export trade as they are generally considered to have little commercial potential. As a
result, they are mostly sold in informal markets. For example, in Eswatini, indigenous fruits
occur in abundance during the summer and autumn seasons. Some fruits are sold raw in
informal local markets or processed into value-added products at a small-scale subsistence
level for economic gain [472]. In the Miombo Woodlands, A. garckeana and Strychnos spinosa
are popular multipurpose fruit trees characterised by edible and nutritious fruits with
medicinal uses. These fruits have great social and economic importance locally and in the
other parts of Africa where they are indigenous [491]. They generate substantial income for
the household in local markets [489,490]. Indigenous fruits can be processed into value-
added products to improve digestion, metabolism, and preservation [476]. Examples of
value addition include fermentation, which can add value to the underutilised indigenous
fruits [472].

Since the start of the indigenous fruit tree programme fruit markets in southern
Africa have been largely informal, small, and volatile. These markets encounter numerous
challenges, including a short season, seasonal gluts; bulky and perishable products; limited
and conflicting market knowledge, lack of marketing networks and associations, inadequate
policies, and inadequate processing and storage methods [16].

Even though the indigenous fruit trees are not generally considered to have commer-
cial potential in southern Africa, some fruits such as Uapaca kirkiana, Sclerocarya birrea and
Z. mauritiana are being used commercially to make alcoholic [94,495]. This commercializa-
tion of indigenous fruits has implications for sustainable harvesting and the protection of
the natural resource.

8.4. Priority Setting for Domestication/Commercialization

Since the start of tree domestication in southern Africa, the list of priority species
has been extended from Sclerocarya birrea, Uapaca kirkiana, Strychnos cocculoides, Vangueria
infausta, Parinari curatellifolia, Ziziphus mauritiana and Adansonia digitata to include Sizygium
cordatum (Gaertner) and Vitex species [85,96,482]. Two of these species—S. birrea and
A. digitata—are also priority species in other African Regions, so recent research om them
is reported in the Pan-Africa Section of this paper. Strychnos spinosa, an important tree
for domestication in southern Africa, is also important in West Africa [406]. Likewise,
A. garckeana, one of the original group of priority species in southern Africa, is a small,
semi-deciduous tree, producing fruits with rough and hairy skins and is semi-domesticated
in Nigeria and Benin, where communities grow the species in homegardens and crop
fields [489,490] to support their nutrition, health and income security.
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The prioritisation of indigenous fruit trees differs across the Region. For example,
based on ethnobotanical surveys, A. garkeana and Flacourtia indica are high priority in
Malawi; Vitex species and Tamarindus indica in Tanzania; Anizophyllea boehmii in Zambia;
and A. garkeana and Z. mauritiana in Zimbabwe [481]. In another survey, A. digitata L.,
P. curatellifolia, S. birrea, S. cocculoides and U. kirkiana were perceived as the most important
species for domestication in Malawi, Tanzania and Zimbabwe [481].

8.5. Characterization of Useful Traits

Using simple linear regressions, a study in South Africa sought relationships between
diameter at breast height (dbh) and total fresh fruit biomass in Strychnos madagascariensis
and Strychnos spinosa. It found that dbh explained 99.9% of the variation in fruit biomass;
thus, it provided useful predictions of fruit yield in the savannah woodlands of southern
Africa [496]. Interestingly, a study of S. spinosa in Benin (West Africa) across seven popula-
tions also found highly significant differences among populations in nine traits. In addition,
within-population variation accounted for 53–90% of the total variation indicating a high
potential for selection for domestication purposes [310].

8.6. Assessment of Genetic Variation

To initiate a domestication programme on U. kirkiana in southern Africa, a provenance
trial was established in 1997 at Nauko in Malawi. It contained six provenances from Malawi
and one from Mozambique. The provenance trial showed significant differences between
provenances in the sex ratio of flowers [482]. Phalombe provenance had a male:female
ratio of about 1, while other provenances contained more male trees [482]. The Phalombe
provenance also produced the most fruits per tree, perhaps because of better pollination.
The authors recommended further studies to investigate variation in desirable fruits traits
such as fruit size, sweetness and pulp ratio for domestication.

8.7. Nutritional Value of Non-Timber Forest Products

Uapaca kirkiana produces nutritious fruits with many foods and non-food uses due
to its phytochemical content [83,104], making it important to address malnutrition. A
recent analytical study in support of traditional knowledge found that U. kirkiana fruit is a
good source of micronutrients (Fe, Cu, Zn), phenolic compounds, vitamin C and bioactive
compounds [497–499]. Therefore, it is recommended that these functional tree foods be
incorporated into diets for their nutritional and health benefits, such as additives and as
probiotic jams, especially for women and children in sub-Saharan Africa.

Likewise, A. garckeana has great potential as a high-value nutraceutical due to its impor-
tance as a source of several bioactive compounds such as alkaloids, flavonoids and tannins,
which can be used as dietary supplements or functional foods [489]. Therefore, the fruits of
A. garckeana are an important resource for dietary health across the region [488–491]. In ad-
dition to its micronutrient content, A. garckeana can also reduce protein-energy malnutrition,
which has plagued the residents of sub-Saharan Africa [490].

8.8. Medicinal Value of Non-Timber Forest Products

The bark, fruits, leaves, roots and stems of A. garckeana are reported to possess diverse
medicinal properties and uses [113,489,490], with numerous reports about its phytochem-
ical properties [485,487,488,491,492]. Furthermore, there are reports of its antimicrobial
activity associated with betulinic acid [486] with potential in the beverage, pharmaceutical
and cosmetic industries. Dovyalis caffra is another species with medicinal and veterinary
potential associated with pain relief and rheumatism in humans. These properties have
been tested and suggested for further study to evaluate its activity against bacteria and par-
asites [493]. Across much of dry Africa, the pharmacological benefits of Parkia biglobosa have
been associated with its properties to treat malaria, helminthic worms, bacteria, diabetes,
hypersensitivity, inflammation, cancer, sleeping sickness and for its antioxidant proper-
ties [428]. Strychnos spinosa is another indigenous fruit exhibiting various health-promoting
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benefits against a variety of pathogens due to its diverse nutritional and phytochemical
constituents [500].

8.9. Selection of Elite Trees and Ideotypes

In the dioecious species U. kirkiana, a study to integrate ecological knowledge and
scientific principles in selecting superior Uapaca kirkiana phenotypes in Malawi and Zambia
involved focus-group discussions with fruit collectors and roadside marketers. Following
these discussions, superior female trees of U. kirkiana on cultivated land and forest re-
serves were identified in Malawi and Zambia based on fruit load, size and sweetness [473].
The local communities retained the identity of these elite individuals. Likewise in Zim-
babwe, U. kirkiana tree selections focussed on fruit size, and total soluble solutes as farmers
indicated the importance of taste [501].

8.10. Nursery Developments and Improved Planting Stock

The domestication of indigenous fruit trees may encounter similar institutional barriers
to conventional trees species [478]. These include the lack of investment in tree seed centre
activities. For example, seed centres in Zambia and Mozambique are experiencing shortages
in human capacity, equipment and funding and failing to meet domestic seed demands.
Private forest companies and tree growers are relying on seed imports [478].

The physiological quality of the seed in terms of purity and viability is often com-
promised as most seed centres have dilapidated seed testing and cleaning equipment. In
contrast, others like those in Zimbabwe face frequent power cuts resulting in loss of seed
viability [478]. In addition, in contrast to South Africa where the benefits are internalized
within the private sector that drives tree breeding initiatives and programmes with support
from the government, tree breeding research in countries such as Malawi, Zambia and
Zimbabwe is undertaken by government institutions. The outputs of this research are then
deployed for planting as improved tree germplasm [478]. Thus, individual countries are at
different levels of sophistication regarding their breeding initiatives and programmes. A
lack of research investments has hampered some countries’ capacity to produce enough
seed to sustain planting programmes [478]. The concept of a participatory tree domestica-
tion programme for agroforestry with indigenous fruit trees [18] circumvent this problem
and empower farmers to meet their own needs for improved planting stock.

Marunda et al. [478] note that planting stock is inadequate despite the effort to domes-
ticate indigenous fruit trees. Thus, the demand for fruits is inevitably still being met from
dwindling natural populations. Ofori, Gyau [23] concur, indicating that it is important to
minimise losses in underlying genetic diversity. The strategy embraced for indigenous fruit
trees is designed to minimize these losses. Nevertheless, depending on the domestication
method used, such losses are a concern.

8.11. Vegetative Propagation

Despite a general lack of knowledge about the vegetative propagation of indigenous
fruit trees in the Region, the techniques and principles developed in earlier decades [16,37]
are being applied to priority species across southern Africa. Meanwhile, in South Africa,
studies with stem cuttings have been successfully initiated in other species, such as Brack-
enridgea zanguebarica Oliv. [502] and Cyclopia subternata [503]. Vegetative propagation using
cuttings, grafting and layering can capture superior fruit and tree traits in mature tissues.
By retaining sexual maturity in the new clonal material small plants can flower and fruit
within a few years of propagation [16]. Interestingly, a study of the fruits from natural
seedlings versus vegetatively propagated plants found that vegetative propagules (grafts
and marcots) of U. kirkiana produced larger fruits in November, while in December, those
from natural stands were larger [504]. Seeds from grafts germinated rapidly and grew
faster than those from natural stands. Thus, grafting and marcotting was recommended as
a viable alternative source of seed.
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8.12. Community Action

A study in Malawi investigated farmers’ attitudes towards tree planting on their
farms and found that farmers who had planted trees in the last five years were more
positive than those who had not. Furthermore, membership in a farmer group had a
significant influence on their behaviour. Nevertheless, households generally considered
that buying food and agricultural inputs and investing in their children’s education were
more important than planting trees. The authors concluded that these attitudes indicate
that poverty is a barrier to tree planting [505]. However, more generally in southern Africa,
the fruits of Miombo tree species on farms are recognised both as a safety-net and a source
of income and employment, indicating the importance of wider cultivation in the region for
both livelihoods and the alleviation of environmental issues such as climate change [506].

8.13. Post-Harvest Issues

Damage to indigenous fruit trees and their fruits from tree climbing and stick throwing
continue to be a problem, causing post-harvest losses. Vangueria infausta is an important
indigenous fruit of southern Africa widely consumed by rural communities. However, its
greater use is constrained by knowledge of postharvest practices. Consequently, studies
have examined factors affecting consumer appeal, nutritional benefits and shelf-life [494]. In
addition, a study to determine the effect of harvesting time on physicochemical properties
and selected nutritional composition of V. infausta fruits found that the best harvest time was
January, when fruits were most attractive to consumers; however, further work is required
on the physicochemical properties and nutritional value [494]. However, some processing
technologies have been developed to add value in quality, mineral bioaccessibility, shelf-life
and postharvest handling to IFT fruits [497].

8.14. Enterprise Development

The past failures to domesticate underutilised fruit trees have resulted in poor global
recognition and limited integration into formal markets, supply chains and retail outlets.
Many of these products are mostly sold fresh by street vendors rather than by shopkeep-
ers [78]. Given the importance of indigenous fruit trees to the human diet, food and
nutrition security, livelihoods and gender equality, there have been many calls to domesti-
cate them as farm crops [112,472,507].

In support of the domestication of U. kirkiana, a market study in Zambia during
the last decade proposed the need to develop policy interventions to expand the fruit
processing sector, promote agribusiness linkages, and increase knowledge to support
improved marketing. A more recent survey has found a high informal market demand
for the fresh and secondary products of the U. kirkiana fruit in Zambia, principally for jam,
butter and syrup, potentially expanding [508].

A study in South Africa has investigated the use of flour from the fruit peel of Parinari
curatellifolia to fortify the nutritional and antioxidant properties of biscuits [509]. Despite
mixed results, the authors recommended the use of peel flour to enhance the nutritional
and other properties of bakery products.

8.15. Trade and the Law

Since the start of the tree domestication initiative, there has been concern that the
commercialization of IFTs may directly conflict with traditional norms, conservation biol-
ogy and national conservation laws and regulations. Like all non-timber forest products
(NTFPs), many laws and policies (e.g., those relating to natural resources, agriculture,
forestry, environmental laws, land tenure and resource rights and economic and financial
measures such as trade and taxation) restrict the allowable management, use and commer-
cialization of indigenous fruit trees [16]. Thus, there are often serious difficulties in cases
where both customary and statutory regimes exist. As traditional governance systems are
generally better placed as the first line of contact given their proximity to the resource base,
there may be the need for the State to act as a complementary layer of governance [81].



Sustainability 2022, 14, 2355 49 of 75

This should avoid conflict and confusion between the two regimes. One possible solution
is to recognise domesticated indigenous trees as crops owned by the farmer—making
common-property NTFPs distinct from privately owned agroforestry tree products [207].

8.16. Local Impacts of Cultivation and Marketing

Agroforestry, the combination of crops with trees, harnesses the role of trees to create
niches essential for a sustainable and functional agroecosystem [25,510]. Within this frame-
work, the domestication of indigenous trees diversifies and intensifies productive farming
systems with crops producing traditionally useful and marketable products [14]. The
colonization of these niches can also encompass wild indigenous vegetables, often shrubs
and herbs. In South Africa, several research institutions are at the forefront of research
on these species to boost food and nutrition security [495]. The Agricultural Research
Council of South Africa is one such institution and focuses on water use efficiency, plant
nutrition, cultivation practices (planting methodology, spacing and harvesting, allelopathic
effects, agronomic traits) and promoting wild vegetables [511–513]. This aligns with wider
initiatives with ‘orphan’ crops across the continent [495,514].

However, further research is needed to understand the socioecological context that
explains tree survival when developing diversified homestead tree plantings [480]. The
diversification of farming systems with new domesticated crops requires that cultivated
plots are properly managed and secured. This has not always been the case for many trees,
such as marula (Sclerocarya caffra), kei apple (Dovyalis caffra) and monkey orange (Strychnos
spp.), as few mixed species cultivation trials have been undertaken. Consequently, rural
populations can encounter challenges with regard to the cultivation of indigenous species,
such as fragile and degraded soils [112].

9. Adoption, Outcomes and Impact

ICRAF’s dominance in tree domestication research in early years has been superseded
by a multitude of National Agricultural Research Systems and University Departments.
However, these institutions are less well placed to conduct the Development Research
needed to underpin a scaling-up of the overall initiative across Africa (and the rest of the
tropics/sub-tropics), leaving a gap that needs to be filled by a new coordinating institution
or network.

The third decade of tree domestication has been a period of consolidation with
an expansion of both the concept and interest in indigenous species with more play-
ers across a broad spectrum of disciplines, especially phytochemical analysis and un-
derstanding of the baseline ethnobotany and state of the natural resource. Of special
significance is the adoption by African academics from a very wide range of disciplines,
universities/institutes and countries in published research on an increased number of top-
ics (Supplementary Materials Tables S1 and S2). Significantly, this research on the multi-
disciplinary interface of the Domestication Syndrome (the techniques and strategies that
allow the capture and use of a range of desirable traits) has often been conducted in partner-
ship with scientists from Europe, the USA and many other countries outside Africa. Conse-
quently, probably the most important outcome has been a greatly improved knowledge of
over 40 of Africa’s indigenous tree species. This knowledge spans from their ethnobotany,
through characterization and propagation, to their phytochemistry and genetics.

The most important knowledge gap, however, is in the specific performance of putative
cultivars in field trials and in farmers’ fields. Consequently, progress made in the second
decade to identify livelihood and agroecological impacts has not advanced much in the
third decade. In part, this is due to reduced donor funding of participatory domestication
at the community level. Interestingly, however, the continuation of tree domestication
activities in hundreds of rural communities in Cameroon, even without significant new
funding or technical backstopping, indicates the resilience of this grassroots approach to
Rural Development. This is in marked contrast to the persistence of conventional top-down
Development programmes. Encouragingly, the merits of Rural Resource Centres as the
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community hubs for agroforestry have expanded greatly within the African continent,
especially in Ethiopia, Rwanda, Kenya, Mali, Burkina Faso and Chad. Whilst the principles
behind the Rural Resource Centres are common, their institutional make-up is driven
by the capacities and resources available but also determined by the needs of the farmer
community and other stakeholders, as well as their environment.

The importance of an enabling socio-political context in the success of such bottom-up
approaches is illustrated by recent developments in Cameroon. The political unrest since
2016 in the Northwestern and Southwestern regions of Cameroon, exactly the areas where
participatory tree domestication was spreading fast, has brutally ended the dissemination
of tree cultivation by Rural Resource Centres to neighbouring villages. Unfortunately, those
Centres which were located in conflict hotspots were destroyed, and promotors fled their
village for fear of repression. Furthermore, technical backstopping and monitoring became
impossible for security reasons.

10. Policy Relevance

There is strong evidence that high-value, non-timber forest products with potential in
agroforestry systems for the production of food and medicines can have significant impacts
on poverty alleviation, well-being, food security and also provide ecosystem services for
the mitigation of climate change [515]. Much has been written this decade about the need
for enabling policies to support the reform of tropical agriculture, especially for hundreds
of millions of very poor smallholder farmers in Africa locked in subsistence agriculture
by current adverse policies [25]. Importantly, this can be achieved through the use of
indigenous technologies [516] and new crops developed from indigenous species.

By diversifying these farming systems with new indigenous tree crops producing
traditional African foods it is possible to restore and rehabilitate highly degraded natural
capital [517], diversify diets, habitats for biodiversity and local markets [27]. Interestingly,
new market opportunities are emerging from studies of the unique phytochemistry of
indigenous tree products. For example, in addition to high nutritional value [330] and
post-harvest processing [385], studies have examined: the potential to select for functional
foods [144], medicinals [489], bactericidal properties [493], fermented products [110,331],
biodiesel [109], insecticides [518], paint formulation [519] and aluminium corrosion in-
hibitors [520]. Identifying candidate trees to select for all these potential commercial uses
can be greatly enhanced by the examination of the intraspecific tree-to-tree variation at
different sites with the purpose of formulating a selection ideotype [115].

Simultaneously, this approach to the domestication of indigenous trees and the com-
mercialization of their products can catalyse a highly adaptable and generic model for the
rehabilitation of degraded farmland, so stimulating increased productivity of staple food
crops by better land husbandry and rehabilitated agroecosystems [22,510,521]. If scaled
up significantly, this approach to domestication could be a catalyst for the conversion of
the so-called inevitable ‘Trade-offs’ to ‘Trade-ons’ that maximize environmental, social
and economic benefits, or ‘profits’, from investment in the five Capitals (natural, human,
social, physical and financial) [14,15,22]. Such policy change offers opportunities to trigger
a transformational quantum leap towards the development of African economy conferring
a better life for millions of the world’s poorest people—especially in Africa [25]. With the
development of new local industries based on the selection of unique properties of a wide
range of elite indigenous trees, this would rebalance the global economy and social divide
between the very rich and the very poor [25,289]. It may also help to restore wildlife habitats
by converting degraded land into perennial vegetation for improved wildlife habitat and
for carbon sequestration to address climate change, and thus reverse the current pressures
on planetary health [22]. There is, however, a big constraint to achieving all this. It is the
lack of well-replicated, randomized impact studies to convince donors and development
agencies of the importance of these approaches. Unfortunately, donors are very reticent to
fund such studies at the start of development programmes.
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In the wake of COP26, the benefits of endogenous (home-grown) incentives to combat
deforestation/land degradation and associated climate change, using agricultural and
landuse practices such as ‘land maxing’ with indigenous tree species could reverse the
current situation, where 90% of the change in forest cover is attributable to agriculture [14].
It seems clear, however, that ‘political will’ by the international community is the missing
sixth capital for sustainable development [22].

Policies are now needed to implement a continent-wide tree domestication programme
on a scale which will deliver multiple impacts. This will require the up- and outscaling of
research and then the implementation of a massive development programme. It is clear
from experience in Humid West Africa that for successful and rapid impact, a development
programme should be based at the grassroots community level using the tried and tested
decentralized Participatory Domestication strategies, philosophy and techniques developed
in Cameroon [21]. This can then be supported by a longer-term upstream centralized
programme of tree breeding and biotechnology. This will then require finding ways to
disseminate the new germplasm from centralized breeding programmes to the network of
community level Rural Resource Centres.

11. Towards the Fourth Decade

Much has been achieved during the third decade, especially with regard to the uptake
and expansion of the overall concepts of agroforestry tree domestication across a wide
range of academic institutions in Africa and partnerships around the world, as well as
across an increased number of species. However, research publications in the third decade
have not spanned the 23 topics examined by this review equally (Figure 3) and no single
species has had a research agenda spanning all topics.

Notably, the weakly researched topics (less than five publications) have been: priority
setting (Topic 5), although this was a key topic in the first and second decades; elite tree
selection and identification of ideotypes (10); testing of putative cultivars (13); implementa-
tion of participatory principles (15), again a key topic in earlier decades; new techniques
and skills (16); nursery developments and improved planting stock (17); protection of
traditional knowledge and intellectual property rights (19); and the impacts of cultivation
and diversification of farming systems (21). Only 6 topics had more than 30 publications.

Consequently, these and many areas of new research and development identified for
the third decade are still in need of adoption or expansion in the fourth decade (Table 4). In
addition, and within the concept of ‘re-booting’ tropical agriculture and making African
lives matter [22,25], there is especially a need to examine how closing the yield gap in
staple food crops using tree domestication and AFTP commercialization [522] can: (i)
reduce the area needed for staple food crop production and (ii) create more climate-friendly
and wildlife-friendly land use on formerly degraded farmland. This should include an
examination of the different patterns of domesticated indigenous tree crops in different
combinations of tree species × configuration × density to maximise the win-win-win
benefits [22], which are likely to be critical for up- and outscaling in the fourth decade.

In the fourth decade, we specifically recommend that the current interest in the
phytochemistry of indigenous tree species for enhanced nutrition and their medicinal
properties [17] should be expanded to explore the intraspecific tree-to-tree variation at
different sites to identify traits appropriate for market-oriented ideotype selection [115].
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Table 4. Areas of new research identified for the third decade [16] and their current situation for the
fourth decade.

Towards the Third Decade Towards the Fourth Decade

• Improving the capture of ontogenetically mature
phenotypes by identifying the principles for success in
grafting and marcotting.

• This is still needed. Indeed, there is an urgent need for
wider capacity in all forms of vegetative propagation at the
local level.

• Chemical analyses of a wide range of useful ingredients,
including essential nutrients, medicinal compounds,
perfumes, flavours and other sensory characteristics,
found in AFTPs and their selection as traits for cultivar
development to meet the needs of new markets.

• Progress has been made here, but there is still a need for
much more, especially examining tree-by-tree variation.
Data at the population level conceal crucially important
variation between individual trees.

• Post-harvest processing, storage and packaging of AFTPs
to expand local, regional and global trade opportunities.

• Some progress, but more is still needed to promote the
development of local cottage industries and rural
development.

• Controlled pollination between cultivars with good
morphological characteristics and those with high
nutritive value and/or with out-of-season fruiting. This
will require a more centralized approach to domestication
research, but wherever possible, this should be done in
conjunction with rural resource centres working directly
with farmers.

• This is still needed and will become increasingly important
once cultivars produced by participatory domestication
have been tested and proved. A centralized approach has
been initiated but without links to Rural Resource Centres.
Such links are likely to be crucial for the dissemination of
new cultivars bred centrally.

• Upscaling tree domestication, especially in Africa,
focusing on species with impact on income generation and
nutrition.

• No progress and now urgently needed to achieve the scale
required to address the potential identified in Section 11.

• Quantification of impact against baseline data based on
well-defined criteria and indicators.

• No progress. Quantified impact is urgently needed to
stimulate donor/policy adoption.

• Better understanding of the integration of domesticated
agroforestry trees in different cropping systems for
improved livelihoods and greater environmental benefits.

• Some progress, but more is needed to demonstrate that
tree domestication is central to the achievement of
intensified and productive functioning agroecosystems.

• Development of producer-trader linkages and agreements
that expand farmer opportunities, promote transparency
and reduce inefficiency for mutual benefit.

• The marketing of AFTPs for local income is central to the
livelihood benefit flows made possible by the
domestication of indigenous agroforestry trees.

• Greater involvement of the private sector through
public–private partnerships in the local processing and
wider trading of AFTPs. The ideotype approach should be
used to formulate trait combinations that meet a wider
range of commercial markets.

• Limited progress has been made at the local level.
Regional and International PPPs should be firmly based on
genuine benefit flows to producer communities through
the recognition of intellectual property rights.

Greater use of ideotypes is needed.

• Enhanced recognition of the importance of AFTPs in
agriculture by national and international policy makers
and the adoption of appropriate policies.

• Much has been written on this, but to date, little progress
has been made towards a new mindset in Development
agencies.

• Formulation of intellectual property rights that protect the
innovative activities of poor farmers and local
communities in developing countries.

• No progress. This has to be built on an expanded series of
field trials testing and proving the uniformity and
superiority of putative cultivars.
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In addition to the requirements of Table 4, the prime need for the fourth decade
is progress towards up- and out-scaling at the national level. This will require a very
considerable expansion of capacity building for NGOs, CBOs and community groups at
the local/national level. In addition, there will be a need for a dedicated Centre to test,
develop and promote selected cultivars of indigenous crops. This should build on the
successes of Rural Resource Centres in Cameroon and their truly bottom-up approach to
the dissemination of skills, techniques and strategies [19]—especially in participatory do-
mestication, vegetative propagation and the field testing of putative cultivars. Furthermore,
to maximise win-win benefits in view of the small size of land holdings in Africa, studies
to establish appropriate planting densities for new tree crops are likely to be critical for up
and outscaling in the fourth decade.

12. Conclusions

It is clear from this review that there is a growing acceptance of the critical role that
indigenous fruit trees can play in: (i) breaking the cycles of poverty and malnutrition,
(ii) improving the quality of life for millions of rural people in the continent and (iii) in
transitioning to climate-resilient strategies in Africa. This has been achieved through the
transition from ethnobotany into mainstream agriculture via a deeper scientific understand-
ing of the food and medicinal properties of the properties of these indigenous African
trees and their progress towards domestication as new crops in farming systems delivering
multiple social, economic and environmental benefits for ‘land maxing’ [14]. Thus, the
groundwork for a quantum leap towards a more productive, sustainable and multifunc-
tional approach to tropical agriculture, in line with the UN World Health Organization’s
“One Health” concept, is well advanced and the priority now for the next decade is to
put what has been achieved into practice on a greatly increased scale by embracing the
local capacity for the selection and domestication of indigenous trees producing high-
quality products in agroforestry systems for the betterment of rural people throughout
Africa [11,14,15].

To build on these outcomes from the third decade, there is need to support the skills,
techniques and philosophy behind the locally appropriate strategy of domesticating a
range of different trees at the community ‘grassroots’ level as a source of numerous social,
economic and environmental benefits for local communities. Then, through the processing
and value addition of tree products grown on-farm opportunities for income generation
and local employment can multiply the livelihood benefits, especially for women and chil-
dren. However, more work needs to be done to capture the opportunities presented by the
genetic potential of individual elite trees and move these initiatives towards a decentralised,
continent-wide, tree domestication development programme on the scale needed to mean-
ingfully deliver this wide range of impacts. This then should be supported by a longer-term
upstream, centralized programme of tree breeding and biotechnology to diversify and
further enhance the quality of tree products for new African industries based on expanded
ideotypes. The role of diverse inter-disciplinary, public–private and socially responsible
agriculture-related collaborations will be more crucial than ever. With increasing coop-
eration between regional and trans-African governments, there is much wider scope for
scholarly and technological exchanges to enable a sustainable agricultural revolution. In
this way, agriculture can be more dynamic and address the barriers constraining both the
productivity of agriculture and the lives of rural communities. This will require an enabling
policy environment based on a new mindset at the level of international agribusiness and
trade, development agencies, donors and policy/decision makers, one that recognizes the
need for a holistic and integrated set of environmental, social and economic benefit flows
in Africa and around the world to address climate change, hunger, poverty, social injustice
and loss of wildlife habitat. This new mindset would represent recognition of ‘political
will’ as the missing sixth form of capital for sustainable rural development. Encouragingly,
Africa’s “Agenda 2063” and the recent FAO/UNDP/UNEP Report “A multi-billion-dollar
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opportunity: Repurposing agricultural support to transform food systems” [523] offer hope of a
positive change in the policy agenda.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14042355/s1: Supplementary Materials Table S1. Research
Institutes/Organizations/Universities/Departments engaged in Tree Domestication in Africa (based
on affiliations of coauthors of 759 papers published 2012–2021). Supplementary Materials Table S2.
Science Journals and Books publishing ‘Tree Domestication’ papers.
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