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Preface

Domestication of ‘Cinderella’ species as the start
of a woody-plant revolution

R R B Leakey & A C Newton

Institute of Terrestrial Ecology*, Bush Estate, Penicuik, Midlothian EH26 00B, UK

*A component of the Edinburgh Centre for Tropical Forests

We are all aware that the pressures on tropical
ecosystems are increasing daily: that human and
livestock populations are rising, and that the
stock of productive land is finite and dwindling
as a result of misuse. Deforestation is reducing
species diversity and eroding the genetic base of
many tropical tree species, including those used
traditionally by local people for products that
fulfil many of their domestic needs. Forest
degradation is also having negative impacts on
soil fertility, and is modifying climate by
local/regional influences on the albedo and
hydrological cycle, as well as by the emission of
trace gases to the atmosphere.

Together, the above consequences of
deforestation combine to reduce the area of
productive land needed by growing human
populations, and to increase poverty and the
incidence and severity of famine. At present, the
demand for farm land is met by opening up
new areas of forest to agriculture. It is therefore
important to increase the resource of trees in
deforested areas, so as to meet the traditional
needs of local people, including the urban
populations. Somehow a way has to be found to
make the land more productive and to
rehabilitate degraded areas in a way which wil
diversify production, promote genetic
conservation, enhance the development of
sustainable land use and contribute to domestic,
regional and international trade.

Creat progress was made with food crops in the
1960-80s, as a result of the 'green revolution',
but now there is a need to diversify into new
crops, many of which could be tree crops. This
diversification is desirable ecologically and
economically, to reduce the dependence on
commodity crops with falling product prices. In
addition, without genetic engineering, further
large increases in the yield of the current narrow
range of crop species are unlikely.

Throughout the tropics there are numerous
perennial woody species that have provided
indigenous peoples with many of their needs for
millennia. Many of these people have now left
the land for the concrete jungles of urban life,

but would still like supplies of traditional food,
medicines and other natural products. These
traditionally important woody plants are virtually
undomesticated, ignored by the ‘green revolution’,
yet probably have great genetic diversity. They
also play a key role in the biological, chemical,
physical and hydrological cycles of the soil and
the atmosphere, protecting soils from damage
and acting.as a buffer against environmental
change. These same plants are the ones that are
cut down indiscriminately to relinquish a few
valuable logs per hectare, to clear land for
‘development’ projects or to provide a
subsistence living for a year or two. These
overlooked and often highly desirable trees are
the ‘Cinderella’ species of our forests.

‘Cinderella’ species are often ignored by
agriculturalists of the developed world in favour
of a handful of exotic species which have been
domesticated and grown artificially on a large
scale. The choice is often made without much
thought for the environment, and, perhaps, with
thought only for relatively short-term economic
gains. The same scenario has occurred in
forestry. While planting and domesticating a few
exotic fast-growing trees for pulp and paper, the
majority of the hardwood species forming the
basis of the timber trade have not, for a variety
of reasons, contributed significantly to
reafforestation programmes. Surprisingly, therefore,
the absence of even beautiful and commercially
important timber trees such as mahogany from
man-made forests allows them to be classed as
‘Cinderella’ species. The resources of these
‘Cinderella’ tree species can be tapped by the
process of ‘domestication’, which has been
applied so successfully to agricultural and
horticultural crops.

One of the objectives of this Conference is to
raise the profile of the ‘Cinderella’ species, and,
particularly, to draw attention to a growing effort
to domesticate a much wider array of tree
species and introduce them into agricultural and
forestry systems. The domestication of
traditionally utilised ‘Cinderella’ species providing
fuelwood, poles, timber, fruits, gums, nuts, resins,



fibre, pharmaceutical products, etc, can now be
rapidly achieved by applying some of the
techniques described in these Proceedings. This
approach has the added environmental benefit of
diversifying the species grown on farm land and
in forest plantations. In addition, domesticating
these species will go some way towards
reducing economic dependence on a few
‘commodity’ species. In this way, a start is being
made to initiate a ‘woody-plant revolution’, which
could provide some cheer in the otherwise
gloomy outlook for tropical forests. Opportunities
are currently being lost because of a lack of
awareness of the potential to domesticate forest
tree species for the production of timber and
non-timber products.

What are the issues that have to be resolved to
trigger this new revolution? From the viewpoint
of a farmer, there are:

e the political and social issues, such as how to
acquire the right to own and protect a piece
of land and the trees on it, and the need for
incentives to plant trees;

e the economic issues, such as what is the
value of these trees in terms of their wood,
other products and environmental services;

¢ the biological issues, such as how to grow
the trees wanted by farmers; how they can
be made moere desirable and productive, to
the extent of satisfying the farmers’ needs
and even providing a surplus which could
be sold to urban populations.

This Conference is about solving the biological
issues concerned with the provision of timber,
food and other domestic necessities. However,
there are also direct economic and social
benefits, such as improving community welfare
through the market-place. To plant and grow
trees on a scale necessary to have any impact
on either the environmental or social
consequences of deforestation, it is essential that
farmers, communities and companies see
financial and other incentives accruing from tree
planting. The incentive of greater profitability is
proposed as a powerful means of promoting the
planting and growth of tree species. Genetic
improvements in yield and quality should
increase the value of the products of a tree crop,
while increased growth rates in timber trees will
allow a shortening of the rotation, and hence a
more rapid return on invested capital. It should
not be at the expense, however, of the
environmental benefits of tree planting.

There has been a recent awakening to these
biological issues, and significant progress has
been made in the past 10-15 years. It has been
realised that it is possible to capture the genetic
variation inherent in tropical tree populations, and
that this can be used to domesticate trees
rapidly for timber as well as non-timber products
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for sale in local, regional and even international
market-places. It has also been realised that
there is a need to improve management systems
if new cultivars are to be as productive as they
could be, and if they are to be used to
rehabilitate deforested land. Options include
systems which rehabilitate the environment on a
local scale, by improving soil structure and '
fertility Other systems may have more wide-scale
effects, such as beneficial impacts on the
regional hydrology or global climate, by the
creation of complex canopies which mimic
natural forests.

There is also a growing realisation that the
domestication of these ‘Cinderella’ trees involves
protecting their genetic resources and growing
them wisely and efficiently to protect the
environment. Perhaps a ‘woody-plant revolution’ of
this sort could contribute significantly to the
rehabilitation of our planet and the feeding of its
population. Hopefully, the Proceedings of this
Conference will inspire fairy godmothers,
particularly policy-makers and donors, to
mobilise their glass carriages and get Cinderella
to the ball.

Dedication

These Proceedings are dedicated to Douglas G
B Leakey, who as a forester in Kenya all his
career tried to encourage the planting of trees
for environmental protection. It was this
awareness of the importance of trees that led
him to write a paper in 1948 for a conference in
the Belgian Congo, which subsequently inspired
Professor Anthony Young of the International
Centre for Research in Agroforestry to commend
him as one of the early advocates of agroforestry.

(See ICRAF Newsletter (October 1986), 18, 5.)

Domestication: a definition

The concept of a domesticated species is
familiar to most people in terms of farm animals
and household pets, but is not so common in
plants. However, it is well known that modern
grain cultivars have been bred over generations

- from wild grasses, and that our gardens and

orchards are stocked with woody plants that have
similarly been subjected to selection and
breeding. Foresters have been slow to see the
need to domesticate their crops. Until relatively
recently, foresters have collected seeds from the'
wild and used them without selection. The use of
provenance selection, an early stage in the
domestication process, gained international
importance in the 1960s, although techniques -
such as clonal selection have been used for
centuries in a limited number of species — Salix,
Populus, Cryptomeria japonica, etc.

The following are definitions which help to

explain the processes which are involved in the
domestication of a plant species.



e To domesticate is to naturalise; make fond of
home; bring under human control, tame;
civilise (Concise Oxford Dictionary)

e Domestication is closely linked to the idea of
selection, of fitness for purpose, of pushing
nature into a higher gear and in a particular
direction (Palmer, ppl6-24)

e Domestication is a two-stage process in
plants: the bringing into cultivation of wild
plants or exposing them to some form of
management, and subjecting these to
differential production or selection (Janick et
al. 1982)

e Domestication is human-induced change in
the genetics of a plant to conform to human
desires and agroecosystems, culminating in
the plant's loss of its ability to survive in
natural ecosystems (Harlan 1975)

o The four elements of the domestication
process in forest trees (Libby 1973):
— the original genetic variability
— selection of the desired trees or genes

— a packaging of those genes in the plants
to be used

— converting those gene packages into the
growing trees which are harvested as a
renewable resource.

e There are several stages to the domestication
of crops (described by Clement & Villachica,
pp230-238):

— managed species
— semi-domesticates
— full domesticates

At the Conference, the full ‘domestication’ of a
tree species was taken to encompass the
identification and characterisation of its
germplasm resources; the capture, selection and
management of genetic resources; and the

regeneration and sustainable cultivation of the
species in managed ecosystems (Figure 1). In
the papers presented, it is clear that the starting
point can vary considerably depending on the
approach taken, which in turn seems to depend
on whether the domesticator is a peasant farmer
or a research scientist. Many of the species
described can, thus, at best be described as
semi-domesticates.

In forestry, the term 'domestication’ has mostly
been applied to the genetic improvement of
trees for industrial plantations, but one message
from the Conference is that the domestication
process in trees also has a strong social
involvement, seen clearly from the examples of
non-timber species. The need to develop this
social aspect has recently been recognised in
the strategic plan for the new Cenftre for
International Forestry Research (CIFOR) prepared
by the Australian Cenire for International
Agricultural Research. CIFOR is the newest
institute of the Consultative Group for
International Agricultural Research.
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The resource of useful tree species:
identification of priorities for
domestication

Amazonian tree diversity and the potential for
supply of non-timber forest products

G T Prance
Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3AB, UK

ABSTRACT

The huge diversity of tree species found in the Amazon rainforest presents both an opportunity and a problem for the
exploitation of non-timber products. The diversity offers a vast array of potential harvestable crops but this also means that they
are sparsely distributed. A few crops, such as the Brazil nut and rubber, have been exploited for many years with litle harm to
the forest, but other crops have been extracted in a destructive way, such as rosewood and the various species providing balata
latex. It is not the most species-diverse forests which have the most potential for non-timber products; in certain areas under
adverse environments, such as swamp forests and transition forests where there is a dominance of one or a few species, there is
considerable opportunity to use non-timber products. The single most important plant family for such products are the palms,
which often dominate the species-poor habitats. However, there are many other plant species from the species-diverse forest with

potential for domestication; a number of these are described in this paper.

INTRODUCTION

In this paper it is intended to place the
importance of non-timber forest products (NTFPSs)
firmly on the agenda. Non-timber products, such
as medicines and fruits (see Waterman, pp42—48;
Okafor & Lamb, pp34—41;, Maghembe et al,
pp220-229; Clement & Villachica, pp230-238),
are relevant to all systems of management, not
just to extraction from otherwise untouched forest,
where there are severe limits to the possibilities
of extractivism. Consequently, the relevance of
NTFPs to timber plantations, to agroforestry
systems and to the domestication of new forest
crops in Amazonia will also be considered.

THE DIVERSITY OF THE AMAZON
RAINFOREST

The Amazon rainforest is a potential source of
many NTFPs because of its enormous species
diversity (Table 1). The highest diversity recorded
is from Yanomono in Peru (Gentry 1988), where
300 species of 10 cm diameter or greater were
recorded in a single hectare. In addition to tree
species, there is a wealth of herbs, shrubs,
epiphytes, and parasitic species that add
considerably to the total diversity of the forest. In
the Rio Palenque Reserve in western Ecuador,
Gentry and Dodson (1987) found 365 species of
vascular plants in a tenth of a hectare; in the
forests of Costa Rica, Whitmore, Peralta and
Brown (1985) found 233 species in 100 m®.
These findings equate to a sixth of the British
flora in an area smaller than a tennis court!
Many of these species have some potential use,

as is apparent from studies of a quantitative
inventory of forest used by the Amazon Indians
(Prance et al. 1987).

Boom (1985a, b) made a quantitative inventory of
forest use by the Chacobo Indians of the
Bolivian Amagzon, and found that they have a use
for 75 out of the 91 tree species (82%) on a
sample hectare. This included 95% of the
individual trees (619 out of a possible 649).
Similarly, Balée (1986) found that the Ka'apor
Indians of Maranh&o, Brazil, had a use for every
single species of tree on a sample hectare. The
uses included food, fibres, fuel, material for
construction and crafts, medicines and rubber
latex. If the Indians know of so many ways in
which to use the forest, it would indicate that
there are many more products to be marketed
or species to be domesticated than the few

Table 1. Data on tree species diversity from inventories of
Amazon rainforest

No. of trees
>10 cm

Locality diam ha™ Source
Yanomono, Peru 300 Gentry (1988)
Mishana, Peru 289 Gentry (1988)
Yasuni, Ecuador 228  Balslev et al (1987)
Cocha Cashu, Peru 189 Gentry (1988)
Manaus, Brazil 179 Prance, Rodriques &

da Silva (1976)
Xingu, Brazil 162 Campbell et al. (1986)
Breves, Brazil 157 Black, Dobzhansky &

Pavan (1950)
Alto Ivon, Bolivia 91 Boom _(1986)

Pantanal, Mato Grosso, Brazil 35 Prance & Schaller (1982)




species producing timber, latex and ‘nuts
currently harvested from the region.

EXTRACTION OF NON-TIMBER PRODUCTS

Extraction of NTFPs for export from Amazonia is
nothing new. It began in the 16th and 17th
centuries when such products as cacao
(Theobroma cacao), vanilla, sarsaparilla and -
ipecac were. some of the main products. Much
has been written in recent years about the
advantages and disadvantages of creating
extractive reserves in Amazonia and elsewhere.
Extractive reserves are areas of forest that,
through legislation, have been set aside for the
local population to extract NTFPs without
clearcutting and which they manage collectively.
Through the action of the Brazilian Council of
Rubber Tappers and through the work of various
activists and scientists in favour of the concept
(eg Allegretti 1990; Fearnside 1989; Schwartzman
1989),/Brazil has set aside over 3 million
hectares as extractive reserves, mainly in the
states of Acre, Amapa and Rondénia. This in itself
is a measure of the initial success of the concept
of extractive reserves. Interest and enthusiasm for
this type of reserve were increased by various
demonstrations that the economics of extraction
compared favourably with alternative land uses
such as cattle pasture and timber plantations
(Alcorn 1989 for Mexico; Peters, Centry &
Mendelsohn 1989, Peters 1990, Prance 1989a for
Amazonia; and Balick & Mendelsohn 1992 for
medicinal plants in Belize). The economic
calculations of Peters, Gentry and Mendelsohn
(1989) were based on the hypothetical market
value of a hectare of forest rather than the actual
sales, and so these authors themselves pointed
out the limitations of their study Since then, a
large number of authors have discussed the
difficulties facing extractive reserves (Anderson
1992; Browder 1990, 1992, Fearnside 1989;
Pinedo-Vasquez et al. 1990; Vasquez & Gentry
1989).

SOME LIMITATIONS OF EXTRACTIVISM

Contemporary extractivism in Amazonia has
arisen from the needs of the long-neglected
population of rubber tappers, who are the
remainder of the rubber boom and the debt
peonage system of aviamento (see Dean 1987,
Prance 1989b; Weinstein 1983). Many rubber
tappers outside extractive reserves are still in
debt (Whitesell in Browder 1992). Within
extractive reserves, the economy is based largely
on two products, Brazil nuts (Bertholletia excelsa)
and rubber. Until recently, in Brazil, the price of
rubber was sustained above worldwide market
value by subsidies. It has now dropped
considerably; 60% of Brazilian rubber demand is
now provided by plantations outside the Amazon
region, where the rubber trees are not attacked
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by diseases endemic to Amazonia. The price of
Brazil nuts has also dropped in the past few
years, despite efforts by many people to expand
the market for this product. This instability of the
market price of the main extractive products is
seriously straining the system, and is leading the
dwellers of the reserves to fell more forest for
agriculture and even to invest their meagre
earnings in cattle.

The extraction of many products from forests has
led to over-exploitation rather than to the
sustainable use of the resource. While the
extraction for Brazil nuts and rubber has been
reasonably sustainable despite their other
problems, there are many examples of both
timbers and NTFPs where extraction has resulted
in the virtual elimination of the species from the
forest. For example, rosewood (Aniba
roseaeodora) for the essential oil linalol, caucho
(Castilla elastica) for rubber latex produced by
felling, and sorva (Couma utilis) for the latex
used in chewing gum have all suffered from
over—exploitatiori, which has reduced these
species to near-extinction. '

Other extraction products have been through this
‘boom and bust' cycle because of changes in
the international market. For example, barbasco
(Lonchocarpus spp.) was used for the production
of insecticides until replaced by synthetics; tagua
(Phytelephus macrocarpa) was used for vegetable
ivory until plastic replaced it; and oil produced
from copaiba (Copaifera spp.) lost favour when it
was found to pose health hazards.

Conservationists are succeeding, to a limited
extent, in reviving markets for the latter two
products, but there is no doubt that the vagaries
of the international market are not favourable to
extraction products that are only harvested in
relatively small quantities. A further limitation to
extractivism is the low population density that it
can sustain in comparison to such alternative
land uses as agroforestry (Anderson 1992;
Browder 1992).

OLIGARCHIC FORESTS: WHERE
EXTRACTION WORKS

The term 'oligarchic forest’ was coined by Peters
et al. (1989) for areas of forest within Amazonia
that, because of some environmental factor, are
largely dominated by a single species. If the
dominant species in an oligarchic forest is of
economic use, then, because of its abundance,
many of the constraints of extractive reserves in
species-diverse rainforest are removed. Most
oligarchic forests in Amazonia are dominated by
palm species that are of considerable use, and
some cover extensive areas (cf Clement &
Villachica, pp230-238).

Oligarchic forests of buriti or aguaje palm
(Mauritia flexuosa) and of agal palm (Euterpe



oleracea) occur in excessively swampy areas
where little else will grow. There are vast areas
of Mauriiia, such as the area of over 10 000 ha
in extent around the Rio Jutai. This palm is
exploited for its edible fruit in Amazonian Peru
(Padoch 1988) and for both the fruit and a
weaving fibre from the leaf epidermis for
craftwork in Maranhdo, in eastern Amazonia,
Brazil (Prance 1988). It could be a continuing
and sustainable resource, but, unfortunately, in
both places local people often fell the trees to
collect the fruit. As the species is dioecious, it
produces stands of only male trees. The agai
palm is particularly abundant in the Amazon
delta region in areas flooded daily by tidal
back-up of the river. It is a truly multipurpose
palm with many uses but especially for the fruit,
the pulp of which commands a good price in
local markets in Belém. Its harvesting has been
studied in detail by Anderson and associates
(Anderson 1990; Anderson et al 1985; Anderson
& Toris 1991; Anderson & Jardim 1989). Agai is
also an ideal species for the production of heart
of palm, which is canned and exported, because
it is a multistemmed palm that regenerates from
suckers when cut. However, it is already being
seriously over-exploited on Marajé island in
Brazil, and is another crop that could head for a
‘boom and bust’ if not carefully controlled.

The babassu palm dominates large areas of the
transitional forests in eastern Amazonia between
Amazon rainforest and the cerrado formation of
central Brazil. It forms oligarchic forests because
of its resistance to fire, which can spread into
the drier forests of the transition region. The area
of babassu forest has increased dramatically in
recent years because individuals in deforested
areas survive and spread rapidly Babassu .is also
a multipurpose palm and has supported a large

number of local people for many years. The fruit

is divided into three parts, each of which is
useful. The outer mesocarp is rich in
carbohydrate and is used for flour, the extremely
hard endocarp is used to make high-quality
charcoal, and an oil that is both comestible and
combustible is extracted from the kernel This oil
is almost identical chemically with coconut oil.
(For further details, see Anderson & Anderson
1983; Anderson, May & Balick 1991; Balick 1987,
May 1990a, b; May et al 1985))

The last example of an oligarchic forest is that
dominated by camu-camu (Myrciaria dubia) in
the riverside and lakeside areas of the upper
Amazon. This member of the Myrtaceae family
grows in areas that are inundated for much of
the year and where little else can survive. The
cherry-like fruit, which is produced as the river
level rises, can be easily harvested from canoes;
it contains 30 times more vitamin C than citrus.
It is already extremely popular in Iquitos, Peru,
as a drink and as a flavouring for ice-cream,

and has much wider potential if a method for
transporting the fruit can be developed.
Camu-camu is highly productive, easy to harvest
and unlikely to be overharvested. (For further
details, see Peters et al. 1989; Peters &
Hammond 1990; Peters & Vasquez 1987.)

EVALUATION OF EXTRACTION

Extractive reserves are not a panacea that will
save the whole Amazon region, but, if their
limitations are recognised, they have an important
part to play in the conservation of Amazonia.
Extractive harvesting works best in areas of
oligarchic forest, which by definition are
species-poor, and not in the centres of diversity
most in need of conservation. However, improved
management of oligarchic forests could deflect
some of the pressure from other areas. Extractive
reserves in species-diverse rainforest have many
social problems (Anderson 1992; Browder 1992;
Salafsky, Dugelby & Terborgh 1993), but they
should not be underrated. Nepstad et al. (1992)
studied the Chico Mendes Reserve at Porongaba
in Acre State, Brazil, and showed some biotic
impoverishment of game, with one species, the
tapir, eliminated. It was also noted that the Brazil
nut was not regenerating, allegedly because of -
overharvesting. This study also showed that many
more rainforest species survived in the extractive
reserve of Porongaba than in management
systems of logging and ranching with which it
was compared. The absence of Brazil nut
regeneration is normal because it is a
light-demanding species that only develops when
there are light gaps in the forest (Pires & Prance
1977).

With human activity there is undoubtedly some
biotic impoverishment in extractive reserves.
However, this impoverishment does not detract
from their value because they have been created
in areas where the original forest is particularly
threatened by destruction. Most reserves were
formed to stop the progress of cattle ranching
and in this objective they have been successful.
Apart from the conservation of biodiversity,
extractive reserves are most important because
they maintain forest cover, protecting the soils,
regulating the hydrological cycle (Salati & Vose,
1084; Salati, Vose & Lovejoy 1986), and
sequestering carbon, rather than releasing it mto
the atmosphere. We should not underestimate
these roles of extractive reserves.

If extractivism is to work well, markets must be
developed for products other than Brazil nuts
and rubber, both of which have fluctuating
prices. This means that the livelihood of an
extractivist is tenuous. The challenge before us is
to search for and promote other products from
the forest, and to develop markets for

them - locally, regionally and internationally



EXTRACTION LEADS TO DOMESTICATION

Most of the Amazonian trees or shrubs that are
now cultivated for their fruit, oils, nuts or other
products (eg cacao, rubber) were originally
extraction products. To support the concept of
extractivism 1s, therefore, to encourage future
domestication. Extractivism needs to keep ahead
of domestication, by censtantly looking for new
products. One of the best-known examples of
extractivisin is the Brazil nut. Until recently, the
entire production was from wild trees, as early
efforts to grow plantations were a failure. For
example, there is a large area of abandoned
Brazil nut plantation near to Aleixo, Manaus.

Early attempts to cultivate Brazil nuts in
plantations fared badly because the species does
not thrive where the soil has lost its nutrients,
and because of a lack of understanding about its
intricate pollination mechanism. We now know the
pollinators (Prance 1985; Mori & Prance 1990;
Nelson et al. 1986), and that Brazil nuts need to
be planted in clusters or strips near to forest so
that the pollinator bees work the plantation. The
fact that Brazil nuts naturally are often found in
clusters of 50-100 trees (Balée 1989; Prance &
Mori 1979) is probably because Indians used
this method in the past. Today, there are young .
Brazil nut plantations in several parts of Brazil,
some of which look very healthy Torres and
Martine (1991) indicate that several thousand
hectares of Brazil nut plantations have recently
been planted in Amazonas and Pard states. Brazil
nuts are, therefore, in the process of becoming
truly domesticated, and much research is being
carried out on their management at the Humid
Tropics Agricultural Research Station (CPATU) in
Belém (see bibliography in Correa, Pinto & dos
Santos 1983).

Ancther crop that began as an extraction crop,
was then grown in many private gardens, and is
now cultivated in plantations, is cupuagu
(Theobroma grandiflora), one of the most popular
fruits of the Brazilian Amazon. The plantations are
still low-yielding and are much attacked by
witch's broom (Marasmius perniciosus), also a
disease of the related cacao. Domestication of
tropical crops into plantations within their native
areas is not always easy because of the endemic
diseases. Rubber plantations in Amazonia are
entirely unsuccessful because of the leaf rust
Microcylus ulel and several other fungal diseases.
There is a strong argument in favour of
domestication through mixed-crop agroforestry
systems, such as those described in the next
section, rather than in plantations, because
agroforestry systems are less prone to disease
than plantations, maintain a much greater degree
of biodiversity, and retain more carbon, especially
in the soil. :

Domestication of some extraction products may
do a lot to avoid the ‘boom and bust' economy
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that has been the fate of so many Regular,
controlled supplies of a product permit a much
better marketing strategy We should not be
afraid of domesticating the most promising
extraction products, if this programme is
accompanied by adequate conservation measures.

AMAZONIAN AGROFORESTRY SYSTEMS

One of the most promising options for parts of
Amaczonia is agroforestry. It has been little
encouraged by developers or by government
institutions, but has been widely practised for
millennia by indigenous populations and more
recently by their successors, the caboclos or
campesinos, who have adopted many indigenous
techniques. Indigenous systems of agriculture are
usually mixed-crop agroforestry, involving a mixed
planting of herbaceous and tree crops. A
regeneration cycle is started which gradually
turns the field into an extraction forest. It is a
dynamic successional process rather than a static
one-crop or one-phase system. Two Amazonian
indigenous systems of agroforestry have been
particularly well studied: those of the Kayapé
Indians (Hecht 1989; Posey 1982, 1983, 1984,
1985), and the Bora Indians of Peru (Denevan et
al. 1984, 1985; Denevan & Padoch 1988). A
similar system to that of the Bora Indians has
been adopted by riberefio communities in Pery,
such as the villages of Tamshiyacu and of Santa
Rosa (Padoch 1990; Padoch et al 1985; Padoch
& de Jong 1989). Agroforestry systems used by
the Huastec people of Mexico have also been
studied in some depth (Alcorn 1984a, b).

With the Bora Indians, Denevan and Padoch
(1988) demonstrated, through a series of
llustrations of fields of different ages, the gradual
progression from the initial planting to a
19-year-old forest which was still visited by the
Indians to harvest 22 useful species and which
contained a small orchard of their crop tree,
macambo (Theobroma bicolor). Similarly, Posey
(1982) described the Kayapd swiddens as
‘anything but abandoned fields’. Both these
systems are intensive, can support a relatively
dense population, and produce a wide range of
products, including food, cils for cooking, fibres
and building materials.

In Tamshiyacu, Peru, the area used for
agroforestry is now in the second or third phase
of a management cycle which the local people
use. The succession from the initial planting to
forest and small patches of orchard is allowed to
develop for 35 years, and is then felled and the
cycle repeated. The skilful use of various
components of the system was noted. One of the
most marketable fruits, the umari (Poraqueiba
sericea), is grown in small orchards, and a
number of different varieties are utilised. At the
end of the cycle, the Poraqueiba trees are used
for charcoal, ancother marketable product. Brazil



nut trees are also an important part of this
system. At maturity a few of the trees are cut for
timber and others are left standing in the new
cycle to continue the production of nuts, which
are not produced until a tree is at least 12 years
old. In addition to this productive agroforestry
system on upland non-flooded ground, the
Tamshiyacenos cultivate rice and beans on the
floodplains of the river. These crops grow there
well in annual cycles between flood seasons.
Alluvial matter enriches the soil so that it can be
re-used each year without fertilizers. The most

- striking result of this study was that the 1987
income of a family in Tamshiyacu was just over

US$5,000, a remarkable amount anywhere in Peru.

Another characteristic of both the indigenous
systems and that of Tamshiyacu is the number of
named varieties of each of their domesticated
crops: at least six varieties of cassava (Manihof)
and four of Poraqueiba were observed by this
author on a single visit. This point is further
emphasised by the report that 130 varieties of
cassava are used by the Tukano Indians of the
upper Rio Negro (Chernela 1986). This use of
genetic biodiversity is the best protection they
have for their crops against disease. The fact that
varieties exist of crops such as Poraqueiba
indicates that they are already domesticated for
use in local agroforestry systems.

The forests of the Amazon delta region which
are dominated by the acal palm have already
been mentioned (see earlier). These oligarchic
forests are most effectively used when a form of
agroforestry rather than extraction is practised, an
aspect that has been studied in detail on Combu
Island very close to the city of Belem (Anderson
1988, 1990; Anderson et al 1985; Anderson &
Jardim 1989; Anderson & loris 1991). In the case
of Combu Island and other similar places in the
Amazon delta, instead of initial clearcutting as in
the Peruvian systems described above, the area
is managed by an inmitial selection thinning of the
original forest to encourage the growth of
selected species of economic importance, such
as cacao and agai palm. The structure of the
managed areas is remarkably similar to the
original forest (see profile diagram in Anderson
et al 1985). The combination of low annual

_ investment into the system and access to a
nearby market made the Combu Island
agroforestry system the most profitable so far
described. The average landholding of a family
is 36 ha. Combu is an area particularly suited to
this type of farming system, which is only
appropriate to the tidal delta region, and
llustrates the need to adapt to local conditions,
even within Amazonia, rather than design a
single formula for agroforestry throughout the
region.

Agroforestry is one of the most important areas
for further research and development in

Amazonia. It will only succeed if it is based on
a diversity of crops, including species producing
fimber and NTFPs. Agroforestry also offers an
opportunity for further domestication of many
new plants (such as those listed in the
Appendix). It is a relatively intensive land use
that can concentrate population density in
well-managed areas where agroforestry is
appropriate, leaving sufficient room for an
adequate number of biological reserves.

NON-TIMBER FOREST PRODUCTS FROM
TIMBER TREES

There are many Amazonian timber trees
producing non-timber products that can be
harvested while the timber is maturing. To make
timber trees productive in other ways would
enable economic returns to be obtained from a
longer growing cycle, and so encourage the
harvesting of older trees. The agroforestry system
described for Tamshiyacu includes Brazil nut
trees, some of which are eventually harvested for
their excellent timber. The Brazil nut is one of
the many possibilities for a mixed-harvest

- management system. At present it is illegal in

Brazil to use the wood of the Brazil nut, and the
law which rightly protects the wild trees might

- need some modification to allow the use of

Brazil nut wood from a managed area.

Some examples of other possible crops from
developing timber trees are: (i) andiroba oil from
the fruit of Carapa guianensis; (i) pequi fruit and
oll from Caryocar villosum; and (iii) virola oil
from various species of Virola. Carapa is an
important wood in the Meliaceae or mahogany
family From quite a young age the trees produce
large seeds, that fall off and can be gathered
from the ground to extract the oil which already
has many uses in Amagzonia and which has had
an international market from time to time for use
in soaps and medicines. It is now being tested
for cosmetics. A small plantation of Carapa at the
Ducke Forest Reserve near to Manaus is
producing abundant fruit. Virola oil, which has
been much used locally in soaps and candles, is
obtained from species of Virola, some of the
most important timber trees in Amazonia. Its use
has declined mainly because of timber
harvesting, but it could mmstead be a by-product
of the timber industry. The wood of Caryocar is
much used locally in boat-building rather than on
the international market. The fruits have an
edible outer pulp and the kernel an oil that can
be used for cooking or lighting. Abundant fruits
are produced in young trees and could easily be
harvested during the growth of timber (see
Prance 1990).

Other crops that need to be further developed
for both agroforestry systems and timber
plantations are the herbaceous and shrub crops
which can be grown on the forest floor under
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the shade of the canopy in a similar way to
cacao, a long-established shade crop. Posey
(1984) showed that the Kayapd Indians plant
many such crops along their trails through the
forest to supply their needs as they move about.
One possibility is the tuberous species of
Calathea (Marantaceae), already grown by some
tribes.

CONCLUSIONS

Non-timber forest products must receive more.
attention in future rainforest management systems.
They are subject to the same dangers as the
timber trade of a ‘boom and bust’ use pattern
(Vincent 1992), as has happened with Amazonian
timbers such as mahogany and cerejeira
(Torresia acreana). A balanced mixture of use of
timber and NTFPs could lead to a more stable
and sustainable land use pattern. The most
successful models of land use developed so far
in Amazonia are those based on traditional
mixed-crop agroforestry These systems
encourage a natural succession from herbaceous
crops through to an extraction forest from which
timber can later be harvested.

Much further work is needed in Amazonia on
the domestication of further crops, including tree
crops (see Appendix for species with particular
potential). However, even if further crops are
developed, it is vital to have an adequate
conservation policy that conserves the genetic
material of the indigenous species of the region.
If the wild relatives of either existing crops or
ones that are to be domesticated in the future
are lost, the genetic basis will be seriously
weakened, and sustainability may be
compromised. While some of the area can be
used for extractive reserves and timber
harvesting, a large proportion of the forest needs
to be conserved in biological reserves, both for
the purpose of species conservation and for
regulating local, regional and global climate.

I hope that this Conference will have encouraged
dialogue and collaboration between researchers
interested in timber trees and those interested in
non-timber forest products. The systems that are
working sustainably are based largely on
multipurpose species which can yield both
timber and non-timber products.
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APPENDIX

Some non-timber forest products from Amazonia
which should be considered for future
domestication, and which are not already
mentioned in text in detail," are described here.

Aragaiboi - Eugenia stipitata MicVaugh
(Myrtaceae)

A shrub that produces a most delicious juicy
fruit with a tasty acidic juice that is mostly used
for drinks and ice-creams. This species is
cultivated in western Amazonia especially around
Iquitos, Peru, and has already undergone some
domestication. Field trials near Iquitos have
shown that it is highly productive (C Padoch,
personal communication). (Details about araga-boi
in Chavez & Clement 1983 and Pinedo, Ramirez
& Blasco 1981)

Castanha de cutia - Acioa edulis Prance
(Chrysobalanaceae)

This large tree of central Amazonia produces
abundant large ovoid fruits, the kernels of which
are used by local people to extract an oil used
for both cooking and soap-making. The kernels
are also nut-like to eat raw. The mature fruits fall
from the tree and consequently can be easily
gathered. (Details in Prance 1973.)

Castanha de galinha - Couepia longipendula
Pilg. (Chrysobalanaceae)

This widespread tree has a flagelliflorous
inflorescence and the fruits hang down from the
crown on long peduncles. When it is cultivated
out of the forest in open light, it forms a small
bushy tree from which the fruits can easily be
harvested. The kernels contain a useful oil for
cooking or lighting. It was formerly cultivated
around Manaus, but is no longer used and is an
excellent potential oil plant.

Curupira - Curupira tefeensis G.A.Black
(Olacaceae)

This large tree from the same region as castanha
de cutia, around Tefé in Amazonas, Brazil, is
another excellent source of oil that has been
much used by local people and has great
potential for further domestication.



Sacha mangua ~ Grias peruviana Miers
 (Lecythidaceae)

This tree of the seasonally flooded forests of
Amazonian Peru has an avocado-like fruit that is
borne on the trunk and branches. The fruits are
rich in vitamin A and are much collected for
sale in the market of Iquitos. Large monospecific
* stands occur in some places; the species is
already much cultivated in gardens. This is a fruit
of great potential. (Details in Peters & Hammond
1990.)

Sapota — Matisia cordata Humb. & Bonpl.
(Bombacaceae)

A large tree of the western Amazonian rainforest,
it is already semi-domesticated and produces a
large yellow fruit on the trunk and branches with
a thick tasty pulp. This is one of the unsung
fruits of the Amazon but deserves much greater
aftention. Its local name causes confusion with
members of the Sapotaceae, the sapodillas, with
which it should not be confused because it is
quite a different fruit. (Some details in Hodge
1960.)

Sorva - Couma utilis Muell. Arg. - Couma
macrocarpa Barb. Rodr. (Apocynaceae)

These species produce both a delicious fruit and
a latex that has been much used by the
chewing gum industry Unfortunately, until recently,
the trees have been felled to collect the latex, so
much genetic material has been lost and the
species has become scarce in the forest. Sorva
is a fast-growing tree that reaches 3 m in height,
and begins to produce fruit three years after
planting. It also grows well on poor soil. The tree
has potential to be domesticated both for fruit
and for latex. In 1985 Amazonas exported over
US$1 million worth of sorva latex. (Details in
Arkcoll 1986.)

Tagua - Phytelephas macrocarpa Ruiz &
Pavon (Arecaceae)

The fruit of this palm produces vegetable ivory
which can be carved and used as a substitute
for ivory It was formerly an important crop in
western Amazonia but was largely replaced by
plastics. Recent efforts to revive the use of tagua
by Conservation International are succeeding. If a
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sufficient supply of the product is to be provided
to the bution industry, further domestication is
needed.

Titara - Desmoncus spp. (Arecaceae)

This is the only genus of South American palms
to form vines like the rattans of Asia and Africa.
These spinous vines can be used for cane as an
excellent substitute for rattan. The split cane is
being used for chair bottoms in some places. So
far, harvesting is entirely from the wild. Being a
vine which needs the support of trees, this
species lends itself to use in mixed cropping
systems. (Details in Pinheiro & Balick 1987.)

Tucuma - Astrocaryum vulgare Mart.
(Arecaceae)

The various species of Astrocaryum are one
group of the many palms of greater potential for
domestication in Amazonia as a source of fruit
and of fibre from the leaf epidermis. The fruit
has an edible mesocarp that is rich in vitamin A
and a kernel that produces an excellent oil for
cooking and soap-making. The plants are
abundant, especially in disturbed areas, and so it
could easily be domesticated. (Details in Lima,
Trassato & Coelho 1986.)

Uvilla - Pourouma cecropiifolia Mart.
(Cecropiaceae)

The fruits of the fast-growing short-lived tree
have often been called 'grape of the Amazon'.
They are grape-like, tasty and juicy This species
is already an important crop of the Bora Indians
and in various agroforestry systems of
Amazonian Peru. This is a plant that is most
promising and should be one of the highest
priorities for future work on domestication.

Bacuri - Platonia insignis Mart. (Clusiaceae)
One of the most popular fruits of Pard, Brazil,

* that is little known elsewhere. The fleshy pulp

makes a delicious sweet or ice-cream. It is a
tree of secondary forest that easily colonises
cut-over areas and is therefore cultivated
extremely easily The related bacupari (Rheedia
macrophylla (Mart.) Pl. & Triam) is also a tasty
fruit with considerable potential for domestication.
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ABSTRACT

Domestication of tropical timber trees would be accelerated by establishing a more rational framework for research and
development. The ‘ideotype’ concept allows for information to be synthesised from a multilevel approach to research with five

major phases:

i. selection of end use characteristics and their ranking in order of priority;

ii. ranking of the morphological characteristics of the tree which would give rise to the greater yield (quantity) or highest
priority end uses (quality), ie selection for a high ‘harvest index’;

iii. identification of the physiclogical processes which affect the preferred morphological characteristics;

iv. determination of the biochemical reactions which drive the physiological processes; and

v. identification of the gene sequences which control the preferred biochemical reactions.

When considering ‘ideotype’, thought has to be given to the size of the desirable harvested units. Some technologically promising
species of tropical timber trees have adequate growth rates and can provide adequate financial returns because of the high
value of pieces of small dimensions, which might be secondary products processed from the residues of the primary harvest.

INTRODUCTION

The idea of domestication is closely linked to the
idea of selection, of finess for purpose, of
pushing nature into a higher gear and in a
particular direction. Surely, square trees in Swiss
communal selection forests would have given an
even higher yield of violin backs and double
bass fronts? Field foresters in every country are
fascinated by the variety of breeds of European
livestock, and the possibilities of introducing new
stock, of cross-breeding, and the advantages and
disadvantages which result.

Although there is much justified concern at the
loss of traditional crop varieties and ancient
breeds of domestic animals, we should not forget
that production of new varieties and breeds is
being undertaken in a more deliberate and
informed manner and at a greater pace than
perhaps ever before.

In this paper, the reasons for domesticating wild
breeds will be considered in relation to the design
of trees for the specific product, timber. At presert,
our state of knowledge and development about the
domestication of promising tropical timber trees is
primitive. Is the domestication of tropical timber
trees worth the effort?

WHY DOMESTICATE?

It is not hard to explain the great number of
varieties of the staple food crops which have
been developed over the past 20 000 growing
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seasons. Selection of desirable cultivars has
occurred progressively, from early cultivation of
preferred batches of seed to modern breeding
backed by high technology.

The number of palatable edible crop species is,
however, limited. This limitation itself provides -
some pressure for selection and breeding of new
varieties, but the situation of tree species is
different. For those tree species whose products
we eat (leaves, flowers, fruits and nuts), the
process of domestication has been quite rapid.
There are national collections of the varieties of
temperate fruit trees: the International Board for
Plant Genetic Resources (IBPGR) has produced
directories to some of these collections, as well
as standardised descriptors for some fruit and
nut species (Gulcan 1985; IBPGR 1986). With
most horticultural crops, selection for precocious
flowering may result in fertile seed in less than
five years. The possibilities for breeding new
varieties of such crops are obviously more
favourable than for those forest tree species
which may take one or two decades to produce
fertile seed without selection for sexual precocity.

Forest trees with non-edible or unpalatable
products have been subject to much less
domestication. Even the relatively weak senses of
taste and smell of urban people are more
powerful discriminating factors in driving the
domestication process than are preferences for
particular characteristics of wood or timber.



However, all long-established human communities
have preferred particular forest species for
particular end uses, mostly on the basis of
generations of trial and error. Why has this
preference not induced more domestication? The
explanation may include the following reasons.

e Preferences are relatively weak compared
with factors of availability and price, many
timbers being at least partly interchangeable
for many purposes.

¢ The end use characteristics of wood required
in large volumes are tolerant of the variation
between generally similar species.

e The market volumes are quite small when
end use characteristics are narrowly defined,
and it may be more economic to search for
particular species in the natural forest, and to

~ pay the higher costs of harvesting, than to
invest in domestication.

Whether domestication is worthwhile, and how
much domestication is desirable, is thus an
economic question. The question may be
complicated by risk factors, which include the
relatively long rotations of timber trees and
uncertainty over the legal rights to products. If
the government of a nation/state claims
substantial rights over all trees, whether wild or
domesticated, the incentives are small for any
one person or community to engage in either
the domestication of trees or the care of forests.

Forces which encourage domestication may be
grouped into three classes:

1. diminishing availability of wild stocks, such as:

e physical loss through changes in land use,
excessive harvesting, disease and pests, or
fire;

e stocks increasingly remote or sparse,
becoming more expensive to harvest.

Countering diminished availability involves
not only the technical matters of conserving
biodiversity and multiplication of stocks;
security of land and tree tenure must also be
resolved. Loss of stocks may be associated
with tenurial systems which have failed to
adjust to changes in demand and supply of
forest products.

i.. unsuitability of wild types for current or
foreseen needs;

iii. appreciation of some elements of the range
of natural diversity.

The last two factors lead to a consideration of
the design of trees.

DESIGN OF TREES FOR PARTICULAR
PURPOSES: IDEOTYPES

Major improvements in yields of staple crops
have been achieved in part by raising the total
biomass, but also by increasing the harvest

index: the proportion of humanly useful material
in the plant. We could indeed define
‘domestication’ in part as ‘improvement of the
harvest index’ (Evans 1980).

The idea of a plant model (Donald 1968) was
refined for trees in meetings of the International
Union of Forestry Research Organizations at
Edinburgh (Cannell 1979; Dickmann 1985). The
concept is helpful in the domestication process
because it provides a goal to which the process
can be directed. An ‘ideotype’ is a plant model
which will yield a greater quantity or quality of
useful products than will conventional cultivars or
wild types. It is associated with predictable
performance in a defined environment, which
mmcludes the management regime as well as the
biophysical site where the plant grows.

The emphasis in the definition is on the word
‘useful’. An ideotype may push selection in a
direction quite different from that which natural
processes might take. For example, the preferred
morphological characteristics of a forest tree
species planted into a farmer's fenceline might
be quite different from those which nature would
select in the forest (Cannell 1979). The selection
pressures are for utility of product(s) versus ‘the
gene machine’.

There are perhaps five major phases in the
design of tree ideotypes:

i. selection of end use characteristics and their
ranking in order of priority;

1. ranking of the morphological characteristics
of the tree which would give rise to the
greatest yield (quantity) or highest priority
end uses (quality): ie selection for a high
yield and high ‘harvest index’;

ii. identification of the physiclogical processes
which influence the preferred morphological
characters;

iv. determination of the biochemical reactions
which drive the physiological processes; and

v. identification of the gene sequences which
control the preferred biochemical reactions.

In our present state of ignorance, we can be
much more confident about the grosser aspects
of the ideotype than about the gene sequences
and biochemistry. However, this multilayered
nature of the ideotype allows progress to be
made in different fields at different speeds and
at different times, all the while contributing to the
domestication of the target species. Moreover,
because of the conceptual framework provided
by the ideotype, interaction between theories of
improved yield and practical tests should be
improved.

We know already that some preferred
characteristics of trees are under stronger
genetic control than others. Stem form and
branching characters are often strongly heritable,
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the presence or absence of spines is usually
controlled by a single gene, but growth vigour is
only weakly heritable. Furthermore, wood yield is
a polygenic character and needs to be improved
through research on the components.

END USE CHARACTERISTICS

The end use characteristics of timber vary in
relation to the precise end use, so it is not
appropriate to suggest a general ranking of the
18 characteristics normally applicable to saw
timber. The needs of the end user also have to
be considered. Furniture for a rural school in the
high Andes is less demanding in timber
properties than reproduction Chippendale chairs.
Most users of saw timber, as opposed to users
of poles or pulpwood, would prefer the following
characteristics:

e long lengths, with straight, even grain,

e large width and depth, to improve the
conversion percentage;

e “uniformity throughout the piece;

¢ minimal differences between sapwood and

heartwood, and between earlywood and
latewood in any growing season;

e rapid, easy seasoning, with low shrinkage,
distortion and checking;

e naturally durable, or easy to impregnate;

e free of inclusions such as calcite, silica and
resin pockets;

o free of damage by insect pests, fungal
pathogens and forest fires;

e Dbranch knots absent, or few, well scattered,
small, tight, round and at right angles to the
gram,

¢ no bark inclusions;

e easy to work by machine or hand tools;

e easy to glue with modern adhesives, with no
adverse reaction from wood chemicals;

e no adverse reaction (such as staining,
swelling or corrosion) to metal fastenings or
chemicals;

e 1o irritant dust or chemicals released on
sawing or other working, and no bleeding of
natural resins or gums over time;

e slow to change colour when exposed to
light, and resistant to photo-deterioration;

e slow rate of burning, with internal protection
by charring of the exterior of a piece;

e ecasy to match to other pieces of the same
timber species;

e strong for mass.

Most of these characteristics would need to be

qualified with respect to any particular end use.

A furniture manufacturer might value fine figure

and high colour more than uniformity of surface

appearance. A flooring manufacturer would prefer
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hard-wearing properties more than freedom from
silica, and resistance to chemicals spilled in
warehouses more than a constant colour.

For many uses, upper and lower densities and
strengths can be specified, together with
acceptable limits of shrinkage. In some countries,
these specifications are included in building
codes (such as Eurocode 5 for timber structures
in Europe and BS 5268 for the UK timber code
of practice). Developing countries can expect
sales resistance against their exported timbers if
the pleces do not conform to these and other
consumer protection codes. However, some
developing countries or treaty areas can now
provide at least qualitative indications for
matching domestically common timbers to major
end uses.

TREE MORPHOLOGY AND GROSS WOOD
STRUCTURE IN RELATION TO TIMBER
END USE

It is necessary to interpret the end use
characteristics in terms of tree morphology and
gross wood structure, as opposed to wood
anatomy or fine structure. It is, however,
recognised that for specific purposes, particularly
those which involve fine finishes or applied
surface films, anatomical characters may need to
be included in the ideotype.

e Long lengths of straight-grained large pieces
obviously require long, straight, cylindrical
boles developed on monopodial stems.
(Incidentally, trunks with square cross-sections
would have much more of the undesirable
reaction wood at the corners and thus a
Iower yield or harvest index than
round-sectioned trunks.)

¢ Differences in properties between sapwood
and heartwood may be associated with
provenance as well as species. Impermeable
heartwood is not necessarily naturally
durable, so there may be a preference for
wide sapwood. A distinct pith is usually
undesirable, being associated sometimes with
weak fibres and a high content of extractives.

e Differences between earlywood and latewood
may be amplified by strongly seasonal
climates and other environmental factors.
Early flushing and late leaf abscission may
contribute to a cambium whose activity is
relatively constant rather than strongly pulsed.

e Treedom from extractives may aid timber
processing and end use but may not be
beneficial to the tree. Extractives may help to
protect the tree from attack by insects and
fungi.

¢ Well-scattered, small, tight, round knots
translate to small branches inserted at right
angles to the stem. If knots are to be few,
then branch abscission should be early and



efficient. Presence of few and small knots
could mean a small and thin crown,
photosynthetically inefficient, and so opposed
to the preference for rapid growth. On the
other hand, a narrow, deep, persistent live
crown with branches inserted at an acute
angle to the main stem may be conducive to
rapid growth but would reduce the yield of
clear wood. If knotty timber is favoured for
aesthetic reasons, the narrow and persistent
crown may be quite suitable.

e Tree boles which are cylindrical, free from
buttresses, wings and flutes, and whose
branches are small and held horizontally, are
unlikely to give rise to inclusions of bark in
the wood.

e Strength and density characteristics of wood
may be related to speed of growth and to
the degree of stress experienced at the
growing site, and may be modified by the
management regime. Wood showing close
and even growth rings has usually been
grown under strong intertree competition but
also equable conditions which change little
from year to year. However, dense wood is
not invariably associated with slow growth.

So, many components affect the growth rate of
trees, and, consequently many selection strategies
are possible. Uniform growth may be obtained
by combinations of some of the following
silvicultural operations:

¢ close spacing of trees;

e frequent light thinning;

e modifying crown size through pruning;

o fertilization;

e irrigation.

The proper management of these operations
might obviate the need for genetic selection.
Alternatively, if the components could be
controlled genetically, the need for rigorous
management might be reduced. Tree architecture
is described elsewhere (see Oldeman &
Sieben-Binnekamp, pp25-33), so here it will
simply be noted that bud behaviour, modes of
branching, leaf types, leaf sizes and leaf
orientations can be affected by these silvicultural
operations and, in turn, these may affect bole
growth rates through alterations to the rate and
amount of photosynthesis (see also Ladipo et al,
pp239-248).

Long-term studies on bud behaviour of
temperate fruit trees, coffee and oil palm at the
CIRAD Modelling Laboratory in Montpellier,
France, suggest that more attention should be
paid to improving our understanding of the
plasticity of growth habits of tropical timber trees.
Such studies might explain why some valuable
timber species seem to need a 'forest’
environment in order to maintain a monopodial

habit. For example, numerous trials of some of
the Brazilian furniture wood species, especially
legumes, in open plantations have produced

orchard-like trees instead of the hoped-for long
clean boles (] R Palmer, personal observation).

Studies on the relationships between tree
architecture and wood structure are being
extended to a few tropical tree species, but
could usefully include many others. It would be
especially interesting to examine the wood
structure of contrasted tree forms within a single
taxon. This information would help to determine
whether efforts to pursue greater volumetric
yield were adversely affecting the quality of the
wood, other than in terms of strength and
density which have been broadly studied already.

In tropical forest timber trees, it is common for
the usable bole to be only half the total tree
height. Could we delay the age or height of
crown break until the main stem forms a greater
proportion of total tree height? Could the
shoot/root ratio be shifted in favour of the shoot?
How would this affect early competitiveness of
the tree? How would it affect resistance to wind
later in the tree's life? Many of these questions
have been considered for temperate trees.

PHYSIOLOGICAL PROCESSES WHICH
AFFECT THE PREFERRED
MORPHOLOGICAL CHARACTERS

Which physiological processes can be controlled
or modified, either through the selection of
genotypes or through silviculture to improve the
harvest index? To date, the physiological
processes themselves are rarely selected or
modified directly Control is through selection of
particular morphological characters, or their
modification. For example, leaf variation between
some provenances of Eucalyptus camaldulensis
can be explained in terms of the wind climate in
the regions of origin (CSIRO, unpublished data).
This is an adaptive response of leaf shape and
orientation to minimise the effects of water
deficits and temperature shock. Armed with this
knowledge, we can now choose provenances
which are better adapted to different climatic
ZONES.

We still know little about the physiology of
tropical trees beyond the seedling stage, while
information about temperate trees is Increasing
rapidly Much of what is known concerns water
relations, and the effectiveness of morphological
adaptations which allow trees to control water
flows. To construct an ideotype for a timber tree
on any particular site, it is necessary to know:

e the probability of there being enough water
to sustain the tree at its age or size of
maximum consumption;

¢ the nutrient requirements over the technical
rotation of the tree, the corresponding
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nutrient availability, and what the tree does
with the nutrients;

e the size and variability of the various nutrient
sinks in different species of tropical trees;

e how they change seasonally and as the tree
ages; and

e how they vary in response to site differences
and management regimes.

The role of root symbionts in water and nutrient
relations of tropical trees also needs to be
explored more thoroughly. In some cases, the
association is critical to the survival and
commercially adequate growth of a tree. This
aspect and the matching of trees to their light
environments are covered elsewhere in this
volume (see Lapeyrie & Hoégberg, ppl58-164;
Mason & Wilson, ppl65-175; Sprent, ppl76-182;
Fasehun & Grace, ppl48-157).

BIOCHEMICAL REACTIONS AND GENE
SEQUENCES

Descriptive information about genetic variation
between and within species is increasing rapidly
through the use of biochemical, cytological and
molecular marker techniques. How these
variations are functionally related to the
phenotypic expression of traits is still little known.
The combination of laboratory techniques with
field and herbarium studies has considerably
enlarged our knowledge of infraspecific variation
in the few tropical species which have been
examined so far. These new studies, plus
conventional biosystematics and provenance/
progeny trials of tropical trees, tend to confirm
what we know in relation to staple crops and the
principal breeds of animals: ie there is a wealth
of infraspecific genetic variation which we have
barely begun to explore and use.

At present, to locate the ideotypes, we search
through the natural population for the most
suitable phenotypes. In future, we can expect
that trees will be genetically engineered to meet
the specifications of ideotypes (or that genetic
markers will be used to identify appropriate
genotypes: selection based on the genotype
directly, not phenotype).

If this range and depth of studies for the
development of ideotypes seem to be
depressingly formidable, one should remember
that the framework can be entered at any level
Once the characteristics of the desired end
product have been defined, in a sense the rest
follows. Because our current knowledge of
tropical timber trees is so patchy, even for the
betterknown species, I conclude that it would not
be sensible to advocate a common approach to
further studies on domestication. Priorities will
vary according to how much is known already
about a particular species, and what are the
most promising lines to follow as indicated by
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work on related species. The improvement of
cloning techniques for tropical timber trees will,
however, allow the capture and use of
characterised ideotypes, in the same way as has
occurred in horticulture.

DOMESTICATION OF TROPICAL TIMBER
TREES

How does the sequence outlined above compare
with the way in which tropical timber trees have
been domesticated so far? The answer is, very
little. Some of the ideas may have been in the
minds of the domesticators, but the procedures
which have generally been used appear, with
hindsight, to have been rather haphazard. The
now quite numerous manuals on tree
improvement seem to have skipped over the
step of clarifying what the users would want and
which kind of tree would satisfy those wants.

CASE STUDIES

Teak (Tectona grandis)

With few exceptions, the Tectona which is now
widely distributed in the tropics and subtropics
comes from poorly documented sources, and its
performance has been worse than was expected.
Tectona was collected and distributed because of
the good name it acquired from its observed
growth in some of the natural stands, and
because of the good performance of some of
the early introductions as an exotic.
Documentation is mostly too fragmentary to
determine whether the early collectors and
distributors of germplasm consciously sought to
match source provenances to the intended
destinations.

We now know that Tectona is quite responsive to
soll water and nutrient status and to climate
(Kadambi 1972). Trees of the Verbenaceae are
tenacious survivors, even when grown far from
their optimum sites, although stem form may be
abysmal and growth may be poor. In some
ways, it has been a disadvantage that even
poorly grown and off-site Tectona has usually
found a profitable market, thereby discouraging
attempts to discover whether other provenances
or management methods might have been more
appropriate. Tectona has been well served by
the range-wide provenance collections and
mmternational trials organised by the Danish Forest

.Seed Centre, giving some quantitative information

about genotype/environment interaction (GEI) in
this species (Keiding, Wellendorf & Lauridsen
1986).

American mahogany (Swiefenia macrophylla)

Swietenia is still a much-favoured and prestigious
furniture wood, being easy to process and
possessing many desirable features. Neotropical
plantations of Swietenia have failed repeatedly,



mostly because of the persistent and crippling
attacks of the pyralid shoot borer Hypsipyla
grandella (see Newton et al, pp256-266).

After many years of failures, it was noted that
with the Hypsipyla in the palaeotropics, H.
robusta, either it did not aitack the Swietenia or
the attacks were much less damaging. As a
consequence of this natural resistance, there are
now extensive plantations in Java and lesser
areas in Fiji and Sri Lanka.

There have been few attempts, perhaps only one,
to make even a partial collection of Swietenia
provenances. The plots managed by the Institute
of Tropical Forestry in Puerto Rico probably
represent the only source of some germplasm,

" as the Swietenia-bearing forest at some original
sites in Central America has now been
destroyed. Because of the lack of genetic testing,
only fragments of observations about GEI exist
for Swietenia. This lack of modern research is
curious, in view of the value of the world trade
in Swietenia over nearly five centuries and after
the discovery that the shoot borer could be
controlled by systemic insecticides.

WHY HAVE FEW TROPICAL TREES BEEN
DOMESTICATED?

The early stages of the domestication of most
non-food tropical trees seem to have been
stimulated either by a great shortage of wood of
any kind in a particular area, or by difficulties in
regenerating the commercial species. Most
attempts to introduce woody species seem to
have started in a rather shotgun manner, using
seed and cuttings of any species which could be
obtained. Some of the more advanced national
forestry services then progressed to homoclinal
climatic matching and a phased succession of
elimination trials.

Where capital-intensive forest product industries
provided a demand, domestication was more
focused, with a clear idea of the technical
properties required in the bark (for tanning) or
wood (mostly for pulp) from the trees. In
contrast, most timberusing primary processors of
forest products in the tropics lack sufficient
knowledge of the end use requirements of the
timber users, and of the pricing structures of the
retail markets, to provide incentives for the
domestication of the species which they use.
Qutside the large-scale afforestation schemes
driven by commercial demand, it is rare to find
any suggestion that the foresters had a particular
product in mind, perhaps because of the
difficulty in obtaining adequate survival and
growth of any species. Problems have arisen
from a lack of knowledge about the degree of
species/symbiont plasticity in relation to site
conditions. Foresters have also tended to
underestimate the depletion of the sites which

they were planting, after several to many years of
inappropriate land use by others.

Tree species which have orthodox seed, are
economical with nutrients and water, and grow
naturally on old land surfaces in soils depleted
over geological time and in harsh climates have
generally been much more successful as species
for reforestation and land rehabilitation, being
amenable to seed storage and having less
stringent site requirements. However, now that we
have much improved knowledge about seed
handling and mursery techniques (including
vegetative propagation) and establishment
methods, it can be argued that we can be more
selective about what we try to domesticate.
Attention to ideotypes would provide a focus and
enable us to concenirate the effectiveness of our
limited resources for research.

One factor deterring foresters from planting
either slower-growing quality hardwoods or those
which are not robust in the establishment phase
has been the small but vocal group of ‘whole
tree, any tree' advocates. This group takes the
view that, on the one hand, wood fibre is not
per se a scarce commodity in many countries
and, on the other hand, processing technology is
now capable of taking almost any fibre and
reproducing or even improving upon marny
natural products. For example, knowledge of
structural engineering and wood strengths allows
substantial houses to be built from
small-dimensioned sawn timber; tropical
examples date back at least 30 years. Glulam
beams can span larger spaces than natural wood
beams, with much less use of fibre and more
predictable strength properties. In Australia, the -
‘scrimber’ process, in principle, allows almost any
size of tree to be formed into a structural
member with known engineering properties;
unfortunately, it is not yet economical to process
natural fibre in this way (A G Brown, CSIRO,
personal communication).

Proponents of the ‘whole tree, any tree'
philosophy argue that processing technology is
developing much faster than trees grow. They
can point to the shifts in demand which have
taken place in less than one timber tree rotation
in peninsular Malaysia, from naturally durable
heavy hardwoods to medium hardwoods to light
hardwoods, as national lifestyles have changed
and industries have developed.

Because we can already simulate the appearance
of timber of many species, and improve upon
natural finishes, the 'whole tree, any tree’ group
only advocates domestication of species which
are amenable to mass-production processing. An
industrially bland species, such as Gmelina
arborea, is thus more useful as a substrate for
overlays, than timbers which are less amenable
to industrial processing but more valuable for
particular purposes.
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There are two main contrary arguments.

i. A market exists in industrialised countries for
finely finished natural products, including
timbers, for which high prices may be paid.

ii. The ‘'whole tree, any tree’ processing
technology is usually far from cheap, and so
is unlikely to substitute for less traditional
sawmiills in developing countries.

WHERE ARE DOMESTICATED TREES MOST
NEEDED?

We can predict future needs for reforestation only
in very general terms, and thus the dangers of
overspecifying the ideotypes must be
recognised. We can hazard guesses at the
altered growing conditions which climate changes
might induce. We can be sure that insect pests
and fungal pathogens will challenge whatever we
domesticate, but we do not know what pest wil
attack which species, where or when, or what
damage might be caused (Camnell 1979).

Demographic pressure alone will tend to restrict
large-scale commercial/industrial bulk plantings
more and more to marginal sites. These sites
may be steep, rocky, saline, sodic, droughty,
windy, poorly drained, or otherwise unsuitable for
farming. The sites may have been fertile
originally, but are now depleted through poor
farming practices. A variety of ideotypes may be
needed to suit these sites, each with particular
physiological adaptations.

However, as forest masses decline, trees are
perhaps more likely to be grown deliberately on
farms, as single trees, in clumps and small
woodlots. This perhaps is a better scenario for
domesticated trees, but timber species which are
site-demanding are candidates for domestication
only if they cause minimal loss of arable crop
area or yield. These considerations lead to three
distinct ideotypes.

i. The ‘crop’ ideotype is the model for
commercial plantations and smallholder
woodlots. Individual trees wolld be weak
competitors with each other, but would be
efficient exploiters of their own growing
space and better adapted to the range of
degraded sites described above. Live crowns
would be deep, dense and narrow. Stem
growth would be strongly monopodial. Stands
would be uniform in appearance, with a
narrow range of diameters. Planting
spacement would need to be calculated
carefully, so that resources in the growing
space did not become limiting before the
first commercial harvest. If sites were
marginal, probably with soils depleted by
Improper use, initial spacing might need to
be wide in order to give the trees enough
exploitable nutrient-bearing soil to sustain
growth. However, canopy closure should be
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sufficiently rapid to keep weeding costs
bearable.

ii. The 'fenceline’ ideotype is for the arable
farm. Individual trees would have deep roots,
both to provide wind-firmness and for
nutrient and water capture without competing
with the arable crop. Crowns would be thin
and open, to avoid shading of the crop.
Fastigiate branching would probably. be
undesirable because of the reduction in
timber quality. Strong monopodial growth
would carry the crown rapidly above the
crop. Tree species would not be allelopathic
to crops. Water requirements would be low. A
heavy leaf litter, which could be used as
mulch, might be more beneficial than
nitrogen-fixing ability, especially if the
requirement for deep rooting is contrary to
the conditions for abundant N fixation.

ili. The ‘shade-tree’ ideotype can be envisaged,
also for use on-farm. It would be most
suitable for taungya-type agroforestry. Farmers
might tolerate a moderate-to-heavy crowned
timber species standing over the arable crop,
if the timber was of high value and if height
growth was sufficient to restrict crop-reducing
shading to the first year. Paulownia tomentosa
over wheat in the People’s Republic of China
1s a well-known example. Less well known is
S. macrophylla over maize in the farms of the
Ketchi Maya in southern Belize. More
generally applicable might be agroforestry
systems of small numbers of timber trees
per hectare, standing over perennial tree
crops such as coffee and cacao and spices.
Many indigenous polycultures of this kind
have been documented.

Just as proponents of clonal plantings recognise
the need for security by the use of several
clones in any one planting area, so foresters
might prefer to hedge their bets by using
phenotypically plastic genotypes. Such trees
could modify their physiology and morphology
according to their spatially and temporally
changing environments. Detection of such
plasticity would require extensive testing of
genotypes on a range of sites and under a
range of management regimes. The chosen
ideotype could, of course, be aided by
appropriate silvicultural methods, but for on-farm
trees it would be better to assume that farmer
care would be minimal.

WHY HAS LITTLE EFFORT BEEN PUT INTO
DOMESTICATING TREES?

[ suggest that one reason for the paucity of
effort to domesticate tropical timber trees is the
relative abundance, until recently, of nearly
interchangeable timbers. Some 120 species or
species groups are used domestically in the



Amazon basin, perhaps 600 in peninsular
Malaysia, almost all of them by harvesting from
the wild state because it is perceived to be
economical. As I said earlier, domestication is an
economic decision, and it has not seemed
worthwhile in most countries until very recently.

Since colonial times, governments have laid claim
to ultimate ownership of forests, whether or not
they were able to exert that authority effectively.
For a variety of reasons, governments have
generally treated forests as a residual use of the
land and have made no serious attempis to
value the goods and services of the forest in a
holistic manner. Some governments continue to
subsidise harvesting of trees from the wild,
perhaps because of a lack of understanding of
the total costs which they are incurring for the
nation.

Increasingly, urbanised populations need more,
not less, timber per head than rural populations,
so domestic demand in developing countries is
rising while natural forest resources are generally
declining.

Legislation, national accounting and social
attitudes in many countries have failed to keep
pace with the rapidly changing situation over
supply of and demand for timber (and many
other forest products). Thus, the law, economics
and society appear to conspire against the
domestication of tropical timbers. Where
governments have taken firm and soundly based
steps to stimulate afforestation and reforestation
(as in Brazil formerly and Costa Rica presently),
the demand for suitable germplasm has greatly
exceeded the national capacity to supply
domesticated trees, at least in the short term.
The absence of current incentives for the
large-scale use of domesticated germplasm
should not lull national forestry research services
into believing that research is not needed.

IS DOMESTICATION OF TROPICAL TREES
WORTH THE EFFORT?

There are perhaps three questions which have to
be asked to determine whether domestication is
worthwhile.

Are there naturally occurring genotypes
which correspond to the timber ideotypes?

Extrapolating from our knowledge of genetic
variation in some temperate timber trees and
tropical multipurpose trees whose geographic
distributions have been well explored, it seems
likely that satisfactory timber genotypes could be
located if the same effort were to be deployed.
We can be fairly sure that simple silvicultural
techniques, such as mass selection of superior
seedlings and vegetative propagation of good
phenotypes, will boost both stem form and
growth rate.

Are tree growth rates financially attractive?

Rapid growth is a necessary part of the
ideotype, because domestication is a process
requiring investment and the cost must be
recovered. Although slow growth in the
post-establishment phase has sometimes been
due to neglect of silviculture (eg the stagnated
plantations of Terminalia ivorensis in Ghana
during the years of national economic crisis),
problems have more usually occurred because of
unsuitable germplasm, poor nursery techniques
and off-site planting. There are enough examples
of excellent growth of trees in arboreta and trial
plots to indicate that timber tree growth rates
can be quite adequate.

The idea of timber trees on farms is intrinsically
attractive, as a biological bank deposit against
future needs. When silvicultural costs are low,
harvesting costs become important. Single trees
on farms may be more costly to harvest than a
block planting on a remote hillside. On the other
hand, transport costs may be lower because the
farm is likely to be closer to the timber
processing plant.

Is the price adequate for the final product?
Oz, rather, will the price be right when the
trees are ready for harvest, and will the
prices justify the cost of domestication?

Prices for standing trees in developing countries
are often conditioned in part by government
fiscal measures which bear little or no relation to
the costs of forest or tree management or to the
costs of harvesting, transport and processing.
Most countries have shelves of reports from
consultancies over many years which recommend
more rational systems of valuing forest goods
and services. Timber growing, even with
domesticated germplasm, is a long-term business
and needs both incentives and assurances of
security to encourage investors.

Even under the present, generally unfavourable,
fiscal conditions, the continued willingness of a
clientele to pay high prices for finely finished
products from natural timber should provide its
own incentive (Johnson 1988). The high value of
mahogany products, including small-dimensioned
items (Past Times 1991), illustrates this point: a
cabinet priced at £10,220 (Prince George's
Woodcraft 1990), a George II mahogany
commode, valued at £400,000 (Duthy 1989), and
a toilet seat and cover in solid mahogany priced
at £45 (Woodentops 1983).

Finally, although this paper has considered
single-purpose timber trees, we all recognise that
residues from timber trees can be used for
charcoal and fuel, at the very least. Demographic
and other pressures on renewable natural
resources are rising so steeply in most
developing countries that single-purpose land
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uses are almost impossible to defend in social
terms. For multipurpose use (eg the production
of timber and fodder), it may be necessary to
domesticate single-purpose lines. This aspect is
considered later in this volume (see Felker,
pp183-188; Owino, Oduol & Esegu, pp205-209;
Simons, MacQueen & Stewart, pp91-102).
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Timber trees: architecture and ecology
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ABSTRACT

In growing timber trees, life-long architectural adjustment of trees to their direct forest environment is topical. Hierarchical systems
analysis of trees examines their architecture in terms of architectural models, multiple sets of such models (metamorphosis and
reiteration), and the occurrence of specialised light-gathering shoots (phyllomorphism) and shoots which cease terminal activity
and thus branch (unstable monopodia). These different crown-forming processes can come together in a way that develops
branch complexes that are hierarchical, with one set dominating others, or polyarchical, where the complexes are repetitive and
co-dominate. Examination of these different levels of tree architecture allows one to zoom in on trunk formation, the basis of
silvicultural management for timber production. Tree architecture differs between tree groups (ie conifers, legumes, Fagaceae,
dipterocarps, Myrtaceae and ‘miscellaneous’), determining the nature of forests in whole regions of the world. Hierarchical systems
analysis can also define the direct tree environment by zooming in from landscapes, to silvatic mosaics, to the conditions around
an individual tree (eco-unit level), determined by ecological interference. Domesticating and growing trees for wood are finally
examined in terms of architectural strategies. Silviculture should be overhauled and become more ecologically orientated, its
present combination of aims - to produce large timber volumes as straight stems of high-quality wood, in the shortest time -

being paradoxical.

INTRODUCTION

Trees perform a major feat of natural, biological
engineering: their architecture continually adapts
to their changing environment. Every tree
responds to a temporal sequence of
environmental conditions as it grows larger (see
Oldeman 1989a for an example of Acacia
species in the rather unpredictable East African
climate). This environmental sequence can be
roughly predicted. It is not always true, however,
that the seedling environment always differs from
the surroundings of a fully grown tree crown,
even for pioneer tree species. An alternative
view is that the tree crosses a spatial sequence
of environments from the soil to its adult canopy
height. However, this assumes the forest
environment to be constant over time, which is a
very rare condition (Oldeman 1989b).

This paper  concerns timber trees, which are
those that form long and straight trunks, suitable
for extraction as sawlogs. One important
silvicultural cuestion, relevant to the process of
domestication and the ‘ideotype’ concept (see
Palmer, ppl6-24), is how to grow trees to these
specifications. The answer is dependent on our
understanding of tree architecture, and the
process of trunk formation in particular.

The long, straight stems required by
silviculturalists most often occur in natural forests.
Only a few tree species maintain this form when
grown in the open. Indeed, timber plantations are
grown to mimic natural forests in this respect.

Both natural forest and plantation ecosystems are
complex and alive, with the canopies of timber
trees being forced aloft by the living forest
surrounding them. Tree trunks may, therefore, be
seen as the trees' tools of ascent towards the
light available at canopy level

The term ‘environment’ was used loosely above.
In reality it covers several scales in the hierarchy
of living systems. On the one hand, a ‘forest
environment' refers to the forest ecosystem, which
according to Oldeman (1990) exists on at least
three nested scales, ie the eco-unit ('forest patch’,
‘gap"), the silvatic mosaic (the mosaic composed
of interacting eco-units), and the site mosaic
(composed of interacting silvatic mosaics
occurring in a set of different sites). On the
other hand, the ‘environment’ forcing a tree aloft
is a subsystem of any ‘forest environment’, ie that
part which directly surrounds an individual tree.
Only this direct environment can fully explain the
selection pressures on tree growth and the
process of adaptation (Oldeman 1990, p513).

In the following sections, this paper will consider:

e an outline of tree architecture, its hierarchical
organisation and the question of conformity
versus flexibility;

e the trunk as an architectural component of
the main forest-building trees, trunk size and
stability, and ways to favour the formation of
straight trunks in timber trees;

e the direct environment of a tree versus the
average stand environment, and architectural
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strategy as a response to site dynamics; and

e some conclusions for timber tree form,
growth rate, potential size and age obtained
in cultivation, in the context of the
domestication process.

TIMBER TREE ARCHITECTURE

Trunks, branches, roots

Every tree builds three interconnected vegetative
systems. These are the green, branched
above-ground assimilation complex, the rooted
below-ground assimilation complex, and the trunk
as an intermediary transport and co-ordination
complex (Oldeman 1974; Hallé, Oldeman &
Tomlinson 1978; Hallé 1891). Hallé and Oldeman
(1970, p44) defined the trunk and branches as
follows: Trom the unique axis in unbranched
trees, the trunk mainly conserves the architectural
rdle: it ensures the tree's foothold, its mechanical
resistance, its extension growth in height through
the' successive forest storeys, while producing at
its apex new leaf-bearing branches which profit
from the best light conditions; because it
constitutes a central communication and transport
system, the trunk gives a tree its physiclogical
coherence; it determines the final stature of the
tree on which depends, at least partially, its
competitivity and ecological niche. . . The
branches in principle take over those functions
which the trunk ceases to assume: photosynthesis
and the formation of sexual organs. These
functions can be fulfilled in many ways, and
numerous setups indeed exist both to capture
incident light energy and to present the sexual
organs to the vectors of gametes’.

Some evidence suggests that the below-ground
complex is organised not too differently from the
above-ground architecture (Atger 1992). However,
no well-developed, large and persistent
trunk-equivalent (tap root) seems to be present
in most timber trees. This paper will refer to
roots only in passing.

Above-ground tree architecture

Seedlings are usually unbranched (Figure 1, a).
The first branches form a specialised interface
for photosynthesis, the exchange of gases and
water, and temperature regulation. The peripheral
branches show such a set of properties lifelong
(Edelin 1984). Sapling axes are of the first order
(trunk) and of the last order (crown periphery)
(Figure 1, b,e). The crown is later filled out by
intercalation of branch orders (Edelin 1984; Atger
1991), until the full inherited number of potential
branch orders is formed (Figwe 1, ¢ d).

If second- and higherorder axes are more or
less equivalent, leaf properties determine the
green interface between the tree and its
environment. Tree architecture then shows a clear
difference between skeletal functions (trunk and
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main branch axes) and assimilation (leaves), and
hence can be described (Figure 1, e-g) by one
architectural tree model (Hallé & Oldeman 1970;
Halle et al 1978), or intermediates. If, conversely,
the peripheral branches differ conspicuously from
the axes between them and the trunk, botamists
perceive the formation of an intercalary axis as
an abrupt change-over from a small crown to a
larger crown built by smaller crowns. Edelin
(1984) coined the term 'metamorphosis’ for this
event (Figure 1, b—d). The cauliflowerlike crowns
of SE Asian dipterocarps and neotropical
Vochysiaceae are good examples (cf Oldeman &
Fundter 1986).

Each tree species has inherited a limited
number of differentiated branch orders, five
being common (C Edelin, personal
communication). When axes of an order above
that limit are needed for crown expansion,
re-activated meristems yield a first-order axis
again, 1e they start crown building over again
with an axis equivalent to the hypocotyl
(Figure 1, h). Oldeman (1974) described this
process under the name of reiteration, but did
not give this explanation.

Phyllomorphs and unstable monopodia

Two concepts are important for understanding
the ways in which the basic architectural model
adjusts to its environment. These are (i)
phyllomorphs (Hallé 1967) and (i) unstable
monopodia (Oldeman 1974).

A phyllomorph is an axis with many foliar
properties, eg small size, limited lifespan, and
little wood, while having many chlorophyllic
appendages or tissues (leaves, phyllodes, etc).
Criginally, phyllomorphism was assumed to be
closely linked to plagiotropy, but architectural
analysis of lequminous trees by Oldeman (1989a)
showed that orthotropic short shoots may also be
phyllomorphic. It can now be understood that the
green interface functions of tree crowns are
ensured either by leaves, often on architectural
model-like crowns (Figure 1, e—g), or by
phyllomorphs, often on metamorphic crowns
(Figure 1, b-d).

Figure 1. Principles of timber tree architecture

a—d  Tree development with metamorphosis (Edelin 1984,
1991); branch order 1 is the trunk, order 5 a
peripheral branch (eg twig, phyllomorph), and orders
2—4 are intercalated; sometimes orders 4 or 3 have
peripheral characteristics too

a—e—g Tree development without metamorphosis (Hallé &
Oldeman 1970), the periphery being made up by
leaves and the sequence of branching orders so
equivalent that intercalation is not proven

h Reiteration tree with repetitive manifolding of the
model (cf 1g)

b—i Metamorphic tree with repetitive complication

j Assemblage tree with both repetitive complication

(numbers as for 1¢) and repetitive manifolding
(numbers as for 1f) in opportunistic sequences
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Selection pressure can make phyllomorphism
‘migrate’ from the periphery to the trunk. This
may happen in a very stereotyped way and
cause modular growth, as in Petit's model (eg
the rubiaceous sequence from the Rothmannia to
Tetrorchidium species originally studied by Hallé
in 1967, cf Hallé & Oldeman 1970), or from
Roux’s to Aubréville’s model (see the sequence
from Trema to Terminalia described by Oldeman
and Hallé 1980). In the centre of the tree, the
trunk is eventually the only axis left with a
considerable size, mass and lifespan (eg ‘pagoda
trees’ such as Terminalia spp. — Corner 1952).
Foresters speak of ‘monopodial branching' in
such trees, m which the branches occur on a
big, monopodial trunk.

On the other hand, migration of phyllomorphism
to lowerbranch orders can be opportunistic and
disorderly. Leguminous trees in adverse
environments (eg the dry tropics or heavy shade
under forest) ilustrate this behaviour; examples
are the Acacia species of East African tree
savannahs (Oldeman 1989a), the Sahelian
mimosold Faidherbia albida (Sterck, van der
Zandt & Oldeman 1992) or Eperua falcata
(Edelin 1991), a caesalpinioid neotropical
rainforest tree.

Unstable monopoedia, described by Oldeman
(1974, eg in Guyanese, very hard-wooded
melastomataceous Mouriri species), are axes with
an easily but unpredictably deactivated end
meristem. In this instance, extension growth is
often taken over by another unstable
monopodium, known in temperate trees as shoot
tip abortion (cf Remphrey & Davidson 1991).
This phenomenon is in the same strategy as
phyllomorphism, for both the smaller size and
shorter lifespan of phyllomorphs and early
meristem abortion lead to small building blocks
in tree architecture. Both phyllomorphism and
monopodial instability hence lead to the
Increasing predominance of sympodial growth
over monopodial growth in a tree.

Command hierarchy or polyarchy

From a study on sympodial trees, Edelin (1991)
postulated two ways to build trees by branching.
His first principle is hierarchical, the second is
polyarchical; both are determined by a command
hierarchy (‘plan d'organisation’ sensu Edelin
1991). In hierarchically built trees, an axis
commands or dominates the behaviour of its
branches, or a branched complex commands or
dominates the behaviour of other branched units
it bears, such as reiterates (Figure 1).
Polyarchical trees are colonies of equivalent units
organised by loose, ephemeral mutual interactions.

Systems hierarchy and tree architecture

With the above concepts, the architectural study
of timber trees can be reduced to a few clear
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principles. The following systems hierarchy is
defined especially to deal with timber tree
architecture.

Stems and architectural unit models

There is frequent confusion between the terms
‘axis’, ‘sympodium’ and ‘monopodium’, so trees
will be considered here to be built by ‘stems’. A
stem is defined as a growing cylindrical organ
bearing leaves, meristems or other appendages;
it is perceived macroscopically; only its
geometric origin, not its meristematic origin, is
specified; it can be macroscopically differentiated
according to simple criteria of apparent
phyllotaxis and orientation (orthotropic,
plagiotropic, mixed), size and longevity (trunk,
branch, twig, phyllomorph), flowering (none,
terminal, lateral), and timing (immediate, delayed
or adventitious appearance). More refined criteria
are presented by Hallé et al (1978) and Edelin
(1984).

All primary architectural unit tree models (eg
Figure 1, a—g) are defined as theoretical trees
originating from seed, the architecture and
dynamics of which are described in terms of
simple branching patterns determined by woody
skeletal stems, ie trunk, branches and their
differentiation. This definition is close to, but
differs from, those in Hallé and Oldeman (1970).

Repetitive architectural patterns

A metamorph (Figure 1, a—d) is an intercalary,
regularly branched pattern caused by a spatial
and temporal combination of stems being formed
later within the primary architectural unit tree
model (Figure 1, ¢, d). The metamorph is not an
initial part of this model (shown in Figure 1, b).
A reiterate (Figure 1, h) is an apposed branched
complex, corresponding to the total or partial
primary architectural unit tree model. The
reiterate is not built within but apposed to this
model. Reiteration is important for timber trees,
because reiteration causes trees to have more
than one trunk. The tree has one trunk from the
seed and one in each reiterate (word coined by
C Edelin, personal communication). In other
words, a ‘subtree’ formed by reiteration also
possesses a trunk. Metamorphs make more
branches within a tree; reiterates add additional
peripheral trunks and/or branches to a tree.

According to the above definitions, all timber
trees, throughout their development from
germination o senescence, belong to one of four
strategic unit tree models: elementary trees
(Figure 1, g), reiteration trees (Figure 1, h),
metamorphic trees (Figure 1, 1) or assemblage
trees (Figure 1, j). :

Architectural systems hierarchy for timber
trees

Timber trees can now be examined in their
ecolegical context according to a simplified



systems hierarchy. As usual in such hierarchies, a
system is explained by the interactions between
its subsystems, conceived to be situated one
level lower than the system itself. A stem is the
sum of its parts plus their interactions; a primary
or secondary architectural unit is the sum of its
stems plus their interactions, as apparent from
the branching geometry and dynamics around
one central stem; a strategic unit is the sum of
its architectural units plus their interactions as
apparent from the geometry and’ dynamics of
trunks and major branches; a forest stand is the
sum of its organisms plus their interactions as
apparent from the distribution and dynamics of
its trees.

Conformity and flexibility

Trees can either adjust or adapt (Hallé et al
1978): adjustment occurs as a change in growth
and architecture of individual trees in response to
environmental stimuli; adaptation occurs as the
result of inherited changes of behaviour and
architectural strategy in a iree population in
response to the selection of surviving and

- reproducing members. For the study of the
architectural flexibility of timber trees, the
behaviour of big woody stems, trunks and
branches in primary and secondary architectural
units is paramount. In general, the context here
is one of architectural conformity, as in the
original architectural tree models of Hallé and
Oldeman (1970). Cigantism of the primary
architectural unit (Hallé 1986) stands for maximal
conformity, regardless of what complex
subsystems its stems may conceal. It is by
repetition that big trees can adjust in a flexible
way. The crux of the matter of predicting
architecture and growth dynamics of timber trees
is, therefore, the nature and number of the
architectural units on the one hand, and their
sizes and timing of appearance on the other.

TIMBER TREE TRUNKS

In timber trees, a forester or tree farmer prefers
the development of one woody stem, the tree
trunk, to be straightforward from the seedling
stage to maturity for harvest. This development,
moreover, should be as fast, as voluminous and
as stable as possible. Five tree groups are the
superpowers in the forests of the world:

i. Coniferae, forming a major component in
many boreal, northern and montane forests;

ii. Leguminosae, abundant in a majority of
tropical African and American rainforests, and
many dry tropical forests worldwide;

iii. Fagaceae, dominating the main cool and
warm temperate broadleaved forests and
many montane forests;

iv. Dipterocarpaceae, moulding the basic features
of the lowland rainforests of tropical Asia;

v. Myrtaceae, playing a decisive part
particularly in Australian forests and in
tropical forest plantations.

The frees in these groups represent a success
story, because of only a few architectural and
other responses to selection pressures (eg
Oldeman & Fundter 1986). Another, more diffuse,
group contains unrelated trees from various
families (eg Meliaceae, Burseraceae, Lauraceae,
Celastraceae or Vochysiaceae). Their success
stories are unmistakable but rather more
individual than collective, often parallelling one or
another feature of one of the above major
groups. However, in this diffuse group, there also
seems to occur one original, rather elementary
strategy enabling their success as tropical
rainforest trees. This group might be termed
‘miscellaneous giants’, with the species building
or rebuilding tropical rainforests sensu lato
following major forest clearings or under late
pioneer conditions.

Each of the above groups shows a particular
formation, size and persistence of the trunk.
Conifers are architecturally sinple trees during
much of their life, their trunks being simply
grown-up seedling stems. Coniferous metamorphs
seem to be rare, and reiterates occur late, if
ever (also see Edelin 1977). Both Leguminosae
(Oldeman 1989a) and Fagaceae (Peters 1992;
Roloff 1989, 1991) are widely spread over many
environments. They show an assemblage strategy
with a pronounced tendency to form numerous,
quite small metamorphs and reiterates, resulting
in compound, unstable trunks and branches with
a tendency towards crooked growth and forking.
Dipterocarpaceae and Myrtaceae are most often
metamorphic trees with some, late, reiteration
(Edelin 1984). They conserve and enlarge a
stable trunk from the seedling stage onwards for
a prolonged period, the complex crown being
built mainly by metamorphs. Finally,
miscellaneous giants are reiterative trees with a
large, stable and orthotropic primary architectural
unit and rather few, late and massive reiterates,
so that their woody mass is distributed over
rather few, massive and stable trunks and
branches.

This general survey of the main groups of
successful forest trees, many of which are
important as a source of timber, llustrates their
very different responses to their forest
environments. Therefore, both their domestication
and their silviculture have to be understood in
the light of such specific strategies.

The architectural strategies of conifers and
miscellaneous giants give a strong propensity for
the formation and persistence of one sturdy
trunk. Domestication of such trees for timber
includes selection of genotypes in which this
trunk-building tendency is maintained or
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enhanced. Silvicultural protection of these trunks
against breaking also has to be selected for,
because trunk regeneration by early, massive
reiteration lowers timber quality Dipterocarps and
Myrtaceae (including Eucalyptus spp.) should be
selected in the same way, but their susceptibility
to repetitive architectural complication needs to
be studied. Nutrients and energy have to be
invested in the trunks, not excessively in the
crown mass, and this feature also requires
appropriate silvicultural selection. Finally,
Fagaceae and Leguminosae are not programmed
to form straight trunks, because they pile up
metamorphs and reiterates opportunistically, their
environment dictating the compound trunk shape.
The latter, therefore, depends on the silvicultural
system used, as exemplified by two centuries of
Quercus (cak) and Fagus (beech) silviculture in
Europe.

TIMBER TREE SITES

The folded forest model

Big trees exert a large influence on their
environment below, but big trees start life as
small trees. This statement defines the essential
points of 'inner’ forest environment dynamics, to
which all forest organisms other than mature
trees are partly or totally subjected (Oldeman
1983; Uribe 1991). Forest environment dynamics
are analysed at different scales below

The green mass of vegetation covers the land in
irregular folds of forest, tree row, agricultural field
or meadow (Figure 2, a; also cf Oldeman
1992b). Within a forest, the canopy surface is
itself folded by regeneration dynamics and the
resulting patterns (cf Gomez-Pompa, Whitmore &
Hadley 1991), such as large and small, open,
aggrading and biostatic or mature patches
(Figure 2, b) (see Oldeman 1990). This
patchwork or silvatic mosaic acts as an irregular
sieve on incoming climatic factors, such as light,
wind and precipitation (Figure 2, ¢,d).

Ecological factors are usually dynamic, hence no
clear ecological limits exist between eco-units.
Geometrical limits (such as those proposed by
Brokaw 1982, pl02, later contested by Bongers &
Popma 1988) are indeed irrelevant for timber
tree ecology, although valuable in forest
diagnosis (Kcop 1989; Oldeman 1990).

Light, just like turbulent or rain-laden wind,
penetrates into a forest through large gaps,
through small openings between neighbouring
crowns, and through interstices between leaf
masses borne by reiterates, metamorphs or large
branches (Figure 2, ¢). The distribution and
repetitive redistribution of light or other factors
create a very mobile and heterogeneous
microclimate, manifest among others in the
mobile and elusive sunfleck pattern in the
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undergrowth. These patterns permit the
calculation of the light available to plants in a
certain spot in the forest. However, temporal
resolution has to be kept low, eg by using
monthly figures of spotwise accumulated
available irradiation. A spot is defined in a
spatial grid with quite a high spatial resolution,
eg by fish-eye photograph scanning and
simulation. Horizontal and vertical light-and-shade
patterns depicted with high spatial and low
temporal resolution are highly non-linear. They
invalidate the concepts of straight horizontal
strata or vertical gap patterns, even as
approximate working hypotheses. In man-made
forests, such simple patterns might be created
temporarily. However, a recent and realistic
simulation of simple, pure Pinus sylvestris (Scots
pine) forest plantations in The Netherlands shows
that their heterogeneity as sieves for climatic
factors increases with time (Leersnijder 1992).

Small volumes of light or shade accumulating
over time in a non-linear model, as n the
SILVI-STAR light climate simulation (Figure 2, c¢,d;
Koop 1989), produce seemingly random points,
accurmulating over time like pixels producing
fractal images on a computer screen.

Self-similarity of the climatic effects of stepwise
decreasing canopy openings also intimates fractal
mathematics (Oldeman 1992a). Such forest
microclimate patterns are generally repetitive
enough on a local scale that plant and animal
species can live and reproduce in such forests
from generation to generation. This kind of
dynamic status quo brings to mind the
climatological 'Lorenz attractors’ (Gleick 1989;
also, F Lutz, personal communication). There are
no data as yet to check these hypotheses. This
checking would be worthwhile, however, because
of the promise of new methods for the calculus
of predictive models, based on ecosystem
geometry.

Direct environments of timber trees

Using the cruder, hand-made approximation
(Figure 2, ¢), however, forest environments nested
within the whole-forest mosaic, down to the
direct environment around one tree, can be
discussed. First, folding of the forest surface is
the consequence of different gap forms and sizes
and eco-unit development (Oldeman 1990,
1992b). Second, all forest folds have a canopy
high or low, thin or thick. This canopy rises
slowly, reaches its highest level], and then
collapses, on an eco-unit scale.

In large eco-units (Figure 2, a, L), the gap phase
is all but devoid of a functional canopy. It
gradually develops and diversifies into a climatic
sieve, usually built by fast-growing, rather
short-lived pioneer trees. Generally, these trees
neither reach their highest level, nor die, at the
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Land covered by a folded green carpet (after
Oldeman 1992b). r, row of trees; L, large surface
pioneer forest; f, forest; 1S, rather small forest gap
(young eco-unit); S, small gap (young eco-unit);a,
agricultural canopy; p, park canopy

Folds are folded again by crowns, these are folded
again by subcrowns (for formation see Figure 1),
abbreviations as for Figure 2, a

Folded canopy acting as an ecological sieve (cf
Oldeman 199b), eg for light; open arrows, light
through gaps; black arrows, light through chinks
between crowns; stippled arrows, light between
subcrowns, the latter two usually being included in
‘indirect light' measurements; note pattern not at all as
in gaps defined as discrete 'holes’, light not vertical
and canopy neither homogeneous nor opaque;
shading denser where darker

SILVI-STAR-like, hypothetical pattern (cf Koop 1989) of
lighter and darker patches on the forest floor caused
by the transmission patterns as given in Figure 2, c;
shading denser when darker; thick lines approximate
isoluxes, thin lines crown projections; upper half of
Figure forest as Figure 2, b, lower half large-surface
pioneer forest

Metamorphic timber trees (M) with later some
reiterates (R), such as Asian dipterocarps, grow in
rather small openings

Assemblage trees (A) develop in small, highly
dynamic openings, such as legume trees in tropical
Africa and America

Development of elementary pioneer trees (E), such as
Moraceae, above the pioneer forest canopy and
assemblage trees (A), such as legumes, in that
canopy; note repetitive phenomena coupled with
decreased size of architectural units

same time. After the pioneers, the large eco-unit
splits up into a finermeshed mosaic, with smaller
gaps as the origin of smaller eco-units. The latter
range in size from one to a few trees (Figure 2,
a, 1S and S). This development may take one or
more decades. Meanwhile, in and under the
canopy, a first degree of non-linear complexity is
born, with shaded and illuminated spots and
regions. This pattern does not conform to a
simple mosaic of illuminated gaps versus shaded
undergrowth. The interference of large and small
light, wind and humidity gradients creates a
diverse array of microclimatic conditions in which
the seedlings become established (for
interference, see Oldeman 1989b, 1992b).

From the seedling populations come the saplings
that shape the eco-units arising in small gaps.
These trees modify the climatic sieve formed by
the canopy once they start to participate i its'
formation. The more a forest develops beyond
the pioneer stage, the more differentiated its
internal environment can become. There are two
limits to this complexity. The first limit is
wholesale forest elimination, such as by fire,
clearcutting, or other major event. Pioneer
development may then start all over again. The
second limit is overdiversification, when
environmental heterogeneity reaches the point
where a particular species population can no
longer survive because appropriate niches
become too few and far between.

31



Architectural strategies in the context of the
domestication of timber trees

The domestication process requires that
genetically improved timber trees are able to
express their potential productivity; to this end,
there is a need for silviculture to create the
appropriate environment for growth (see Fasehun
& Grace, ppl48-157). Timber tree domestication
is, therefore, inseparable from the choice or
design of forest-like ecosystems in which such
trees are to be cultivated. It 1s futile, for instance,
to select Eperua genotypes (Leguminosae) for
simple plantations and clearcutting, because they
would never yield straight timber, but only
crooked firewood. This is the intuitive base of the
classical choice of species related to their light
requirements’. However, forest ecoclimates are
less straightforward than is suggested by
contrasting ‘light-demanding’ against
‘shade-tolerant' species. Forest trees include
architectural strategies opposing programmed
conformity to neartotal flexibility, but also admit
combinations in order to survive in dynamic
environments (Oldeman 1990; Oldeman & Van
Dijk in Gémez-Pompa et al. 1991).

Silvicultural systems have been designed to .
favour the ecosystem'’s carrying capacity for
chosen tree species at the expense of others.
Selective silviculture usually eliminates pioneer
trees to a large extent. Mixed-plantation timber
silviculture is usually considered difficult, being
intermediate between natural regeneration and
artificial regeneration. With the above concepts, it
can be implemented. Among the best examples
are tropical agroforestry systems utilising
multipurpose, non-timber species (see Simons,
MacQueen & Stewart, pp91-102) and the mixed
dipterocarp silviculture in East Kalimantan (see
Oldeman & Van Dijk in Gémez-Pompa et al.
1991).

The crux of the matter is timing. Foresters and
timber farmers want a high timber volume of the
best marketable tree species in as short a time
as possible, unless they work in a multiple-use
forestry context. There are imbuilt paradoxes in
this set of aims. They can only be achieved
either if the desired species have pioneer
characteristics, such as short lifespan, high
growth rates and straight trunk formation, or if
the combination of rotation and volume is
adapted to maximise tree size, rather than the
volume per year per hectare. Domestication of
‘new’ timber tree species makes sense only if
the concept of timber production itself is
thoroughly overhauled (Oldeman 1991), adopting
principles of ecological forestry.
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Fruit trees: diversity and conservation strategies

J C Okafor! & A Lamb?

I Tree Crops and Tropical Ecology Consultants, 3 Kingsway Road, PO Box 3856, Enugu, Nigeria
ZAgn'qutu.raJ Research Station, PO Box 197, Tenom, Sabah, Malaysia

ABSTRACT

Fruit-producing trees contribute significantly to the species diversity of tropical forests. Their .contributions to the nutrition and local
diet in developing countries are great, and their diversity is considerable. The availability and consumption of native fruits are
declining in most regions, partly because of the greater attention given to research, development and marketing of exotic fruits.
Population growth and severe forest degradation, arising from over-exploitation and infrastructural development, also adversely

affect the availability of native fruits.

Strategies which can address the situation include conservation, domestication and enhanced utilisation of wild fruit trees, through
the establishment of cottage industries and land use applications involving local participation. In this paper, priority species are
recommended for domestication in countries of Malaysia and West Africa, and include durians, rambutans, mata kucing, bush
mango, African pear and African breadfruit The domestication effort should be complemented by in sifu conservation practices,
such as establishment of forest reserves for the protection of genetic diversity Increased taxonomic, phenological and propagation
studies are necessary to enhance identification, conservation and sustained use of fruit trees.

INTRODUCTION

The term ‘fruit’ is broadly applied here in both
its horticultural and botanical senses to include
the succulent and non-succulent portions of
ripened ovary or ovaries which are eaten fresh
or used in various cooked food preparations.
Apart from trees, other tropical woody plants
such as erect shrubs and climbers also provide
edible fruits. In addition, trees, shrubs and
climbers are also sources of edible leafy
vegetables, edible flowers, mushrooms, and other
foods and beverages:

Wild fruit trees form an important part of the
species diversity of tropical forests. The diversity
of tropical fruit trees is related to the range of
families, genera and species involved, as well as
the extent of intraspecific variation. For example,
in Borneo, considered to be the centre of
diversity for many plant genera, the genus
Garcinia (Guttiferae) consists of 50 species or
more, while Baccaurea (Euphorbiaceae)
comprises at least 25 species (Wong & Lamb

-+ 1990).

The wide range of edible products obtained
from wild fruit trees includes nuts and seeds
used as staple foods or main dishes; those used
as minor food supplements; condiments;
thickening agents and flavours; leafy vegetables;
fresh fruits; fresh seeds; edible oil; spices; fruit
drinks and non-alcoholic beverages; and
alcoholic drinks. These edible forest products
constitute important and cheap sources of
vitamins, minerals, protein, carbohydrates and fats
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and their contribution to the diet of local people
is often great. Their dietary contribution is
increased because they are available during
most seasons, including strategic periods in the
year when the conventional staples and
vegetables are scarce (Okafor 1991). The
potential of these wild plants for overcoming food
availability problems in tropical countries is
enormous (Getahun 1974; Jong, Stone &
Soepadme 1973; Okafor 1975a, 1980a, b, 1981a;
Okigbo 1977; Roche 1975a; Wong & Lamb 1990).

Notwithstanding their diversity, nutritional and
dietary importance, the availability and
consumption of wild fruit trees appear to be
declining in many regions, partly because of the
greater attention given to research, development
and marketing of exotic fruits rather than to
indigenous ones. Another important contributing
factor is the declining availability of edible forest
products, owing to human population growth and
severe forest degradation. To redress the situation
It is necessary to intensify programmes on the
identification and genetic improvement of species
with high potential, and on the development of
strategies for conservation, development ‘and
production of both traditional and innovative
products (Okafor 1991). These objectives form
the focus of this paper, based largely on work
and field experiences in Malaysia and countries
m West Africa.

TAXONOMY OF EDIBLE WILD PLANTS
There are few taxonomic studies on edible wild



plants of the tropics. Available informnation comes
mostly from general notes and casual remarks in
Floras and more general texts, and from oral
reports as commonly documented in
ethnobotanical and socio-economic surveys
(Okafor 1989, 1990a; Shepherd & Okafor 1991;
Thomas et al. 1989). Okafor (1981a) presented
an account of 171 indigenous woody plants (53
families and 119 genera) of nutritional
importance within the forest zone of Nigena.

Species diversity of wild fruit trees in the forests
of Sabah is illustrated by the genera Artocarpus
(Moreaceae), Durio (Bombacaceae) and
Mangifera (Anacardiaceae) (Wong & Lamb 1990).
There are at least 13 species of Artocarpus
indigenous to Sabah, out of some 25 species
which are found in Borneo (Jarrett 1959a, b,
1960). The durians (Durio spp.) are represented
by about 28 species in SE Asia, while in Sabah
14 species are recorded out of the 19 species
found in Borneo (Korsterman &
Soegeng-Riksodihardjo 1958). Of these 14
species, there are seven which have edible fruits.
Similarly, in the genus Mangifera, there are some
19 species (with one introduced) in Sabah, out
of a total of 24 found in the whole of Borneo
(Bompard 1988). Other fruit species representing
33 families and 65 genera, cited by Wong and
Lamb (1990), further illustrate the overall diversity
of the wild and semi-wild fruits found in the
forests of Sabah. Many of these families and
genera are also represented in West Africa
(Table 1). For example, the family Sapindaceae
includes many important edible fruits both in
Sabah and elsewhere. The akee apple (Blighia
sapida), which occurs in West Africa, is a
commercially important fruit tree, while the
best-known fruits of this family in Sabah are the
rambutan, meritam or pulasan (genus Nephelium)

and mata kucing (genus Dimocarpus). The most
commonly eaten rambutan is N lappaceum.

THE EXTENT OF INTRASPECIFIC
VARIATION

Examples of intraspecific variation abound in
tropical fruit tree species. For instance,
Dimocarpus longan (mata kucing) is very
variable morphologically, especially in Borneo,
where 30-40 local races can be distinguished
(Van Welzen, Lamb & Wong 1988). All these
Bornean races belong to the subspecies
malesianus, which is divided into two varieties:
var. malesianus and var. echinatus. The two
species of Nephelium, N. lappaceum and

N. cuspidatum, are also very variable in
appearance. N. lappaceum is divided into three
varieties, namely var. lappaceum, var. pallens and
var. xanthioides, all three occurring in Sabah.
N. cuspidatum has six varieties of which var.
robustum (with large glabrous leaves) and var.
eriopetalum (small and hairy leaves) are also
found in Sabah.

The existence of natural variation within fruit
trees is a crucial factor in efforis aimed at the
domestication of edible forest species (Whitmore
1976; Okafor 1980a). Examples of varietal
delimitation in West African fruit trees, such as
Irvingia gabonensis (Okafor 1975b), Treculia
africana subsp. africana (Okafor 1981b) and
Dacryodes edulis (Okafor 1983), have indicated
high prospects for extending the period of fruit
availability, increasing the yield, and choosing the
desired pattern as well as season of yield
(Okafor 1978, 1981a; Okigbo 1977). If the two
varieties of I gabonensis, which fruit in the rainy
(var. gabonensis) and dry (var. excelsa) seasons
respectively, were each to be developed, the

Table 1. A list of some genera producing edible fruits in Nigeria, West Africa, that are also reported to occur in Sabah,
Malaysia, by Wong and Lamb (1990). NB Several genera (and species) which cccur in West Africa but were not cited in Wong
and Lamb (1990) have been excluded. For a more detailed list, see Okafor (1979)

Family Species Local name Product Potential for development
Annonaceae Uvaria chamae — Fruit Low
Burseraceae Canarium schweinfurthii ~ Ube-okpoko Fruit Medium
Dacryodes edulis African pear Fruit High
D, Kaineana — Fruit Low
Ebenaceae Diospyros iturensis — Fruit Low
D. elliotii — Fruit Low
Euphorbiaceae Antidesma venosum — Fruit Low
Guttiferae Garcinia kola Bitter kola Pulp and seeds High
G. smeathmannii — Pulp and seeds Medium
Leguminosae Dialium guineense Velvet tamarind Seed aril High; very rich in
vitamin C
Parlaa biglobosa Locust bean Fruit pulp, seed High; rich in vitamin C
Moraceae Ficus capensis — Fruit, leaves Low
F exasperata — Fruit Low
F vallis-choudae — Fruit Low
Palmae Nypa fruticans Nipah Fruit Low
Sterculiaceae Sterculia oblonga — Seed Low
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combined period of availability of the products
would be significantly extended (Okafor 1991).

PROPAGATION TECHNIQUES

Large-scale production of fruit trees requires the
development of nursery procedures involving the
use of seeds or vegetative propagation, either for
the production of stockplants to be used for
budding (budgrafting), or for seedling trees to
be outplanted in seed orchards or plantations.
For example, in Nigeria, standard nursery
practices have been developed for several
species including Dacryodes edulis, Irvingia
gabonensis and Treculia africana (Okafor 1981a,
1990b}).

Seed propagation

Traditionally, tropical trees are propagated and
conserved by seed, either by establishing
plantations or by encouraging natural
regeneration. There are three main advantages of
seeds.

e Large numbers can usually be obtained
easily.

e Spare seeds can be stored for later use.

e Variation is retained in succeeding
generations, although this may not strictly be
regarded as an advantage if a uniform
preduct is desired.

Vegetative propagation

Vegetative multiplication is an alternative to the
use of seeds as a method of raising planting
stock of young trees. The advantages of this
method are as follows.

e Cenetically uniform planting stock may be
produced.

e When mature adult budwood is used, early
fruiting and fruit set at low height can be
achieved.

e Superior genotypes can be selected and
multiplied, leading to improvements in quality
and yield.

e Selection and conservation of clones that are
resistant to pests and diseases may be
possible, and clones may be developed that
are suitable for a particular region, site and
end use.

¢ Conservation of genetic variation (such as
hybrids produced by breeding) can be
achieved through vegetative multiplication, in
the form of clone banks of both ‘adult’ and
‘juvenile’ material.

The main objection to the development of clonal
tree crops is the increased risk of biotic or
physical catastrophe which is associated with the
narrowing of the genetic base (Barnes & Burley
1987). However, frequent mtroducnon of new
clones and the maintenance of genetic diversity
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should reduce risk (see Foster & Bertolucci,
ppl03-111). The advantages of vegetative
propagation techniques are greatest when there
are problems with seed availability or storage,
when only the male or female plant of dioecious
species is required, or when there is a
particularly high value attached to certain
individual trees (see Barnes & Burley 1987).

Van Welzen, Lamb and Wong (1988) successfully
produced cultivars of rambutan with constant
quality by using budding techniques (Forkert
method). In a study in West Africa, some 26
speciles of trees producing edible products were
found to be buddable in experiments using
scions from mature trees (Okafor 1978, 1980a,
198la) (Table 2). Budded trees of some of these
species (Chrysophyllum albidum, Dacryodes
edulis, Dialium guineense, Irvingia gabonensis,
Pentaclethra macrophylla, Spondias mombin and
Treculia africana) produced viable fruits close to
ground level after only two to four years (instead
of five or more years in trees raised from seed).

Table 2. Trees with edible parts, successfully propagated by
budgrafting in West Africa (source: Okafor 1981a)

Species name Family
Afzelia africana Caesalpiniaceae
A bella var. bella Caesalpiniaceae
Bosqueia angolensis* Moraceae
Canarium schweinfurthii Burseraceae
Ceiba pentandra Bombacaceae
Chrysophyllum albidum Sapotaceae

Cola acuminata Sterculiaceae

C. gigantea Sterculiaceae

C. hispida Sterculiaceae
Dacryodes edulis Burseraceae
Detarium microcarpum Caesalpiniaceae
Dialium guineense Caesalpiniaceae
Hildegardia barteri Sterculiaceae
Irvingia gabonensis Irvingiaceae
Monodora myristica Annonaceae
Myrianthus arboreus Moraceae
Parkia biglobosa Mimosaceae
Pentaclethra macrophylla Mimosaceae
Pterocarpus mildbraedii Papilionaceae

P santalinoides Papilionaceae

P soyauxii Papilionaceae
Spondias mombin Anacardiaceae
Tetrapleura tetraptera Mimosaceae
Treculia africana Moraceae

Vitex doniana Verbanaceae
Xylopia sp. Annonaceae

* Now Trilepisium madagascariense

Propagation by stem cuttings (without application
of auxin) using adult shoots was also successful
for 21 West African tree species (Table 3).
Fruiting was subsequently recorded in trees of
T africana subsp. africana var. inversa and

D. guineense derived from stem cuttings. With

_juvenile cuttings, R R B Leakey (personal



communication) recorded 69% rooting of
T africana under intermittent mist, using a 0.2%
solution of IBA in 95% ethyl alcohol.

Table 3. Woody plants with edible parts, successfully
propagated by stem cuttings (source: Okafor 1981a)

Species Family
Ceiba pentandra Bombacaceae
Cola gigantea Sterculiaceae
Detarium microcarpum Caesalpiniaceae
Dialium guineense Caesalpiniaceae
Dioscoreophyllum cumminsi*  Menispermaceae
Ficus capensis Moraceae
‘Gnetumn spp.* Gnetaceae
Gongronema latifolium* Asclepiadaceae
Heinsia crinata Rubiaceae
Hildegardia barteri Sterculiaceae
Monodora myristica Annonaceae
Lasianthera africana Icacinaceae
Myrnianthus arboreus Moraceae

Piper guineense* Piperaceae
Pterocarpus mildbraedil Papilionaceae

P santalinoides Papilionaceae

P soyauxii Papilionaceae

Sterculiaceae
Euphorbiaceae
Moraceae
Compositae

Triplochiton scleroxylon
Tetracarpidium conophorum
Treculia africana

Vernonia amygdalina+

* Woody climber; + Shrub

Research studies on vegetative propagation have
also been carried out on a number of tropical
timber species (see Leakey, Newton & Dick,
pp72-83). For timber production, juvenile shoots
are usually preferred for ease of rooting and for
vigorous shoot growth, while, for fruit production,
adult scions are used in order to obtain early
fruiting at low heights. Furthermore, a
plagiogeotropic growth habit, which may be a
topophytic or ‘adult’ character, is regarded as
undesirable for timber species, except for seed
production in clonal seed orchards. Such traits
may, however, be desirable for fruit tree
production. It is, therefore, necessary to develop
propagation methodologies and selection criteria
specifically for fruit trees (see Okafor 1990Db),
even when the same species is important for
both fruit and wood products.

CONSERVATION OF THE GENETIC
RESOURCES OF FRUIT TREES

Conservation of genetic resources can be
implemented by adopting both in situ and ex situ
methods (Roche 1975b). Forest reserves, strict
natural reserves (SNRS) and protected fetish
groves contain fruit trees and serve as potential
reservoirs of the various species. However, owing
to high rates of forest clearance, natural reserves
are no longer dependable sources of the genetic
material of fruit trees. As a result of bush
burning, farming, grazing and infrastructural

development, over 26 000 ha of high forest are
lost annually in the forest zone of Nigeria
(Ola-Adams & lyamabo 1977), and more than
90% of natural forest vegetation has already been
cleared (World Wide Fund for Nature 1989).
These losses adversely affect the availability of
fruit trees in Nigeria and elsewhere in the tropics.

The density of fruit trees in rainforests is usually
low, sometimes around three trees per hectare
(Jong et al. 1973; Okafor 1981a), indicating that
large areas are needed for sustainable in situ
conservation (Roche 1979; Okafor 1981a). This
fact also emphasises the need for ex situ
conservation, which may involve seed storage,
establishment of clone banks, tissue and
meristem culture techniques, and the
establishment of living collections (see Tompsett,
pp61-71; Engelmann, pp49-52; Khuspe et al,
pp53-60; Ladipo et al, pp239-248). Varietal
selection must form a key part of such
conservation programmes for fruit trees.

The adoption of agroforestry practices holds
good prospects for ex situ conservation,
especially in the support zone of national parks,
such as Cross River National Park in Nigeria and
the Korup Project in Cameroon (Okafor 1989,
1990a). Agroforestry can contribute to the
conservation of biodiversity if people are
encouraged to cultivate local forest species,
especially edible varieties, in their farming
systems (Okafor 1991). Species which can be
used in agroforestry systems such as alley
farming and intercropping include Treculia
africana, Ricinodendron heudeloti, Dacryodes
edulis, Irvingia gabonensis, Cola acuminata, etc
(Okafor & Fernandes 1987).

OPPORTUNITIES FOR COMMERCIAL
DEVELOPMENT OF INDIGENOUS
TROPICAL FRUIT TREES

The large number of species of fruit trees in
various parts of the tropics and the wide range
of their food products have been well
documented (eg Van Welzen et al. 1988; Abbiw
1990; Falconer 1990; Getahun 1974). In addition
to the direct nutritional contribution of these local
fruit trees, there is significant potential for
developing cottage industries based upon them.
These industries, in turn, could enhance the
improved use of their edible products, as well as
promote the development and conservation of
the species for the large-scale supply of raw
materials (see Prance, pp7-15; Clement &
Villachica, pp230-238; Maghembe et al,
pp220-229). A number of food products that
could be produced commercially from
lesser-known tropical fruits are described below.

Jams and jellies

Suitable species include Irvingia gabonensis var.
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gabonensis, Chrysophyllum albidum, Dialium
gquineense, Ficus sycomorus, Sclerocarya birrea and
Nephelium lappaceum (rambutan) (Okafor 1973;
Okafor & Okolo 1974; Van Welzen et al. 1988).

Fruit juice
The following species are suitable: Irvingia

gabonensis, Parinari curatellifolia, Tamarindus
indica, Parkia biglobosa (Okafor 1980a).

Confectionery

Breadfruit flour, processed from Treculia africana,
can be used to produce a variety of baked
foods (Anazonwu-Bello 1981).

Beverages

Recently, Ejiofor, Obiajulu and Okafor (1988) have
prepared a non-alcoholic beverage from
powdered T africana seeds. Various fruits are
also suitable for brewed alcoholic drinks,
mncluding Spondias mombin, Uapaca kirkiana and
Diospyros mespiliformis.

Composite seasoning

Several indigenous seeds can be blended into
seasoning. Suitable species include Afrostyrax
Iepidophyllus (country onion), Monodora brevipes,
Piper guineense (bush pepper), Tetrapleura
tetraptera and Xylopia aethiopica (Ajayi 1986).

Fats and oils

The high fat and oil content of the fruits of
Dacryodes edulis, Elaeis guineensis,
Butyrospermum spp., Baillonella toxisperma,
Irvingia gabonensis, Ricinodendron heudelotii and
Nephelium lappaceum (rambutan) indicates their
suitability for commercial production of cooking
oil and margarine, manufacture of soaps and
pharmaceutical preparations, etc (Okafor & Okolo
1974; Udeala, Onyechi & Agu 1980; Van Welzen
et al. 1988).

Livestock feeds

Kernels of Dacryodes edulis, which contain 3.2%
protein (Okafor & Okolo 1974), and fruit head
pulp and bran of Treculia africana, which contain
9.4% and 5.7% protein respectively (Ejiofor et al
1988), can be used in livestock feed
formulations.

Medicinal uses

Many fruit trees are used in traditional medicines.
For example, seeds of Garcinia kola (bitter kola)
are useful in the treatment of coughs and
hepatitis (Iwu et al 1987). The roots of
Nephelium lappaceum (rambutan) are used in
decoctions for treating fever, the fruit for
digestive problems, and the leaves in poultices
for headaches (Van Welzen et al 1988).

PRIORITIES FOR DOMESTICATION

Many tropical wild fruit, nut and spice trees have
been selected by generations of local people in
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various tropical countries, and have become part
of their everyday life in food supply and farming
systems. For example, in Borneo, the commonly
cultivated fruit trees include the tampois
(Baccaurea macrocarpa), the rambais

(B. motleyana), the rambutan group (Nephelium
spp.), mangosteen (Garcinia mangostana) and
durians (Durio spp.). In West African countries
such as Nigeria and Cameroon, commonly
cultivated fruit trees include bush mango (Irvingia
gabonensis), African pear (Dacryodes edulis),
monkey kolas (Cola lepidota, C. pachycarpa),
kola (Cola acuminata, C. nitida), and African
breadfruit (Treculla africana), among others.

The collection of fruits and other products from
the species listed above represents a start to the
domestication process, but much greater
progress could be made with some well-targeted
research. Domestication of such species should
help overcome the problems enountered when
the only source of the fruit is from natural forest,
such as the lack of information on periods of
fruit maturity, irreqular fruit supply, variable
product quality, and the sparse density of fruit
trees. Economically important species which
provide a range of useful products and which
are easily propagated should be accorded
highest priority for domestication. Similarly,
species which have restricted distribution, sparse
density or are threatened with extinction should
also be the focus of research attention (see
Table 4).

CONCLUSIONS

Despite the importance of indigenous fruit trees
as sources of food products and cash income to
local people in tropical countries, the future of
such trees appears bleak, because of the
everincreasing pressures on the tropical forest
resources base, caused by increasing population,
intensification of various land use practices,
infrastructural development, and associated
environmental problems. Many of the tropical
wild fruit trees are fast disappearing, and many
may soon face extinction if not conserved or
protected. In addition, many tropical wild fruit
species are markedly underexploited. To
illustrate this point, according to Zakri, Saw and
Rajanaidu (1989), there are approximately 12 000
species of seed plants recorded in Malaysia, out
of which only about 300 species (or 2.5%) are
currently being used. The rest are still relatively
unknown (Wong & Lamb 1990).

Efforts are currently being made by the
Department of Agriculture in Sabah, Malaysia
(Wong & Lamb 1990), and the Forestry
Commission, Enugu, Nigeria (Okafor 1981a),
towards the conservation and domestication of
the wild fruit trees in these countries, by
developing suitable propagation techniques and
by collecting wild species and planting them in



Table 4. Fruit tree species with apparent high potential for selection and genetic improvement

Species Local name Family
Malaysia (eg Borneo, Sabah)

Artocarpus spp. Breadfruits Moraceae
Baccaurea spp. Tampois Euphorbiaceae
Canarium spp. Dabai, kembayau, kedondong Burseraceae
Dacryodes spp. Kembayau Burseraceae
Dimocarpus spp. Mata kucing Sapindaceae
Durio spp. Durians Bombacaeae
Garcinia spp. Bebata, kandis, mangosteen Guttiferae
Mangifera spp. Mangoes Anacardiaceae
Nephelium spp. Rambutans Sapindaceae
West Africa (eg Nigeria, Cameroon)

Afrostyrax lepidophyllus Country onion Styracaceae
Baillonella toxisperma Shellnut Sapotaceae
Chrysophyllum albidum African star apple Sapotaceae
Cola acuminata, C. nitida Kola Sterculiaceae
C. lepidota, C. pachycarpa Monkey kola Sterculiaceae
Dacryodes edulis* African pear Burseraceae
Dialium guineense Velvet tamarind Caesalpiniaceae
Garcinia kola Bitter kola Gutiiferae
Irvingia gabonensis* Bush mango Irvingiaceae
Monodora spp. Nutmmeg Annonaceae
Parlaa biglobosa Locust bean, dorewa Mimosaceae
Pentaclethra macrophylla QOil bean Mimosaceae
Piper guineense* Guinea pepper, uziza Piperaceae
Ricinodendron heudelotii Groundnut tree Euphorbiaceae
.Spondias mombin African hog plum Anacardiaceae
Tetracarpidium conophorum* Conophor, ukpa, kasu Euphorbiaceae
Treculia africana* African breadfruit Moraceae

*Species among the priority list of 20 underutilised species considered as needing immediate attention by a symposium on
conserving biodiversity held at the International Institute of Tropical Agriculture, Ibadan, Nigeria, in 1990

orchards. To complement these efforts, the in situ
conservation of wild fruit trees in strict natural
reserves (Wong & Lamb 1990) needs to be
properly maintained and expanded to cover
more areas, for the protection of genetic
resources of the species. This work should be
supplemented by further ex situ conservation.

Vegetative propagation techniques and nursery

procedures developed for several fruit tree species
have great potential as tools for domestication and
ex situ conservation, including incorporation of fruit
tree species in agroforestry systems. The
involvement of local communities is necessary for
the identification, design and implementation of
such agroforestry programmes. Development and
utilisation of food and industrial raw materials
based on indigenous tropical fruit trees should be
undertaken as a purposeful conservation strategy
for the species. Such tree species should also be
used in land use, management and development
options, to enhance the sustainable supply of
edible products and their role in environmental
protection.

Ethnobotanical surveys, including taxonomic and
phenological studies mvolving local fruit trees,

are required in tropical countries, in order to
identify species and variants with high potential,
and their traditional uses. Improved knowledge
about tropical fruit trees will facilitate their
conservation and efficient use.
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ABSTRACT

Historically, plants and their extracts have been exploited as medicines and for a range of other uses, such as dyestuffs, perfumes
and industrial adjuncts. In the majority of cases, supplies have been obtained by collection from wild plants. Relatively few
species have been cultivated to any gTeat' extent. Hevea and Cinchona are two exceptions. In the past, the absence of reliable
(Strophanthus spp.) or sustainable (Rauvolfia serpentina) sources significantly harmed the success of potentially valuable medicinal

plants.

Currently, in the search for new lead molecules for drug development, there is a major increase in the screening of plant
extracts. The major developments taking place in screening technology (high throughput and very specific screening targets) will
ensure that re-assessment of the bioactivity of an extractive can take place over and over again in the coming years. Evidence
from our own participation in such screening exercises suggests that there will be a significant ‘hit rate’, demanding further, more

detailed, investigation of the active extracts.

For the Western pharmaceutical industry, the follow-up to these hits will be directed toward identification of the active
component(s) and subsequent development of a ‘manageable’ product. ‘Management’ will, by preference, be by synthesis, but, if
a non-synthesisable natural product is required, it will be produced by biotechnology Only where both synthesis and
biotechnology fail would domestication be contemplated. There may be greater opportunities for domestication in relation to

herbal medicines and non-medical products, such as perfumes.

INTRODUCTION

Historically, plants and extracts or pure
compounds isolated from them have been an
important source of medicinal substances, as well
as dyestuffs, perfumes, tannin substances and
various industrial adjuncts and foodstuffs. In this
paper, the current situation is reviewed and
consideration is given to-what might happen in
the future, restricting the discussion more or less
to tropical tree species and to their potential
value in the pharmaceutical and allied sectors.
First, however, a few generalisations are made
about attitudes and philosophies that currently

exist with regard to plant-derived pharmaceuticals.

CURRENT ATTITUDES

As pointed out previously (Waterman 1989), there
has not, in the pharmaceutical context, been any
decrease in the use of drugs derived from
natural sources during the period from 1930 to
1988 because of the advent of antibiotics and
developments in the use of animal products and
semi-synthetic derivatives of natural products
(notably antibiotics and stercidal drugs). There
has, however, been a very considerable change
in emphasis away from the use of powdered
plant materials and extracts toward the use of
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isolated pure compounds, because of the greater
control this allows in maintaining product quality
and dosage.

Today, in many pharmaceutical companies, there
is a re-awakening of interest in the living world
as a source of lead compounds for drug
development programmes. This interest must not
be interpreted as a change in emphasis away
from synthetic chemistry When a drug discovery
team identifies a novel compound with
therapeutic potential, the most likely response
will be, simultaneously, to find out how it works
and to find a way of synthesising it. If the results
are of sufficient interest, this stage will then be
followed by a major synthetic programme aimed
at producing analogues which maximise the
required activity while minimising side-effects
and toxicity. The final marketed product will
generally be wholly synthetic. Only on those
occasions where an isolated metabolite is the
compound of choice, or where ‘the marketable
product is a semi-synthetic derivative that defies
total synthesis, would the original natural source
be likely.to retain lasting importance.

One recent example 1s the new anti-cancer drug
taxol (Figure 1), which was originally obtained
by exiraction from the bark of Taxus brevifolia
(Taxaceae). The structural complexity of taxol



Figure 1. Chemical structure of taxol

means that synthesis of the compound is not
currently a viable option, but there is scope for
producing a wide range of semi-synthetic
derivatives (Kingston, Samaranayake & Ivey
1990). Unfortunately, as it is estimated (Kelsey &
Vance 1992) that 2000-3000 trees are needed to
produce 1 kg of taxol, there is currently a
severe supply problem which is limiting
availability of the drug. As a result, other species
of Taxus have been studied and taxol and/or
allied compounds have now been obtained from
the leaf as well as the woody parts, giving hope
that a supply can be maintained from a resource
that is renewed annually (Kelsey & Vance 1992).
However, at present, the only source for taxol
recognised by the US Food and Drug
Administration is the bark of T brevifolia.
Harringtonine (Figure 2) from Cephalotaxus
harringtonia (Cephalotaxaceae) is another
promising anti-tumour compound that seems to
present similar problems.

Undoubtedly, a major effort will be made to
produce taxol under controlled laboratory
conditions. If this cannot be achieved by
synthesis, then tissue culture and other
biotechnological methods will certainly be
attempted. To date there has been much effort in
this area but limited success. Shikonin (Figure 3),
a dye and antiseptic from Lithospermum
erythrorhizon (Boraginaceae), berberine from
Coptis japonica (Ranunculaceae), and the
alkaloids of ergot (Claviceps purpurea) are
currently produced commercially by tissue
culture (Samuelsson 1992), but it is fair to say
that, despite all the efforts that have gone into
this technique, there have been relatively few
successes. Given all the problems confronting
production, there has been some suggestion of
cultivating T brevifolia, but as yet there is no
_serious programme to bring this about.

These arguments reflect the attitudes of Western
pharmaceutical companies producing products
that are aimed primarily at a developed world
market. The option of a developing country
being able to supply its own pharmaceutical
requirements by growing medicinal plants is a
very different matter, as evidenced by the
importance placed on growing medicinal plants
in the People’s Republic of China (Hikino 1989)
and in India (Aslam 1989). The Chinese, in
particular, are also great importers of medicinal
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Figure 2. Chemical structure of harringtonine
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Figure 3. Chemical structure of shikonin
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plants from other parts of the world, and there is
obviously considerable scope for improving the
quality of materials to meet this demand.

If the preferred strategy of the Western
pharmaceutical industry seems largely
unsympathetic to tropical forestry and
agroforestry, the opposite is true for other
products which can be labelled as ‘green’ or
herbal medicines and health foods. Whatever the
scientific basis for the advocacy of these
materials, the fact they they are mnatural’ is a
major attraction to a subset of the population of
the developed world. The problems with many
such products is that their popularity is often
transient, which is not conducive to long-term
development. A ‘fad’ is all too often accompanied
by the rapid exploitation of limited natural
resources by haphazard collecting from the wild
population. One example, seen in Kenya in the
1980s, resulted in the harvesting of Aloe species,
such as A. marsabitensis, to a state of
near-extinction. However, where interest is
sustained, as in the case of ginseng (Panax
spp.), then there is very considerable scope for
the development of cultivated material (Evans
1989).

There is currently a more balanced situation in
allied areas, such as perfumery, and in spice and
gum production, where stable, long-term markets
exist. Among the most important spice trees are
cinnamon (Cinnamomum verum) which is now
extensively grown in Indonesia, Sri Lanka and the
Seychelles, nutmeg (Myristica fragrans) from
Indonesia, Malaysia, Sri Lanka and Grenada, and
clove (Syzygium aromaticum) for which Malagasy,
Brazil and Malaysia (but not Zanzibar) are now
the most important sources. Other
well-established crops are those producing qums,
particularly for confectionery, and tanning
materials.

THE PRESENT SITUATION
Pharmaceuticals, resins and major spices

In the past, there have been some notable
successes in the domestication of trees

MeO

Figure 4. Chemical structure of quinine (R1=OH, Rz=H) and
quinidine (Ri=H, Rz=0OH)
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containing pharmaceuticals, the most widespread
being a number of species of Cinchona
(Rubiaceae), the source of quinine (the first
anti-malarial), and quinidine (useful against some
forms of heart disease) (see Figure 4). It is
arguable whether the protection that Cinchona
bark extracts provided against the ravages of
malarial fever contributed very significantly to the
colonisation of the tropics by European peoples.
Originating in South America, Cinchona was
initially collected from wild plants and soon
became locally extinct. Seeds obtained by the
Dutch were taken to Java where through an
extensive breeding programme hybrids were
produced with a much-elevated alkaloid content
(pharmaceutical-grade bark must have a
minimum of 6% alkaloids, and some strains are
recorded as reaching the astonishing level of
15%). Because of the other use of quinine, as
the bitter principle in tonic water, its cultivation
and production continue to be a major industry.
In addition to Indonesia, there is now
appreciable production in Bolivia, Guatemala and
the Congo, and plantations exist in many other
countries.

The continued buoyancy of the Cinchona industry
is not, unfortunately, matched by many of the
other drug plants that have been important
components of the materia medica. A list of
some of the tree species of the tropics which
have been or are still cultivated for medicinal
products is given in Table 1. Their use is
generally in decline in the developed world as
their products become less important in
medicine (senna and the spices are exceptions),
or occasionally, as in the cases of tragacanth and
acacla gum, demand outstrips supply.

Some materials, such as the burseraceous resins
from Commiophora and Boswellia species
(frankincense, myrrh, bissabol, opopanax), may
have only small Western markets but are in
heavy demand in the Far East, both as incense
and as ingredients in Chinese medicine.
According to Thulin and others (Thulin & Warfa
1887; Thulin & Claeson 1991), they are among
the major exports of Somalia and are also
collected extensively in north-east Kenya and
southern Ethiopia. Throughout their range the
collection of these resins appears to be based
more or less entirely on wild plants, and there is
either a total lack of, or inadequate, quality
control of what is collected and sold, except in
Ethiopia. As a consequence, material for export
from Somalia and Kenya is almost always of
variable quality, a fact that buyers are able to
exploit to keep the price low This seems to be
a classic example of an industry that would
benefit from rationalisation, selection and
development of appropriate varieties and
cultivation, and from the production of standards



Table 1. Pharmaceutical products (with uses, where appropriate) obtained from cultivated tree species in fropical or subtropical

countries (source: Evans 1989)

Species (family) Product Source

Styrax benzoin (Styracaceae) Balsamic gum Indonesia

Styrax paralleloneurus Balsamic gum Thailand

Myroxylon balsamum (Leguminosae) Balsamic gum Cuba, Colombia*, Venezuela*
Myroxylon pereirae Balsamic gum Guatemala, Honduras, San Salvador
Liquidambar orientalis (Hamamelidaceae) Balsam Turkey

Astragalus sp. (Leguminosae) Tragacanth qum Turkey*, Iran*, Iraq*

Acacia senegal (Leguminosae) Acacia qum Sudan

Sterculia urens (Sterculiaceae) Sterculia qum India, Pakistan

Cassia senna (Leguminosae) Purgative Sudan, India

Rhamnus purshianus (Rhamnaceae) Purgative N America*

Myristica fragrans (Myristicaceae)
Cinnamomum verum (Lauraceae)
Cinnamomum cassia

Cinnamomum camphora

Syzygium aromaticum (Myrtaceae)
Eucalyptus spp. (Myrtaceae)
Commiphora myrrha (Burseraceae)
Boswellia carteri (Burseraceae)
Garcinia hanburil (Guttiferae)
Pistacia lentiscus (Anacardiaceae)
Quillaja saponaria (Rosaceae)
Picrasma excelsa (Simaroubaceae)
Prunus africana (Rosaceae)
Erythroxylum coca (Erythroxylaceae)
Cephaelis ipecacuanha (Rubiaceae)

Physostigma venenosum (Leguminosae)
Strychnos nux-vomica (Loganiaceae)
Rauvolfia serpentina (Apocynaceae)
Rauvolfia voritoria

Voacanga spp. (Apocynaceae)
Pausinystalia johimbe (Rubiaceae)
Cinchona sp. (Rubiaceae)

Pilocarpus sp. (Rutaceae)

Carminative, flavour
Carminative, flavour
Carminative, flavour
Rubefacient
Antiseptic, stimulant
Decongestant
Antiseptic

Incense, fumigant
Veterinary purgative
Medical paints
Emulsifier

Bitter tonic

For prostate treatment
For ENT surgery
Expectorant, emetic
for amoebic dysentery

" Anti-mydriatic

Respiratory stimulant
Anti-hypertensive
Anti-hypertensive
Anti-hypertensive

For sexual inadequacy
Anti-malarial, bitter

tonic, for cardiac disease
For glaucoma

Indonesia, Malaysia, Sri Lanka, Grenada
Sri Lanka (widespread)

S China

S China, Japan, India, Georgia
Madagascar, Indonesia, Brazil, Tanzania
Widespread

Somalia*, Ethiopia*

Ethiopia*, Yemen*

SE Asia*

Greece

Chile*, Peru*, Bolivia*, USA, India

W Indies*

Africa*

Peru, Bolivia, Colombia, Indonesia
Brazil*, India

W Africa*

India

India, Pakistan

Africa*

Madagascar*, Indonesia*

W Africa*

Indonesia, Tanzania, Kenya, Guatemala,
Bolivia

S America

*Probably collected entirely from wild populations

for identifying and quantifying the monoterpene,
sesquiterpene and diterpene components of the
resins. ?

As already observed, there is currently an
upsurge of interest in medicinal plants and their
products; one of the most tangible results is the
present interest in taxol. Unfortunately, the taxol
situation points out the problems for plant
breeders when faced with the sudden rise to
prominence of a previously obscure species. The
pharmaceutical industry needs taxol now, not in
10-15 years' time. The situation with taxol is
appreciably different from that which followed the
discovery of the last major anti-cancer drugs to
be derived from a plant source, vinblastine and
vincristine (Figure 5), which were isolated from
the Madagascan periwinkle (Catharanthus roseus,
Apocynaceae). These have proven, as taxol
currently appears to be, intractable to synthesis.
However, the Madagascan periwinkle is a weed
that will grow prolifically in more or less any
moist tropical or subtropical climate. Yet, despite
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Figure 5. Chemical structure of vinblastine (R=Me) and
vincristine (R=CHO) )
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the ease of cultivation, there have still been
enormous efforts to produce these alkaloids
under controlled conditions: in this case, through
tissue culture. It has proved to be a difficult and
frustrating process, and is still not a viable
proposition after some 20 years of research.

The demand for an immediate supply of a plant
species and the pressures this demand places
on natural populations are currently being seen
with the harvesting of seeds and bark of
Voacanga species (Apocynaceae) and the bark of
Prunus (Pygeum) africana (Rosaceae) in tropical
Africa. Both provide extracts that are being used
in medicines popular in continental Europe; both
are collected entirely from wild plants. According
to Curmingham (1990), during the 1980s an
average of about 800 tonnes of Prunus africana
bark were exported annually from Cameroon to
France, a level of output that can no longer be
sustained from easily accessible material. These
two taxa, and Prunus in particular, while not
Immediately endangered, will be lost over part
of their ranges if the problem of indiscriminate
collection is not overcome. This is the challenge
that tropical forestry faces: what can it do to
answer the demand for species like Prunus?

Gums

There are major problems with the traditional
sources of natural gums. Tragacanth, from
Astragalus species (Leguminosae), has never
been widely cultivated; over-collection and
political problems (native to Iran and Iraq) have
led to a major reduction In its availability.
Production of acacia qum, from Acacia senegal
(Leguminosae), is centred in Sudan, but current
supply is unable to keep pace with demand, a
problem which i1s magnified by political and
worsening climatic conditions. In response to the
problems that have affected tragacanth and
acacia production, there has been a considerable
upsurge in the use of the gum of Sterculia urens
(Sterculiaceae), a species presently cultivated
primarily in India. Where supplies of gums fail,
semi-synthetic materials (methoxycellulose) or
by-products of crop plants (legume seed gums)
have been taking an increasing market share, but
the traditional products are still sold at a
premium price. The traditional gums are all
produced as exudates from injured bark. Two
further species of Legumincsae also produce
gums of commercial value: Ceratonia siliqua
(carob) and Cyamopsis tetragonolobus (guar).
Both guar and carob gums are obtained from
the seed.

At first sight, the market seems ripe for the
mntroduction of further natural gums. However,
there is another set of problems which must be
confronted by someone wishing to produce a
new product to replace and compete with the
traditional gums, which are at present approved
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by regulatory authorities. Acacia gum, for
example, if it were to appear on the market as
a new product today, would have to run the
gauntlet of examination by bodies such as the
Food and Drug Administration in the USA. There
must be severe doubts that it would prove
acceptable in the raw state on the grounds of
variable quality and microbial contamination. It
escapes censure primarily on the basis of
prolonged use without strong evidence of
deleterious effects. To overcome these
presentation difficulties, spray-dried acacia,
produced from imported crude material, is
becoming common in Western countries; one
suspects that any new large-scale introductions
would need to be presented in some
comparable, modified, form.

Because of the pitfalls that surround the
mntroduction of a natural replacement for the
edible gums, the answer seems to lie with the
development of better management and control
of those currently in use. Of these the most
Important is acacia. There certainly seems to be
plenty of scope for such developments.
Astonishingly, according to Evans (1989), ‘apart
from some “acacia gardens”, wild, self-sown
plants are the main source of the gum’, with
Sudan and, to a much lesser degree, Senegal
and Nigeria providing the best product. Given
the shortfall in supply and the apparently safe
long-term need for such gums (for the food
industry as well as pharmaceuticals), acacia, and
perhaps some of the others as well, seem to be
strong candidates for development as crops for
arid and semi-arid areas in the Sahel.

Tannins

Historically, the use of plant-derived tannin
extracts to make leather has been a major item
of commerce throughout the world. Numerous
species have been used to produce tannin, from
various plant parts (barks, woods, leaves, fruits
and galls). Most of the major sources have been
listed by Haslam (1989)- Among the most
Important are Acacia species (wattle, babul,
cutch), Eucalyptus species (wandoo), Cassia
species (avaram), Caesalpinia species (divi-divi,
algarobilla, tara), Terminalia species (myrobalans),
Quercus (valonea, aleppo, garouille), various
Anacardiaceae (Schinopsis — quebracho; Rhus,
Anogeissus—sumach), Castanea species (chestnut),
Uncaria- species (gambier), and various
monocotyledonous tree species (Picea, Tsuga,
Pinus, Larix).

In the UK, vegetable tanning has now been
supplanted to a large degree by mineral tanning.

Tannin from vegetable sources (most commonly

from oak, Quercus spp.) is used largely for
speciality fashion wear and for orthopaedic
equipment (Haslam 1989). More vegetable tannin
is now probably imported into the UK for



commercial uses other than for use in the
tanning industry. However, elsewhere in the
world, vegetable tannins remain important. In the
USA, about 15% of all leather tanning stil uses
vegetable materials (Seigler et al. 1986). In 1976,
approximately 18.5 million b (8400 t) of wattle
(Acacia mearnsi) derivatives, 30 million b
(13600 t) of quebracho and a small amount of
European chestnut were imported into the USA
to meet the need for vegetable tannins. India is
estimated to import some US$124M worth of
vegetable tannin, which is made up primarily of
wattle, quebracho, oak galls, gambir and
myrobalans (Devi & Prasad 1991).

One of the major sources of wattle for the
American market has been Kenya, which in 1978
had 14.3 kha under plantation with Acacia
mearnsil. However, despite the fact that the price
of wattle increased five-fold between 1977 and
1986, the area under wattle plantations
decreased in the same period to 9.8 kha
(Mugedo & Waterman 1992) because of the
need to convert to food-producing farmland. If
current trends continue, then Kenya will soon
need to import vegetable tannin to support its
own tanning industry, rather than export it.

As a result of the realisation that there will soon
be a serious shortfall in vegetable tannage,
attempts have been made to identify new
sources. The focus has been Acacia, with surveys
being carried out of species indigenous to the
USA (Seigler et al. 1986), India (Devi & Prasad
1991) and Kenya (Mugedo & Waterman 1992). In
each case, species have been located with
promising yields of tannins and which will grow
in situations unsuitable for the growth of food
crops (usually semi-arid environments). There is
clearly considerable scope, as well as need, for
the development of new sources of tannins.
However, this development must be done
carefully and with close co-operation between
tannin chemist and forester. It is not just the
quantity but also the quality of tannin produced
that is important in selecting species, and
assessing quality in a tannin is a very difficult
procedure.

THE FUTURE

At the present time, the potential for drug
discovery based on natural products is higher
than it has been at any point in the past 30
years. The development of high-throughput
screens and the identification of target receptors
and enzymes on which to base highly selective
screens, are the subject of major efforts by drug
companies. Many of these screens are capable
of assaying crude extracts, as well as isolated
natural products or synthetic chemicals. Each
time a new screen target 1s developed, then
each extract needs to be tested again,
irrespective of past record of activity or inactivity.

To help feed these screens, many drug
companies are accessing natural biodiversity A
current topical example is the agreement
between the American company Merck and the
Institut Biodiversidad of Costa Rica (INBio),
whereby Merck have agreed to pay INBio
US$1IM for exclusive access (for a limited
period) to an agreed number of species (plant
and animal). The payment will be used to help
conserve and protect Costa Rican biodiversity.
The desired outcome is the identification of
useful bioactivity and the isolation, synthesis and
patenting of an active compound. The key is
access to maximum biodiversity, and only when
there is a coincidence of:

e optimal bioactivity in an extract or natural
product, and

e intractability to synthesis

will there be any chance of cultivation for a new
product. Even when this coincidence occurs, it
seems increasingly likely that the solution will be
found in the realms of biotechnology, and not in
traditional methods of production.

In looking to the future and trying to identify
new opportunities for forestry, it seems best to
disregard the Western pharmaceutical industry.
However, there are plenty of opportunities in
other areas. These include:

e improving the production of already
established crops for food and
pharmaceutical industries, notably among
gums and resins for both Western and Far
Eastern markets;

e identifying regional needs in the developing
world and ensuring continuity of supply of
drugs for local markets; and

¢ identifying and establishing new sources of
tannins.
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ABSTRACT

The use of in vitro techniques is essential for the safe conservation of numerous plant species which have recalcitrant seeds or
are vegetatively propagated. For medium-term conservation, growth reduction is achieved by modifying various environmental
variables (temperature, culture medium, gaseous environment). These techniques are now routinely employed in many laboratories.
For long-term conservation, cryopreservation (in liquid nittogen at -196°C) is the only method available. Cryopreservation
protocols have been set up for more than 70 plant species under various forms (cell suspensions, calluses, meristems, somatic
and zygotic embryos). However, the large-scale application of these techniques is exceptional at present. Conventional
cryopreservation protocols are generally complex and comprise numerous successive steps which have to be determined for
each new material. In the past two years, simpler techniques (encapsulation/dehydration, desiccation, vitrification) have been
developed which may facilitate the long-term conservation of the germplasm of numerous plant species.

INTRODUCTION

For seed storage purposes, plant species have
been divided into two categories (Roberts 1973):
those with orthodox seeds and those with
recalcitrant seeds. Orthodox seeds can withstand
extensive dehydration to low water contents and
can be stored in the dry state at low
temperatures for extended periods of time.
Recalcitrant seeds, which have a high moisture
content, are sensitive to dehydration and remain
viable only for a short time (weeks or months),
even If stored optimally (high humidity and
temperature). Species with recalcitrant seeds are
predominantly of tropical and subtropical origin
and include different groups of plants (fruit trees,
beverage crops, oleaginous crops, spices,
horticultural and medicinal species) which are
often of great economic value. Long-term seed
storage is also difficult for many forest trees
because they have a very long juvenile phase
and do not produce seeds for several years. The
conservation of species which reproduce
asexually also poses considerable problems.

PRESERVATION OPTIONS

In situ conservation is often problematic because
of the widespread destruction of natural
vegetation and the disappearance of large wild
areas. Ex situ conservation is limited by various
parameters, notably the size of the samples
necessary to retain genetic diversity (from 20
plants for a single population to 5000-20 000
plants to maintain the heterozygosity of a
species). Consequently, the land requirements
and the cost of maintaining the ex situ field sites

can become very extensive, particularly in the
case of large plants such as forest trees.
Furthermore, plants preserved in natural
conditions remain exposed to pests, pathogens,
natural and man-made disasters such as
hurricanes, fire, etc, which can be especially
serious for ex situ conservation areas. An
alternative, therefore, is to develop
laboratory-based storage systems, such as seed
stores (see Tompsett, pp61-71) or in witro culture.

IN VITRO CULTURE FOR GERMPLASM
PRESERVATION

The use of in vitro techniques, which have now
been applied to more than 1000 plant species, is
of great interest for the collection, storage,
exchange and multiplication of plant germplasm.
Such techniques are particularly useful for
recalcitrant seeds or for species which
reproduce asexually Tissue culture techniques
have the additional advantage that they provide
the opportunity for very high multiplication rates
in an aseptic environment. Moreover, the space
requirements and labour costs are very
considerably less than those of in vivo systems.
Finally, tissue culture techniques greatly facilitate
the international exchange of plant germplasm,
reducing the volume to be shipped and
satisfying phytosanitary regulations by providing
sterile conditions.

Depending on the duration of storage required,
the conservation methods employed vary. For
short- or medium-term storage, the aim is to
reduce the growth rate of the plant material,
usually by lowering the culture temperature. For
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long-term conservation, cryopreservation in liquid
nitrogen (-196°C) arrests all metabolic events
and cell divisions. The plant material can thus be
stored without any alteration for unlimited
periods of time. In this instance, the cultures are
also stored in a small volume and protected
from contamination.

There is an extensive literature on in vitro
conservation techniques for plant germplasm,
covering general aspects, the use of different
culture systems (Kartha 1985; Dereuddre &
Engelmann 1987) and their application to
different groups of plants, such as woody and
horticultural species (Aitken-Christie & Singh
1987; Engelmann 1991a) and tropical crops
(Zakxi et al 1991; Engelmann 1991b). This paper
briefly presents the classical short- and
long-term storage techniques, and then discusses
more extensively the new in vitro conservation
technologies and their potential for germplasm
conservation, focusing on tropical woody species.

USE OF IN VITRO TECHNIQUES FOR
COLLECTING GERMPLASM

The use of in vitro methods when collecting
germplasm has many advantages and
applications (Withers 1987). For example, these
technologies are ideal when only vegetative
explants are available, when clonal genotypes
are required, or when collecting missions fail to
coincide with the time of seed production.
Similarly, the collection of mature embryos of
recalcitrant seeds can help to prolong their
viability and, at the same time, reduce their bulk
In vitro techniques can be carried out under
fileld conditions using minimal equipment. To
date, In vitro techniques have been used to
collect germplasm of Gossypium sp., Manihot sp.
and Cocos nucifera. They are also being tested
for other species such as Citrus, Theobroma
cacao, Musa spp., forage grasses and temperate
fruits; techniques are under development for
Persea americana and Vitis spp., and are planned
for Coffea spp. (Withers 1991).

SHORT- AND MEDIUM-TERM STORAGE
USING SLOW GROWTH

Technical approaches

Various conditions can be modified to reduce
the growth of plant cell cultures and to extend
the intervals between successive transfers. The
most successful storage conditions for slow
growth are those which result in as few
modifications as possible, in comparison with
standard culture conditions. In most cases, the
culture temperature is reduced. For example,
with temperate woody species, the temperature
i1s decreased to between 2°C and 20°C, allowing
a conservation duration ranging between ten
years and four months, depending on the
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species (Mascarenhas & Agarwal 1991). For
tropical species which are generally
cold-sensitive, other modifications have to be
sought. Slow-growing species such as Coffea can
be stored in standard conditions and transferred
only every six months to one year
[(Bertrand-Desbrunais & Charrier 1990).
Alternatively, the composition of the culture
medium can be modified by reducing the
content of mineral elements and/or sugar, or
adding compounds such as osmoticums or
growth retardants (Engelmann 1991b). Another
option is to reduce the quantity of oxygen
availlable to the cultures. This reduction can be
achieved by covering the material with mineral
oll, as with calluses (Augereau, Courtois &
Pétiard 1986) or shoot cultures of Coffea (Jouve,
Engelmann & Charrier 1991) and Costus
(Dekkers, Rao & Goh 1991). The use of
controlled gaseous atmospheres has been
successfully tested by Bridgen and Staby (1981)
with Nicotiana tabacum plantlets and by
Engelmann (1990) with somatic embryos of
Elaels guineensis.

Desiccation represents another promising
approach. It was first investigated by Nitzsche
(1980) with carrot calluses. Recently, McKersie et
al. (1990) and Lecouteux et al (1992)
successfully stored desiccated somatic embryos
of Medicago sativa and Daucus carota,
respectively, for eight months.

Present development of slow-growth storage
techniques

Slow-growth techniques are presently used
routinely in many commercial laboratories, as
well as in conservation centres for the storage of
germplasm as shoot cultures. The assumption is
that they are considered the best methods.
However, there are no well-documented data
available concerning the stability of shoot
cultures or conformity to type during storage.
Similarly, nothing is known of the possible
selection and adaptation processes which may
take place during the prolonged conservation of
shoot cultures (Withers 1991). Other types of
material, such as callus, can be interesting for
conservation purposes, but are known to be very
unstable, even under slow-growth conditions
(Seitz 1987). There is, therefore, a need to
develop alternative conservation techniques.

LONG-TERM STORAGE USING
CRYOPRESERVATION

Technical approaches

Up until now, most plant material has been
cryopreserved using classical techniques,
Involving a cryoprotective treatment and
controlled freezing (Dereuddre & Engelmann
1987). In the past three years, new techniques



such as witrification, encapsulation/dehydration
and desiccation have been developed. These
facilitate the cryopreservation of numerous plant
tissues (Dereuddre 1992), such as cell
suspensions, calluses, meristems and embryos,
which are considered separately below. The
difficulty of defining an efficient cryopreservation
process mcreases with the structural complexity
and cellular heterogeneity of the material.

Cell suspensions and calluses

Cryopreservation of cell suspensions is still
routinely performed in many laboratories, using
or adapting the classical protocol (including
pre-growth and slow cooling) proposed by
Withers and King (1980), although simpler
freezing techniques can be developed in
particular cases (Tessereau et al. 1990). Similar
techniques, derived from those used with cell
suspensions, can be applied to calluses.

Meristems

Meristems are very complex structures:
consequently, the application of standard
techniques generally leads to poor and
non-reproducible results. Dramatic improvements
have now been made using vitrification and
encapsulation/dehydration (Dereuddre 1992).
During the vitrification procedure, the
experimental conditions induce the formation of
an amorphous glassy structure which replaces
the intracellular water, thus avoiding the
detrimental formation of ice crystals which can
disrupt cellular structure. Vitrification has been
notably applied recently to different cultivars of
Malus and Pyrus meristems (Niino et al. 1992).
However, the high toxicity of the cryoprotective
substances employed may reduce the routine
application of this technique.

Encapsulation/dehydration uses synthetic seed
technology, encapsulating the structure to be
frozen in an alginate -bead which protects it
during the successive steps of the
cryopreservation procedure. This approach seems
the most promising in the case of meristems,
and has enabled high survival rates with shoot
tips to be obtained repeatedly, . notably with Pyrus
(Dereuddre et al. 1990), Vitis (Plessis, Leddet &
Dereuddre 1991) and Eucalyptus (Monod et al.
1992). Finally, partly desiccating stem segments
of Asparagus allowed them to withstand freezing
in liquid nitrogen (Uragami, Sakai & Nagai 1990)

Embryos

Zygotic and somatic embryos also represent
complex structures for cryopreservation. For
these tissues, especially somatic embryos, the
freezing procedure consists of the classical
technique. A simpler process, involving
desiccation followed by rapid freezing, is mainly
used for zygotic embryos. A combination of both
methods is used in particular cases. The

cryopreservation of woody plant embryos has
been applied to a wide range of species (see
review by Engelmann 1992) and most recently to
zygotic embryos of Coffea (Normah &
Vengadasalam 1992; Abdelnour-Esquivel,
Villalobos & Engelmann 1992) and Citrus
(Normah & Hamidah 1992).

In summary, cryopreservation techniques have
now been developed for a wide range of
species, including many tropical crops
(Engelmann 1991b). However, these techniques
have only rarely been applied to these crops.
One successful example concerns the
cryopreservation of somatic embryos of around
150 oil palm clones (Engelmann 1991c).

CONCLUSIONS

In vitro conservation techniques for the safe
storage of plant germplasm have become
technically more feasible, particularly as a result
of recent progress in cryopreservation. However,
for many tropical tree species, there are several
prerequisites which have to be fulfilled before
the application of cryopreservation techniques is
possible. A minimal knowledge of the biology
and physiology of the species to be conserved
is needed in order to define the necessary in
vitro culture conditions. Moreover, the germplasm
must be evaluated, in order to store a
representative sample of the genetic variability of
the species. Finally, practical problems such as
the provision of minimal tissue culture facilities,
trained personnel, etc, have to be overcome in
order to apply these techniques in many tropical
countries. In the near future, efficient techniques
for the reliable storage of tropical tree
germplasm should be developed with the
continuing efforts of various international
Institutes.
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Capture of genetic resources by in
vitro culture: field evaluation and
precocious flowering
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ABSTRACT

Clonal propagation using either plant tissue culture or rooted cuttings can now be achieved with several species. This paper
deals with results obtained under two tissue culture programmes initiated in our laboratory on propagation and field evaluation of
different tree species. The objectives under these programmes were to capture the maximum gains in biomass production and
timber quality, utilising explanted material from proven mature trees of Eucalyptus spp. In vitro precocious flowering in bamboos
was an additional method employed to reduce conventional regeneration cycles, and increase the rate of genetic improvement.
Field trials have been conducted at several locations and growth rates evaluated over periods ranging from two to ten years. In
general, plantlets derived from tissue culture showed a high degree of uniformity, with an increased biomass capacity compared

to seedlings. The advantages of in vitro culture methods are discussed in the light of these results.

INTRODUCTION

The world consumption of wood today is around
3 billion tonnes, nearly half of which is used as
fuel. The total wood consumption is more than
that of steel and plastics combined, and in
another decade the world’'s population will be
using over 4 billion tonnes of wood annually. The
total forest loss on the earth is over 12 Mha
every year, which is roughly the area of England.
To meet the increasing demands for forest raw
materials in India, emphasis has been laid on
increasing the productivity of our forests from the
present low average yield of 0.5 m® ha™ yr_1
This increase is being planned through rational
land policies, technological innovation and
improved management. Tree Improvement
programmes for the genetic improvement of
planting stock are also being introduced by _
several forestry-based companies to increase
productivity. These programmes involve:

¢ raising seedlings only from selected mother
trees;

e producing clonal planting stock of selected
plus-trees, through the conventional rooting of
cuitings or by micropropagation;

e creating seed orchards for the production of
plants which combine the selected traits from
the best parents and show high vigour at
the nursery stage; and

e applying and integrating biotechnological
methods (Cheliak & Rogers 1990).

Considerable progress has been made over the
past two decades in developing tissue culture
methodologies from explants of juvenile and
mature trees for industrially important species,

and applying them to forestry (Mascarenhas et
al. 1988; Dunstan 1988; Mascarenhas &
Muralidharan 1989). An integrated approach to
reforestation involving the application of clonal
techniques offers a realistic hope for enhancing
forest production. However, the success of such
an approach is limited by the efficiency with
which selected trees can be reproduced
vegetatively and by the high production costs of
such plants, relative to likely gains. Woody
species in the juvenile phase are generally easy
to clone from embryos and young seedlings via
conventional vegetative methods and
micropropagation (Whitehead & Giles 1977).
However, the ease of propagation tends to
decline as trees mature to a stage where a
more reliable evaluation of their crop potential
can be made. This problem is especially serious
in plants whose cuttings are difficult to root by
conventional means. In such cases, tissue culture
can be extremely useful for the production of
clonal material for testing and/or the
establishment of clonal germplasm banks.

A large number of tropical tree species have
now been propagated in vitro using juvenile
tissues (eg Khaya ivorensis and Nauclea
diderrichii, see Newton et al, pp256-266). More
recently, a few species have been cultured
following rejuvenation of the trees by special
treatments such as in vitro subculturing (Von
Arnold, Clapham & Ekberg 1990), and spraying
with benzyl amino purine (BAP), eg Eucalyptus
ficifolia (Magalewski & Hackett 1979). Similar
effects can also be obtained by serial rooting or
grafting on juvenile rootstocks (Franclet et al
1987) and by repeated hedging (Campinhos &
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Ikemori 1983). These latter methods are
time-consuming and may be more expensive
than rejuvenation induced by in vitro subculture.

In addition to developing the procedures for
micropropagation, there is now an increasing
awareness of the importance of the field
evaluation of plants raised in witro. However, the
number of reports on such studies is limited
and, with a few exceptions (Table 1), examples
are confined to a few temperate coniferous
(Frampton & Amerson 1989; Horgan & Holland
1990; Ritchie & Long 1986) and broadleaved tree
species McCown & Amos 1979).

Table 1. Observations from field evaluation of
micropropagated tropical trees. The list is not comprehensive

Tree species

Source of explant Observations Reference

Dendrocalamus Early culm Mascarenhas et al

strictus (bamboo) formation (1988, 1989)

Seedlings Number of culms  Ramanuja-Rao &
higher Rao (1990)

Mishra et al. (1990)

Eucalyptus spp. Increased early Khuspe et al (1987)

Mature trees growth rates in Mascarenhas et al
some clones (1988, 1989)
Uniformity V Patil & TN

Bhandari (personal
communication)

Hevea brasiliensis
Seedlings and
mature trees

Higher growth rates

M P Asckan & M
Sethuraj (personal
communication,

1992)

M P Carron
(personal
communication
1992)

Tamarindus indica  Early flowering Mascarenhas et al.

(tamarind) Uniformity (1988, 1989)
Seedlings

Tectona grandis

(teak) Increased early Mascarenhas et al
Mature trees growth rates (1988, 1989)

Populus deltoides
Seedlings

Higher growth rates H C Chaturvedi
(personal
communication,
1992)

This paper is restricted to the results of field
evaluation studies conducted on tissue culture
propagules obtained from: (i) mature trees of
three Eucalyptus species which are important for
rapid production of woody biomass and also, in
some species, for their oil, and (ii) seedlings of
bamboo (Dendrocalamus strictus). Studies carried
out on the in vitro precocious flowering and
seeding of bamboos as an alternative method of
propagation are also described.
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CULTURE PROCEDURES

The experimental culture procedures followed to
induce, grow and multiply roots and shoots from
trees of Eucalyptus tereticornis, E. torelliana and
E. camaldulensis and from Dendrocalamus strictus
(bamboo) seedlings have been described in
earlier publications (Gupta, Mascarenhas &
Jagannathan 1981; Gupta, Mehta & Mascarenhas
1983; Gupta & Mascarenhas 1983, 1987; Nadgir
et al. 1984). The ages of the Eucalyptus trees
from which vegetative buds were collected for
initiation of cultures were between ten and 20
years. Both apical and axillary buds were
collected from the crown regions of the trees.
The rooted plantlets or microcuttings of both
Eucalyptus and Dendrocalamus were transferred
to polyethylene bags (2.5 cm diameter x 10 cm
height), containing autoclaved sand, and placed
In a greenhouse maintained at 30°C with a
relative humidity of 80-90%. On attaining a
height of 10 cm, they were transferred to larger
bags (10 cm x 20 cm) contaimng river sediment,
and further incubated in the greenhouse until
their transfer to different locations for the
establishment of field trials.

FIELD EVALUATION OF EUCALYPTUS

Seedlings versus clones: field trials of
E. tereticornis and E. torelliana

Individual trees were selected on the basis of
their phenotypic traits (an apparent rate of
biomass production ten times higher than the
average) in forest plantations. Clones were
subsequently produced ‘by tissue culture
methods, and then grown on a pilot scale (30
trees) in Pune, Maharashtra, India, in 1983. The
clones were compared with plants raised from
seed according to a non-replicated experimental
design described previously (Khuspe et al 1987).
Plants of both species grown from tissue culture
showed height, diameter and biomass values
higher than control plants over the first few
years. With E. tereticornis, the biomass yields of
tissue-cultured plants at 12, 34 and 52 months
were 220%, 60% and 16%, respectively, higher
than controls (Table 2). After the same time
intervals, the biomass yields of E. torelliana were
900%, 115% and 105% higher than controls,
respectively (Table 3). After 84 months’ growth of
E. torelliana, biomass yield was reduced below
that of the seedling controls, while in E.
tereticornis yields remained higher than controls
even after 108 months. Density of the wood at
52 months was similar to that of six-year-old
seedlings (Mascarenhas et al. 1988).

These clones did not achieve growth rates to
match their estimated (ten-fold) superiority,
except perhaps during the first few months,
when, in addition to culture conditions, many
other factors, such as acclimation (Boulay 1987),



Table 2. Growth and biomass evaluation of Eucalyptus
tereticornis plants produced by tissue culture (TC) (average
based on 30 plants)

Location NCL, Pune
Planting date July 1982
Flowering date TC - July 1985

Conirol — January 1987
Observation date july 1992

Diameter at

Height breast Biomass plant'l
Age (m) height (cm) (kqg)
(months) TC Control TC Control TC Control
12 6.0 3.9 45 46 1.6 0.5
34 8.2 6.8 6.9 5.0 4.8 3.0
52 10.3 8.8 94 8.3 18.5 16.0
84 11.5 10.8 9.6 8.7 534 31.1
108 12.9 116 11.0 9.9 83.4 65.0

Table 3. Growth and biomass evaluation of Eucalyptus
torelliana plants produced by tissue culture (TC) (average
based on 30 plants)

Location NCL, Pune
Planting date July 1982
Flowering date TC — July 1985
Control - January 1987
Observation date  July 1992
Diameter at
Height breast Biomass p]ant_1
Age (m) height (cm) (ko)
(months) TC Control  TC Control TC Control
12 5.8 1.1 4.8 2.5 2.0 0.2
34 8.9 6.0 14 6.0 6.7 3.1
52 11.3 8.6 8.6 6.9 42.5 20.7
84 13.0 11.9 9.1 9.1 55.7 49.0
108 13.2 12.8 101 10.1 68.8 80.3

Table 4. Comparative field trial of four clones of Eucalyptus
camaldulensis produced by tissue culture

Location: Kundewadi, Nasik, MS
Nos of replications 4

Nos of plants/replication 16

Planting date April 1991

Observation date May 1992

Treatments Height (m) Girth (cm)
R-6 2.6 8.8
ERK-4 3.7 11.7
NSPR 1.2 -
APFDC(R-5) 2.5 7.8
Control 2.1 7.3

SE +0.2 0.1
CD (5% level) 0.6 04

planting stock, size at planting, etc, would have a
major effect. It could be argued that these
plus-tree tissue-cultured plants were dgenetically
superior to the control seedlings, but that this
advantage was lost owing to the onset of earlier
maturation. In this study, the tissue-cultured plants
started flowering after 24 months, when 3 m tall,
whereas the seedlings did not flower until they
were 42 months old. However, the general
morphology of the plantlets resembled that of
seedlings with respect to colour and shape of
leaves, stem growth, branching habit’ and canopy.
This study demonstrates the difficulties associated
with phenotypic plus-tree selection for
fast-growing clones, and emphasises the need for
proper genetic testing in clonal trials before
selecting superior material for multiplication by
tissue culture.

Clone/site interaction in field trials of
E. camaldulensis

Clones from four candidate trees of E.
camaldulensis (R—6, ERK—4, APFDC(R-5) and
NSPR, collected from Andhra Pradesh) were
grown in a replicated trial to compare the
growth performance of different clones. The
candidate trees ranged from ten to 20 years old,
and were 13-22 m tall with girths of 30-65 cm.
The trial was conducted at Nasik, India, in April
1991 and replicated at six other sites (Table 4).
Seed-raised plants were used as controls. Rooted
plantlets were potted and repotted in December
1990 and February 1991, respectively, then
planted out in April 1991. Maximum increases in
height and girth measurements were observed in
clone ERK-4 followed by R-6 and APFDC (R-5)
(Table 4). The uniformity in height and girth
measurement was also striking. Clone NSPR
displayed very poor growth. These results clearly
demonstrate the importance of testing a range of
different clones. At other locations (Pune and
Tirupati), ERK-4 was also the clone which
displayed the highest growth rate. Assessment of
the growth performance of these plants over a
longer period will be necessary to arrive at
more definite conclusions about their relative
performance.

Effects of subculturing tissue-cultured
clones from mature Fucalyptus trees

In this study, plant propagules were produced
from one elite tree of both E. tereticornis (Clone
T-8) and E. camaldulensis (Clone R-3) after
different numbers of subcultures. Ten plantlets
were field-grown at each subculture to test
whether any significant differences occurred in
growth performance. In E. camaldulensis and FE.
tereticornis, plants were tested from the fourth to
seventh and ninth to eleventh subcultures,
respectively. A striking uniformity was seen
between subcultures (Table 5) in both species
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Table 5. Effect of number of subcultures on growth of
micropropagated Eucalyptus camaldulensis and E. tereticornis
plants (average based on ten plants)

Location NCL, Pune

Age of plants: 36 months

Subculture Height Girth Biomass
number (m) (cm) plant_1 (ka)
E. camaldulensis

4 8.2 18.5 10.5
8 8.1 15.8 10.4
6 82 18.5 10.4
7 82 18.3 10.2
E. tereticornis

9 6.5 12.5 5.2

10 6.6 13.4 5.9

11 6.5 12.5 52

after 36 months' field growth. This experiment
highlights the possibility of utilising plantlets from
repeated subculture. In Eucalyptus this is an
important factor because initiation of fresh
cultures from mature trees is beset by two major
problems: (i) the very low percentage of buds
sprouting even in the best seasons, and (ii) the
long initiation period with primary explants.
These results indicate that multiplication in the
laboratory can be carried out throughout the
year without any seasonal influences on culture
initiation or field performance. No evidence was
found in this study for rejuvenation by sernal
subculturing.

Mature clones of E. citriodora for essential
oil production

Eucalyptus citriodora is important for its foliar oil,
which is used in the cosmetic and
pharmaceutical industries. The important
ingredients of the oil are citronellal (90-95%) and
citronello]l (5~10%). The oil content varies from
0.5% to 4% in the green leaves in different trees,
suggesting the immediate application of
vegetative methods of propagation and clonal
selection (Gupta & Mascarenhas 1987) to capture
this variation. Tissue-cultured plants were raised
from a 20-yearold parent tree containing high
concentrations of oil and citronellal, and growing
at an altitude of over 2000 m in
Ootacamangalam, Tamil Nadu, in the south of
India. The regenerated plants were grown at
Pune, Maharashtra, India, and the oil and its
ingredients were analysed when the plants were
one and three years old, as described by Gupta
and Mascarenhas (1983). The concentrations of
oil (3.5%), citronellal (90.0%) and citroneliol
(5.0%) in one- and three-year-old
micropropagated plants were more or less
similar to those of the parent tree. These results
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indicate the advantages of tissue-culturing mature
trees to obtain early returns in one-year-old
plants. Seedling plants take three to four years
before the oil contents stabilise. The
micropropagation of elite trees, therefore, has
great potential for high value chemical
production (Mascarenhas et al. 1988).

Eaily flowering in micropropagated
E. tereticornis

Plantlets were produced from an elite tree,
K(1)-37 of E. tereticornis, collected from Shimoga
(Karnataka), India, and planted at two locations,
Neyveli and Pune, India. The heights of
tissue-cultured plants after 13 months at Pune
were significantly greater than those of control
seedlings (121 versus 80 cm; P). Similar growth
rates were observed at Neyveli. Interestingly,
these plants flowered within six months after
planting, at both Pune and Neyveli. Although
early flowering has been recorded in
tissue-cultured plants, the reason why this
phenomenon occurred only in clone K(1)-37, 18
months after transfer to polythene bags, is
unclear, and is currently being investigated. In
order to determine whether soil factors
influenced flowering, soil samples from Neyveli
were compared with samples collected at Pune
using the analytical methods of Perur et al
(1973). The main difference observed was the
higher potassium content of the Pune soils.

The time required for forest trees to reach
sexual maturity has implications for the breeding,
selection and propagation stages. In the former,
the major influence is the time of first flowering
and, consequently, the time required to provide
the next generation in the breeding programme.
In the latter, if propagation is to be via the
sexual process, then not only is the initiation of
flowering important but so are the consistency
and scale of flowering (Cheliak & Rogers 1990).

The treatments to promote flowering in forest
trees include drought, root pruning, girdling, high
temperature, and the application of nitrogen
fertilizers and appropriate external growth
reqgulators, such as gibberellins. There is some
evidence that flowering can be initiated earlier
through in vitro culture. For example, Hackett
(1983) reported that somatic embryos derived
from callus from roots of mature Panax ginseng,
and from the callus of zygotic embryos of date
palm flower in the embryoid stage, whereas
sexual embryos do not flower for several years.
McKeand (1985) reported that two-year-old
tissue-cultured plantlets of Pinus taeda grown in
the fleld exhibited high growth rates and
morphological characters typical of mature trees.
This result was not expected as the plantlets
originated from juvenile embryonic tissues. As
mentioned earlier, the causes of the early
flowering response in Eucalyptus in the present



studies could be attributed to the origin of the
explants from mature trees, but it is also possible
that flowering was promoted by the ingredients
present in the culture medium.

FIELD EVALUATION OF
MICROPROPAGATED DENDROCALAMUS
STRICTUS (BAMBOO)

A number of bamboo species flower
gregariously and unpredictably Most bamboo
species are monocarpic, ie they flower once
before culm death (McClure 1966). The
production of seed in bamboo is irregular
because, in the majority of species, flowering
cycles range from four to 120 years (Janzen
1976). Most bamboo species have considerable
economic and social importance. Some of the
best qualities of paper are produced from
bamboo. Throughout Asia and other tropical
regions, bamboo is a vital source of lightweight
rot-resistant wood used in the construction of
houses, furniture, tools, baskets and other
household items. Bamboo hay, which has four
times the protein of other fodder grasses, is a
staple for livestock.

Bamboos are propagated by seed or vegetatively.
Conventionally, offsets, rhizomes, cuttings or
layering have been used for this purpose
(Seethalakshmi, Venkatesh & Surendran 1983;
Banik 1985) and have given successful results.
Micropropagation methods through organogenesis,
from embryonic tissue and seedlings, have also
been developed recently (Ramanuja-Rao & Rao
1990; Mascarenhas et al. 1990; Nadgir et al. 1984,
Yeh & Chang 1986a, b, 1987).

In our laboratory, bamboo plantlets were raised
by tissue culture using the procedures of Nadgir
et al. (1984) and Mascarenhas et al (1990). The
cultures were isolated from germinated seedlings.
The plantlets were grown in a greenhouse, as
described for Eucalyptus above, and planted out
at Pune, India, in August 1990, using a paired
plot design with 16 replications. Significantly
increased heights and culm numbers were
observed after 16 months. Mishra, Nair and
Vidya-Sagar (1990) reported the results of a
similar trial conducted at Kumarapatnam,
Karnataka, India, with plants collected from our
laboratory The increase in height of cultures and
rate of culm production was 20% and 75%
respectively, compared with plants raised from
seed as controls.

The results of these two experiments indicate the
importance of micropropagation in bamboo for
obtaining earlier and higher growth rates both in
culm formation and in the number of culms. The
gestation period of about two years for plants of
seed origin can be reduced to six or seven
months using tissue-cultured plants (Mishra et al.
1990). Moreover, multiplication of plants can be
carried out all year round within the confines of

a laboratory and need not be determined by the
long and unpredictable flowering cycles in this
species. Micropropagation can be used to
produce sufficient planting material between the
flowering cycles when seed is scarce.

Natural stands and plantations of bamboos
derived from seedlings show considerable
variation, unlike clonally propagated planfations.
The totally solid culms of some D. strictus
clumps fetch much higher prices than hollow
ones. It is not known whether this unusual trait is
under genetic or environmental control, or both.
Even if it proves to have low heritability, by
selection and clonal propagation it should be
possible to increase the frequency of solid culms
in a clump. .

There are several examples of spontaneous
mutants produced in different bamboo species.
Thornless mutants of normally thorny species are
known to occur in Bambusa arundinacea of India
and Guadua angustifolia of tropical America. In B.
vulgaris, culm colour variations are also known.
Clonal multiplication by tissue culture, if possible
with these species, has great potential for
multiplying such selections (Venkatesh 1992).

IN VITRO FLOWERING AND SEEDING IN
BAMBOOS

In vitro flowering experiments

In India, the mast flowering cycle for Ochlandra
travancorica (Venkatesh 1984) is seven years, for
Bambusa arundinacea 30-40 years, and for
Dendrocalamus strictus 20-85 years. This
infrequent flowering at long intervals has been a
major obstacle for the genetic improvement of
bamboo by conventional breeding. The Forest
Research Institute of Guangdong province in the
People's Republic of China has recently
produced several artificial interspecific and
intergeneric bamboo sexual hybrids by making
opportunistic crossings with sporadically flowering
clumps of the different species of bamboo
(Zhang & Chen 1985). This chance crossing,
however, is not as useful as a controlled
breeding programme would be.

In our laboratory, using tissue culture techniques,
we have recently succeeded in inducing
precocious flowering and normal seed setting of
three Indian bamboos: Bambusa arundinacea and
Dendrocalamus brandisii (Nadgauda, Parasharami
& Mascarenhas 1990), and, more recently, D.
strictus. In brief, the steps followed for obtaining
flowering and seeding in these species are as
follows.

i. Seedlings of the species are raised on
White's medium.

ii. Excised seedling segments are transferred to
Murashige and Skood’s liquid medium with
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BAP and cocomut milk (MS-1) for initiation of
shoot cultures and for the first three
subcultures.

i. After three passages on the above medium,
vegetative shoots develop an inflorescence
containing panicles of normal spikelets in
70% of B. arundinacea and 40% of D.
brandisii shoots.

iv. On separation of inflorescence segments and
subculture to MS-1 medium, they multiply,
giving rise to an inflorescence culture for
repeated seed production.

v. In 30-50% of the cultures, seed set was
observed with viability of 3-5%.

Recently, the in vitro flowering of D. hamiltonii
has also been reported (Chambers, Heuch &
Pirrie 1891). These preliminary results suggest
an alternative approach for obtaining a
centinuous yearround supply of seed, provided
the extent of seed production and seed setting
can be increased.

The causes of low seed set in bamboo
raised in vitro

In order to determine the cause for the low
seed setting in the flowers of bamboo species
raised in vitro, experiments were carried out
with Bambusa arundinacea. This species had
flowered extensively at Pune and so allowed a
compariscn of morphology and pollen fertility of
flowers raised in vivo and in vitro. Pollen fertility
was determined by following Alexander's staining
procedure (Alexander 1969). Floral parts of
flowers raised both in vivo and in vitro were
complete. However, the opening of tissue-cultured
flowers was only partial; in 60-70% of the
flowers, the lemma and palea were closed.
Anthesis and pollen fertility in flowers raised in
vivo were almost 100%, compared to the very
low values for flowers raised in vitro. These
preliminary data suggest an explanation for the
low fertility of flowers produced in vitro.
Moreover, it is also reported that in vivo the
stigmas are receptive before pollen production in
some bamboo species. This characteristic could
explain the outcrossing that is assumed to occur.

The main goal of flower induction technology is
to provide flowering on demand, with consistency
and predictability In the bamboos, this is
extremely important because of their long
vegetative phase before flowering and seeding,
and the difficulties associated with their
vegetative propagation. The discovery of a
means to stimulate precocious flowering and
seeding in four bamboo species opens up the
prospect of:

¢ controlled breeding by a systematic
Intercrossing between different species to
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produce intraspecific or interspecific hybrids
with desirable characteristics;

e continuous supplies of bamboo seeds for
planting during the long intermast periods
where seed is scarce (this method can be
combined with micropropagation procedures);

e the continuous availability of anthers (pollen)
for production of haploids;

e studies of the mechanisms for the
unpredictable flowering of bamboos, and of
their reproductive development.

By inducing synchronous flowering and seeding,
it will be possible to apply conventional
breeding and hybridisation procedures to the
genetic improvement of bamboos.

CONCLUSIONS

Modern agricultural techniques require crop
uniformity. Plants of the same height make for
the easier placement of agricultural chemicals
and for weeding by machines. Crops which
mature at the same time with uniform fruit or
cob size facilitate machine harvesting or
plucking. In the limited number of field tests
reported to date, the morphological appearance
arid the performance of micropropagated plants
of forest tree species have varied considerably
from species to species. Results with Eucalyptus
species and Dendrocalamus strictus are similar to
some of the results obtained with other species,
and are marked by a higher degree of
uniformity with a rapid early growth rate. As has
been observed in our studies, it seems feasible
to increase the productivity of forest lands before
the trees reach their biological limits. Although
micropropagation may not be justified
immediately for producing millions of plants by
organogenesis, at a low unit cost it still has the
following genetic and economic advantages:

e the exploitation of the early flowering
behaviour of superior mature trees to
capture their general combining ability for
mating at random in a seed orchard (in this
way superior individuals could be bred
within a shorter period);

e the production of plants in very high
numbers and within shorter timespans than
is possible by conventional vegetative
propagation methods;

¢ increased gains in biomass per tree
(however small, these can result in highly
significant absolute gains when the annual
planting numbers are considered).

In India, the forestry plantation programme
involves several million Eucalyptus plants annually.
With a regeneration programme of this
magnitude, even small gains per tree represent
significant absolute gains. To capitalise fully on



clonal forestry there must also be a means of
conserving germplasm, ensuring that it is
maintained in a state capable of subsequent
propagation for a length of time commensurate
with its field testing regime (see Engelmann,
pp49-52).

Bridging the widening gap between supply and
demand of firewood, timber and raw materials
for pulp and fibre is possible only through
well-conceived, highly efficient production
technologies, involving high-yielding certified
planting stock, under the aegis of agroforestry
and industrial forestry programmes. Although our
results already indicate the possibility of
obtaining higher gains in biomass in Eucalyptus
and bamboo, there are several other factors
which have to be studied in far greater detail
The factors which influence field performance of
micropropagated plants can be summarised as:

e culture conditions involving origin of explants,
period in culture, etc;

e greenhouse and ultimately agroclimatic
conditions in which the propagules are
planted; and

e the agricultural practices adopted.

These factors, individually or in combination, can
raise the biological limits of productivity in
genetically superior planting stock, and ensure
sustainability.
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Capture of genetic resources by collection and
storage of seed: a physiological approach

P B Tompsett

Royal Botanic Gardens Kew, Wakehurst Place, Ardingly, Nr Haywards Heath, West Sussex RH17 6TN, UK

ABSTRACT

Seed provides the most natural vehicle for the collection, transport and storage of genetic variation, often avoiding the technical
difficulties and expense inherent in other methods. Consideration is given to the advantages and limitations of using seed, with
examples drawn from the Meliaceae, Dipterocarpaceae and Araucariaceae families. The importance of placing seed into
desiccation-intolerant (‘recalcitrant’) or desiccation-tolerant (‘orthodox’) storage physiological categories is emphasised, and
progress in this regard is reported. Handling procedures to ensure maximum viability for the two types are discussed in relation
to moisture content, temperature and gaseous factors. It is concluded that long-term conservation of some tree species as seed is
a feasible strategy, but that other species may require further research to ensure maximum viability at harvest and greatest
possible longevity in storage. Achievement of high initial viability will compensate for the shorter natural longevity of tree seed

compared with seed of herbaceous crop species.

INTRODUCTION

Relevant general articles on seed storage include
those by Bonner (1990), Stubsgaard (1992),
Willan (1985) and De Muckadeli and Pilim
(1983). The present paper is based mainly on
personal experiences of the author. The term
‘seed’ is used herein to encompass fruit.
Availability, collection and storage topics are
covered, with the emphasis on physiological
rather than genetic aspects; sampling strategies
have been considered by Turnbull (1978) and by
Willan, Hughes and Lauridsen (1990).

‘Orthodox’ and ‘recalcitrant’ seed types

A consideration of supreme importance in
deciding practical handling methods is the
storage physiological category of the seed,
‘orthodox’ seed can be stored dry and cold,
whereas ‘recalcitrant’ seed carmot be dried to
low moisture contents without loss of viability
and so must be stored moist (Roberts 1973).
Orthodox seeds tend to be small and are
produced on both woody and herbaceous
species; recalcitrant seeds are generally large
and are found mainly, if not exclusively, on
woody species. Assessment of storage type is
accomplished by determining the relationship
between germination and moisture content,
preferably using several desiccation methods;
misclassification can occur if detailed studies are
not carried out. Recalcitrant seed cannot be
stored for long periods so canmot be considered
as a means for genetic conservation. Seed of
orthodox species can be stored for much longer,
and its use in conservation is discussed below.

Percentages of species possessing recalcitrant
seeds are 35%, 94% and 33% in the Meliaceae
(Table 1), Dipterocarpaceae (Tompsett 1992) and
Araucariaceae (Table 2), respectively, for those
members examined so far; the percentage with
recalcitrant seed for all three families combined,
calculated by pocling all data in the above
sources, is 72%. The extent to which this small
sample represents woody species as a whole is
hard to assess. However, the probability that
there is a large percentage of recalcitrant-seeded
species in rainforests, combined with the known
high species density in these forests, indicates
that this figure may not be entirely
unrepresentative.

Recently, a third ‘intermediate’ type of seed
storage physiology has been proposed, which
has desiccation characteristics intermediate

. between those of the orthodox and recalcitrant

types (Ellis, Hong & Roberts 1980, 1991). In
addition to the partial desiccation tolerance
exhibited by this category, three further
differences relating to dry seed were reported to
differentiate it from the orthodox type: cool
temperatures near 0°C were more damaging
than warm temperatures; freezing temperatures
were likewise more damaging than warm
temperatures; and, within a range extending
approximately from 5% to 10% moisture content,
the usual improvement in longevity observed on
drying orthodox seed was reversed. The
question of whether this new category is
physiologically distinct from the orthodox type is
considered later in relation to earlier research on
Araucaria columnaris (Tompsett -1984Db).

61



Table 1. Lowest-safe moisture contents (LSMC), mass values and optimum recorded storage conditions for Meliaceae seed; storage
temperatures, and moisture contents are given with the best final germinations (germ.) achieved. Seeds were supposed mature.
Mass is that at or near LSMC. Authorities are those of Pennington and Styles (1975) for subfamilies, tribes and genera (data are

those of P B Tompsett (unpublished) unless otherwise stated)

Lowest-
safe Optimum storage recorded
Orthodox moisture Moisture
or content Mass Temperature Germination —content
recalcitrant (%) (@) Period (9] %) (%) Comment
MELIOIDEAE
i. Melieae tribe
Azadirachta indica' [¢] NA* 03 12 yr -20 80 4 -
ii. Trichileae tribe
Trichilia®
T monadelpha R 38 03 120 d 18 50 38 Storage at 99% rh in PB*
T. megalantha R 32 1.0 221d 18 87 42 Storage at 99% rh in PB
T prieureana R 38 0.3 106 d 18 50 47 Storage at 99% rh
T dregeana® R 30 ? 35d 15 97 - Storage at 40% rh
Pseudobersama
P mozambicensis o] NA 0.1 - - - - Seed can be dried to <7% MC*
Ekebergia
E. senegalensis o? NA 0.2 - - - - Seed can be dried to <19% MC
ili. Guareeae tribe
Guarea thompsonii R 43 2.2 44 d 18 85 50 Storage at 99% rh in PB
SWIETENIOIDEAE
i.  Cedreleae tribe
Cedrela odorata o} NA 0.01 369 d 2 86 4 -
ii. Swietenieae tribe
Khaya
K. senegalensis ¢] NA 0.2 3 yr 2 81 6 -
K. ivorensis o] NA 0.2 2 yr 2 44 [¢] -
Entandrophragma
E. angolense o NA 0.4 150 d 2 76 5 -
E. candollei o] NA 0.4 2 yr 2 96 4 -
E. utile o] NA 03 240 d 2 92 4 -
Swietenia
S. hurnilis e} NA 0.6 2 yr -20 93 4 -
S. macrophylia o] NA 0.5 2 yr -20 100 5 -
iii. Xylocarpeae tribe
Carapa procera R <34 10.4
>16 - - - - No viability at 16% MC

*NA, not applicable; PB, ventilated polythene bags; MC, moisture content

'p B Tompsett, K Manger & R D Smith (unpublished)
2Arils removed before testing or storage
3Choinski (1990)

The need for tree seed conservation

The seed stores currently existing in forestry and
allied institutions provide material for breeding

. and plantation programmes in the short to
medium term. Long-term tree seed storage
facilities, as employed for the conservation of
herbaceous crop species, are almost non-existent.
Physiological studies have revealed that, on
average, tree seed appears to possess an
inlierently shorter storage life than crop seed;
long-term storage is nonetheless feasible for at
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least some species. This approach is urgently
needed where a species is under threat of
extinction in the whole or in a part of its range,
as is the case for Entandrophragma and Khaya
spp. Although In situ conservation is the method
of first choice, and ex situ conservation stands
have been established for many species, it is
recognised that other ex situ conservation
methods should be more closely examined
National Research Council 1991). The present
paper considers the role seed can play in the ex
situ conservation and utilisation of tropical trees.



Table 2. Lowest-safe moisture contents, mass and optimum recorded storage conditions for Araucariaceae. All details except those
concerning taxonomy are as in Table 1. Genera and species sections are given for Araucaria. Germinations are not adjusted for
percentage empty seed, which averages over 50% in orthodox species (data are of P B Tompsett (unpublished) except where

otherwise stated)

Lowest- _ Optimum storage recorded
safe
Orthogonal  moisture Moisture
or content Mass Temperature Germination content
recalcitrant (%) @ Period °C) (%) (%)

ARAUCARIA
i. Eulacta

A. montana o} cl2 0.30 80 d 2 17 15

A cunninghamii® o} <2 015 8 yr -15 43 Air dried

A rulei o} cl2 0.32 80 d 2 9 <9%

A. nemorosa O cl2 0.54 80 d 2 16 15

A scopulorum @) cl2 0.27 80 d 2 23 12

A. heterophylla o? cl2 1.42 - - -

A. columnaris @) cl2 041 8 yr -20/-10 12 7
ii. Intermedia

A. husteinii R 32 0.54 80 d 6 80 45
iii. Columbea

A. angustifolia R 37 4174 496 d 2 67 43

A. araucana R 38 3.28 961 d 2 88 44
iv. Bunya

A. bidwillii® R 35 10.10 - - -
AGATHIS

A australis® o) <5 - >6 yr 6 80 5

A australis® o) <6 - 1yt -10 62 10

A macrophylla4 o - <13 - >6 yr -13 c20 7

YIn the case of orthodox seed, some damage may occur on drying if seed is either immature or overmature

2Storage data from Shea and Armstrong (1978)
D Doley (personal communication)

‘R D Smith and ] B Dickie (unpublished)
SPreest (1980)

Objectives of seed storage studies

The objectives of seed storage studies may be
viewed as two-fold:

e to improve short-term storage for
maintenance of viability during transport and
temporary holding for use in species trials
and plantation programmes; and

e to enable long-term genetic conservation in
seed form.

COMPARATIVE MERITS OF SEED AS A
CONSERVATION MEDIUM

Advantages

First, seed is the natural vehicle for gene
dispersal and has advantages in ex sifu gene
conservation, being immediately available for
seedling production. Alternative methods, such as
those involving tissue culture and pollen, require
intermediate processes before seedlings can be
produced. Second, for cross-pollinated species,
each propagule may have a wider range of

genes than vegetative material from the same
tree. Third, maintaining material as seed is less
expensive than other methods such as tissue
culture slow growth; in addition, seed storage is
genetically more stable. Fourth, conservation by
pollen storage entails the uncertainties of
pollination and seed production (or equivalent
tissue culture procedures) before seedlings can
be finally produced.

Disadvantages

The problems associated with moist storage (for
example, premature germination) imply that any
long-term ex situ conservation of
recalcitrant-seeded species must probably be in
forms other than whole seed. Second, for some
species seed is produced only at intervals of
between two and five years in any particular
location, as for example in the case of rainforest
dipterocarps, creating difficulties in acquiring
material. Third, some orthodox-seeded species
have propagules requiring particular harvesting
and handling procedures to ensure successful
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desiccation for safe storage; such seed may
include the so-called intermediate category
(discussed below). With adequate research,
however, the latter problems can be alleviated.
Fourth, the male parent may be unknown for
seed of cross-pollinating species, adding an
element of uncertainty not present when
vegetative materials are collected. Fifth,
large-seeded species may be relatively
expensive to store, because of the volume they
occupy, although storage of the  de-coated dry
embryo may provide a cheaper alternative. Sixth,
seedlots of tree species sometimes contain a
high percentage of empty (embryocless) seeds; in
some cases, separation from sound seed is
impracticable (eg Araucaria cunninghamuii). Finally,
many tree species have special processing
requirements, such as the de-pulping of
drupaceous fruits (see Maghembe et al,
pp220-229); further research is needed to assess
optimumn procedures.

SEED AVAILABILITY

Periodicity of seeding

As referred to above, availability can be limited
by infrequent seeding, particularly in relatively
moist environments; examples are provided by
Dipterocarpus grandiflorus and D. retusus. In
seasonal areas, however, some seed may be
produced every year, as for example with D.
intricatus and D. tuberculatus in dry dipterocarp
forest. - ‘

Amount of material available

When fruiting occurs it may be prolific, as with
Azadirachta indica or Swietenia species, or it may
be more restricted, particularly for species with
larger propagules such as those of Shorea
macrophylla (the illipe nut) or Dipterocarpus
grandiflorus. Obtaining the required spread of
genetic material can be more difficult when only
a restricted quantity is available.

Crown accessibility

The large crowns of many species provide
difficulties in attaining the necessary fresh, viable
seeds. Araucaria hunsteini, which can exceed

80 m in height, is an example of a species
needing skilled collectors, leading to high cost of
the seed. Seed shaken from tall trees possessing
wind-dispersed seed, such as Hopea foxworthy,
can also provide problems, in that abscised seed
may be hard to locate.

Parasite infestation

Pest problems can restrict availability. Species
such as Shorea amplexicaulis and Dipterocarpus
tuberculatus can have seed which approaches
100% infestation with insect larvae.
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Premature abscission

Failure of the flowers or young fruit to develop
may be caused by dry conditions. In addition,
localised high winds associated with rainfall near
the end of the hot season in Thailand have
stripped Shorea roxburghii trees of seed; similarly,
young Hopea foxworthyi seed has been lost
during a typhoon in the Philippines in 1992.

Geographical and topographical isolation

Separation of seed sources from population
centres by great distances or by physical

features such as mountains or rivers can reduce
availability. Collection of dipterocarps in Papua
New Guinea is difficult because rugged terrain
hinders the location of suitable seed-bearing trees.

SEED COLLECTION

It is not proposed to cover collection téchniques
in detail; information on this topic may be found
elsewhere. Broadly, seed -can be collected from
the ground after abscission, from the crown using
ground access, and from the crown by climbing.
Many dipterocarps have large fruits which fall
directly below the mother tree and can be easily
collected from the ground. Such material, even if
selected for apparent freshness, can, however, be
of poor quality; crown collections by climbing
are preferable. Collecting from the tree by hand"
picking is feasible for low branches of small
individuals of Azadirachta indica and Melia
azedarach. Rifles may be used to shoot down
branches (Green & Williams 1969), a technique
applicable for harvesting seed of trees in open
habitats. Flexible saws are suitable for severing
fruit-bearing branches on medium-sized trees
(Robbins 1984). A recent relevant review is that
of L Thomson and colleagues at the Food and
Agriculture Organisation (Guarino, Rao & Reid
1983).

SEED STORAGE

Viability constants for orthodox seeds

The most important storage characteristics of
orthodox seeds relate to the mathematical
relationships between longevity, temperature and
moisture content; these relations were originally
worked out for barley (Ellis & Roberts 1980a, b).
A detailed exposition of the reasoning is given in
Ellis (1984). Within a range of moisture contents
(lower limit 2-6% and upper limit 15-28%
according to species), longevity increases in a
predictable way as moisture content is reduced.
In addition, for temperature within the range from
about -13°C to 90°C, longevity increases as
temperature is reduced, again in a predictable
manner. The relationship found to fit the
observed data best takes the form:

logg6 = Kg - Gyloggm - Cyt - CQ'[2



where Kg, Gy, Cy and Cgp are species constants,
t is temperature in °C and m is percentage
moisture content. Longevity is represented by ¢,
which is the reciprocal of the slope of the
relationship between the probit of germination
percentage and time (d) during storage.
Following the work of Ellis and Roberts, this
equation was shown to apply to tree seed using
Ulmus carpinifolia and Terminalia brassi
(Tompsett 1986a).

The most important concept on which this
equation rests is the statistically normal
distribution of seed deaths over time for a
seedlot held under constant storage conditions.
The seedlot must be homogeneous, having been
collected at the same time and place and at
about the same stage of maturity A consequence
of normal distribution is the existence of a
sigmoid shape to the relationship between
percentage germination and time; accordingly,
when this relation is plotted on a scale of
normal equivalent deviates (probits), a straight
line is produced. The slopes of many of these
probit lines must be assessed for a large
number of combinations of temperature and
moisture content, the results being subjected to
multiple regression analysis in order to produce
accurate species viability constants.

A quicker method for determining the viability
constants has, however, been published (Dickie
et al. 1990). The method uses the results from a

set of probit lines determined at several moisture
contents using a single high temperature for
storage. The slope of logjg6 against logg
moisture content for this temperature is then
taken as Gy, from which Kr can be derived.
The values of the temperature constants, Cy and
Co. have been found not to differ significantty
among a wide range of species (Dickie et al
1990), and may thus justifiably be used in
conjunction with the values for Kg and Gy
obtained. Most of the values for the constants in
Table 3 were obtained in this way.

A fifth viability constant, Kj, represents the probit
of percentage germination at the start of storage,
and is a characteristic of a particular seedlot. It

is important in determining the future storage life
of the seedlot.

A further notable consideration is the relationship
between longevity and moisture content of
ulira-dry seed. It has been found that, below a
moisture content of around 5%, there is a lower
moisture content limit below which no further
Increase in longevity occurs, but no decrease is
found either (Ellis et al. 1990).

Experimental approaches

There is not enough space to describe all
materials and methods used by the author; most
details can be found in the publications cited.
On receipt, a new species is assessed for its
seed storage physiology; desiccation for this
purpose is generally achieved in a drying room

Table 3. Viability constants for seeds of ten tree species. Values in parentheses are those obtained when K and Cw are
calculated from an experiment including very few temperatures and combined with the best available temperature constants

(Dickie et al. 1990 describe the method)

Family/species Ke Cw Ch Co Source
COMBRETACEAE

Terminalia brassil 5.00 2.18 0.035 0.000413 Tompsett (1986)
MELIACEAE ) . .

Swietenia humilis 5.19 2.45 0.033 0.000499 Tompsett (unpublished)
Entandrophragma angolense* (4.60) (2.21) (0.033) (0.000478) Tompsett (unpublished)
Khaya senegalensis* (4.76) (2.15) (0.033) (0.000418) Tompsett (unpublished)
ARAUCARIACEAE

Araucaria cunningharmii (7.49) (3.13) (0.033) (0.0004178) Tompsett (unpublished)
Araucaria columnaris (5.66) (2.68) (0.033) (0.000418) Tompsett (1984b)
DIPTEROCARPACEAE

Dipterocarpus alatus (6.92) (2.69) (0.033) (0.000418) Tompsett (unpublished)
Dipterocarpus intricatus (6.18) (2.17) (0.033) (0.000418) Tompsett (unpublished)
ACERACEAE

Acer platanoides (7.22) (4.23) (0.033) (0.000418) Dickie et al (1991)
ULMACEAE .

Ulmus carpinifolia 5.71 2.97 0.034 0.000408 Tompsett (1986a)

*Preliminary results
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at 18°C and 15% relative humidity, sampling at
many moisture contents. If the seed is orthodox,
viability constants are then determined. The
viability constants for prediction of longevity in
Table 3 are based on at least four accurately
determined survival curves (le the relationships
between viability and period of storage for
combinations of moisture content and
temperature). The value of CW is assessed using
only the linear part of the relationship between
logjpo and log)p moisture content. The author’s
results for the longest storage periods achieved
(Tables 1 & 2) are based on survival curves
determined in hermetic dry storage for orthodox
seed.

For recalcitrant seed, a range of moist storage
conditions is tested. Results for seed which was
subjected to weekly ventilation are presented in
Tables 1| and 2; in the experiments in Table 1, a
temperature of 18°C was employed, the seeds
being retained in small rib-channel type plastic
bags with a high volume ratio of air to seed, the
bags in turn being kept in a Conviron G30
germinator at approximately 99% relative
humidity. Lowest safe moisture content provides a
guide for use in practice, and is defined as the
moisture content below which a reduction in
germinability first appears (Tompsett 1986b). The
effect of gaseous environment was assessed by
continuously passing the relevant moisturised gas
through the seedlot to maintain a constant gas
composition in the environment and constant
moisture in the seed.

Assessments of relationships between relative
humidity and seed moisture content at
equilibrium were made with a Michell S4020
dewpoint hygrometer.

Theoretical considerations

In the following sections, consideration is given to
the possibility of adapting the present short-term
seed storage practice to achieve long-term
storage for conservation purposes. Suitable seed
moisture contents will need to be determined for
this to be undertaken. The present section gives
some background to theoretical considerations.

The original research contributing to the
predictive viability equation above was conducted
using conventional moisture content assessment
to represent the water status of seed. However, a
more accurate measure of seed water status in
relation to physiological activity is seed water
potential, which is in twrn related to the relative
humidity producing, at equilibrium, the moisture
content under consideration. These relationships
have been considered in connection with storage
life by Roberts and Ellis (1989). The reason why
relative humidity is of importance may be
Hlustrated by considering the influence on
longevity of the reserves in an oily seed. For a
species with an ol content of 50%,
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ageing-associated physiological responses would
be predicted at a moisture content which is
about half the moisture content for the same
responses in a non-olly seed, provided all other
factors are identical; this is because of the
hydrophobic nature of the oily reserve. The
relative humidity value at equilibrium, however,
would be expected to be similar for the seed of
both species for the same predicted
physiological responses. Other chemical factors
besides oil content may affect the relation
between moisture content and relative humidity
at equilibrium. Appreciation of the involvement of
oll, however, may help understanding of why
different moisture contents were selected for
inclusion in the calculations contributing to Table
4; Swietenia humilis and Araucaria cunninghamii
have oily embryos, whereas those of
Dipterocarpus alatus are starchy (P B Tompsett,
unpublished), so it is not surprising that optimum
longevity tends to be at relatively low moisture
contents for the former, compared with the latter.
The moisture content values used in Table 4 for
S. humilis, A. cunninghamil and Ulmus carpinifolia
are based on the author's unpublished work and
represent the lowest moisture contents at which
the linear relation between log;go and logig
moisture content applies; equilibrium relative
humidity of U carpinifolia at this moisture content
is about 6%. The 7% moisture content value for
Dipterocarpus alatus was chosen because it has
proved difficult to dry the seed further at normal
temperatures.

Both orthodox and recalcitrant seeds of
Meliaceae and Dipterocarpaceae are susceptible
to chilling damage below about 16°C when they
are moist (P B Tompsett, unpublished), so care
must be taken to avoid subjecting seed of either
type to low temperatures at high moisture
contents,

The genetic stability of material stored as seed
has not been found to be a severe problem for
lettuce (Rao et al. 1987), but research to assess
genetic changes in stored tree seed would be
advantageous. Storage at subzero temperatures of
dry orthodox seed should enable seed to
survive over long periods. The question whether
temperatures much below -13°C convey
significant benefit requires further attention;
Tompsett (1986a) found similar longevity for
Ulmus seed stored at —13°C and -75°C.

ARAUCARIACEAE

The Araucariaceae family contains the two
genera Araucaria and Agathis.

Desiccation tolerance and mass

Desiccation experiments summarised in Table 2
have indicated that there are at least six
orthodox- and four recalcitrant-seeded Araucaria



species (Tompsett 1982, 1984a). The small seed
of A. cunninghamii (mean 0.15 g dry mass)
could be dried to 2% moisture content without
loss of germinability The medium-sized seed of
five New Caledonian species (mean 0.35 g dry
mass) could be dried to about 12% moisture
content, and those of four recalcitrant species
(mean 4.7 g dry mass) to a mean 35% moisture
content. One species, A. heterophylla, remains of
uncertain type.

At first, the intermediate desiccation tolerance of
the New Caledonian species casts doubt on the
storage physiology category of this seed.
However, subsequent studies on A. columnaris
clearly showed the usual relations among
longevity, moisture content and temperature; for
this reason, a decision was taken not to create a
new storage category (Tompsett 1984b). A
sudden drop in viability on placing dry material
in freezing temperatures was indeed observed,
but this drop may have been due to the
presence of small proportions of seed in the
seedlots which were at an above-average
moisture content and which were unable to
survive freezing. This  explanation is supported,
first, by the absence of any further loss over a
20-month period of subsequent storage and,
second, by the fact that the driest seed
sustained no loss of viability on freezing. Seed of
Agathis australis has similarly been found to
suffer a loss of some viability on drying to 5%
moisture content (R D Smith & ] B Dickie,
unpublished).

Seed longevity

Orthodox Araucaria seeds are relatively
long-lived (Table 2) (Tompsett 1984a). Seed of A
cunninghamii has been stored for 12 years with
little viability loss (P B Tompsett, unpublished).
The seed is predicted to remain at above 85%
viability (on a full-seed basis) for over 3000
years, provided initial viability is 99.4% (Table 4)
and ideal conditions are maintained. Relatively
great longevity is suggested by the Kg and Cw
constants in Table 3; these figures are relatively
high for A cunninghamii with the consequence
that, if all other factors in the above equation are
constant, a relatively greater longevity is achieved
for this species than for all others in the list,
except Acer platanoides. In general, either K¢ or
Cw can indicate relative longevity among species
for two reasons: first, Kg appears to be linearly
related to Cyy for the eight best-determined
species (P B Tompsett, unpublished); and,
second, Cy and Cqp probably have the same
values for all species (Dickie et al 1990).
However, this method of longevity comparison
does not take into account such factors as seed
oil composition, as explained above.

The low viability of many Eutacta species in Table
2 after six months’ storage is a consequence of

low inifial germination rather than of loss during
storage. The related species, Agathis qustralis, can
be stored for over 11 years (Table 2).

Recalcitrant seeds of Araucaria have been stored
at Wakehurst Place, Surrey, UK, for longer than
those of recalcitrant dipterocarps, the period
amounting to over two years for A. araucana.
Such seeds are not subject to chilling damage at
2°C, unlike the moist seeds of Meliaceae and
Dipterocarpaceae. Cool storage is a means of
reducing the germination rate of recalcitrant
seeds, which maintain metabolism for a long
period provided chilling damage does not occur.

Effect of the gas environment

Detailed studies concerning the effect of the gas
environment on the recalcitrant seed of A
hunsteinii have revealed a decrease in longevity
as oxygen concentration is reduced from 21% to
zero, and a reduction in longevity in an
atmosphere with 0.01% ethylene (Tompsett 1983).
Ventilation of recalcitrant seed appears essential
to remove damaging gases and to replenish
oxygen lost in respiration.

MELIACEAE

Desiccation tolerance, habitat, mass and
shape of seed ’

The seeds in both of the subfamilies which were
studied contain both orthodox and recalcitrant
types (Table 1). Various associations have been
observed between storage physiology type and
other factors. The lighter-weight seeds of the
species which were studied in the Swietenieae,
the mother trees of which tend to come from
more open habitats and from seasonal areas, are
orthodox, whereas the often larger seeds of the
genera Guarea and Trichilia, deriving broadly
from moister areas, are recalcitrant. Seed of
Carapa procera, which is found in marshy
locations among others, is both large and
recalcitrant-seeded. Seed of Azadirachtfa indica, a
drought-tolerant tree, is orthodox and small; seed
of Ekebergia senegalensis, similar in size and
appearance to that of A. indica, is probably also
orthodox.

Seed shape may be correlated with physiology
type. The thin seeds of the orthodox-seeded
Khaya and Entandrophragma species are capable
of drying quickly because of their high surface
to volume ratio. The recalcitrant seeds of Trichilia
species and of Carapa procera, however, are
more globular and thus resist desiccation. For
orthodox-seeded species in the forest, these
characteristics lead to dry 'storage’ on the
ground, ensuring survival untll rain stinulates
germination. With recalcitrant seeds, however,
desiccation after abscission must obviously be
avoided.
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Azadirachta indica seed - an intermediate
type?

Seed of A. indica (neem) has been found by the
author to have partial desiccation tolerance
(unpublished), as was the case for Araucaria
columnaris (Tompsett 1984b). Furthermore, neem
seed is contained within a drupe, as is coffee,
which was the first intermediate seed described
by Ellis, Hong and Roberts. (1990, 1991). There
are other similarities with coffee, such as the
importance of the developmental stage of the
fruit in determining desiccation iolerance and
hence potential storage life of the extracted
seed. In addition, chilling and freezing damage
has been found to occur in dry A indica seed
(P B Tompsett, unpublished), as was described
for coffee. Furthermore, considerable variation in
the extent of desiccation tolerance among
seedlots has been observed for both neem and
coffee seed. However, despite all these
physiological parallels, Azadirachia indica seed
has been stored for 12 years at —20°C and 4%
moisture content in the Kew Seed Bank (Table
1). The existence of the intermediate category
thus needs further confirmation before it can be
accepted as distinct from the orthodox type. The
variation in desiccation tolerance observed
during development for A. indica and Coffea
arabica suggests a possible explanation for
seedlot variation; on different collection occasions,
different proportions of the seedlot may have
been at desiccation-sensitive stages.

Seed longevity

Orthodox-seeded species in the Swietenieae tribe
have been stored for several years (Table 1) and
Swietenia humilis is predicted to survive well for
266 years under the best storage conditions
(Table 4). Although the Krp and Gy values for
Meliaceae in Table 3 are somewhat low, the

Table 4. Predicted period (in years) for loss of viability from
99.4% to 85% germination (1.5 probits) for four tree species
stored at -13°C and 2°C. Moisture contents selected were
those below which further desiccation causes little further
increase in longevity, except in D. alatus where 7% was
chosen to illustrate potential only Viability constants used are
those in Table 3. Equilibrium relative humidity at 21°C is
given where known

Swietenia  Araucaria Ulmus  Dipterocarpus
Temperature  humilis cunninghamii carpinifolia alatus
-13°C 266 3295 145 41
2°C 99 1264 52 8
Moisture .
content (%) 2.0 3.3 3.3 70
Equilibrium
relative
humnidity - - 6.0 _
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ability of the seeds illustrated to be dried to
very low moisture contents ensures a lengthy
storage life, provided initial viability is high
enough. Even the seed of recalcitrant Trichilia
species has'been kept at very high viability for
quite long periods (seven months in T
megalantha), if kept in inflated polythene bags at

18°C and carefully ventilated (Table 1). All

Meliaceae seeds so far studied suffer chilling
damage if kept moist and below about 11-16°C.

DIPTEROCARPACEAE

Desiccation tolerance, habitat, size and
shape of seed

The relationship between moisture content and
germination was studied for five Dipterocarpus
species; two desiccation tolerance groups were
identified (Tompsett 1987). In addition, associations
between desiccation tolerance and species habitat,
seed mass and seed shape were observed
(Tompsett 1987). Seed of D. alatus, D. mtricatus and
D. tuberculatus could be dried to 10-17% moisture
content without damage. Seed of this first group
increased In longevity as moisture content was
reduced and as temperature was reduced,
confirming their orthodox nature. Despite partial
desiccation tolerance, there was no evidence that
this type should be categorised as intermediate,
which would imply fundamental differences from
the orthodox type of seed. The species D.
turbinatus and D. obtusifolius could not be dried
below 45% moisture content, and were
consequently classified as recalcitrant.

In agreement with seed physiology type, the
orthodox group is found partly or.wholly in
seasonal areas, the seed falling on dry ground at
the end  of the dry season, whereas recalcitrant
D. turbinatus is found in moister areas. Although
D. obtusifolius 1s found in the dry dipterocarp
forest, it also possesses recalcitrant seed; this
species has an alternative strategy to survive dry
conditions, which is to develop a thick and
relatively impervious calyx around the embryo.
Other habitat relationships for dipterocarps are
given in Tompsett (1986b).

The heaviest seed, D. obtusifolius (mean mass
6.79 g), was recalcitrant, whereas the lightest
seed, D. Intricatus (mean mass 0.48 g), was
orthodox. Seeds of all orthodox species have
projections from the calyx (tubercles, lamellae or
wings), whereas seeds of both of the recalcitrant
species are globular, giving the smallest possible
ratio of surface area to volume. These features
respectively maximise and minimise desiccation
rates, resulting in optimum survival in nature for
both quickly dried orthodox seed and
desiccation-resistant recalcitrant seed during the
period on the ground between abscission and
germination. The relationship between size and
desiccation tolerance for other dipterocarps is



given in Tompsett (1986b). Another association
which was observed concerned species habitat
and seed longevity; those from the drier habitats
had the greatest longevity (Tompsett 1986b).
Some of the associations described above were
also observed in the genus Shorea, although in
this case the three species exdamined were
recalcitrant (Tompsett 1985).

All species of dipterocarp examined so far, other
than the three described above, have been found
to be recalcitrant; many authors have published
data, and their results are referred to in a recent
review (Tompsett 1992).

Seed longevity

Recalcitrant dipterocarp species vary in longevity,
surviving for periods of up to nine months for
Shorea roxburghii with a final germination of about
50%, when moisture content was 40% and storage
temperature was 16°C (Tompsett 1985). Up to one
year of storage has been reported for Hopea
hainanensis with 80% final germination, storage
conditions being 37% moisture- content and 18°C
(Song et al 1984). Among the orthodox-seeded
species of Dipterocarpus, D. alatus and D. intricatus
have survived without observed loss of viability for
4.5 years at near 0°C with 12% moisture content,
whilst recalcitrant D. zeylanicus has survived three
months with 40% moisture content at 21°C, giving
a final 53% germination (P B Tompsett,
unpublished). Seed of D. alatus is predicted to last
4] years before ageing to the regeneration
standard of 85% germination, provided itial
viability is 99.4% (Table 4).

FINAL CONSIDERATIONS

Prediction of storage physiology type

The studies described suggest that it may be
possible to provide a provisional classification of
seed of unknown storage physiology which may
aid collection and transport until its true type is
known. ‘Characteristics indicating orthodox seed

" storage physiclogy are as follows: small size.
(means of 0.3 and 0.5 g in Tables 1 & 2
respectively); projections from the seed, such as
lamellae; and a relatively dry habitat. Conversely,
features suggesting a recalcitrant seed type are
as follows: large size (means of 2.4 and 4.7 g in
Table 1 & 2 respectively); globular shape; and a
relatively moist habitat. Dry soil surfaces are
‘associated with the occurrence of
orthodox-seeded species, even if water is
present below the soil (eg D. alatus, which grows
by waterways but sheds its seed on to dry
ground before the rainy season).

Prediction of longevity from viability
~ constants

The storage life of orthodox seed can be
predicted if the four species constants in the above

equation are known and if the initial germination
(referred to as Kj) is accurately assessed as

_ probability units (see Ellis 1984). To obtain

accurate results, however, the seedlot must be
homogeneous, having been collected at the same
time and at approximately the same maturity Other
factors are important; there is a need to remove all
empty seeds, all black-embryo Seeds in the case
of Dipterocarpus species, and all parasitised seeds.
The inclusion of such material would distort the
normal distribution of seed deaths over time, and
so lead to false predictions. If removal is not
possible, account must be taken of these factors
by adjusting results using estimates of the
percentage of empty, black-embryo or parasitised
seeds.

Relative longevity of crop and tree seed

A comparison of the mean K and Cy values
for herbaceous and tree species is presented in
Table 5. Although the crop values are based on
only five species, they agree well with those for
a wider range of less well-determined values for
crop species. The values presented show that, if
all other factors remain constant, longevity is
greater for crop than for tree species. Future
research will require consideration of equilibrium
relative humidity values (or water potentials,
which are related to relative humidity at
equilibrium), rather than moisture contents.

Table 5. Mean values for K and Cw for the five
best-determined herbaceous species compared with mean
values for ten tree species

Ke Cw Source
Herbaceous species 8.39 472 Dickie et al
: (SE 0.47) (SE 0.24) (1990)
Tree species 5.77 2.80
(SE 0.30) (SE 0.22) Table 3

Strategies for conservation

Despite the shorter storage life of tree seed
compared with that of crop seed, it is evident
from data in the present paper (Table 4) that
certain orthodox-seeded species, such as
Araucaria cunninghamii, could be safely
conserved in seed form, as currently practised
for crop species. Provided seed is harvested with
high initial viability (X;), survival to the
regeneration standard of 85% germination may
be over 3000 years for seed kept at —13°C and
3.3% moisture content. For the other species
considered, a shorter storage life is predicted
(Table 4). For Dipterocarpus alatus, the predicted
seed survival at —13°C and 7% moisture content
is 41 years. This period is adequate to justify
conservation as seed, as it is longer than the
juvenile stage of development, a criterion
suggested by Bonner (1990). However, for certain
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species, 2°C would appear unacceptable as a
conservation temperature. If there is doubt
concerning the abllity to attain a high initial
viability (K;) for this species, a dual strategy of
seed conservation combined with ex situ tree
stand establishment may be advisable. Orthodox
seed exhibiting partial desiccation tolerance
(when present harvesting and processing
techniques are employed) may require further
research, but should eventually be capable of
storage for very long periods, as evidenced by
the storage of Azadirachta indica seed for 12
years (see above).

In the case of recalcitrant-seeded species, whole
seed is probably not an option for long-term
conservation; ex situ tree stands and in situ
protection are the only possibilities currently
practised. Current studies, such as those using
abscisic acid and lowered water potential to slow
germination, have not yet extended storage life
by substantial amounts. Further research is
needed to develop new ex situ techniques, such
as cryopreservation, in order to conserve
recalcitrant-seeded species. Whole seeds of
recalcitrant species can, however, be used for
transport and short-term storage if they are
properly handled.

Regeneration requirements of material stored as
seed will need attention, but the problems
involved should not be insuperable.

Practical transport and storage conditions

If seed is harvested at the highest possible initial
germinability (Xj), the greatest possible longevity
in storage is ensured. For long-term
conservation, orthodox seed should be kept at
the moisture content below which desiccation
produces no further increase in longevity (about
2-1%, according to species) and at —13°C or
lower. Hermetic storage containers are essential
and will need to be larger than those employed
for crop seed in many cases.

Storage of orthodox seed of the partly
desiccation-tolerant type should at present be at
slightly higher moisture contents (12% is often
suitable) in order to avoid the loss of a
proportion of the seedlot by desiccation damage.
When further research has resolved the
particular harvesting and processing techniques
required for each species, it will probably be
better to dry to 2-7% moisture content.

Recalcitrant seed can be transported and stored
in the short to medium term at above the lowest
safe moisture contents; seed of Araucariaceae
can be kept at 2°C, but seed of Meliaceae and
Dipterocarpaceae must be retained at about
18°C to avoid chilling damage. Ventilation is
essential. Seed should be quickly transported in
boxes with small holes and packed into
containers with a high ratio of air to seed in
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order to ensure maximum viability on arrival; this
procedure minimises the dual dangers of anoxia
on the one hand and desiccation due to
over-ventilation on the other. For long-term
storage, the possibility of storing excised seed
parts must be further examined, building on
initial findings for dried A. hunsteinii embryos,
which can retain the ability to produce callus
after storage at —20°C for over four years (H W
Pritchard, P B Tompsett & K Manger,
unpublished).
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ABSTRACT

Vegetative propagation offers the opportunity to rapidly overcome the limitations to domestication imposed by long generation
times, irregular fruiting/flowering and outbreeding. Vegetative propagation techniques are increasingly being applied to a wide
range of tree species, of both moist and dry tropics. Identification of the critical factors determining adventitious root development
is crucial to sustained, cost-effective propagation, even in species in which these factors are not currently limiting.

Over the past ten years, research at ITE has identified a wide range of factors which influence rooting, including the stockplant
growth environment, cutting origin, post-severance treatments applied to cuttings, and the propagation environment. In order to
understand the influence of these different factors and their interactions, an appreciation of the physiological, biochemical and
cytological processes involved in rooting is required. The primary processes occurring in the leaf are net photosynthesis and
transpiration, while those in the stem are starch hydrolysis, translocation of sugars, water and nutrients, respiration, mitosis and cell
differentiation. Each of these processes is influenced by a number of environmental, morphological and physiological variables,
such as leaf area and thickness, internode length, chlorophyll content, stomatal density, stem lignification, etc.

Suggestions are made for experimental approaches to improve further the understanding of the mechanisms of rooting of leafy
stem cuttings. These approaches include the development of a mechanistic model of adventitious root development. The practical
implications arising from a process-based approach to propagation are also discussed.

INTRODUCTION

In agricultural crops, substantial increases in
productivity and quality of produce have been
obtained by breeding and selection over many
generations. In contrast, less progress has been
made in the domestication of trees because of
their (i) relatively long generation times, (i1)
irregularity in flowering and fruiting, and (ii)
high incidence of outbreeding, with consequent
loss of genetic gain in subsequent generations.
Vegetative propagation offers the opportunity
rapidly to overcome these limitations, by
circumventing the need for sexual reproduction
and facilitating the capture of individual

genotypes.

Vegetative propagation techniques are
increasingly being applied to the domestication
of tropical tree species (Leakey et al 1990;
Mesén, Boshier & Cornelius, pp249-255; Ladipo
et al, pp239-248). A range of approaches can
be utilised (see Hartmann & Kester 1983; Leakey
1985), including grafting, stem cuttings (Table 1),
hardwood cuttings, marcotting (air-layering),
suckering, and in vitro techniques such as
meristem proliferation, organogenesis and
embryogenesis. Several of these techniques have
the disadvantages of a low rate of multiplication,
a high requirement for skilled labour, or the
need for high capital investment. These problems
have been overcome by recent advances in the
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development of a low-technology propagation
system (Leakey et al. 1990; Newton et al. 1992;
Newton & Jones 1993a), which has enabled the
successful propagation of a wide range of
species by leafy stem cuttings (see Table 1).
This system utilises non-mist propagators
constructed out of cheap and readily available
materials, with no requirement for a piped water
and electrical supply (Leakey 1991; see also
Ladipo et al, pp239-248).

Although many species can be propagated easily
by leafy stem cuttings, some species are
recalcitrant. For example, early attempts at the
propagation of Albizia falcataria resulted in leaflet
shedding and death of all the cuttings within ten
days. Pre-conditioning the cuttings by intermittent
droughting of the stockplants resulted in leaf
retention and high rooting percentages, with
more than 100 roots per cutting in some cases
(R R B Leakey, unpublished data). In such
situations, identification of the factors limiting
rooting is critical to successful propagation.
Enhanced rooting is important even in species
which are propagated easily, as small gains in
rooting percentage may be of considerable
economic value when the species is mass
propagated on a commercial scale. In some
circumstances, the rooting ability of cuftings may
decline with successive harvests of cuttings from
a set of stockplants. This phenomenon can arise



when overfrequent harvesting of cuttings causes
the depletion of the endogenous reserves of the
stump, the death of the stockplant’s fine root
system, or a reduction in soil fertility For all
these reasons, an understanding of the factors

which influence rooting is fundamental to

successful and sustained vegetative propagation.

Another key reason for a better understanding of
the rooting process is the accumulation of a
body of apparently contradictory data in the
scientific literature. For example, the role of
carbohydrates in the rooting process is still the
matter of great debate (see review by Veirskov
1988). Highly contrasting results have been
obtained from the same species in different
situations. Most propagation experiments usually
consider only one or two of the many factors
known to influence rooting, and fail to recognise
their interactions. Many investigations also fail to
measure and record sources of variation in

rooting ability which can differ between

experiments, such as propagation environment
and stockplant growth conditions. Consequently,
the mechanisms of root formation remain unclear.

In order to understand the interactions between

the different factors influencing rooting, an

appreciation of the physiological processes
involved is required. In recent years, there have
been a number of literature reviews on this topic
(eg Leakey 1985; Andersen 1986; Haissig 1986;
Davis, Haissig & Sankhla 1988; Thompson 1992).
Consequently, this paper attempts to pull
together data on these processes in leafy
softwood cuttings obtained from a limited
number of experiments with tropical tree
species. In particular, it suggesis how these
processes may be influenced by the following
factors: (i) the stockplant’s growing environment;
(ii) the cutting’s position of origin within a shoot
and the shoot's position within the canopy of the
stockplant; (iii) the post-severance treatments
applied to cuttings; and (iv) the environment of
the propagating system. The implications of these
conclusions for both research and the practical
application of vegetative propagation techniques
are discussed. :

PROCESSES INVOLVED IN ADVENTITIOUS
ROOT DEVELOPMENT

The key physiological, biochemical and _
cytological processes influencing adventitious root
development in a leafy cutting are

Table 1. Tropical tree species vegetatively propagated at the Institute of Terrestrial Ecology, Edinburgh

West Africa

Central and South
America

East and Central Africa

South Africa SE Asia and Australasia

Afzelia africana
Afrostyrax lepidophyllus
Baillonella toxisperma
Carapa procera
Ceiba pentandra
Milicia (syn.
Chlorophora) excelsa
Entandrophragma
angolense
Khaya ivorensis
Khaya seziega]ensis
Lovoa trichilioides
~ Nauclea diderrichii
Ricinodendron heudelottii
Teclea verdoorniana
Terminalia ivorensis
Terminalia superba
Tetrapleura tetraptera
Treculia africana
Triplochiton scleroxylon

Albizia caribaea
Albizia guachapele
Alnus acuminata
Annona muricata
Caesalpina spinosa
Casimiroa edulis
Cedrela odorata
Chrysophyllum cainito
Cordia alliodora
Eugenia jambos
Ochroma pyramidale
Prosopis cineraria
Prosopis juliflora
Psidium guajava
Swietenia macrophylla
Swietenia mahagoni
Tipuana tipu

Vochysia hondurensis

Acacia nilotica

Acacia senegal

Acacia tortilis

Dalbergia melanoxylon
Faidherbia albida
Maesopsis emini

Melia volkensil

Acacia karoo Acacia mangium

Colophospermum Agathis australis
mopane Agathis dammara
Triplochiton zambesiacus Agathis macrophylla
Agathis obtusa

Agathis robusta

Vangueria infausta

Agathis vitiensis

Sesbania sesban var.
sesban

Sesbania sesban var.
nubica

Terminalia brownii

Terminalia prunioides

Terminalia spinosa

Vateria seychellarum

Albizia falcataria
Anthocephalus chinensis
Araucaria hunsteinii
Camposperma
brevipetiolata
Citrus halimi
Dipterocarpus turbinatus
Durio zibe thinus

Vitex keniensis

Gmelina arborea
Shorea albida

Shorea contorta

Shorea curtisii

Shorea leprosula
Shorea macrophylla
Tamarindus indica
Terminalia calamansanil
Terminalia brassii

Toona ciliata
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photosynthesis, transpiration, respiration, starch
hydrolysis, translocation of sugars, water and
nutrients, mitosis, cell differentiation and
elongation. While all of these processes may
operate in different parts of leafy softwood
cuttings, photosynthesis and transpiration
primarily occur in the leaf, and mitosis and cell
differentiation are generally of greatest
mmportance in the cutting base. The stem is the
primary organ of translocation for nutrients,
carbohydrates and water between the leaf and
the cutting base.

The interactions between these processes and
the factors affecting rooting, mentioned earlier,
are considered separately below, although, in
reality, they are interlinked.

FACTORS INFLUENCING THE PROCESSES
THAT DETERMINE ROOTING

Stockplant growth environment

The physiclogy and morphology of stockplants
are influenced by the growth environment, which
may Include nutrients, water, temperature and
light (both irradiance and spectral composition).
In addition, the individual cuttings are influenced
by the variation in microclimate within the
canopy of the stockplant. The characteristics of
the cutting (Figure 1) that are influenced by
these environmental factors include:

e the area and thickness of the leaf:

e leaf photosynthetic capacity as affected by
stomatal density, chlorophyll content, etc;

e internode length and stem diameter;

¢ leaf and stem starch, soluble carbohydrate
and nutrient contents;

e pre-severance leaf and stem water potentials;
and, probably;

e concentrations of endogenous growth
substances.

Some influences of stockplant growth environment
are illustrated by results from experiments with
Triplochiton scleroxylon, in which rooting ability
was found to be correlated with pre-severance
net photosynthetic rate, which in turn was
determined by irradiance and nutrient application
treatments during growth. In stockplants grown
under artificial lighting (6.3 red/farred (RFR)
ratio) with an irradiance of 250 pmol m? s
and nutrient addition, photosynthetic rate varied
between 0.003 and 0.009 mg CO2 st leaf!, and
a mean rooting percentage of 33.315% was
obtained. These figures compared with
photosynthetic rates of 0.0005-0.002 mg COz st
leaf” and an associated mean rooting
percentage of 8.313.1% when stockplants were
grown under an irradiance treatment of 650 ymol
m? s7! and without added nutrients. The low
rooting percentages obtained under this high
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Pre-severance stockplant environment

1. Light® 2. Water 3. Nutrients 4. Temperature
Number of shoots J
Leaf area Internode length
Leaf structure Lignification
Stomatal density Secondary thickening

Stem diameter
Stem water potential
Sugar/starch content
Nutrient content

Chlorophyll content
Leaf water potential
Sugar/starch content
Nutrient content

l

Leaf

Net photosynthesis

Stem

Transpiration

Starch hydrolysis
Translocation of sugars
Translocation of water

Respiration

Translocation of nutrients

Mitosis

Cell differentiation
and elongation

Figure 1. Schematic diagram of the effects of the
pre-severance stockplant environment on the morphological
and physiological factors affecting rooting ability in
single-node, leafy cuttings via their influences on the
biochemical processes of their leaf and stem (*irradiance and
quality)

irradiance/low nutrient treatment were attributed
to the accumulation of starch in the cuttings
pre-severance (Leakey & Storeton-West 1992).

The importance of stockplant illumination is
further illustrated by other experiments with
constant irradiance but varying light quality In

T scleroxylon under artificial lighting, higher
rooting percentages (92%) were obtained at a
RFR ratio of 1.6, while lower rooting percentages
(53%) were obtained at a RFR ratio of 6.3
(Leakey & Storeton-West 1992). These results,
together with those on the effects of irradiance,
concur with results examining the varying rooting
ability of cuttings from different shoots within the
stockplant canopy (Leakey 1983). However, in
common with many other vegetative propagation
experiments in the scientific literature, no data
were collected on the physiological activity of
these various shoots. To hypothesise how these
treatments affected the physiological processes
and morphological condition of these shoots, it is
necessary to examine a more extensive data set



from similar experiments with Eucalyptus grandis
(Hoad & Leakey 1992) testing a wider range of
RFR ratios (including more natural ratios of RFR,
eg 0.4-1.3). In this more recent study, rooting
ability was related to treatment-induced changes
in leaf and stem morphology and to pre- and
post-severance gas exchange and carbohydrate
dynamics. In addition, pre-severance
photosynthetic rate per unit leaf area, chlorophyll
concentration, stomatal conductance and water
use efficiency increased with an increase in the
RFR ratio. The photosynthetic rate per unit of
chlorophyll was, however, greater at low R:FR
ratios, and there was a positive linear relationship
between the percentage of cuttings rooted and
the pre-severance photosynthetic rate per leaf.

As mentioned above, there are important
interactions between the light environment of the
stockplant and its nutrient regime. These
interactions have been demonstrated in

T scleroxylon as stockplant environment effects,
using controlled conditions and shade trees
above rows of stockplants in the field (Leakey &
Storeton-West 1992). Similar interactions have
also been demonstrated between the shoots of
stockplants with and without fertilizers (Leakey
1983). In both instances, the highest rooting

percentages occurred in shaded shoots from
plants with added fertilizers. The unrestricted
application of fertilizers is, however, not
recommended as, at very high fertilizer
applications, plants of Khaya ivorensis yielded
cuttings which suffered high mortalities. In this
case, mortalities due to rotiing were associated
with increasing reducing sugar and declining
starch contents of the leaves, during the period
of propagation (Tchoundjeu 1989).

Cutting origin

The physiology, morphology and subsequent
rooting potential of a cutting are also influenced
by:

e the position within a stem from which the
cutting originates (Leakey & Coutts 1989;
Figure 2); and

e the position of the shoot within the stockplant
canopy (Leakey 1983, 1985; Tchou.nd]eu
1989; Figure 3).

Cutting mortality can also be related to node
position in the shoot (Leakey 1983), suggesting
that the factors determining rooting and mortality
are inversely related and form some kind of
continuum.

LCutting origin within shoot

/N

Leaf size and structure Internode length
Leaf water potential Stem diameter
Nutrient content Secondary thickening
Sugar/starch content Lignification
Nutrient content
Sugar/starch content
Stem water potential

Leaf

Net photosynthesis

[2}
R m—
3

Transpiration

Translocation of nutrients
Respiration

Starch hydrolysis
Translocation of sugars
Translocation of water

Mitosis

Cell differentiation
and elongation

Shoot position within stockplant

N

Internode length
Lignification
Secondary thickening
Stem diameter
Stem water potential

Leaf area
Leaf structure
Stomatal density
Chlorophyli content

Leaf water potential

> Sugar/starch content Sugar/starch content
g Nutrient content Nutrient content
©
c
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Figure 2. Schematic diagram of the effects of cutting origin
within shoot on the factors affecting rooting ability in
single-node, leafy cuttings via their influences on the
biochemical processes of leaf and stem

Figure 3. Schematic diagram of the effects of the shoot
position within stockplant on the morphological and
physiological factors affecting rooting ability in single-node,
leafy cuttings via their influences on the biochemical
processes of leaf and stem
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Within a stem, there are gradients in:

* succulence,

e leaf size, age and morphology,

e leaf water potential (Leakey 1983), and
mutual leaf shading

which affect both the amount and quality of light
received by the leaves (Leakey & Storeton-West
1992), and consequently net photosynthetic rate

and stomatal conductance. In addition, there are

gradients in:

e stem morphology such as the extent of
secondary thickening and lignification, and
internode length (Leakey & Mohammed
1985), stem diameter and, consequently, stem
volume (Leakey, Dick & Newton 1992),

e starch and sugar content (Leakey & Coutts
1989);

e nutrient content (Tchoundjeu & Leakey 1993),
and, almost certainly,

e the content of plant growth regulators and
rooting co-factors.

The most important of all these factors in

T scleroxylon seems to be the effect of cutting
position on the internode length and diameter.
Together, these two variables result in variation
in cutting volume. From these results and those
of other species (see, for example, Hoad &
Leakey 1992; Dick, East & Leakey 1991), we
have developed the hypothesis that cutting
volume determines the capacity of a cutting to
store assimilates produced both pre- and
post-severance (cf Leakey & Storeton-West 1992).
Cuttings with a small stem volume may become
saturated with starch, which can inhibit
photosynthesis and consequently rooting.
However, an often overlooked aspect of the
carbon budget is the stem respiration rate, which
is influenced by the cutting’s size and its
environment (pre- and post-severance). To
‘examine the mean respiration rate of internode
tissue, a one cm section was taken from the
base of Prosopis juliflora cuttings with a range of
basal diameters (Dick, Blackburn & McBeath
1993). Using an oxygen electrode, the respiration
rate per gram dry mass of tissue was found to
decrease within sequentially more basal cuttings,
possibly as a result of the increased lignification
of older tissues. However, because of the larger
mass of these basal cuttings, the total respiration
for the whole 1 cm section of tissue (Figure 4)
was greatest in the cuttings with the largest
basal diameter. Thus, the larger mass of tissue in
the larger cuttings more than compensated for
their smaller respiration rate per unit mass. In
addition, the larger diameter cuttings had a
larger area of wound tissue which may also have
contributed to their increased respiration. These
results show that, compared with smaller
diameter cuttings, larger diameter cuttings have
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Figure 4. Total respiration rate of the basal 1 cm section of
Prosopis juliflora cuttings measured at the time of severance,
using an oxygen electrode (source: Dick et al 1993)

greater total respiratory/metabolic activity at their
basal (wounded) end. This feature may contribute
to the increased rooting potential of large
diameter cuttings (Dick, Dewar & Leakey 1992).

Between shoots there are variables that affect
rooting which are similar to those environmental
factors affecting the whole stockplant, except that
they are associated with the microclimatic
environment of the individual shoot. As in the
whole plant, the interactions between light
(quality and quantity) and nutrient availability
seem to be particularly important (Leakey 1983),
presumably mediated by effects on shoot
morphology and gas exchange. Cuttings from
basal shaded shoots of T scleroxylon stockplants
given added nutrients have a high rooting ability.
In addition to these microclimatic effects, there is
also inter-shoot competition, which is related to
the number of shoots on the stockplant and to
their position within the dominance hierarchy
between shoots (Leakey 1983). In smalil

T scleroxylon stockplants (height 0.5 m), higher
rooting percentages were associated with cuttings
from the top shoot, and progressively declined
with each shoot down the plant. In larger plants
(ie 1.5 m), rooting percentages of cuttings from
the upper shoots were low and those from basal
shaded shoots were relatively high. In Lovoa
trichilioides, another West African hardwood
species, rooting percentages of cuttings from
basal shoots were highest, even in small
stockplants (Tchoundjeu 1989). The rooting ability
of these cuttings from different shoots also
depended on how many shoots there were per
stockplant.

From this examination of the effects of cutting
origin and stockplant environment, it is clear that
the physiological and morphological condition of



the cuttings at the time of severance from the
stockplant is very important, and that, even in
small, ‘juvenile’ plants, rooting ability can range
from 0-20% in unsuitable material to 80-100% in
suitable material. It is also clear that, as
stockplants get bigger and more complex, it
becomes more difficult to obtain shoots in a
physiological/morphological condition that confers
good rooting ability. This loss of rooting ability is
frequently attributed to the loss of juvenility (ie
attainment of sexual maturity or ontogenetic
ageing). Numerous experiments have
demonstrated this loss of rooting ability, but they
have all been confounded by the many other
changes that occur as plants grow bigger and
more complex (Leakey 1985). There is, therefore,
no good evidence from in vivo studies that
sexual maturation per se affects- rooting ability,
although there are currently some studies from in
vitro culture that suggest that there are events in
vitro which apparently 'rejuvenate’ plant tissues
(Jones & Webster 1989). As yet, there is no
understanding of what these events are or how
they are mediated. For the moment, therefore, it
seems most appropriate to indicate (see

Figure 3) that the effects of ontogenetic ageing
on the rooting process are not known. What is
clear is that physiological ageing, as manifested
by the physiological and morphological condition
of the cutting, does have major effects on the
success of vegetative propagation programrmes
(Leakey et al. 1992).

| Post-severance treatment |
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Figure 5. Schematic diagram of the effects of post-severance
treatment on the morphological and physiclogical factors
affecting rooting ability in single-node, leafy cuttings via their
influences on the biochemical processes of leaf and stem

Post-severance treatments applied to the
cuttings

The rooting of cuttings is influenced by the
application of a number of post-severance
treatments (Figure 5). The most common
treatment is application of an auxin Tooting
hormone’. Auxins often hasten rooting, increase
the percentage of cuttings rooted, and Increase
the number of roots formed. However, the resulis
of even this most commonly applied treatment
are subject to considerable variation, because of
the interactions with the factors listed previously
(Newton et al. 1992). Other post-severance
factors which influence rooting include leaf area,
which is often reduced to minimise water
deficits. Evidence from a number of species
suggests that there is an optimum leaf area, as a
compromise between having a large enough leaf
to produce assimilates and a small enough leaf
to minimise water loss (Leakey & Coutts 1989).
In T scleroxylon and several other species, the
optimal leaf area is about 50 cm? (Leakey 1985).
However, in L. trichilioides and Khaya ivorensis,
about 200 cm? and 20 cm? respectively have
been shown to be optimal, under the conditions
tested (Tchoundjeu 1989). In contrast, other
species which root easily have displayed no
tendency towards an optimum leaf area (Leakey
1990; Newton, Muthoka & Dick 1992). In
small-leaved species, the optimal leaf area can
perhaps only be achieved by retaining more
than one leaf per cutting and thus more than
one node, but there is some evidence that there
are interactions between cutting length and the
numbers of leaves and nodes.

Cutting length is another variable that can be
manipulated at the time of severance. The effect
of stockplant/shoot environment on cutting length
and volume has already been discussed.
However, it is not often realised how trimming a
cutting to a standard length rather than accepting
natural variation in internode length affects the
cutting volume (Leakey et al. 1992). Standardising
cutting length has the advantage that all cuttings
can be inserted into the medium to the same
depth and also have their leaf held at the same
height above the cutting medium, which can be
important for cutting survival (S P Hoad &

R R B Leakey, unpublished). As cutting diameter
usually increases down a shoot, taking
constant-length cuttings usually confers an
advantage on more basal cuttings as their stem
volume is greater. In contrast, taking cuttings of a
constant number of nodes may result In an
advantage to apical cuttings, if their greater
length exceeds the effect of cutting diameter on
cutting volume (Leakey et al. 1992).

It may sometimes be necessary to store cuttings
prior to insertion in the propagator, particularly if
they are collected from the field at some

distance from the propagation unit. Rooting ability
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declines with increased storage time, and may
also be mfluenced by storage temperature. In

T scleroxylon, storage for 24 hours in an
insulated box (18-23°C) had no effect on rooting,
but, after 72 hours’ storage, rooting percentages
were significantly decreased (Njoya 1991).

The propagation environment

Successful propagation of leafy cuttings is
dependent on the maintenance of suitable air
and leaf temperatures, irradiances and leaf/air
vapour pressure deficits (VPDs) during
propagation (see review by Loach 1988b). Leafy
cuttings are vulnerable to desiccation during
propagation, particularly prior to root
development and when VPD is high. The primary
effects of water deficits are lower leaf and stem
water potentials and the consequent inhibition of
physiological activity, and of photosynthetic rate
in particular. The association of low leaf water
potentials with low rooting percentages has been
llustrated by Loach (1988a) and Newton and
Jones (1993b). .

Although many authors have suggested that
current assimilates are important for rooting,
thete have been relatively few studies that have
actually measured photosynthesis and
transpiration during the rooting process (see
review by Davis 1988). Recent studies have
shown that many tropical tree species actively
photosynthesise and transpire prior to root
formation, supporting the suggestion that gas
exchange during propagation is one of the
critical factors influencing rooting (Leakey &
Storeton-West 1992: Newton, Muthoka & Dick
1992; Newton et al 1992; Newton & Jones
1993b; Hoad & Leakey 1992; Mesén, Leakey &
Newton 1992; Mesén 1993). In Terminalia spinosa,
mean photosynthetic rates of 2 umol m? s and
a maximum rate of over 6 umol m? s were
recorded in a non-mist propagator prior to root
development. These photosynthetic rates were
associated with rooting percentages of over 80%;
the rate at any given time was found to be
strongly dependent on stomatal conductance and
irradiance (Newton et al 1992b). Transpiration
rates of 0.002-0.007 g H20 cm? h7! were
recorded in cuttings of Cordia alliodora,
depending on the rooting medium (Newton,
Muthoka & Dick 1992; Newton et al 1992), and
stomatal conductances in the range 0.1-1.4 cm
s were recorded for four species in both mist
and non-mist propagation systems (Newton &
Jones 1993b). The contrasting effects of
irradiance on VPD, photosynthetic activity and
cutting water relations will determine the
optimum leaf area of the -cutting, and the shading
regime to be employed during propagation
(Newton & Jones 1993a, b).

Apart from influencing VPD, air and bed
temperatures in the propagator also influence the
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rates of all the processes directly (Figure 6),
particularly in metabolic processes such as
starch mobilisation, respiration, mitosis and cell
differentiation. Some species display clear
temperature optima in terms of rooting. For
example, from a range of 20-38°C, an optimum
bed temperature of 29-31°C was identified in
T scleroxylon, at an air temperature of 25-30°C
(Leakey, Chapman & Longman 1982). The
relationship between air, leaf and bed
temperatures is generally considered to influence
the relative activity of the different parts of the
cutting, and may account for shoot growth prior
to root formation during propagation.

Application of nutrients during propagation may
also facilitate root development (see review by
Blazich 1988), by influencing photosynthetic rate
and other metabolic processes. Nutrient
application may be particularly beneficial in
slow-rooting species under mist propagation
systems, where nutrient leaching from the cutting
can be a problem. Foliar nitrogen concentration
is particularly influential in determining
photosynthetic rate, and nitrogen is also
important for starch mobilisation and other
metabolic processes.

Variation in ambient COz concentration of the air
surrounding the cuttings may also influence
rooting, primarily by its effect on photosynthetic
rate and dry mass accurnulation (Davis & Potter
1983). In non-mist propagators, COg
concentrations have been found to vary diurnally
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Figure 6. Schematic diagram of the effects of propagation
environment on the rooting ability of single-node, leafy
cuttings via their direct influences on the biochemical
processes of leaf and stem (lirradiance and quality; ypD,
humidity, moisture content of medium, air/water ratio of
medium)




between 150 and 550 pmol mol ™! (Leakey et al.
1990; Matin 1989; Newton & Jones 1993a), which
may be expected to have a major effect on
photosynthetic activity.

The rooting medium determines the amount of
water and air available to the base of the
cutting, which will influence the rates of
transpiration and respiration respectively, as well
as the other metabolic processes in the cutting
base. The effect of different concentrations of
indole-3-butyric acid (IBA) on rooting of
Bombacopsis quinata and Vochysia hondurensis
has been found to interact with the type of
rooting medium utilised (Newton ef al. 1992).

Genetic variation

Different species and clones vary in their
physiological and morphological characteristics. It
is likely, therefore, that much of the genetic
variation in rooting success can be attributed to
the interactions between the above processes
and factors influencing rooting. In this connection,
there is increasing evidence for the role of
genes which encode enzymes involved in the
biosynthesis and metabolism of the auxin
indole-3-acetic acid (Blakesley & Chaldecott
1993).

SUGGESTIONS FOR EXPERIMENTAL
APPROACHES TO UNDERSTAND THE
MECHANISMS OF ROOTING

For research projects aimed at optimising rooting
for a given species, it is necessary to conduct
an experimental programme. Ideally, this '
programme should involve the following
strategies, although it is recognised that the ideal
situation is rarely achieved in practice.

Experimental analysis and design

All experiments should obviously follow standard
experimental design practices and be well
replicated. The minimum number of cuttings per
treatment or clone/treatment interaction should be
40-60. The major difficulty with analysis is that
either a cutting roots or it does not, and thus
there are only two possible outcomes, giving a
binomial distribution. With moderate numbers of
replicates, it may be possible to use standard
ANOVA or regression procedures on either the
raw data or a transformed data set, but care is
‘needed and the validity of various assumptions
must be tested. Alternative approaches involve
either the contingency table approach using xz
tests, although these results can be difficult to
interpret, or use of a generalised linear model
with its associated analysis of deviance, which
requires more specialised computing software.

Depending on the chosen technique of analysis,
an appropriate experimental design should be
adopted. Ideally, cuttings should be blocked in

the propagator according to the spatial variation
in the propagation emnvironment, which may be
pronounced (Newton & Jones 1993a). Treatments
should be replicated across all blocks and
randomised within a block, following standard
practice. Other sources of variation should ideally
also be randomised within each block, but
frequently this is impracticable. For example,
cuttings from a single shoot may be most easily
laid out in node order rather than fully
randomised with respect to node position.

A number of recent studies (Leakey &
Storeton-West 1992; Hoad & Leakey 1992) have
demonstrated that, if the experimental analysis is
limited to the overall effect of treatments, a great
deal of the variation in rooting may remain
unexplained. By accounting for the variation
attributable to node position, for example, more
information on different processes is often
obtained (Dick et al 1991; Dick & East 1992). If
the experiment also includes destructive harvests
taken at different times during propagation, i
additional information on the dynamics of
different processes may be obtained. For
example, studies of the carbohydrate dynamics
in T scleroxylon have demonstrated that there is
no relationship between scluble carbohydrate
content at insertion (day 0) and subsequent
rooting, but a strong relationship between soluble
carbohydrate content at day 28 and rooting at
day 42 (Leakey & Coutts 1989). Destructive
harvests of this sort obviously increase the
numbers of cuttings required per treatment.
These harvests can and should ideally be
associated with non-destructive assessments of
physiological variables (gas exchange, respiration,
chlorophyll fluorescence, etc), as an
understanding of the dynamics of these
processes is fundamental to understanding the
achievement of successful rooting.

Control of variation

In any given experiment, some variables will be
manipulated, whereas others will either be
controlled or simply measured. Any variables
which cannot be controlled should be measured
and reported. The variables which should be
noted include all the factors which may influence
rooting ability as outlined above, eg leaf area,
stem length and diameter, node position, number
of nodes, number of leaves, leaf shedding,
changes in leaf colour, genotype, propagation
environment, pre-severance environment,
physiological age, chronological age, ontogenetic
age, shoot number and position, nutritional status,
etc. Although it is recognised that practical
limitations will restrict which variables can be
measured, experimenters should be aware of all
the potential sources of variation in rooting
ability, and should seek to control or record
them as far as possible.
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Modelling adventitious root development

As rooting is influenced by so many nteracting
factors, there is a need for process-based
models as a tool to understanding. To -date, a
model has been constructed which describes the
development of root structural dry matter from
pre-formed initials, as well as the dynamics of
sugar and starch pools within the cutting during
the rooting process. This model (Dick & Dewar
1992) was constructed on the basis that the
folowing previously mentioned factors were
positively correlated with rooting: (i) respiration
rate at the base of the cutting; (i) labile sugar
content, rather than total carbohydrates; and (iii)
post-severance photosynthetic rate of the cutting.

The leafy softwood cutting is considered to have

three structural compartments: leaf, internode and

root, but can easily be adapted to include a
growing shoot or to be a leafless hardwood
cutting. A leafy softwood cutting is represented
(see Figure 7) by boxes (i) and (i) and defined
by six dynamic variables: the soluble sugar
pools (mg sugar) in the leaf (Lsg), internode
(Isg), and root (Rsg); the starch pocls (mg starch)
in the leaf (Lst) and internode (Ist); and the
structural dry matter pool (mg structural dm)_1
in the root (Rx). If, as in Cordia alliodora (Mesén
1993) or Prosopis julifiora (Dick et al. 1991), the
cutting produces a new axillary shoot during
propagation, this can be represented by the
addition of an additional box (iil). In this case,
the bud has a dry matter pool (Bx) which
competes for sugars with the new root (Rx). In
both these cases, the leaf and internode
structural dry matter pools (Lx and Ix
respectively) are held constant in the model. In
the case of hardwood cuttings (which can be
represented by box ii, with or without box iii;
see Figure 7), the dynamic variables are the
same as for the softwood cutting with a growing
shoot, except that the leaf sugar and starch
pools are omitted. Given the initial values of the
dynamic variables at severance ({=0), the model
simulates the development of root initials, and
rooting is said to have occurred when the root
structural dry mass reaches a threshold (x mg).

As explained earlier in this paper, many factors
influence the processes that determine rooting.
As an example of the situation when structural
root growth is limited by the amount of sugar
reaching the cutting base, the output of the
model has been parameterised with published
data for single-node cuttings of Triplochiton
scleroxylon (Leakey & Coutts 1989), with leaf
areas of 10, 50 or 100 cm?.

To calibrate the model in the absence of
measured rates of photosynthesis, respiration and
sugar transport, physiologically reasonable
parameter values were assumed (Table 2). These
values were taken to be the same for cuttings

80

Figure 7. Schematic diagram of the rooting model. Box (i)
represents the leaf, (ii) the internode and rooting zone, and
(iii) a growing bud or shoot. Solid boxes represent the
dynamic starch (st), sugar (sg) and structural dry matter (x)
pools. Arrows represent fluxes of sugar assimilation (A),
starch/sugar interconversion (1), sugar transport (T), root sugar
utilisation (U), root structural growth (G), internode
maintenance respiration (Rm) and root growth respiration (Rg)

Table 2. Parameter values and initial values of state variables
used to simulate the root development of single-node leafy
cuttings of T. scleroxylon, for three different leaf areas
(source: Dick & Dewar 1992)

Leaf area (sz)
10 50 100

Parameters

gi Leaffinternode conductance 150 180 180
(mg structural dm d'l)

gr Internode-root conductance 150 150 150

ix Internode structural dm (mg) 300 300 300

k1 Starch/sugar conversion 0.0001 0.0001 0.0001
coefficients (d_l)

ke ¢ " 0.03 0.03 0.03

ka “ " 0.0001 0.0001 0.0001

ke ¢ " 0.05 0.08 0.05

Y Root growth efficiency 05 05 0.5

u  Utilisation constant (d"l) 10.0 10.0 10.0

oi Specific internode respiration rate 0.0 0.0 0.0
[10_3 mg sugar g
(mg structural dm)'l]

o1 Specific leaf photosynthetic activity 8.0 9.4 4.1
[10‘3 mg sugar d‘l(mg structural
am)™) :

Ix Leaf structural dry matter (mg) 300 500 700

Initial values of state variables (mg)

isg Internode sugar 9.9 9.9 9.9
i Internode starch 10.8 0.8 108
lsg Leaf sugar 3.9 6.5 9.1
lss Leaf starch 0.3 0.5 0.7
Isg Root sugar 0.033 0033 0.033
rx Root structural dry matter 1.0 1.0 1.0




with 10, 50 and 100 cmz, except for the specific
leaf photosynthetic activity (o1) which was
derived, such that 50% rooting occurred after 24,
19 and 28 days for cuftings with 10, 50 and

100 cm? leaf areas respectively, as in Leakey
and Coutts (1989). The resulis of this simulation
suggest that the 10 cm? leaves were
predominantly area-limited, while the 100 cm2
leaves were predominantly limited by
photosynthetic rate per unit area. This finding is
consistent with the observation by Leakey and
Coutts (1989) that 50 cm? was optimal for
rooting and that assimilation rates were limited
by low leaf water potential in cuttings with leaf
areas of 100 cm?.

This example serves to show that the model
provides a framework for examining the role of
factors known to affect rooting. As a further
illustration, if an increasing range of specific
internode respiration rates is used in the model,
rooting In a cutting with a leaf area of 50 cm? is
progressively delayed until the root sugar pool
declines to zero, at which point further increases
in respiration rate result in cufting mortality

(Table 3).

Table 3. Predicted time of rooting or death of T scleroxylon
cuttings with leaf area 50 cmz, for various values of the
internode respiration constant, 6;. All other parameters and
initial values of state variables are as given in Table 2
(source: Dick & Dewar 1992)

Internode respiration constant
[10_3 mg sugar q!

0 Days to Days to
(mg structural dm) ] rooting death
0 19 -
5 26 -
10 46 -
13 137 -
14 576 -
14.3 - 35
14.4 - 19
145 - 13
15 - 5
20 - 2

As already mentioned, the model, like all
mechanistic models, makes various assumptions.
So far, the only assumption tested is that the rate
of respiration at the base of the cutting (rooting
zone) is higher than that of the stem above it
(Dick et al. 1993) This study confirmed this
assumption and suggests that a concentration
gradient is created which drives sugar transport
basipetally The measurements also supported
one of the predictions of the model: during the
formation of callus and new roots, the respiration
rate at the base of the cutting increases with
time (Dick et al 1993).

In summary, the model provides a potentially
useful framework for: (i) the design and

interpretation of rooting experiments on a
whole-cutting basis, and (ii) understanding the
mechanistic control of adventiious rooting. With
further development and a better understanding
of the interactions between carbon, nutrients and
water, we hope that it will be possible to use
the model to improve stockplant management
and achieve more predictable and sustained
rooting during mass propagation. However, it is
already clear, from the experience of developing
the model, that there may be several contrasting
sets of conditions that will give acceptable
protocols for commercial vegetative propagation,
depending on whether the stockplants and
cuttings are managed in a way that makes them
dependent on stored reserves or current
assimilates.

PRACTICAL IMPLICATIONS

In situations where a full-scale research
programme is inappropriate, the propagation of
an undomesticated species may be approached
by considering a limited number of key factors.
These include leaf area, cutting length, auxin and
propagating conditions (eg Tchoundjeu & Leakey
1993). As a starting point, cuttings should be
5-10 cm in length, with a leaf area reduced by
50% and an applied auxin concentration of
0.2-0.4% IBA in a solution of alcohol, or in the
form of a commercial rooting powder. Cuttings
should be inserted to a depth of 15-25 mm in
the rooting medium, ensuring that the leaf does
not touch the medium surface, and that the
medium at the cutting base is not waterlogged.
The rooting medium should consist of an inert,
well-aerated moisture-retaining substrate, such as
mixtures of fine gravel, sand or rotted sawdust.
The propagator should be shaded to about 25%
of full sunlight in order to keep the propagators
as cool and as humid as possible and yet
provide enough light for the promotion of
physiological activity.

In any propagation programme, the reasons for
lack of success may be difficult to ascertain, as
so many factors influence rooting. From the
above, it should be clear that the provision of a
good rooting environment and the application of
standard post-severance treatments are relatively
easy and likely to result in a good measure of
success. However, the commonest problems
associated with vegetative propagation are those
caused by inappropriate stockplant management
or the unsuitable physiological state of the
material to be propagated. To sustain good
rooting over many cutting harvests and several
years will require (i) much greater understanding
of stockplant management in order to maintain
stockplants in a good physiological condition,
and (ii) a knowledge of how to manipulate
rooting ability by pre-severance conditioning. We
hope that, in due course, the mechanistic model
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will be of practical use for this task. This need
to sustain physiological youth, which is often
confused with the retention of juvenility; is »
perhaps the most difficult aspect of vegetative
propagation. It is important to improve our
understanding of these ageing phenomena
(Leakey et al 1992).
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ABSTRACT

The breeding of non-industrial trees is a relatively new science involving many species and multiple traits, sites and management
practices. Most tree improvement programmes, especially in the tropics, will therefore have to deal with large arrays of
germplasm which cannot be managed efficiently with traditional breeding approaches. To conserve and utilise genetic resources,
strategies are needed to ensure efficient sampling, avoid inbreeding depression, exploit heterosis, develop the potential of cloning,
manage the large arrays of taxa and accessions, and use genotype/environment interaction in a framework that does not restrict
future options.

Efficient sampling, proficient breeding and cumulative gains can only be achieved if there is a good understanding of natural
breeding systems and reproductive biology, yet these remain undetermined for many multipurpose trees. Estimates of inbreeding
depression have also been lacking, and this has prevented breeders from risking high selection intensities to capture maximum
genetic gain in advanced generations. The consequences of severe inbreeding depression for industrial and non-industrial species
are disparate, and considerable discernment is required to balance risks versus gains.

Spectacular improvements in growth rate have come from the heterosis expressed by species hybrids. These advances have been
translated into increases in productivity of plantations through the development of operational cloning techniques. Breeding to
capitalise on these often unpredictable advances must be accomplished by adopting strategies to manage the large arrays of
taxa and accessions that hold further potential and, at the same time, avoid reliance on too few clones.

For species where recurrent selection is operative, multiple population breeding strategies are described which assist in the
utilisation and conservation of tropical tree germplasm. Analogous concepts apply to improved material of non-industrial species
that is released to small-scale farmers, given the likelihood that they will collect their own seed in the future, thus developing

local landraces.

INTRODUCTION

Breeding of industrial forest trees began in
earnest in the 1950s with Pinus species. Pines
are analogous to maize in that they are both
outcrossing, wind-pollinated species in which the
traits of greatest economic importance are
quantitative and under multigenic control.
Therefore, it was a logical progression for
traditional strategies developed for
cross-pollinating agricultural crops to be used for
their genetic improvement, albeit for species with
largely inflated generation intervals and
contrasting population structures. Through a
strategy of recurrent selection for general
combining ability (gca) and seed production from
progeny-tested clonal orchards, average gains of
around 20% in volume production alone were
accomplished in the first generation of selection

In many programmes.

The potential to increase productivity of
plantation trees by selection among natural
populations was also firmly realised in the 1950s.
A profusion of provenance trials has subsequently
been established which demonstrated for a
number of species that improved adaptability
and even greater increases in productivity may
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be available from reselection in the natural range
(Mullin, Barnes & Prevost 1978). This
development has resulted in a crucial need for
strategies to manage a plethora of potentially
valuable material and to retain the option to
include that material in the initial breeding
populations.

The improvement of non-industrial trees is a
newer science involving many more species (see
Simons, MacQueen & Stewart, pp91-102). The
taxonomy, distribution, genetic variation and
reproductive biology are unknown for many of
them. The demands of beneficiaries of '
Improvement programmes of non-industrial trees
will be far more diverse than those of industrial
species in terms of the traits of interest, the sites
for planting and the flexibility of management.

Most tropical tree improvement programmes, both
for industrial and for non-industrial tree species,
will therefore have to deal with large arrays of
germplasm of several species. This is quite a
different situation from agricultural crops, where
one breeder or a single organisation usually
deals with better characterised material of far
fewer species. It has become clear that, in many
cases, forest tree germplasm cannot be managed



efficiently with traditional breeding approaches to
produce the genetically improved material
required by a wide range of clients. To conserve
and utilise this resource, strategies are needed to
ensure efficient sampling, avoid inbreeding
depression, exploit heterosis, develop the
potential of cloning and use genotype/
environment interaction in a framework that does
not restrict future options.

SAMPLING

Experience with industrial trees has shown that
there can be economically significant intraspecific
population differences in the natural range of a
species. In some cases, this knowledge has
come from provenance frials planted long after
the breeding programme has started. For
example, Pinus taeda was introduced into
southern Africa at the beginning of the century,
probably from a Georgia Piedmont source, and
breeding of the resulting landrace has produced
substantial increases in productivity. Rangewide
provenance trials, however, have subsequently
shown that some of the southernmost
provenances from Florida have the ability to
outproduce the bred material in volume, although
stem form is unacceptable Mullin et al 1978).
International provenance trials of P caribaeg var.
hondurensis have revealed the Guanaja Island
population not only to be among the highest
volume producers, but also to have a wood
density approximately 10% higher than the
-mainland provenances (Barnes, Gibson & Bardey
1983). In addition, these trials have demonstrated
the superior wind-firmness of the coastal sources
(Birks & Barnes 1990).

International provenance trials also identified a
subspecies of P patula, previously unrecognised
and untested, that will have a profound effect on
the productivity and exotic range of that species
in the tropics and subtropics (Barnes & Styles
1983). Moreover, in P patula, provenance trials in
southern and eastern Africa have shown the
Zimbabwean landrace to have superiority over
native provenances in its tolerance of the pine
woolly aphid (Pineus pini) after the latter's
inadvertent introduction from Australia (Barnes et
al. 1976). Such provenance differences, however,
are not restricted to the pines. For example,
Eucalyptus camaldulensis was used for nearly 100
years in southern Africa before provenance trials
"showed the great superiority in productivity, stem
form and drought tolerance of some of the
hitherto untested natural populations from
northern Australia, such as Petford and Katherine
(Barrett & Carter 1976).

- These examples highlight the need to ensure
that provenances over the full natural and exotic
range of a species are effectively sampled before
the breeding populations are closed by the gap
created by a number of generations of selection.

They show that a strategy is required to maintain
and develop new material to a point where it
can contribute its potential fo the propagules for
operational use, and that variation should be
conserved in the breeding population to meet
unpredictable events.

Trees for non-industrial use will often include
species that are not naturally gregarious. They
are likely to have much more varnable population
structures than the traditional plantation species,
which normally occur naturally as dense stands,
and this variability will affect sampling,
domestication, breeding and conservation
strategies profoundly. Logically, therefore, classic
breeding should not be started before the
natural breeding systems are properly
understood. For instance, several legumes
disperse their pollen in aggregates of 8, 16 or
even 32 monads; thus, seed from individual pods
are likely to be full-sibs (eg Calliandra
calothyrsus).

If it is accepted that for most non-industrial tree
species there will be little advanced generation
breeding and that farmers will ultimately derive
their seed requirements from their own or
neighbours’ fields (see Simons et al, pp91-102),
then the correct choice of base population
becomes even more critical. Consider the
scenario where population A produces a yield of
130 units relative to the mean of all other
populations (100), and is chosen for multiplication
and release. When it is grown In a seed
production area with moderate selection, the
seed produced will feasibly have the potential of
145 units of production. When released, this
material would spread throughout rural
communities, largely by farmerto-farmer diffusion
mechanisms (Cromwell 1990). Meanwhile, further
exploration of the native range reveals a new
population (B) with a 170 unit production. Even if
population A underwent recurrent selection, it
would take three or four generations to attain the
production of population B at the expense of a
narrowing of the genetic base. Depending upon
the rate of uptake of population A (in terms of
numbers of farmers and proportion of their land
cultivated), and the saturation level for the
species in an area, the release of population B
(even immediately in an unimproved state) may
have little effect. This situation would occur even
if farmers later collected seed from trees of
population B only, because of contamination by
pollen of population A. Furthermore, there may
even be reduced vyields, owing to the negative
effects of creating population hybrids.

INBREEDING

Inbreeding in cross-pollinated species almost
invariably leads to a loss of vigour and fecundity.
As most of the industrial tree species under
genetic improvement are outcrossing and single
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undifferentiated breeding populations have been
the norm, breeders have been concerned to
keep co-ancestry to low levels, not only in the
seed orchards but also in the breeding
populations themselves. This fact may have
prevented the full potential genetic gain being
passed on to operational clients; the gain
achieved through higher selection differentials in
the early generations is unlikely to have been
nullified by inbreeding depression. The materials
and mating designs to estimate inbreeding
effects ndependently from gca are readily
available in many programmes, but, surprisingly,
the experimental work has rarely been done.

Selfing is the most extreme form of inbreeding.
There are advantages in using selfing both to
test and to recombine genotypes. It conserves
the effective population size, does not increase
co-ancestry, does not dilute valuable gene
complexes, can be used for recombination, and,
theoretically, can rank parents precisely (Lindgren
1991). The problems are that it is common for
self-fertility, seed yield and seedling survival to
be low when outcrossing industrial tree species
are inbred. For these reasons, selfing has rarely
been used by tree breeders, although there are
instances of self-fertility and outstanding
performance of selfs and of the latter being
positively correlated with gca, eg with Pinus
elliottii in Zimbabwe (Mullin et al 1978).

There is clearly a need for tree breeders of
industrial species both to be released from the
fear of the consequences of inbreeding
depression, so that they can be more
adventurous in using high selection differentials,
and to explore the possibility of developing
inbred lines through selfing and establishing
homozygous balance in subpopulations, so that
they can enhance the prospects of achieving
large heterotic effects.

HETEROSIS

Heterosis at the species hybrid level has been
responsible for the greatest genetic ncreases in the
productivity of plantations. They have been most
spectacular among the Eucalyptus. Most hybrids
have nitially been produced by chance when plots
of two species whose natural distributions do not
overlap have been grown close to each other as
exotics, eg E. grandis and E. urophylla in Brazil
(Campinhos & Ikemori 1989). An added condition is
almost invariably that the hybrid exhibits heterosis
only in a hybrid habitat' (ie in an environment
where neither of the parent species is generally well
adapted), eg E. grandis x E. tereticomnis in the
Congo (Delwaulle, Laplace & Quillet 1980), or
where the hybrid tolerates a single factor in the
environment that is limiting for both parent species,
eg cyclone in the case of P caribaea var.
hondurensis x P patula ssp. tecunumanii (Nikles
1989; Nikles & Robinson 1989).
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The potential to increase productivity with other
species hybrids is enormous in Eucalyptus (eg to
introduce cold tolerance into some of the
fast-growing tropical species), Pinus (eg within
the closed-cone pine group o extend the range
at present covered by P patula), and in many
other genera, particularly those of some
non-industrial trees such as Leucaena and Acacia.
There is evidence that those individuals with
highest gca within species combine to give the
best hybrid families. There is, therefore, an
advantage in selecting to improve the breeding
population genotypes of potential hybrid parent
species. One current constraint to hybrid
breeding is the labourintensive controlled
crossing required, although, with recent advances
In identifying male sterility genes which function
In heterologous species, there exists the potential
to render one of the parental species male
sterile, and thus form an ideal seed parent for
natural hybrid crosses.

The potential of interspecific hybrids for
non-industrial species is compromised by the
likely collection of seed by farmers for their own
use, and the need for broadly based planting
stock. Hybrids are being promoted in the genus
Leucaena to combine growth vigour of L.
leucocephala with the acid tolerance or insect
resistance of L. diversifolia (see Brewbaker &
Sorensson, ppl95-204). To fix gene frequencies
for desirable traits and to prevent segregation in
later generations, breeding populations are
having to be taken to the F4 and beyond. The
high selection intensities being employed,
however, are narrowing genetic diversity in this
hybrid, thus making the material more vulnerable
to environmental disasters and perhaps restricting
its management and environmental flexibility.
Without complementary mating tests to
determine genetic correlations, there also
remains the possibility that other characters are
being selected against. The occurrence of sterile
triploid interspecific hybrids in Leucaena
circumvents problems of segregation or fixation,
but would tie the resource-poor farmer to
returning to the releasing agency each time for
new seed.

Although the value of interspecific hybrids has
been confirmed for many species, there are
conflicting results on the performance of
inter-provenance ‘hybrids’. In Pinus radiata, a
population composited from two provenances
outperformed the parental provenances by 20%
in volume at seven years of age (Shelbourne: et
al. 1979). Several authors conclude that hybrid
provenances are usually intermediate between
parents, as found in Picea abies (Huhn & Muhs
1981), Pinus sylvestris (Parks & Gerhold 1986)
and Pinus banksiana (Magnussen & Yeatman
1988). Such results have led workers to consider
hybrid provenances as a way of combining



desirable traits uniquely present in only one of
the parental provenances. Ericsson (1975) related
the character-specific nature of heterosis in Picea
abies, where positive effects were seen for
volume, yet negative effects were seen for insect
resistance.

Whether or not it is possible to predict a
heterotic response when combining two or more
provenances, the compositing of provenances of
non-industrial species may be inevitable, given
the multiplicity of organisations involved in the
testing, promotion and release of these species.
Compositing of provenances could arise because
farmers will collect future seed from trees in
their own or their neighbours' fields. The
question arises as to how much provenance
compositing should be actively discouraged, or,
alternatively, how much it should be promoted.
Despite the label multipurpose’, most
non-industrial trees are grown for a single
purpose, and the additional products or benefits
are viewed as bonuses. Therefore, a
wood-producing provenance may not be
compatible to composite with a leaf-producing
provenance, as the benefits of either may be
compromised. Alternatively, it may be possible to
combine characteristics such as tolerance of soil
acidity with high growth rates by mixing
provenances with these attributes.

When improved germplasm is to be released
where the material already occurs naturally,
further thought must be given as to whether the
improvements will survive many generations
before the mixing with wild germplasm makes
the improvements redundant. One such case is
with Sesbania sesban, where the International
Centre for Research in Agroforestry (ICRAF) is

planning to test and release new provenances in -

Africa (D Boland, ICRAE Kenya, personal
communication; see also Owino, Oduol & Esequ,
pp205-209). The success of these efforts will rely
upon being able to monitor the dilution of
improved material. For instance, it may be that
farmers can carry the improved germplasm
through three or four generations before needing
to resort back to pure stocks. A current study to
investigate the breeding system and floral
phenology is underway to resolve these issues.
For species where vegetative propagation is a
possibility, such concerns do not arise.

CLONING

The huge increases in plantation productivity
offered by species hybrids have been made
operationally possible through the development
of new techniques of vegetative propagation by
cuttings both in pines and in eucalypts. In fact, it
has been the development of this facility for
species that were hitherto considered not to be
clonable that has been the significant
technological breakthrough, not breeding. Many

hybrid clones in use, particularly among the
eucalypts, remain those that have been
produced, often by chance, between unselected
parents. Breeding for yield within the parent-
species populations should bring with it the
potential for cumulative increases in yield from
the hybrids. There are, however, indications that
the correlations between yield of the ortet and
that of its ramets are poor (eg in Eucalyptus
grandis, P A Clegg, SAPPI Research, South Africa,
personal communication). Is it possible that yield
in the ramets may be more dependent on the
genetic capacity of the individual to produce an
efficient root architecture in its clone? Better

‘correlations may be found between yield and

some rooting trait, or between juvenile and
mature characteristics (see Ladipo et al,
pp239-248). If such correlations are found, then
some form of reciprocal recurrent selection will
offer the prospect of cumulative genetic gains in
yields from hybrids in the future. If such
correlations are not found, identifying a sufficient
number of good clones will rely upon the
continuous screening of large numbers, gains will
not be cumulative, and a point may be reached
where it is no longer profitable to look for
further increases in yield.

Foresters continue to debate the wisdom of
releasing few versus many clones to capture

.optimal gains for industrial tree species. The

arquments about susceptibility to environmental
(biotic or abiotic) disasters with few clones apply
more rigorously to non-industrial trees, given the
risk averseness of small-scale farmers and their
desire to maximise stability of production rather
than production per se. The consequences of
clonal effects on number of cuttings produced
per year may be a climax clonal population
based on a few clones. In Gliricidia sepium,
number of stems is under strong genetic control
and, after coppicing, there is a high correlation
with number of resprouts. Similarly, the number
of resprouts in each successive coppice is highly
correlated with original stem numbers. Therefore,
after ten generations of vegetative propagation of
clones which produced two, three, four and five
resprouts per generation, the population would
consist of 1024, 59 049, 1048 576 and 9 765 625
cuttings per clone, respectively These figures
correspond to 0.01%, 0.5%, 10% and 89%
representation of the population, respectively To
mitigate against these effects, it would be
necessary to release hundreds or thousands of
clones rather than the tens being released for
industrial trees.

Cloning is and will continue to be used for
non-industrial trees for a great variety of reasons.
Foremost is the ability to capture and fix
desirable traits. Sexual reproduction may not be
favoured on genetic grounds because:
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e the traits are difficult to breed for (low
heritability);

s there is a negative association between
desirable traits (negative genetic correlation);

e the traits are not controlled by additive
genes (non-additive).

In addition, seed propagation may be
disadvantageous for biological reasons, such as
poor seed set (eg Calliandra calothyrsus in
Cameroon), recalcitrant seed (eg Simarouba
glauca) or difficulties with seedling establishment.

There may also be other consequences of using
vegetative propagation. For instance, cuttings may
have a different root architecture and compete
with crops differently (Liyanage & Jayasundera
1988). For Gliricidia sepium in West Africa,
hedgerows derived from cuttings last
approximately six years, iIn contrast to ten years
for those derived from seedlings (] Cobbinah,
International Institute of Tropical Agriculture,
Ibadan, Nigeria, personal communication).

GENOTYPE/ENVIRONMENT INTERACTION

Genotype/environment interaction (gel) can occur
at the species, subspecies, variety, provenance,
family and clonal levels. It can be caused by
climatic, edaphic, biotic and management
variables in the growing environment. Some can,
and some cannot, be controlled, and some may
not even be predictable. Those that are
predictable may interact with those that are
unpredictable, thus rendering inconclusive the
results of experiments established to test the
effects of predictable factors. Climatic factors
tend to be responsible for most interactions
higher up in the species-to-clone hierarchy,
physical and biotic factors in the middle, and
edaphic factors at the lowest levels. These
interactions have been clearly illustrated by
plantation species (Matheson & Cotterill 1990).

Among the tropical and subtropical pine species,
mean, minimum and maximum temperatures are
the most significant factors in the enviromment
governing a species' performance. For example,
Pinus patula is at its optimum at a mean annual
temperature of about 14°C, P faeda at about
16°C, P elliottii at about 18°C, and P caribaea at
about 22°C. As temperatures get too high for P
patula, productivity falls off progressively, until
male and female flowering becomes
asynchronous and no seed is produced. In
contrast, as it gets too cold for P ellioiti and P
caribaea, wood density becomes unacceptably
low, and no pollen or no seed are produced
(Barnes & Mullin 1976). Within climatic zones,
there may or may not be cyclonic winds. In P
caribaea, there are very distinct provenance
differences in resistance to wind damage; the
coastal populations are much more wind-firm
than the inland populations (Eisemann, Nikles &
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Newton 1984). At the family level, heritability of
resistance to aphid (eg Pineus pini) and rust (eg
Cronartium fusiformis) are high in P elliotti;; if the
disease is present in one site and the insect in
another, a complete reversal in the ranking of
families can occur. At the individual tree level, it
is known that certain clones of P radiala rank at
the top where there are high phosphorus levels
in the soil, but rank lowest where there is a
deficiency of this element (Wilcox 1982).

Clear evidence of ger at all levels has led tree
researchers and breeders to expect it to have
important consequences for both conservation
and genetic improvement. Many provenance,
progeny and, more recently, clonal trials have
been replicated over a range of sites in the
expectation of observing gei and being able to
explain and predict it through statistical analysis
to establish the causal factors in the environment.
This has not happened, and there seems to be
little prospect even now of being able to gain
more than empirical indications of interaction,
except where there is one overriding effect in
the environment, eg frost, cyclone, disease,
predators or elemental deficiency. The failure to
do more is largely attributable to the difficulty of
measuring the variables required to characterise
an environment and the inherent microsite
variability Climatic data are the easiest to record,
yet at many trial sites it is necessary to
interpolate statistics from distant meteorological
stations with attendant inaccuracies. Soils are
notoriously difficult and expensive to characterise,
especially in the case of forestry experiments
which tend to cover large and variable areas.
Most biotic effects are by nature unpredictable;
however, striking examples of the effects of
microsymbionts on performance have been
recorded (see papers by Mason & Wilson,
ppl65-175; Lapeyrie & Hogberg, ppl58-164;
Sprent, ppl76-182). The mteraction of all these
factors with management, which inevitably varies
from site to site, further confounds the effects.

Replicated progeny tests within a species' range
have regularly shown, for many industrial trees,
that gei for productivity at the family level is
present. The interaction variance is usually
caused by a few families that perform
outstandingly well at a specific site. There are
usually, however, also some families that are
good overall performers. Because of the
empirical nature of these results, the expense of
testing over a large number of sites, and the
impracticality of running a large number of

‘breeding programmes for different site types,

breeders have tended to select the good
all-rounders and confine themselves to a single
breeding programme to cover all sites. There is
no doubt that potential to increase productivity
and maintain variation is forfeited with this
strategy, both because adding stability to the list



of selection criteria will reduce gain for other
traits, and because the specific high-performers
are lost. Further, wide testing to identify the
good all-rounders is costly, if it is to be effective.

The situation of gel with respect to non-industrial
trees is important and relates largely to
performance. Following testing of provenances or
clones at experimental sites, material will be
released to resource-poor farmers who will
manage it in a wide range of ways and physical
environments. The crucial issue is one of
rehability of performance, as farmers seek to
maximise stability of production rather than
production per se. Therefore, provenances or
clones should be sought that show stability of
performance across differing site types or
management regimes, rather than tailoring
specific provenances or clones to restricted
geographic areas.

A STRATEGY

A breeding strategy has been developed at the
Oxford Forestry Institute which accommodates
most of the above requirements (Namkoong,
Barnes & Burley 1980; Barnes 1986). It has been
called the Multiple Population Breeding Strategy
(MPBS). In it, the breeding population for a
single species consists of a variable number of
subpopulations, which are kept separate so as to
produce trees with different gene complexes. The
objective is to maintain or create diversity
between them, while practising various intensities
of selection within them. Diversity will occur
between the subpopulations even if the selection
criteria, the selection pressure and the breeding
environment are the same, because most traits of
interest are under gca control and different sets
will be brought together in different populations.
Currently, neutral alleles will not be lost in the
same frequencies. Variation can be reinstated,
inbreeding depression overcome, and new
populations with specific attributes created by
crossing between the subpopulations. Undesirable
or superfluous populations can be dropped at
any time.

There are three types of multiple population in
this breeding strategy:

i. replicate populations, where independent
subpopulations are bred for the same trait .
and elements from each are brought
together for operational seed production to
ensure outcrossing;

ii. diversified populations, where existing
differences are used or new differences
created by selecting for different traits and/or
environments, and commercial seed
production occurs within subpopulations for
special products and/or environments;

iil. heterotic populations, where both additive and
heterotic gene effects are used through

hybrid or reciprocal recurrent selection in
the different subpopulations, and heterosis is
exploited in operational seed production by
crossing between specific subpopulations.

Experience with industnal plantation species has
shown that there are subspecific differences at
the provenance (natural and exotic) level that
have-a lasting operational significance.
Knowledge of these differences and the materials
to represent them rarely become accessible
together; in fact, both characteristically become
available over an extended period. of time. With
non-industrial species, the situation is
complicated further because domestication may
start before there is sufficient knowledge on
reproductive biology to permit an informed
sampling of the genetic range of the species.
The MPBS provides pedigree structure at the
population level that permits the management
and conservation of this varnation.

By providing structure at the population level, the
MPBS ensures a backstop of pedigree control
and escape routes from inbreeding depression,
which gives the breeder confidence to be more
adventurous and pursue potentially fertile
avenues of research, including those into the
production of inbred lines or high-performance
clones, in order to increase genetic gain.

The MPBS is also a suitable framework in which
to breed and conserve parent populations for
creating species hybrids and high-performance
clones. The ways in which traits can be
combined and heterosis used are not
predictable. Selection within carefully defined
provenance and species breeding populations
will preserve the potential to make successful
hybrids for possible subsequent cloning, as
needs unfold.

There is an argument for using the MPBS to
retain the potential to use gel and, at the same
time, to benefit from it by default. Rather than
testing the same population over a large number
of sites, replicate populations can be established
in very different environments with different sets
of families in each. When the best families are
selected, both the best all-rounders and the best
performers in specific environments can be
saved. The average operational performance of
progeny of the combined top performers is not
likely to be below that of the good all-rounders
alone. If routine seed source tests showed that
one particular breeding population were doing
better than seed from the combined seed
production orchard, this would be an indication
that a separate seed orchard should be
established for that area, thus taking advantage
of any substantial gei. An additional advantage of
this strategy over the conventional single
breeding population is that the selection
differential for the seed production population
could be much higher because of the larger
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number of families constantly kept under test. A
breeding population with a much broader
genetic base could be maintained for the
equivalent cost of a conventional programme,
and would serve as a buffer against
unpredictable environmental events.

Finally, the MPBS is seen as an effective
framework in which to conserve genetic
variation, not only as a safeguard against
inbreeding and as a source of variation for
breeding, but also to conserve genes for an
uncertain future in which environmental change
and material demands are unknown.
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ABSTRACT

The planting of non-industrial trees has been widely promoted in the tropics to counter the effects of fuelwood shortages, to
increase sustainability of agriculture, and to prevent land degradation. Two key components to the success of these endeavours
have been identified as (i) the particular species used, and (ii) the source of seed, as these may enhance productivity
independently of other inputs. Given that most non-industrial tree species have not undergone organised breeding, there exists a
potential for genetic improvement through selection and recombination of desirable individuals from selected seed sources. There
is likely to be some disparity, however, between what is technically feasible and what is practically appropriate. In the absence of
theory and strategies for breeding non-industrial trees, an adoption of agricultural and commercial forest methodology seems
probable, although the case for advanced generation breeding and cumulative gain through recurrent selection in non-industrial
trées is ecuivocal, and in many cases illusory In addition, litle consideration has been given to the demand-side variables and
the distribution mechanisms for improved seed of non-industrial trees. This paper examines the potential and scope for
improvement of non-industrial trees, and the likely demand for genetically improved trees.

INTRODUCTION

The importance of non-industrial trees in the
farming systems of rural communities in the
tropics has recently been elevated by human
population increases, accelerated deforestation
and the lack of land for agricultural expansion.
One reason for the popularity of such trees is
the diverse spectrum of products (eg fuelwood,
fodder, green manure, food) and benefits (eg
shade, erosion control, soil amelioration) that they
provide. Although the growing of non-industrial
(or ‘multipurpose’) trees as part of an integrated
agricultural system is not a new innovation, its
greater frequency of occurrence is a recent
phenomenon. Palmberg (1989) reported that 2.6
million hectares (Mha) in the tropics were
planted with non-industrial tree species during
the period 1981-88, almost maiching the area
planted with industrial species (2.9 Mha) during
the same period. Unlike commercial forestry
where a few species dominate plantings, more
than 2000 tree species have been planted for
non-industrial use (Burley, Hughes & Styles 1986).
Consequently, individual non-industrial tree
species may not warrant such intensive breeding
effort as their industrial counterparts.

With a few exceptions (see Willan, Hughes &
Lauridsen 1990), there has been no organised
breeding of non-industrial trees, suggesting an
untapped potential for genetic selection and
improvement (Simons 1992). In the absence of
theory and strategies specifically for the

breeding of non-industrial trees, an adoption of
agricultural and commercial forestry methodology
appears likely (eg Ventakesh 1988). The
feasibility and appropriateness of such
methodology, however, remain untested, and in
many cases it may be unsuitable.

STATUS OF NON-INDUSTRIAL TREES

The economic status of non-industrial trees is
inherently low. Nonetheless, they may contribute
to the income of small- and medium-scale
farmers through enhanced crop/livestock
production, or may occasionally be sold
directly (eg for firewood or construction),
although markets for the latter are often not
well established. The greatest benefits from
cultivating non-industrial trees are likely to
accrue outside the cash economy, so efforts to
increase their production should be considered
primarily as rural development rather than an
economic return on investment. Given this
situation, questions arise as to who will fund
the breeding of non-industrial trees and
whether this will be a sustained activity The
recent emergence of two new Consultative
Groups on International Agricultural Research
(CGIAR) — the Centre for International Forestry
Research (CIFOR) and the International Centre
for Research in Agroforestry (ICRAF) — to focus
on tropical trees suggests that a long-term
commitment to non-industrial tree improvement
may develop.
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An often quoted output from the Green
Revolution, in which the CGIAR agricultural
centres were prominent, was the breeding of
high-yielding crop varieties, albeit with reliance
on chemical fertilizers and irrigation. This
advance, however, was allied to major outbreaks
of pests and diseases leading to disastrous crop
failures (Cooper, Vellve & Hobbelink 1992).
Agricultural history includes many examples of
the imprudence of overnarrowing the genetic
base of planting stock (eg the susceptibility to
southern leaf blight of Texas male-sterile
cytoplasm in maize) (Simmonds 1979). More
recently examples of attacks by pathogens on
genetically uniform trees have emerged, such as
rust diseases of Populus and Citrus. Pest
epidemics are of equal importance, and the
devastation of large areas of Leucaena
leucocephala by a defoliating psyllid highlights
the need to ensure the genetic diversity of
planting material of non-industrial trees (Hughes
1989). It may be that outbreaks of insects on
early introductions of other non-industrial trees
(eg mealybug attack on Gliricidia sepium in
Uganda in 1914 - Tothill 1940; stem-borer on
Calliandra calothyrsus in Philippines — Luego

1989) were a result of narrowly based germplasm.

A broad genetic base in non-industrial trees is
required not only for biological insurance, but
also because of the vagaries of the physical
environment where they are grown. Furthermore,
farmers who grow these trees operate with low
mputs, because of insignificant cash reserves and
minimal capacity to withstand high losses
(Haugerud & Collinson 1990). Such farmers seek
to realise stability of production, rather than to
maximise production per se, which incurs
unacceptably greater risk. Consequently,
improved material of non-industrial trees should
retain a broad genetic base to cope with current
and unforeseen production and environmental
variables.

DEMAND FOR NON-INDUSTRIAL TREES

It is evident that natural tropical forests are
disappearing and that land for agricultural
expansion is often restricted, indicating in general
terms a need to plant trees. The demand for
trees from people in rural communities, however,
remains largely unquantified. Information on the
demand for individual species, many of which
are largely unknown, is also scant. Yet it is this
demand for planting stock of individual species
that should drive tree improvement.

Taking an example of demand for an agricultural
crop, Criliches (1957) fitted a logistic model to
the origin (a), slope (b) and ceiling level (c¢) for
cultivation of hybrid maize when it was
introduced in the USA. Despite the clear
technical advantage of hybrids, there were
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marked differences between regions in their
rates of acceptance (b=0.35-1.02) and ceiling
levels (c=53-100%) of this new technology These
differences were explained partly by
dissimilarities in farm size, isolation of farms and
farmer wealth. The point to draw is that even in
a relatively resource-rich environment, such as
the USA farming community, demand and
acceptabllity varled. For non-industrial trees, it is
reasonable to expect even greater differences
between different rural communities in their
acceptance and uptake of germplasm for what
may not only be a new species but also a
whole new technology (eg growing trees in
alleys between crops).

Clearly, without economic models of the process
of adapting and distributing non-industrial tree
germplasm, it is difficult to know how much seed
to produce or, indeed, by which strategy it
should be produced. Figure 1 represents a
generalised, hypothetical case for the introduction
of a new tree species into an exotic location.
Not all farmers would take up the new species
(Figure 1i), and farmers who did would not plant
all of their available land with it (Figure lii).
There may, in fact, be a peak acceptance, with a
stabilised ceiling level below this peak owing to
alternatives becoming available or to
dissatisfaction with over-promoted material.
Knowledge of the initial uptake, the rate of
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Figure ]. Generalised hypothetical case for uptake of tree
planting in terms of (i) number of farmers and (i) area of
land (see text for further explanation)



uptake and the ceiling level would greatly assist
in the formulation of breeding strategies and
mechanisms for release. The way in which the
timescale along the x axis in Figure 1 relates to
the generation interval for that species is also
important. If most farmers have taken up planting
the tree (on whatever proportion of land they
deem fitting) before one generation interval has
elapsed, then the scope for introducing the next
generation of material is limited to replacements.
The significance of replacements will be high for
short-lived species such as Sesbania sesban, but
for most non-industrial trees, which are
longerlived, it will be minimal.

To convince smallholders of the merits of
planting material from an advanced generation,
the more genetically advanced material would
have to be demonstrably superior. For
quantitative characters such as wood yield, a
small increase (say 10%) would be difficult for
small farmers to perceive, particularly for
multistemmed species. This does not mean that a
modest gain is not important, but rather that it
may-be difficult to implement. Conversely, for
qualitative characters such as tree form or insect
resistance, the superiority of improved material
would be readily observable, thus increasing its
likely acceptance.

The qualities of a tree species are likely to be
as important as the amount of material
demanded. For crops, it has been found that
farmers have different cultivar preferences,
depending upon farm size, family structure,
gender, wealth and market opportunities
(Haugerud & Collinson 1990). Regional
differences will also prevail, such as with the
species Moringa oleifera, which is used for oil in
Central America and leaf in Indonesia (Jahn
1989). Differences can also be seen in trait
preferences in one region, such as the case with
Calliandra calothyrsus in Flores, Indonesia, where
certain farmers want single-stemmed aggressive
trees for posts, whereas neighbours desire high
leaf biomass trees, which display minimal root
competition with crops. Therefore, if preferences
are ignored, trees may be bred which farmers
do not want.

SEED ORIGIN

Exotic species are being used in many cases
where non-industrial trees are being promoted.
For species where no naturalised populations or
landraces already exist, smallholders must derive
their material from farmer co-operatives,
government extensionists, non-governmental
organisations (NGOs) or donor agencies
(collectively referred to here as ‘seed
distributors'). In these cases, however, after the
initial planting material has fruited, farmers have
the option of collecting seed from their own
trees or from those of a neighbour. For

Calliandra calothyrsus in Java, farmers leave one
tree every 10-20 m of hedgerow to act as seed
trees. Therefore, as time progresses, the
proportion of seed derived from seed distributors
will decrease as that from local sources
increases (see Figure 2). The relative proportions
of the two sources will vary according to region,
and perhaps species. The way in which seed
origin relates to farmer uptake is also important
(cf Figures 1 & 2). One consequence of the )
majority of seed being derived from a farmer's
own fields is that other farmers who do plant
improved seed from the seed distributors will
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Figure 2. Hypothetical relationship showing change in origin of
seed with time

obtain increased performance for the life of
those trees, but that any seed collected from
them will be diluted by pollen from unimproved
sources.

"The relative proportions of the two seed sources

over time can only be guessed; though, by
drawing an analogy to agriculture it could be
expected that most seed will ultimately come
from farmers or their neighbours’ fields
(Cromwell 1990). In this way, farmer seed
diffusion mechanisms will have more impact than
public sector seed organisations. For crop
species, Cromwell (1990) described five
characteristics for the success of the farmer seed
diffusion mechanism, namely:

e its traditional nature;
e the informality of the mechanism;
e the operation at the community level;

e the evidence of a variety of exchange
mechanisms; and

e small quantities of seed involved per
transaction.

The significance of farmer seed diffusion
mechanisms can be seen for many agricultural
crops. In the Punjab Region of Pakistan, it was
found that 86% of seed replacement of an
existing wheat variety came from farmers' own
fields or those of neighbours. New varieties
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entered the system through a few large farmers
with later farmerto-farmer exchange at the
village level (Cromwell 1990). For maize, it was
found that farmers in Kenya wanted to
experiment with new varieties, and would
evaluate riskiness, taste, marketability and
susceptibility to pests. Interestingly, yield was not
measured. They did not feel the need for the
formal sector to provide improved seed in large
quantities on a regular basis for replacement,
and had the capability to multiply tested varieties
themselves (Cromwell 1990). With a new rice
variety in Nepal, six years after introduction 94%
of farmers obtained seed of it from other
farmers and not from the research centre
(Cromwell 1990). The majority of farmers who
received seed did not pass it on; rather, a few
key individuals were responsible for passing
seed on to other farmers.

A critical point with respect to farmer
multiplication of cereal crops is that most cereals
are self-pollinating and therefore breed true
(Simmonds 1979). Consequently, the quality of
newly released material would not be diluted by
existing material present. Most tree species, on
the other hand, are strongly outcrossing, so such
dilution may occur. Another important distinction
is that crops are generally annuals so the scope
for new introductions is greater because new
seed is required each year. Conversely, trees are
longerlived and their rate of replacement is low,
s0 new releases would have less impact.

From the studies conducted on agricultural crops,
it appears that farmers procure seed from local
and readily available sources. A key element in
the success of the release of non-industrial trees
will be close liaison of technical scientists with
sociologists and extension workers. One key area
would be the planning and functioning of
community-based nurseries (Scherr 1992);
another would be the identification of the seed
diffusers in rural communities. It may be that
most gain through selection will come about
from participatory breeding schemes, as
suggested by MacDicken and Bhumibhamon
(1990). Certainly, participatory plant breeding
approaches have had great success with legume
crops in India at the International Crop Research
Institute for the Semi-Arid Tropics and with bean
breeding in Colombia at the Centro International
Agricultura Tropical (CIAT) (Cooper et al. 1992).

Greater awareness of the potential risks (eg
weediness) of introducing exotic pioneer species
(Hughes & Styles 1987) has, in part, led to
Initiatives to concentrate on native or naturalised
species. Concerns over conservation issues have
also led to the increasing sensitivity of donor
_agencies to the promotion of exotic pioneer
species, as reflected by the emergence of
regional biodiversity programmes (eg the
Southern African Development Coordination
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Conference (SADCC) regional gene bank). With
these species, trees may be planted or simply
allowed to regenerate naturally Where trees are
planted, local farmers may possess knowledge of
seed collection, ripening and treatment, yet may
be unaware of the consequences of propagation
from a restricted genetic base. In this case,
forestry extension efforts could be redoubled to
promote more optimal sampling and selection.
Naturally regenerated material may also suffer
from reduced outcrossing; supplemental planting
schemes or recommendations on minimal
numbers of trees could be proposed to
counteract this effect.

CONTINUITY OF RELEASE

Before breeding of non-industrial trees
commernces, long-term decisions need to be
taken regarding the continuity of release of
improved germplasm. If the assumption that
farmers will largely collect their own seed in
future is correct, then this factor should guide
the breeding strategy.

Once particular species have become known or
superior provenances have been identified, there
will be some demand by innovative farmers or
strong supply initiatives by seed distributors to
plant that material. The question arises as to
whether or not unimproved seed of superior
provenances should be released immediately or
whether release should be postponed until after
one generation of improvement. Following the
former course would jeopardise gain from
improved material released at a later date,
whereas the latter situation requires farmers to
wait one to several years. The relative _
advantages of these options could be evaluated
if the information presented in Figure 1 were
known. In the absence of such models and in
the face of strong demand, it seems prudent to
release unimproved material as many farmers
are likely to plant what is available rather than
wait, which is a luxury available only to
non-subsistence farmers. Research workers also
sometimes succumb to demand by releasing
whatever is available even if this means
collecting seed from provenance trials (] Timyan,
SECID, Petion-Ville, Haiti, personal communication).

In the absence of strong demand from farmers,
restraint In the wide promotion of identified
superior sources by research organisations
should be practised until sufficient seed is
available. Some of the failures in popularisation
of superior non-industrial trees in southern India
have followed cases of over-promotion of
insufficient seed supplies of these species (R
Jambulingam, Tamil Nadu Agricultural University,
Coimbatore, India, personal communication).

Some control over the amount of the dilution of
gain may be possible with the release of
unimproved material comprising families of low



fecundity. This situation could be further rectified
by selecting for high fecundity in the improved
material to be released at a later date (providing
this is not negatively correlated to desirable traits
and there is no weediness potential).

It can be argued that there is a one-off chance for
the release of improved material because future
seed will largely come from farmers’ own fields,
which means that this material must be genetically
diverse to avoid inbreeding and large founder
effects. It does not rule out, however, future smaller
releases to ensure a maintenance of genetic
diversity. Future releases would ideally comprise
different families from the initial releases, in
essence being a sublining across time. In fact, the
greater the opportunity for secondary releases (not
necessarily second generations), the greater the
scope for more intense selection, and hence gain,
in the first generation. It is important for widely
planted species that the genetic diversity of
landraces is monitored to permit ameliorative
action, if required.

POTENTIAL FOR IMPROVEMENT

Most tropical non-industrial tree species have not
been improved beyond their wild state (Simons
1992). From reviews of isoenzymic variation, it is
apparent that tropical trees contain pronounced
intraspecific variation and show high levels of
population differentiation (Hamrick & Godt 1989).
Within each species there exists a breadth of
variation that has been created and partitioned
by evolutionary forces (mutation, migration,
selection and drift), and which may also reside
within naturalised or landrace populations.

Population differentiation is known to differ in
magnitude between different species (Hamrick &
Godt 1989), but for many of the tree species
investigated there is significant variation at the
provenance level, with four-fold differences in
productivity not uncommon. For instance, the
difference between best and worst provenances
of Eucalyptus spp. grown in Africa was as much
as 800% (Palmberg 1989). In afttempting to breed
from even an average-performing provenance,
such increases would probably not be
achievable. Clearly, then, significant improvement
can be anticipated from the correct choice of
population, suggesting that comprehensive
provenance testing should be carried out before
‘breeding begins.

From the large expense assoclated with
rangewide collections (Willan et al. 1990), for a
particular species to warrant intensive
genecological investigation it must have shown
some superiority or desirability For lesser-known
species, however, there exists the paradox that,
unless they are evidently superior, no rangewide
collection will be carried out, yet their
superiority may only become manifest once

rangewide samples are available for testing.
Therefore, particular species may be discounted
on the basis of the performance of one or a few
provenances. Indeed, Stewart and Dunsdon
(1991) found this to be the case where a poor
population of Prosopis juliflora was included in an
international trial series of Central American dry
zone species.

The need to test more than one provenance per
species, however, raises some difficulties with
respect to the size of species elimination trials. If
provenance identity is retained, then the large
number of treatments may cause large
block/treatment interactions. An alternative
approach would be to bulk as many seed
sources as possible for each species and
examine not only mean performance, but also
the variation around the mean. In this way,
promising species could then be investigated in
detail at the provenance level, an activity that
would be required even if provenance identity
had been maintained, unless a large number of
provenances were included.

In commercial forestry, there has been a strong
tendency to maintain the fidelity of provenances
with an avoidance of provenance mixing,
following the assumption that such mixing would
cause breakdown of co-adapted gene complexes.
Deliberate attempts at provenance hybridisation
have had mixed success (see Barnes & Simons,
pp84-90). Independent of whether or not there is
a heterotic response to combining two or more
provenances, the hybridisation (compositing) of
provenances of non-industrial species may be
inevitable as many organisations are involved in
the testing, promotion and release of these
species. Provenance hybrids would arise where
two organisations released different provenances
to the same area and farmers subsequently
collected seed from ftrees in their own fields. In
addition, where a landrace or naturalised
population already existed (eg Calliandra
calothyrsus in Indonesia), any new material
released would hybridise with the existing
population. It is unclear how much provenance
compositing should be actively discouraged, or,
alternatively, how much it should be promoted.
For instance, while it may seem intuitively
obvious not to permit compositing of a
wood-producing provenance with a leaf-producing
provenance because the benefits of each might
be compromised, it may be possible to blend
characteristics not found in combination in
separate provenances (eg acid tolerance, insect
resistance, high growth rate). These
considerations are currently being examined for
Gliricidia sepium in collaboration with the
conservation and genetic improvement of
Honduras forest resources (CONSEFORH) project,
where a three-provenance hybrid is being
evaluated against each of the parent provenances.
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Whilst variation is likely to exist for the
multiplicity of traits that farmers seek from trees
in general, it may not be present for all traits in
one species. Moreover, despite the label
‘multipurpose’ that i1s attached to most
non-industrial trees, in many cases small-scale
farmers cultivate trees for one or a few reasons
and accept (but do not demand) the associated
benefits. There may even exist negative genetic
correlations between characters, making their
simultaneous improvement difficult or impossible.
Therefore, the concept of the ideotype that can
fulfil all functions (ie shade, green manure, wood,
fodder) is often illusory. Furthermore, in
attempting to breed trees, it is important to be
aware of the selection criteria of beneficiaries, as
these may not coincide with those of scientists
blinkered by mechanised, replicated and
straight-line ideologies. Indeed, what will be
required are trees which interact in a positive
way with farming practices, rather than the most
vigorously growing provenances, as these could
overly reduce crop production in agroforestry.

A strategic concept in the breeding of
non-industrial trees is not whether desirable
variation exists for a particular species, but
rather what chance there is of incorporating it
into the fields of farmers. Figure 3 presents
some generalised options for improvement,
together with estimated gains. The way in which
these relate to the generation interval and to
farmer uptake and seed origin (Figures 1 & 2)
should contribute to decisions on an
improvement strategy.

Recurrent selection is expected to yield greater
ultimate gains. However, if most farmers have
planted the tree and seed is currently being
derived from local sources, then such
improvements are redundant. Another problem
with recurrent selection is that. in order to
achieve cumulative gains, there is a need to

~~~~~~~ First clonal selections
- —-- Recurrent selection
----- Broad-base landrace

60, | - In-bred landrace
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Figure 3. Hypothetical relationship showing genetic gain with
time obtained from different breeding strategies
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modify gene frequencies and thus narrow the
genetic base. For some species in certain areas,
there may be an opportunity to practise
recurrent selection on different base populations
of the same provenance, and to release
second-generation material comprising different
families from earlier releases (unimproved or first
generation).

Selection of vegetative propagules has the
advantage that it captures non-additive as well as
additive gene effects (Simmonds 1979). Some
species may not be amenable to vegetative
propagation (usually by cuttings); however, for
those which can easily be propagated, this
method may offer the greatest scope for
improvement. In cases where farmers cultivate

only a few trees, then they are interested in all

of their own trees doing well and not interested
in the fact that the mean performance of all
trees in their district is high. Accordingly, cuttings
could be used to achieve this aim. For
Artocarpus heterophyllus in Sri Lanka, two
predominant varieties exist (with hard and soft
flesh) which are used for different purposes,
although they do not breed true. The use of
cuttings allows hard-fruit trees (most desired) to
be guaranteed.

Stakes as vegetative propagules are commonly
used to create ‘instant’ fences or boundaries. For
Gliricidia sepium, stakes 2 m in length are often
used, which show excellent survival. It is unclear
in some areas whether stakes are used because
of the problems of sefting seed (eg northern
Honduras, upland Sri Lanka) or because they are
inherently preferred. Their advantages include
that they do not take time to grow up, they
compete well with other vegetation, and they
require litile tending. Unfortunately, this option is
not available for all species (eg Calliandra
calothyrsus).

Physiological differences between seedling- and
cutting-derived plants may restrict the use. of
cuttings in some cases, such as with Gliricidia
sepium where cuttings can be coppiced for four
to eight years before declining whereas
seedling-derived trees can be coppiced for over
ten years (Liyanage & Jayasundera 1988). In
addition, the more lateral root architecture of
cuttings may not be suitable where below-ground
competition with crops is important (eg in alley
cropping). Another difficulty which can be seen
with vegetative propagation is that, if few clones
are released or come to dominate the clonal
population, then seed collected from them may
have a narrow genetic base, resulting in inbreeding.

If little organised breeding is operative, then it is
hoped that landrace populations will develop that
are more productive and relatively well adapted.
The performance of the resultant landrace wil



depend upon the quality and quantity of different
seed releases. To ensure sufficient variation to
minmmise mbreeding, to provide scope for
farmers to select, and to exploit genotype/
environment interactions, broadly based material
must be released (see below, section on genetic
gain and diversity).

METHODS FOR PROVISION OF SEED

Assuming that a provenance has been selected
or that little population differentiation exists for a
species, a range of methods are available to
deliver seed to farmers: it may be:

e collected from the native range;
e produced from base populations; or
e bred in seed orchards.

Native range

Seed for distribution to small-scale farmers may
be collected from selected or unselected trees in
native stands. Some populations, however, may
contain too few individuals for phenotypic
selection to be practised (eg Calliandra
calothyrsus, Acacia tortilis). Collection of seed
from selected trees is not possible for some
other species, because desirable phenotypes are
masked as a result of disturbance (eg grazing
or lopping for firewood). Even where numbers or
disturbance are not restrictions, the efficiency of
plus-tree selection from natural stands is
debatable (Ledig 1974) so seed should ideally
be collected from a representative sample of
trees.

Willan et al. (1990) comprehensively reviewed the
methodology for sampling germplasm from
populations of multipurpose trees. These authors
stressed the importance of adequate numbers of
trees, minimum distance between them, and equal
representation. For some species, however, this
method may not satisfy the demand. For example,
with Gliricidia sepium, every seed was collecied
from native trees of the most desired provenance
(Retalhuleu, Guatemala) in 1992; the 10 kg thus
collected, however, constituted less than 1% of
what was currently requested. Similarly, with
Calliandra calothyrsus, because of the small amount
of seed produced per tree, combined with
prolonged ripening and explosive pod dehiscence,
the combined yield of a rangewide collection of
31 provenances in the native range in 1991-92 by
staff from the Oxford Forestry Institute (OFL) was

" only 45 kg. During the same period, demand from
just two countries (Haiti and Sri Lanka) exceeded
this amount three times.

Some logic is contained in the statement the
best way to conserve' is to utilise’, and this
certainly applies for genetic resources under
heavy pressure. Measures to prevent the loss of
key genetic resources are fundamental to
improvement capability.

Base populations

Seed may also be obtained from base
populations for release to farmers. This system
can be used when collection from native
populations is insufficient or difficult, and is a
simple, low-cost and quick option. Although no
deliberate selection would be practised, it would
be prudent to raise these populations in the
target environments in case natural or inadvertent
selection were prominent. This is essentially the
concept behind the multiple population breeding
strategy developed in Zimbabwe, which is
designed to exploit genotype/environment
interaction (Barnes & Mullin 1989).

A broad genetic base should be ensured
through the planting of seed from as many trees
as possible (ideally more than 50). The large
number of families should mitigate against the
effects of non-random mating and the build-up of
co-ancestry in future generations.

Seed orchards

Lastly, seed may be produced from seed
orchards where deliberate selection is made to
enhance desirable traits. Within this format there
is a range of options (described below in
section on breeding options). The relevance of
each of these methods will hinge upon the
demand, the mechanism for release, and the
available resources. There may even be a
mixture of the three mechanisms, although the
success of the third will depend on how much
previous material has been released (if the
assumption that farmers will collect their own
seed in future is correct). If one organisation
came into an area releasing unimproved
germplasm and satisfled most of the demand
before another organisation had bred its first
generation of material, the overall effect of the
latter on mean population performance would be
diminished. Some co-ordination of effort between
different organisations releasing germplasm is
clearly required; the new CGIAR centres could
have a role to play in this area. Understanding
the role of improved seed and the mechanisms
by which seed reaches small farmers has been
critical to agricultural development, with the
timely availability and physical accessibility of
seed being identified as major determinants for
planting of individual varieties (Cromwell 1990).
For each of the methods used for the release of
non-industrial tree germplasm, cognisance should
be taken of these points.

For species that are already planted in an area
before new (improved?) germplasm is released,
the situation will be different. Where vegetative
propagation is the mode of reproduction, then it
may be easy to introduce new material and
capitalise on its benefits (eg with Gliricidia
sepium in Sri Lanka). It may be harder, however,
if material is sexually reproduced, because there
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would be a mixing of unimproved and improved
sources through the self-collection of seed. In
some locations, particularly with good extension
services and a high appreciation of improved
germplasm, it is conceivable that multiple
releases could satisfy planting requirements for a
period of time until most previous material was
replaced or newer material became available.
Such situations, however, are likely to be the
exception rather than the norm.

BREEDING OPTIONS

Where seed is to be produced in managed
seed orchards, there are a number of important
considerations which will be largely species- and
region-specific. They include:

e seed orchard design;

e intensity of selection; and

e orchard management.

Seed orchard design

Seed orchards can be clone- or seedling-based.
The classic clonal seed orchards of commercial
tree species contain cloned genotypes selected
at high intensities (eg 1/10 000; Zobel & Talbert
1984) following half-sib progeny tests or complex
mating designs (eg diallels). This level of activity
would be difficult to justify for non-industrial tree
species because:

¢ intense selection-reduces the genetic base
and incurs risk;

e germplasm is required immediately, thus
ruling out sequential testing as gain per year
is more important than gain per generation;

e it may be difficult to select plus-trees
because of disturbance;

e there are high and recurrent costs involved
in this method; and

e the vast array of germplasm with which
programmes have to deal makes intense
work on any one species difficult to justify.

Seedling seed orchards (SSOs) or breeding
seedling orchards (BSOs) are already being used
for commercial trees for some of these reasons
(eg Pinus pinaster — Alazard 1986; Eucalyptus
spp. — Barnes & Mullin 1989). Reddy, Rockwood
and Meskimen (1986) and Franklin (1989)
examined the gain after one generation in an
SSO of Eucalyptus grandis in Florida. Through
retention-of 117 families from 500 and on
average 14 individuals per family from 60, there
was a realised gain of 95% in wood volume in
the first generation of selection. 1t is likely,
therefore, that SSOs will prevail for non-industrial
trees. Design of SSOs is important and includes
elements of composition (ie number of families,
number of individuals) and layout (spacing, plot
type, number of replicates). Each of them should
reflect the objectives of the seed orchard, the
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management of the orchard, and the selection
intensity that can be practised.

Composition

Ideally, the larger the number of families
included the better because it will ensure a
broad genetic base and also allow for some
between-family selection. For many species,
though, family number will be limited by small
population size (eg 25 in some Acacia tortilis
populations) (Olong'otie 1992). If an objective of
the SSO is to provide genetic parameters, then
family number should be at least 20-25;
otherwise, the standard errors are likely to
swamp the parameter estimates (Crockford, Birks
& Barnes 1989; A ] Dunsdon, OFI, personal
communication). To obtain accurate estimates of
family means, numbers in the order of 20 per
family are required (Cotterill & James 1984).
With only 20 trees per family, however, this
narrows the scope for within-family selection to
5% at most.

Layout

Assuming that there are fixed numbers of
families and individuals per family (half-sibs), it
is possible to arrange them differently within and
between replicates. If a key objective is to
estimate family means accurately, then smaller
plots (down to single trees) should be used,
particularly if family size is small. Apart from
considerations of the statistical validity of single
tree plots (Shuie & Pauley 1961; Franklin 1971),
they are not always the ultimate arrangement.
For example, work with Picea sitchensis (
Johnstone & Samuel 1974) and Pinus radiata
(Correll & Cellier 1987) found that four plants
per plot were more efficient. If, however,
within-family selection is more important, then
larger family plots should be used to increase
the efficiency of comparisons between individuals
(Cotterill & James 1984). There will be a
trade-off between these two considerations,
depending on the method of selection
(individual, family or combined), the relative
values of family and individual heritabilities, the
significance of final spacing, and the intensity of
selection. Ideally, plot size should be equal to or
less than 1/p (where p=proportion selected);
otherwise, relatives will occur in the same plot,
thus increasing the chances of inbreeding.

Intensity of selection

Intensity of selection comprises two elements:
between- and within-family selection.
Between-family selection will be most beneficial
when number of families is high and when
family heritabilities are high or individual
heritabilities are low. Conversely, within-family
selection is better when number of families is
small and individual heritabilities are high. The



largest family differences are likely to be evideni
at good growth sites, but these may not be
representative of target environments, and there
is the chance of family/environment effects.

The prime objective of a managed seed orchard
may be to capture genetic gain (G) through
selection. It is possible to calculate this
algebraically using the standard equation:

=i- Gph
where i = intensity of selectlon Op = phenotypic
standard deviation; and K?= narrow sense
heritability.

It is easy to examine the effect of intensity of
selection (1) on gain and to express this in terms
of increased production. Increasing selection
intensity, however, will reduce the genetic
diversity of planting stock. If the proportion of
selected individuals (p) is plotted against the
intensity of selection (see Figure 4), it is clear
that, with an increase in the proportion beyond
10%, there is a nearlinear relation. A more rapid
increase in (i) comes about if proportions below
10% are selected, when the relation is highly
non-linear. Therefore, to obtain the greatest gain
requires reduction of the selected population to a
very small number of individuals. However, this
incurs an exponential decline in diversity.

Lindgren (1986) plotted heritability, hz, against
optimal proportion of parents selected for
different numbers of parents, and demonstrated

= N noow
o v o wu o
s s s A S

Intensity of selection

o
n
N

g
o

10 20 30 40 50 60
Selected, p (%)

o

Figure 4. Relationship between percentage of population
selected and the intensity of selection (see text for further
explanation)

that for h? between 0.1 and 0.3 the optimum is
between 8% and 4%, respectively, for n=50. Such
intense selection, however, would be
inappropriate for non-industrial trees where the
likelihood of few releases would cause genetic
erosion.

Orchard management

A conflict of purposes may arise in an SSO with
respect to thinning. If the orchard is a progeny

test, and this is a prime function of i, then
selective thinning will bias genetic parameters
Matheson and Raymond (1984) found that K of
diameter at 19 years in Pinus radiata was inflated
from 0.24 (SE 0.059) to 0.56 (SE 0.132) using
systematic versus selective thinning, even at the
mild selection rate of 50%. Other problems may
arise with early selective thinning if
juvenile/mature correlations are not good.
Selective thinning will also cause uneven spacing,
with resultant problems in comparing individual
or family performance at later dates.

Early systematic thinning overcomes problems of
heritability biases, spacing and juvenile/mature
correlations, but there is the chance of
eliminating useful individuals. If there are large
numbers of trees in an SSO beyond those
needed to calculate genetic parameters, then a
compromise could be struck by having a central
core to the trial which was systematically
managed with surrounding blocks, where
selective thinning was operative. The trees in the
central core would provide information on
genetic parameters yet could still contribute as
seed or pollen parents after parameters were
obtained. Meanwhile selection, and possibly early
seed collection, could proceed in the
surrounding block.

Caution will need to be exercised with selective
thinning of dioecious species (eg Simarouba
glauca). If thinning were carried out before

- flowering occurred, and morphological characters

were sex-linked (eg as in Fraxinus spp.), then it
is possible that the outcome could be an
all-male orchard.

One advantage of the family-based seed orchard
over a base population, even if no selection is
practised, is that it provides control of pedigree.
In this way, inbreeding can be minimised by
maintaining sufficient individuals of selected
families (or all families if no between-family
selection 1s practised).

GENETIC GAIN AND DIVERSITY

Although calculation of the relative merit of
greater genetic gain through intense selection is
possible, the value of maintaining genetic
diversity remains obscure because it is difficult to
estimate. It includes a component of immediate
economic value and a component of future
potential to adapt to changing conditions
(Namkoong 1984). Given that small-scale farmers
who will use the trees need genetically diverse
material, the numbers of parents retained should
be high. Various published estimates of minimum
population size are available, although they differ
greatly in magnitude (n=25-1000) (Gregorius
1980; Namkoong 1984). There is no reason to
suggest, however, that inferior trees within
families are more likely than superior trees to

99



contain useful variation for some unforeseen
future purpose. Within-family selection, therefore,
does not need to be compromised if large
numbers of families are available.

With recent advances in molecular biology (eg
RFLPs, RAPDs) (Waugh & Powell 1992), there is
the opportunity to measure the total genomic
diversity of individuals, families or populations
free from the restrictions of sampling limited
numbers of loci of largely structural genes (ie
isoenzymes) (Hamrick & Godt 1989).
Consequently, relative measures of diversity
between families or individuals could be used to
guide selection for seed parents in an orchard.
This prospect is currently being studied in
collaboration between the Oxford Forestry
Institute and the Scottish Crops Research Institute,
Dundee.

Associated with the estimation of genetic
parameters, and hence gain, are a number of
assumptions (eg random mating, no inbreeding,
no selfing, additive gene action, etc) which may
not necessarily be fulfilled. Although adjustments
can be made for inbreeding or selfing (eg
Reddy et al 1986), it is important to verify the
predicted gains by examining realised gains in
genetic check trials. For example, Franklin (1986)
found realised gain to be far below expected
gain for growth traits in Eucalyptus grandis.

Maintaining a large genetic base allows a
minimisation of inbreeding but conflicts with the
objective of maximising gain. Studying inbreeding
in Pinus radiata, Criffin, Raymond and Lindgren
(1986) found that for each increase of 0,1 in F
(inbreeding coefficient) there was a 5% decline
in height growth rate after three years. Given the
status of non-industrial trees, the avoidance of
inbreeding cannot be overstated. When Gliricidia
sepium was first introduced into Sri Lanka during
the last century, it is believed that seed came
from only a few trees; this restricted genetic
base led to severe inbreeding in the resultant
landrace (Hughes 1987). In support of this claim
is the inferiority of this landrace when tested
against unselected provenances from throughout
the native range (Liyanage, Jayasundera &
Liyanage 1991).

An often neglected aspect of tree improvement is
an understanding of the reproductive biology of
the species. This can affect genetic diversity and
gain in several ways. For instance, with Calliandra
calothyrsus, which has been shown to be largely
bat-pollinated (D ] MacQueen, unpublished data),
there may be problems with fruit set in exotic
locations (eg parts of Africa) because of a lack
of the primary pollinator. In addition, flowering
phenology may be significant: El-Kassaby,
Davidson and Webber (1986) found more
inbreeding in early and late flowering classes in
a seed orchard of Pseudotsuga menziesil.
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Tremendous differences often exist between
individual trees in their precocity of flowering so,
although equal amounts of seed may be
collected from trees, the intensity of sampling of
individuals as male parents may differ greatly
One approach to this problem would be to
collect seed from trees in amounts inversely
proportional to the number of fruits they
contained (assuming there were no sex-linked
characters or that functional dicecy was not
operating).

CONCLUSION

Although 1t is difficult to generalise about the
improvement of all non-industrial tree species,
similar features and decisions for different
species are evident. In the formulation of
decision models to guide tree breeding strategy
of non-industrial trees, a number of salient

“concepts emerge, including status, demand, seed

origin, continuity of release, potential for
improvement, and genetic gain versus diversity.

Although no specific methodology for breeding
non-industrial trees exists, workers in this field
should avoid attempting to emulate work on
agricultural crops and commercial forestry as the
status of non-industrial trees is more varied. A
requirement to ensure sufficient genetic diversity
for current and unforeseen needs demands that
broadly based material is released and selection
intensities are relaxed. Recurrent selection and
advanced generation breeding are generally
irrelevant for non-industrial trees, except in areas
where established extension services exist or
appreciation of bred material is high. Gains
should largely be seen as improvements to rural
development, rather than as economic returns on
investment.

Demand for planting materials of non-industrial
trees will arise owing to farmer requests and the
promotional activities of external organisations.
Without knowledge of these demands, the
direction that breeding should take is not well
defined. Accordingly, some flexibility in approach
should be retained, but not at the expense of
making bred trees redundant because demand
has already been satisfied from unimproved
sources. Material from advanced generations will
have to be demonstrably superior to make it
preferable to previously planted stock, and this
material will differ for quantitative and qualitative
characters.

It is reasonable to assume that farmers will
collect their own seed of non-industrial trees
once this option is available. Consequently, there
will largely be a one-off chance of release, which
has implications for co-ordination of release:
separate organisations should not release different
populations which will subsequently hybridise
and may reduce performance. Liaison between



breeders and extension workers in the setting up
of community-based nurseries and participatory
breeding schemes is essential to ensure that
planting material is appropriate and optimally
productive.

Despite the undomesticated state of many
non-industrial trees, the potential for improvement
is tempered by the risk-averse and diverse
group of beneficiaries who require stable as
opposed to maximal production. In the majority
of cases, selection of superior seed sources will
provide the largest benefits, and it is of little
point to begin breeding inferior populations.

" Multiplication of limited seed in seedling seed
orchards provides some scope for moderate
selection and gain.
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ABSTRACT

Clonal tree improvement programmes contain two complementary aspects, clonal development and clonal deployment. Clonal
development entails strategies to provide clones which not only express superior growth and yield, but are also buffered
genetically against varying environments, including pests. Selection of clones from diverse populations and establishment of a
large breeding population enhance the chance of including substantial genetic diversity, especially for developmental (individual
tree) homeostasis toward environmental change. A multistage testing programme ensures that the clones.in the production
population are superior for growth at the forest stand level, as well as being genetically diverse for life history traits and pest
resistance. Once clones are assigned to the production population, forest stand composition can be designed by the tree breeder
and forester to utilise genetic (population level) homeostasis to take advantage of diverse pest resistance among the clones or
diverse competitive strategies to occupy fully the niches within the -stand. In addition, production traits which do not affect
clone/environment interactions, such as wood properties and tree size, can be structured to be highly uniform within the stand in

order to enhance product development.

INTRODUCTION

Clonal reforestation is practised operationally with
both temperate (Kleinschmit 1974; Shelbourne,
Carson & Wilcox 1989) and tropical (Leakey
1987) species worldwide. Interest among forest
managers in clonal reforestation has increased
dramatically within the past 15-20 years in
response to the development of operational
cloning systems (usually rooted cuttings) and to
enhanced awareness of the benefits of such
systems. To date, clonal technologies have been
applied to a limited number of species. This
review, therefore, draws primarily from
experience with Eucalyptus, Populus and
temperate-zone conifers.

Some of the most important benefits of clonal

reforestation include: o

e faster availability of genetically improved
planting stock for reforestation compared with
a traditional seed orchard/seedling-based tree
improvement programme (Matheson &
Lindgren 1985);

e higher genetic gains per generation
compared with a seed
orchard/seedling-based tree improvement
programme (Chaperon 1991);

e greater uniformity of the resultant stands and
forest products (Campinhos &
Claudio-da-Silva 1990; Zobel, Campinhos &
Ikemori 1983); and

e greatly reduced dependence on seeds for
planting stock production (Leakey 1987).

Clonal tree improvement and reforestation
programmes must be designed to optimise
realised genetic gain. With any tree improvement
programme, there is a risk that realised genetic
gain (ie forest stand yield) will be less than
predicted genetic gain. The worst-case scenario
would be the loss of the stand prior to final
harvest. The goal of a tree improvement
programme is to develop one or more
populations of planting stock which are adapted
to the environments in which they are
established, including resistance or tolerance to
diseases, pests, and other adverse environmental
factors, so that the risk of loss of stand growth
and yield is minimised.

In a clonal tree improvement programme, the
final vield of the forest stand (or other array of
trees, 1e agroforestry) is strongly influenced by
the adaptation of the trees, individually and
collectively, to the site. This adaptation has two
components: (i) clonal development, and (i)
clonal deployment or stand establishment
process. Clonal development approaches,
including breeding, testing, and selection, largely
affect the genetic quality of the resultant clonal
population available for reforestation.

Clones must be developed which are highly
selected for growth and productivity traits, but
which display substantial developmental
(individual basis) homeostasis as well as genetic
(population basis) homeostasis. Developmental
homeostasis refers to a genotype'’s ability to alter
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its physiology, physical development, and growth
to adapt to its changing environment (Lerner
1954). Clones with highly stable performance
over a range of environments (Burdon 1971;
Bentzer et al 1988) exhibit greater
developmental homeostasis. Genetic homeostasis
is 'the property of a population to equilibrate its
genetic composition and to resist sudden
changes’ (Lerner 1954). Lerner proposed that
heterozygosity provides the basis for both types
of homeostasis. In a clonal reforestation
programme, the fate of a particular ramet of a
clone or clone within a stand_is not as important
as the growth and yield of the entire stand.
Some mortality is expected during stand
development, and trees have the ability to take
advantage of additional growing space and other
resources so that the growth of the survivors
may compensate for the missing trees. Clonal
deployment must strike a balance between the
need for efficiency of forest management,
harvesting and converting into economic
products and the need to deploy populations
which are genetically buffered against
environmental changes (including pests).

CLONAL DEVELOPMENT

Clonal development relies on three processes:
breeding, testing, and selection. Breeding creates
new genetic variability; testing exposes the new
genotypes to appropriate environments; and
selection favours certain genotypes for population
development. At least three populations are
conceptualised: the gene resource population, the
breeding population, and the production
population (Libby 1873; Foster 1986; Shelbourne
et al. 1989). The gene resource population is
often the wild or unimproved population from
which new selections can be derived. The
breeding population is the somewhat improved
population of all genotypes which are used to
create the next generation of crosses. A wide
range of genotypes may be kept in this
population as long as each one has at least one
characteristic of possible future interest. The
production population consists of the highly
selected genotypes which are used for
reforestation.

Breeding

Breeding is used to create genetic diversity from
which new selections can be made. To be
functionally useful, genetic diversity is needed in
traits which aid survival, growth, and
development of genotypes in the population.
Functional genetic diversity results in enhanced
developmental and genetic homeostasis, and
hence in adaptability.

Several breeding methods can be used to breed
for enhanced genetic variability, especially for
creating extreme genotypes useful for clonal
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reforestation (Foster 1986, 1993). These methods
include the development of multiple populations
or sublines; use of specific mating designs; use
of positive assortative mating; breeding for
non-additive and additive genetic variation; and
interspecific hybridisation. A brief summary of
each follows.

Multiple populations, nucleus breeding and
sublines

Multiple populations differ from sublines in that
the former seek to enhance or at least maintain
genetic differences among populations, while
sublines are random subsets-of-the population
(Burdon & Namkoong 1983). Genetic differences
among sublines are due to the effects of initial
sampling, founder' effects, and random drift over
generations of breeding.

Nucleus breeding is a variant of the multiple
populations approach in which a small subset of
individuails (eg 40) is copied from the main
breeding population into a nucleus population
(Cotterill et al. 1989). One or more nucleus
populations can be developed, each with the
same or different goals of selection. Breeding
efforts continue at a lower level in the main
breeding population, while the major breeding
effort is concentrated on the nucleus
population(s). The goal of multiple or nucleus
population development is to enhance genetic
differentiation. Interpopulation crosses could be
used as terminal crosses to create extreme
genotypes for one or more traits. Aracruz
Florestal SA has incorporated the multiple
population concept in its tree improvement
programme with 20 populations (20 genotypes
per population) of Eucalyptus grandis and 20
populations of E. urophylla. Ten crosses will be
made inside each population, forming ten full-sib
families per population. In the full-sib families,
the best tree will be selected and interspecific
crosses made to seek ‘super hybrids' for the
clonal programme (Campinhos & Ikemori 1989).

. Mating designs

Once the genetic basis (type of gene action:
additive, dominance or epistasis) is known for
the superiority of traits in specific genotypes,
then mating designs, heretofore unique to animal
breeding, can be used. The goal of these
designs, such as breed complementation or
specific three-breed terminal crosses
(Hohenboken 1985), is to develop specific types
of individuals in the offspring generation for the
production population. The parents are often
superior for different traits, which are then
combined in the offspring.

Positive assortative mating

Positive assortative mating entails mating like'
parents in the population rather than random
mating. For example, the top-ranked individual is



mated to the second-ranked, third-ranked is
mated with fourth-ranked, etc. This pattern of
mating is known to increase genetic variation in
the population while also increasing
homozygosity for the selected trait (Crow &
Felsenstein 1968). Much of the effect is seen In
the first few generations of positive assortative
mating. In a simulation study, Mahalovich and
Bridgwater (1989) found an increase in genetic
gain of 0—6% from positive assortative mating
and selection through 14 generations of mating.
In addition, they found an increase in the
number of extreme genotypes.

Breeding for additive and non-additive
genetic variation

Most tree improvement programmes emphasise
breeding and selection for additive genetic
variation or breeding value (recurrent selection).
However, additional gain may be obtained by
breeding for both additive and non-additive
(dominance and epistasis) genetic variation.
Improvement plans such as reciprocal recurrent
selection (Comstock, Robinson & Harvey 1949)
can be modified for use in forestry (McKeand,
Foster & Bridgwater 1986). These types of
improvement plans require several generations to
develop, and to date remain untested in forestry.

Interspecific hybridisation

Interspecific hybridisation is known to create
large amounts of variability in the offspring
generations. This genetic variability can then be
used within a tree improvement programme,
especially with clonal reforestation (eg Teissier
du Cros 1984). This process often contains many
problems, eg cross-incompatibility and low-vigour
offspring, but occasionally some outstanding
offspring are produced. Results from such
crossing vary tremendously, depending on the
species involved. One goal of interspecific
crossing is to join the desirable characteristics of
two different species. A good example is crosses
between E. grandis and E. urophylla, whose
hybrids have shown great stability and high
quality of wood for pulp production.

Testing

Tree breeders have expended considerable effort
on researching the effects of genetic test design
on genetic gain. There is a trade-off between
accuracy of genetic value estimation and
intensity of selection (ie greater accuracy is at
the expense of numbers of families, individuals
per family, or clones). The optimum strategy
depends on heritability of the trait and available
testing resources. For clonal tree improvement
programmes, Shaw and Hood (1985) and Russell
and Libby (1986) found that, for fixed resources,
as many clones as possible should be tested
with relatively few (ie 2-6) ramets per clone.

The tree improver must stratify the potential

reforestation environments into more or less
uniform (non-interactive) subsets. Initially, the
entire breeding population must be tested across
the potential reforestation environments. The trees
in the breeding population are used as a
bioassay to delineate these ‘breeding zones'.
Simultaneously, the breeding population and the
environments are subdivided imto subsets of
genotypes and matching environments. Within a
breeding zone, genotypes are expected to
express a non-significant interaction (le rank
change) with environments. Trees are matched
within but not among breeding zones. Resultant
clones are planted within the zone.

The tree improver must also assess the potential
environment apparent within the range of
reforestation environments, and must establish
appropriate genetic tests to assess genotypic
performance in the various environments. In most
tree improvement programmes, multiple traits (eg
survival, volume, height, disease resistance, bole
straightness) are being improved simnultaneousty.
Different types of tests may be used to assess
each trait. For example, tree growth and yield,
bole form, and wood properties may be
assessed in field tests, while rapid screening for
disease resistance may be accomplished in a
greenhouse environment (eg Mafthews & Rowan
1972). Disease screening in artificial
environments allows collection and use of a wide
range of pathogen races to screen simultaneously
for host resistance. However, strong correlation
must exist between host reaction in the field and
in the artificial environment.

Genetic improvement for yield per hectare in
forestry will undoubtedly require a series of
tests. For clonal forestry, Libby (1987) has
proposed four levels of testing. The four levels
are: Initial screening (Level I) with large numbers
(eg thousands) of genotypes and only a single
seedling or few ramets per clone; candidacy
testing (Level II) with large numbers of
genotypes (fewer than with Level I, hundreds or
low thousands) and low numbers (2-6) of ramets
per clone; clonal performance (Level III) with
moderate numbers of genotypes (eg <200) and
large numbers (eg 0.1 ha plots) of ramets per
clone; and compatibility trials (Level IV) with
small numbers of genotypes (eg 20-50) with
very large plot sizes. This scheme would result
in the choice of clones with detailed growth and
yield performance. As such a scheme will
require a long time period, clonal maturation
must not be an insoluble problem.

Selection

Initial selections are made from the gene
resource population. Selection intensity may be
high, but low heritabilities in natural stands
typically result in relatively low genetic gain from
this initial step in a selection programme, if the
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resource population is a natural stand. An
important exception may be genetic gain for
disease resistance when disease-free individuals
are selected from heavily diseased forest stands.
Superior select trees should be derived from a
wide range of locations within the appropriate
portion of the species’ range. General tree
improvement principles (Zobel & Talbert 1984;
Wright 1976) can be used to guide the choice
of area to sample within the natural range. A
wide dispersion of sample locations within the
natural range will enhance the chance of
capturing a large range of genetic diversity in
the breeding population.

Once initial selections are made, genetic tests,
either seedling or clonal, are established.
Superior selections for the breeding population
and the production population are made from the
genetic tests. Selection for the breeding
population focuses on superiority for additive
genetic value. Because the breeding population
is relatively large (hundreds or even thousands of
genotypes), a large number of genotypes is
selected to reconstitute the population, and hence
selection intensity and genetic gain are moedest.

Clonal selection

Clonal trials can be established directly (by
felling the select trees and rooting cuttings from
the stump sprouts, which is feasible with some
Eucalyptus species, for example), or
seedling-based progeny trials can be established
with either open-pollinated or controlled-cross
seedlings. In a clonal programme, the production
population contains relatively few clones (usually
fewer than 100; Aracruz Florestal SA currently
has 80 clones in operational plantations) which
are selected for genotypic value, not breeding
value. The exact source of the genetic
superiority is unimportant for this population. In
fact, if non-additive gene action is important in a
population, many of the genotypes in the
production population may not be included in
the breeding population (Foster 1986, 1993).
Genetic gain in the clonal production population
is greater, and possibly much greater, than in
the breeding population (Foster 1986).

Multiple trait selection

Most tree improvement programmes emphasise
selection for multiple traits. Unfortunately, as the
number of traits increases, the number of
genotypes superior for all traits diminishes
rapidly; selection intensity must therefore increase,
or genetic gain will plummet. For this reason,
only the few most economically important traits
(typically growth and productivity traits) should
be emphasised. In environments where disease
or drought are important, tolerance of these
conditions may also be strongly emphasised.
Debate rages among pathologists and plant
breeders as to the best breeding strategy for
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disease resistance (Marshall 1977). The use of
single major resistance genes (vertical resistance)
has proven to be only a brief solution in
breeding agronomic crops, as the pathogens can
quickly mutate to overcome the host's resistant
gene. More promising strategies include breeding
multiple single genes for different resistance
mechanisms into the same variety, or utilising
polygenic resistance genes (horizontal resistance)
(Marshall 1977). Multiple resistance mechanisms
for the same disease are well known in forest
trees; such procedures are therefore also feasible
in forestry.

Genetic conservation

Agronomic plant breeders have been somewhat
careless about allowing genetic diversity within
their crop species to erode as a trade-off for
greater genetic gains (Marshall 1977). Tree
breeders must be careful to maintain wide
genetic variability for all traits that are not being
selected during directional selection, because the
latter narrows the genetic base for those traits
under selection. This is especially true for traits
which control adaptation. The breeding
population is a good place to maintain this
diversity. Traits of interest for developmental
homeostasis (adaptability) include: growth rhythm,
response to moisture deficits, disease resistance,
pest resistance, tolerance of different irradiances,
rate of photosynthesis and respiration, live crown
dimensions, leaf shape, coppicing ability, etc. It is
very important for tree breeders to know genetic
correlations among these traits and the traits of
more economic interest. This information will help
them to monitor the inadvertent effects of indirect
selection for the homeostatic traits and even
counteract the effects if they are detrimental.
Given that the set of genotypes in the production
population is dynamic, it is necessary to maintain
clone banks as a repository for germplasm. The
breeding population will also serve as a
repository for genetic variability

CLONAL DEPLOYMENT

Despite its overwhelming importance, little
research has been conducted to investigate the
effects of different deployment strategies on the
health, growth and yield of forest stands. By
nature, this type of research requires a large
amount of resources and a long period of
assessment. The major questions are as follows.

e How many clones should be in the
production population, and how many should
be deployed to a single site?

e Should the clones be deployed at a single
site as a mixture or as mosaics of
monoclonal stands?

e What are the key attributes of the clones
themselves that cause them to be used
either as mixtures or as monoclonal plots?



Number of clones

The question of number of clones to be
deployed contains two aspects: the number of
clones within the production population, and the
number of clones planted per site. Several
research papers have addressed the theoretical
aspects of these issues, but few expernimental
results have been reported.

Number of clones in the production
population

Consensus among tree breeders and forest
geneticists indicates that production population
sizes of 100 genotypes or fewer are acceptable.
Seed orchard/seedling-based tree improvement
programmes utilise 20-50 parental genotypes in
the roqued seed orchard. Owing to genetic
recombination in the seed production process,
the variety of offspring genotypes from such a
programme is very large, especially given the
relatively large amount of genetic heterozygosity
within most populations of forest trees.

Theoretical studies have sought to assess either
the risk of plantation failure or the stability of
performance when using varying numbers of
clones in the production population. Although the
goal of these studies was to examine the effect
of varying numbers of clones per site, the results
can be extended to gain insight into the
minimum number of clones needed in the
production population. Libby (1982) proposed a
range of between seven and 30 clones as a
relatively safe number, while Huehn (1988) found
that a safe number of clones in a clonal mix
was generally between four and 50, depending
on assumptions and the area to be forested.

Actually, the absolute number of clones is less
important than the range of genetic diversity
among the clones. Ten clones which share the
same alleles for a particular trait would express
no genetic diversity, as contrasted with five
clones each of which had different alleles for the
same t{rait. Hence, the tree breeder must
emphasise genetic diversity for traits associated
with survival and adaptation, while exercising
strong selection pressure on production traits.

Aracruz Florestal SA currently uses 80 Eucalyptus
clones in its production population, with more in
the initial stage of multiplication. The planting
area is divided into three regions with 65 clones
used in Aracruz, 40 in Sao Mateus, and 29 in
the south of Bahia State. Several of the clones
are common to all three areas because of their
superior developmental homeostasis. Following
rigorous multisite testing, new clones are added
to the production population each year.

Number of clones planted at each site

The goal of deploying superior clones to
reforestation on a site is optimurn production
(solid wood products, fibre, food, or other forest

products) with minimal risk of failure to meet the
production potential. Libby (1982) utilised the
concept of Tisk to a random genotype’ (RRG) in
a theoretical study investigating acceptable
numbers of clones to be deployed in clonal
reforestation. Furthermore, he utilised the concept
of maximum acceptable loss’ (MAL) as the level
of stand loss below which a forest manager
would be unwilling to accept the loss. Based on
probability theory, he found that seven to 30
clones, depending on RRG and MAL, provide
reasonable probability of achieving an acceptable
final harvest. In their theoretical study, Lindgren,
Libby and Bondesson (1989) investigated the
interaction between clonal diversity within
mixtures and genetic gain. A key, and somewhat
controversial, assumption of their analysis was
that interactions between ramets of the same
clone are negative and, conversely, that
interactions between ramets of different clones
are positive. Therefore, fewer clones in the
population conferred an increasingly greater
disadvantage, or reduction in genetic gain. Using
this assumption, they developed a model which
related effective population size to the truncation
point, due to selection, on the normal distribution
curve. Their analysis demonstrated that, by
varying the frequency of clones in the mixture,
rather than using equal proportions, genetic gain
could be enhanced by selecting more clones,
with the lower ranked clones occurring at
increasingly lower frequencies.

For operational plantings with Eucalyptus clones,
Aracruz Florestal SA utilises at least four different
clones for each 150 ha. Also with Eucalyptus, the
Industrial Afforestation Unit of the Congo (UAIC)
operationally plants their clones in 50 ha
monoclonal plots around Pointe-Noire, Congo
(Leakey 1987).

Well-designed empirical studies are needed to
address the question of the number of clones
which should be deployed per site, to guide
clonal reforestation. Such studies must
incorporate a variety of clones with a range of
known growth and yield performance, as well as
susceptibility to disease, moisture deficits, and
other adverse environmental factors. The tests
should include a wide diversity of site quality.

Clonal mixtures versus mosaics of
monoclonal stands

Most tree improvers and forest geneticists agree
that single-clone plantations do not offer any
chance for genetic homeostasis, and so the risk
of plantation failure owing to the failure of a
single clone is too high. If more than one clone
is deployed on a site, then the two extreme
alternatives are a complete mixture of all clones
at the site, termed ‘widespread intimately mixed
plantations’, or mosaics of monoclonal stands’
(Libby 1987). A large body of research results
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on this issue with agronomic crops has been
published (Trenbath 1974; Harper 1977).
Unfortunately, the results have been mixed, with
some reports showing superiority of the pure
varieties over the mixtures, while others have
indicated that the mixtures have significantly
outperformed the average of the pure plots. On
occasion, the mixtures have even outperformed
the best pure variety. In his review on
non-woody plant biomass yields, Trenbath (1974)
found that, of 344 mixture comparisons reviewed,
the mixtures overyielded the best pure
component 24% of the time, and underyielded
the worst component 13% of the time, with the
remainder being intermediate between the two
pure components. In his review, Marshall (1977)
showed only two out of 328 mixtures which
overylelded the best pure component plot.

The only published study with forest trees
comparing pure versus mixed-clone plots of
which we are aware was published by Markovic
and Herpka (1986). The authors reported
fourth-year field results with five clones of
Populus deltoides. Large plot sizes (100 trees)
enabled valid estimations of volume productivity
per hectare. For volume per hectare, average
height, diameter at breast height (dbh), and
basal area, the mixed-clone plot performance
was intermediate compared with the mean of the
pure-clone plots. There was slightly higher
(though non-significant) volume per hectare
(12.8%), mean height, mean dbh, and basal area
for the mixed-clone plot compared with the
average of the pure-clone plots. Hypothetically,
stand development may have enabled the
faster-growing, dominant clones eventually to
control the stand so that the stand attributes
were raised closer to that expected of the
superior clones.

In a previously unpublished study with P
deltoides, G S Foster (USDA Forest Service,
Huntsville, Alabama, USA), R Rousseau (Westvaco
Co, Wickliffe, Kentucky, USA), and W Nance
(USDA Forest Service, Gulfport, Mississippi, USA)
established a mixing study with two locations
(James River Co, Vicksburg, Mississippi, and
Westvaco Co, Wickliffe, Kentucky, USA), four
replications per location, and seven clones. The
plot size was 64 trees in a square plof with the
inner 36 trees as the measurement plot. A
spacing of 3.66 m x 3.66 m was used, yielding
measurement plot sizes of 0.048 ha. Monoclonal
plots were planted for each of the seven clones,
and binary-clone plots were established for
seven pairs of clones. Each binary combination
was represented by two plot types: (1) 75%
Clone A/25% Clone B and (i) 25% Clone A/75%
Clone B. With four plot types (two monoclonal
plots and the clone mixture at two ratios), a
replacement series graph of volume per plot
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could be drawn. Total height and dbh were
measured at ages two, three, and four, and
whole-tree volume was totalled on a plot basis.
Two of the seven pair combinations- are
presented in Figure 1. These two are presented
here because of the contrasting results obtained.
Different clones were represented in Mixes 1 and
2. In Mix 1, the results were opposite at the two
locations, yet the mixed-plot yields are virtually
linear across the replacement series. In Mix 2,
the ranking of the two clones was the same at
both locations; however, the mixed plot 75%
C:25% D overyielded the best pure-clone (C)
plot by a large margin. These results show that
field results for mixed-clone stands versus
mosaics of monoclonal stands may vary

Plot volume (m°)

RARARAANY

Plot volume (m°)

Figure 1. Plot volume production of Populus deitoides clones
at ages 2, 3, and 4 at two planting sites in a replacement
series study with binary-clone pairs. Mix 1 has clones A and
B, and Mix 2 has clones C and D. At each of the four
sample proportions, the ratios sum to 100% (ie 0% A/100% B)



dramatically by site and may be specific to the
particular set of clones.

Theoretical considerations argue against mosaics
of monoclonal stands; yet experimental results
generally have failed to support the expecied
superiority of mixtures. The potential advantages
of mixtures are: ‘(i) increased yields through the
exploitation of favorable interactions between
component genotypes; (ii) greater stability of
performance in diverse environments; and (ii) a
reduction in disease and insect damage’
(Marshall 1977). Mixed genotype stands should
afford more resistance or tolerance of pest attack
as non-susceptible genotypes will help slow the
spread of the pest (Marshall 1977; Heybroek
1982), but mosaics of monoclonal stands may be
an acceptable compromise with certain diseases
(Heybroek 1982). Actual results with agronomic
crop species (Trenbath 1974; Marshall 1977) and
tree species (Markovic & Herpka 1986) generally
have shown litlle or no greater yield of mixtures
over the average of the monoclonal plots. If such
studies are conducted in pest-infested
environments, the mixtures might fare much
better (Kroll, Moore & Lacy 1984).

Practical arguments can be made to support
either deployment strategy. From a management
- standpoint, the mosaics of monoclonal stands
offer the forest manager the chance to observe
the performance of single clones. This
observation will lead to exiremely valuable
information on clonal growth and yield, clonal
wood properties and log characteristics,
clone/site interaction, and resistance to adverse
environmental factors (including pest resistance).
If a single clone succumbs to an adverse
environmental factor prior to harvest, the affected
stand can be removed and replanted. However, if
the clones are mixed, then a certain percentage
of all trees in the stand may succumb, dropping
the stand yield below an economic threshold.
Forest managers may take more risk with
short-rotation intensive management or
agroforestry plantings, and may therefore
exclusively plant mosaics of monoclonal stands.
Managers working with species with
medium-length rotations should be more cautious
and may want a portion of their reforestation
with each of the two alternatives. Managers with
long rotations may want to use mixed-clonal
stands as an insurance against losing the stands
after many years of investment and growth.

Ancther aspect which can influence the choice
of strategy for clonal deployment is the quality of
wood produced by the stand. In the case of
pulp production, for example, some
characteristics should be maintained within a
narrow band of variation in the production
population (Demuner et al. 1991). Uniform wood
properties in pulp optimise paper dquality
produced by a mill. This leverage point

influences the adoption of mosaics of monoclonal
stands because, within each stand, the
characteristics of the wood produced will be
homogeneous and completely predictable.

- Attributes of clones which influence

deployment

Few theoretical or empirical results have been
published regarding the relationship between
physical attributes and clonal performance in
monoclonal or mixed-clone blocks. Markovic and
Herpka (1986) noted a slight, yet non-significant,
growth advantage for the mixed plot over the
average of the monoclonal plots. G S Foster, R
Rousseau and W Nance (unpublished) found a
linear relation between plot volume and
proportion of each clone in a two-clone
replacement series, while in a second two-clone
replacement series the same relation was
curvilinear (Figure 1).

Why do clones interact in a variety of ways,
additively, over-yielding, or underyielding? Crown
or root system architecture of the clones may
help explain their interaction. Clones that have
narrow crowns and root systems and otherwise
use their allocated growing space efficiently
(termed ‘crop ideotypes’) may interact in an
additive fashion in a replacement series. Clones
that have broad crowns and otherwise take more
than their allocated growing space (termed
isolation ideotypes’) may perform poorly in
either pure plots or mixtures with other clones
that are isolation ideotypes. The most efficient
mixtures may be between clones which are crop
and isolation ideotypes, thereby more completely -
using all available resources. Aftributes which
may serve as mechanisms for these interactions
include live crown length, crown radius, leaf area
index, height, dbh, depth of root system, and
horizontal spread of root system.

Another general mechanism for inter- and
intraclonal interaction is through diversity of
resistance to adverse environmental factors.
Performance of monoclonal stands of susceptible
clones could be severely reduced, even to zero
by complete mortality Disease resistance
provides an interesting case of this class of
interaction. Mixtures of clones with varying
degrees of resistance could result in lower net
loss than mosaics of monoclonal stands, as
resistant trees tend to slow the rate and severity
of disease infestation among susceptible
genotypes (Heybroek 1978, 1982). The negative
side of the mixtures is that salvage of the
susceptible trees would be much more difficult
than with monoclonal stands.

CONCLUSION

A successful clonal tree improvement and
reforestation programme depends on the
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development of appropriate clones and the
deployment of those clones, based on knowledge
of intertree competition and interaction with the
environment. Clones must be developed which
have substantial developmental homeostasis in
order to interact favourably with changing
environments. Breeding methods are available to
enhance genetic variability within the offspring
genotypes for traits which determine adaptation
to the environment, while at the same time
encouraging development of extreme genotypes
for productivity traits. Appropriate genetic tests
must be used to assess these somewhat different
types of traits: survival and adaptation versus
productivity. A series of tests combined with
selection to test fewer and fewer clones with
increasing numbers of ramets is recommended.

Clonal deployment varies with rotation length
and types of adverse environmental factors (eg
diseases or drought) that the forest stand will
encounter. A high degree of genetic homeostasis
must be built into forest stands by careful clonal
deployment. Mosaics of monoclonal stands may
be particularly useful for short-rotation
management in the absence of adverse
environmental factors. As the rotation length and
the probability of adverse environmental factors
increase, either a mixture of mosaics of
monoclonal stands and clonal mixtures or entirely
clonal mixtures should be used. Monoclonal
stands are particularly useful for gaining
information on specific clones.

These strategies for clonal development and
deployment, based on experience with a limited
number of tree species, should be applicable to
the large number of tropical tree species which
are largely undomesticated. In the case of such
species, where tree improvement programmes
have often not yet been initiated, the first priority
may be to identify rapidly superior individuals in
wild populations (see Ladipo et al, pp239-248;
Lawson, ppll12-123). Where the users of clonal
technologies are small-scale farmers rather than
industrial concerns (eg see Mesén, Boshier &
Cornelius, pp249-255), novel strategies may have
to be developed to mitigate risk. The application
of clonal techniques in such situations offers
great prospects for increasing gains and
stimulating reforestation in the future.
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ABSTRACT

Forests in West Africa have recently been disappearing at 1.2 million ha (4%) per annum, yet the area planted annually with
trees was only 36 000 ha in the mid-1980s, and is now very much less. Many tree planting schemes, particularly in Cameroon,
have failed because of inadequate site clearance and subsequent neglect of maintenance. Yet the yield of several species in
research plots has been found to be acceptably high, and a number of species, such as Terminalia ivorensis, T. superba,
Triplochiton scleroxylon and Aucoumea klaineana, can achieve an average diameter of 60 cm in 25-30 years. The economic
returns from rotations of 30 years or less are highly attractive, even with poor markets for thinnings. Internal rates of return
between 9% and 20% have been calculated for such stands in Cameroon. However, private sector and farmer confidence in the
wisdom of tree planting is only likely to be encouraged by: (i) financial incentive schemes; and (ii) the development of
techniques for selection and improvement of fastergrowing and more valuable planting stock than has been available up to now.
There is a particular need for an international hardwood improvement programme in West and Central Africa.

INTRODUCTION

Whilst reasonable information is available from
West Africa on the yield and profitability of
exotic species of Pinus, Tectona, Eucalyptus and
Gmelina (Allison et al. 1986; Horne 1967; Lowe
1976; Kio et al. 1989; Ball 1992), it is more
difficult to obtain reliable data on the native
hardwood species which are being
‘domesticated’ and used in timber plantations.
Three indigenous species have been planted
widely in West Africa: Triplochiton scleroxylon
(obeche, samba, wawa, ayous), Terminalia
ivorensis (black afara, framiré), and Terminalia
superba (white afara, fraké, limba). However,
many of these plantations were established on a
small scale, and few analyses exist of their
establishment costs, yields and likely profitability.
This paper therefore:

e considers the need for tree plantations in
West Africa;

e summarises existing information on plantation
yields of indigenous species;

e comments on the likely profitability of these
plantations;

e describes the efforts being made by the
Cameroon Forest Management and Regeneration
Project to improve the management and yields
of indigenous tree plantations; and

e speculates on the potential for vegetative
propagation and clonal selection to increase
the growth rates and marketability of native
hardwood species.
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DEEORESTATION AND REFORESTATION IN
WEST AFRICA

The average annual rate of deforestation in West
Africa from 1981 to 1985 (the most recent
reliable data) was 2.2% overall, and 4.1% in
closed forest. These are the highest regional
figures in the world, and compare with an
average annual loss of closed forest of 0.6% in
Africa and a global average of 0.3% (Table 1).

Official statistics also indicate that 36 000 ha of
plantations were established annually in West
Africa during the mid-1980s. This figure is very
small compared with the 1.7 million ha of forest
which were being lost annually at the time, and
it is even less significant when one considers the
poor maintenance and survival of these
plantations, and the fact that they were usually
established in areas of existing forest.
Furthermore, there is litle doubt that the rate of
plantation establishment has declined
considerably since the mid-1980s.

Thus, although West- Africa has recently suffered
the greatest proportional loss of forests in the
world, it has an almost insignificant replanting
programme. Considerable recogmnition exists of
the economic, environmental and social costs of
unabated removal of forests. In Nigeria, for
example, it is calculated that the decrease in soil
fertility and water quality caused by deforestation
costs more than US$5 billion annually (World
Bank 1992b). However, there is no evidence of
tree planting programmes being supported on a
sufficiently large scale to relieve the pressure on



Table 1. Rates of deforestation and tree planting in West Africa (source: World Resources Institute 1992)

Extent of natural forest and woodland Annual deforestation Plantations

(kha in 1980) (1981-85) (kha) (kha)
Closed Open Other Closed forest Total forest
forest forest woodland (kha) (%) (kha) %0)

Benin 47 3 820 6 832 1 2.6 67 1.7 0
- Cote d'Ivoire 4 458 5 376 15 390 290 6.5 510 5.2 6
- Ghana 1 817 6 975 9 480 22 1.3 12 08 2
Guinea 2 050 8 600 9 000 36 1.8 86 0.8 0
Liberia 2 000 40 5 640 46 2.3 46 2.3 2
~. Nigeria 5.950 8 800 49 450 300 5 400 2.7 26
S. Leone 740 1 315 4 278 6 08 6 0.3 0
Togo 304 1 380 3 120 2 0.7 12 0.7 0
— West Africa 17 2617 36 306 104 690 703 4.1 1199 2.2 36
-~ Cameroon ~ 17 920 7 700 15 600 80 0.4 110 0.4 1
Central Africa 170 395 11 915 71 575 307 0.2 515 0.2 3

undegraded natural forests, neither is there much
consensus on how forest regeneration is best
encouraged.

There are five approaches to forestry
management in the humid forest zone.

Conservation schemes

These schemes often require that logging ceases,
and place severe constraints on villagers’
activities. Governments may be granted loan
remission, and villagers given new facilities, but
conservation ‘exclusion zones', which do not
allow local populations to utilise timber or game,
are unlikely to encourage a genuine commitment
to conservation among the community (Besong
1992).

Sustainable management of the natural
forest

This ideal has many adherents, but few
genuine practitioners. Techniques for the
effective management of natural forests are
poorly understood, and there are many
management and economic problems. Some
recent results, involving careful inventory and
selection of trees to be felled, together with
selective poisoning of competing low-value
trees, have enhanced the growth of commercial
species (by up to 6-7 m® ha™ yr'l) without
excessive environmental damage ( Jonkers 1987,
Maitre 1987). However, the cost of felling
competing trees is high, natural regeneration is
often unreliable, and the yield from even
well-managed natural forest in West Africa is
unlikely to exceed 5 m® ha™ yr'1 (Kio &
Ekwebam 1987, Nwoboshi 1987), which is less
than half the yield of most plantation species in
the area.

Enrichment planting

This is the process of underplanting valuable
species in partially cleared natural forest. It is
appropriate if the forest has insufficient natural
regeneration for natural forest management to
succeed, but is too valuable (economically or
ecologically) to be completely replaced by
plantations. It also offers the opportunity to use
genetically selected planting stock, or species
which were not present in the original forest.
Underplanting can take place in lines, as scattered
groups, or in a heavily cleared forest where only
middle-aged timber species of good form have
been retained. Unfortunately, enrichment planting
has seldom been carried out well: light-demanding
species have often been established in excessive
shade and weeding operations have usually been
neglected (Anon 1989).

Industrial plantation after complete
clearance

This has been the principal technique used in
large plantation schemes financed by
international lending institutions. Typical examples
are the Subri industrial plantations in Ghana
(Plumptre & Earl 1986), the World Bank
afforestation programmes in Nigeria (Kio et al.
1989), and the state forestry plantations in Cote
d'Ivoire (SODEFOR) (Dupuy 1985). Unfortunately,
all these plantations were established in
reasonably productive forest reserves, partly to
gain revenue from the forest clearance, and
partly because this was the only land freely
available to the state. Development banks are
now less keen on this type of scheme, especially
if the plantations are run by state forestry
organisations. There have been too many
examples in the past of inefficient managemert,
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over-emphasis on planting targets, and gross
neglect of maintenance operations (World Bank
1992a). The banks and aid agencies are,
therefore, shifting the balance of their funding
away from industrial forestry schemes (the
forest-first approach’) and towards environmental
conservation, natural forest management and
community forestry (World Bank 1991). However,
it is in plantation programmes such as that of
SODEFOR that there are genetic improvement
schemes for indigenous hardwoods (see Ladipo
et al, pp239-248).

Community tree plantations

These have not been much practised in the
humid forest zone. They are likely to take place
in conjunction with farming, either as ‘taungya’ or
in mixture with fruit trees or other perennial
crops like coffee or cocoa, and therefore involve
reasonably complete forest clearance. Degraded
forest and derived savanna zones are most
appropriate. However, community plantation
schemes have often been limited by an
unenthusiastic uptake of tree planting by
villagers, particularly where it is difficult to define

the ownership of trees on communal land (World

Bank 1992a; Flint 1992). These ‘people-first’
schemes have met many of their targets but
have not established large areas of forest
because of their intrinsically small-scale
approach, problems of land tenure, and a lack of
motivation for farmers to plant tree crops which
bring little financial benefit for many years. Thus,
it is extremely encouraging that the World Bank
is about to launch a pilot ‘tree planting incentive
scheme’ in Nigeria which envisages the
reimbursement (after successful establishment) of
15% of standard planting and maintenance costs
to companies, communities and individuals who
plant at least 5 ha of land (one ha in cases of
environmental degradation). Individuals must
possess the land title before funds can be
provided, but assistance will be given with the
process of land registration (World Bank 1992b).

Large-scale afforestation in future is likely to
require a mixture of community and industrial
planting. Both approaches have been hindered in
the past by human, fiscal and institutional
problems. This paper will not consider these
difficulties further, but will concentrate on the
technical questions which impede the
introduction of a significant indigenous hardwood
planting programme in West Africa, namely:

o the growth rates of plantations of indigenous
species;

e appropriate silvicultural methods;

e the likely economics of plantations; and

e improvements which can be gained from the
multiplication and selection of genetically
superior planting stock.
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YIELD OF PLANTATIONS

Information on the yield of plantations of
indigenous species in West and Central Africa is
sparse. Several hundred sample plots have been
established in research and commercial
plantations, but have often been destroyed by
fire, logging and/or neglect. Results are extremely
variable, with differences n soil type, planting
stock, planting methods, disease attack and
subsequent thinning making it difficult to draw
conclusions. Most plantation research has been
devoted to a small number of faster-growing
species.

Terminalia ivorensis

Much of the reliable information on T ivorensis
(framiré) comes from Cote d'Ivoire, where
infrequent measurements exist from 13 plots
installed by the colonial forest service, and more
reqular data from 209 plots established since
1965 by the Centre Technique Forestier Tropical
(CTFT) (Beligne 1985). The results are heavily
influenced by initial shading, planting density and
subsequent thinning, with establishment and
growth being more rapid in plots which had
received intensive manual or mechanical
clearance of the original forest cover. T ivorensis
is a species which is light-demanding for
maximum growth, and begins to suffer growth
checks even before the tree crowns touch (Lowe
1974), indicating the need for a heavy thinning
regime.

Before 1972, the CTFT plots received only partial
clearance of the original forest, either using the
‘line planting’ technique (with 8-25 m between
lines, sensu Aubreville 1953) or 'manual recru’
(cutting the undergrowth to knee height, and
poisoning the overstorey — but leaving some of
the large trees in place — which was not
recommended in Catinot's (1965) definition of the
recru system). These plots have grown more
slowly than the later mtenswe plantations’ and
average 8.3 m° ha™ yro by 30 vyears, with a
rnaxnnum annual volume increment at 15 years
of 9.7 m® ha™ yr . The minimum rotation length
with these ‘extensive plantations’, to reach an
average diameter of 50 cm, is 43 years.

In 1972, CTFT introduced more intensive forest
clearance methods. These plots recorded a
maximum annual diameter increment of 5.5 cm
yr_l at year 3, and the average annual diameter
mcrernent 1s projected to remain more than 2 cm
yr ' until the age of 20 (Beligne 1985). The
maximum annual wood volume increment of 24.7
yr_1 was achieved at year 6, and the 70
final crop trees alone were mcreasmq their
volume at more than 10 m® ha yr = by year
10. Rotation lengths can be predicted from these
‘Intensive plantations’ of 20 years to 50 cm
average diameter or 36 years to 60 cm diameter.



The average productivity of T zvoreHSJS (framlre)
in SODEFOR is reputed to be 11.5 m ha ™t yr 1,
although there is some doubt about whether it
has been achieved in practice (Aitken et al
1992).

T ivorensis (idigbo) has also been widely planted
in Nigeria. Sanders (1953) and Horne (1962)
quote an;rlual diameter increments ranging from
2.2 cm yr Y for an 11 -yearold plot to 1.9 for a
30-year-old trial at Sapoba. No recent yield
information has been found except for a
nine-year-old plantation in Imo State which has
an average diameter at breast height (dbh) of
16.1 cm (Mbakwe 1990). The Nigerian Forestry
Sector Review (World Bank 1992b) gives the
expected yleld of T ivorensis in plantations as
10-12 m® ha* yr -1 which is the highest of the
species quoted.

T ivorensis (emire) was widely planted in Ghana
between 1930 and 1960, but yield information
does not appear to have been collated (World
Bank 1988). However, it is no longer regarded as
a safe plantation species in Ghana because of
widespread mortality observed in middle-age
plantations (Ofosu-Asiedu & Cannon 1976).

In Cameroon, T ivorensis (framiré) has been
used in both research and commercial
plantations. The ex-CTFT 1972 research
plantations at Bilik (Mbalmayo Forest Reserve)
have an average diameter in excess of 60 cm
after 20 years for the 70 largest trees per
hectare (Lawson, Perem & Foahom 1993), despite
damage from a serious fire in 1983. Previous
measurements had reported an average diameter
increment of 4 cm yr i durmg the first six years
(Grison 1979) and 3 cm yr = over the first ten
years (Foahom 1982).

The Office National de Dévéloppement de Foréts
(ONADEF) is responsible for 22 500 ha of

moist-forest zone plantations in Cameroon, which
date back to 1937 but were mainly planted
between 1972 and 1989. Unfortunately, at least
40% of these plantations have completely failed,
and much of the remainder has suffered severe
growth checks due to inadequate weeding, or to
planting in heavy shade. A recent provisional
inventory of these plantations (ONADEF 1992;
Lawson & Ngeh 1993) has enabled tentative
estimates of yield to be derived. The 4120 ha of
T ivorensis plantations demonstrate a wide range
of survival and growth rates (Figure 1).

Terminalia superba

Terminalia superba has been widely planted in
Congo, where a clonal selection programme has
been implemented (Koyo 1983, 1985), and Zaire
(limba), usually in association with plantans. It is
also an important plantation species in Cote
d'Tvoire and Cameroon (fraké), but to a lesser
extent in Ghana and Nigeria (afa;ra) Diameter
growth is usually 2-3.5 cm yr ~ up to year 10, and
is maintained above 2 cm yr L in the final crop
trees to at least year 20 (Croulez & Wood 1984).
Height growth is around 1.1-1.5 m yr durmg the
first ten years. However, rates of volume production
may be lower than those of T vorensis, with 8.4
m> ha” yro ! measured from an 18- year old
plantation in Congo, and around 7.5 m° ha! yfl
predicted at year 40. Yields are particularly
influenced by soil fertility In Céte d'Ivoire,
experimental plantatlons are reported to yield
around 10 m® ha by year 15, but Aitken et
al (1992) quote 123 m® ha” yr_l as the expected
vield of the SODEFOR commercial plantations, with
a final diameter of 45 cm at 25 years.

Triplochiton scleroxylon

T scleroxylon comprises the majority of all wood
exported from Ghana (wawa); it has top place in

i. Tree height
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Figure 1. Tree height (i) and diameter (i) of 118 plantations of Terminalia ivorensis (framir¢), inventoried by the Office National de
Dévéloppement des Foréts in 1990 (ONADEF 1992; Lawson & Ngeh 1993). These data were collected by a large number of
teams, without adequate standardisation of methods, and should therefore be regarded as provisional
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Figure 2. Tree height (i) and diameter (ii) of 112 plantations of Lovoa trichilioides (bibolo), inventoried by the Office National de

Devéloppement des Foréts in 1990 (ONADEF 1992; Lawson & Ngeh 1993). These data were collected by a large number of
teams, without adequate standardisation of methods, and should therefore be regarded as provisional

Cameroon (ayous) and is a major component in
what remains of the Nigerian (obeche) and
Ivoirian (samba) forests. It has been used as a
plantation species in all these countries, but
never on a large scale, probably because of the
difficulty in obtaining reasonable quantities of
seed (Jones 1974).

In Ghana, research plots of T scleroxylon (Forest
Products Research Institute (FPRI) 1972) have
produced high diameter increments, ranging from
1.2 cm yf1 in a ten-yearold trial at Pra Annum
to 3.0 cm 'y'fl In a six-yearold trial at Subri.
Generally, growth rates are in excess of 2 cm
o

In Nigeria, research plots have achieved 27.1 cm
dbh by 29 years at Sapoba and 27.1 cm after
31 years at Gambari (Abayombi & Nwaigbo
1985). This growth rate does not seem rapid but
the 100 largest stems ha ! are projected to grow
at an average 1 cm yr = over the first 60 years
(Ball 1975).

Many more experimental plantations have been
established in Cote d'Ivoire, and annual diameter
Increments average 1.2-2.1 cm during the first
20 years for trials in partial shade, and 1.9-3.2
cm in completely cleared areas (Dupuy &
Bertault 1985). The older plantations had mean
annual Volume Increments ranging from 4-7 m®
ha ™! yro ! for the sparse plantatlons established
under cover (100-150 stems ha~ ) to 7-10 m°
ha™! 'yf in the taungya plantations (250-350
stems ha 1) The younger plantations established
after complete clearance averaged 13-18 m°®

ha ! (175-300 stems ha~ ) after 13 years.
No extrapolatlons have been made from these
trials to the final expected yield and rotation
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len%ﬁh of plantations, but a yield of 12.3 m® ha™!
yr = is predicted for the SODEFOR commercial
plantations, with a final diameter of 45 cm at 25
years (Aitken et al 1992). Initial gains of 14-29%
have been reported with genetically selected
planting stock used in SODEFOR plantations
(Verhaegen et al 1992).

At Makak In central Cameroon, two plots of
T scleroxylon were established in 1936-37 at a
spacing of 5 m x 20 m. After 46 years, the trees
were on average 34 m high and 52.8 cm
diameter. At Mbalmayo, also in central
Cameroon, five experimental T scleroxylon trials
were established between 1966 and 1969. These
recorded a mean diameter increment of 1.7 cm
yr_ during their first 15 years, and at éf ar 10
the best of these trials achieved 9.5 m® ha™'
(Pesme 1986). A further trial of
T scleroxylon has been planted at South
Bakundu (SW Cameroon), using rooted cuttings
without genetic selection, and has achieved an
average diameter of 14 cm after only six years
(N Songwe, personal communication).

Lovoa trichilioides

Around 6200 ha of Lovoa trichilioides have been
planted in Cameroon (Lawson & Ngeh 1993), but
the average yield ach1eved 1s Parucularly
disappointing (1.8 m® ha™! yr ). partly because
It was often planted in unfavourable areas, but
mainly because of excessive shade and neglect
of subsequent maintenance (Figure 2). In the
research trials at South Bakundu, a diameter
increment of 1.8 cm yr_l was achieved after 18
years (P Shiembo, personal communication), and
equally good growth has also been observed for




this valuable timber at Sapoba in Nigeria, where
it appeared to grow more rapidly after the pole
stage, and an average diameter increment of
1.0-1.8 cm yr was recorded after 23 years
(Nwoboshi 1987). .

Other species

Many other native species trals exist in the
humid forest zone of West and Central Africa.
Nauclea diderrichii has been grown in Nigeria
since 1918, as a nurse species for more valuable
mahoganies, and as a useful species in its own
right. Plantations in Sapoba, Ona and Agbod1
achieved between 1.2 and 1.6 cm yr
(Nwoboshi 1987), whilst a plantation at South
Bakundu has recently recorded 3.1 cm ha yr_1
up to year 8 (P Shiembo, personal
communication).

Mansonia altissima has also grown reasonably
successfully at South Bakundu, with an average
mean diameter increment of 1.5 cm yr~ Lat 18
years (P Shiembo, personal communication),
although it is rather susceptible to attacks from
defoliating caterpillars (Foahom 1989). Picnanthus
angolensis (llomba) is fast-growing in some of
the ONADEF plantations in Cameroon (average
mean dlameter increment frequently more than 2
cm yr , even to the age of 40), but has not
been the subject of detailed study Aucoumea
klaineana (okoumé) has been planted sucessfully
in Ghana (FPRI 1974), and in Cameroon (Arnoux
1958; Bibani 1989), with a.n average diameter
increment of 1.7 cm yr ! after 12 years in
research plots at Mangombé, and of 1.8-2.5 cm
yr_l in commercial plantations near Kribi
(Lawson & Ngeh 1993).

Of the non-native hardwood species, Gmelina
arborea, Tectona grandis, Cedrela odorata and
Melia composita have been the most successful,
and should not be excluded from future planting
programmes, even if the preference is for native
species.

THE CAMEROON FOREST MANAGEMENT
AND REGENERATION PROGRAMME (FMRP)

The FMRP is a bilateral Cameroonian/British
programme with a general aim of improving the
capacity of Cameroon to carry out wise
management and conservation of its moist
high-forest areas. It started in July 1991, with an
emphasis on the use of improved indigenous
hardwood species in artificial plantations, and has
the following specific aims.

e To examine and demonstrate the suitability of
strongly contrasted silvicultural techniques for
forest regeneration after logging.

e To develop a management plan for the
Mbalmayo Forest Reserve.

¢ To provide genetically improved planting
stock of selected humid forest species.

e To acquire cost data for establishment and
management of plantations using different
silvicultural techniques.

e To acquire data on biological changes
resulting from different silvicultural treatrnents.

e To acquire socio-economic data on the
effects of different silvicultural treatments on
local populations.

e To establish an in-service training capacity in
high-forest management techniques and to
disseminate results to the forest sector.

The FMRP's planting programme provides an
opportunity to demonstrate and study a number
of silvicultural options for regenerating degraded
forest. Currently these options consist of the
establishment of T ivorensis, T scleroxylon or

L. trichilioides using the:

e manual regrowth method, with complete
manual clearance of the original canopy, and
cutting of undergrowth at knee height (sensu
Catinot 1965);

e enrichment planting method, with some
well-formed individuals of high-value species
in the 20-50 cm diameter class retained to
form part of the final harvest of the
under-planted fast-rotation species;

e mechanical complete clearance method, where
large trees are felled by chainsaw and
pushed by bulldozer, together with smaller
trees, into windrows at a spacing of 40-50 m;

e line planting method, where V-shaped lines
are cut at wide spacing (determined by the
ultimate crown diameter of the planted trees)
and existing trees are heavily cleared (sensu
Dawkins 1966);

e taungya method, where FMRP undertakes
forest clearance and burning, and the
villagers hoe, plant and cultivate crops for an
initial period of two to four years.

This study to compare silvicultural treatments
for the growth of indigenous hardwoods builds
on preliminary work at the same site to
investigate the effects of some site preparation
techniques on the physical and chemical
properties of the soil (Ngeh 1989), the spore
populations of endomycorrhizal fungi (Musoko
1991; Mason, Musoko & Last 1992) and the
physiology of the planted trees (Eamus et al
1990). The preliminary work formed part of a
programme linked to the vegetative
propagation of indigenous hardwoods and the
development of an appropriate silvicultural
system for planting clonal material (Wilson &
Leakey 1990; Leakey 1991). The current
investigation includes a study to determine the
effects of silvicultural treatments on the

" populations of insects, especially the potential

pests and their predators and parasites (Watt &
Stork 1992). The philosophy behind this project
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is that, in order to maximise-the productivity
from genetically selected planting stock, it is
important to minimise risk by the retention of
biclogical diversity in the plantation (Leakey et
al. 1993).

PROFITABILITY OF INDIGENOUS TREE
PLANTATIONS IN WEST AFRICA

I[deally, forestry plantations should demonstrate a
higher return on capital investment than other
commercial alternatives, and/or a more rewarding
use of farmers’ time and land than alternative
crops. There are complications, however. What is
a realistic rate to discount future expenditure and
revenue? How will the market for timber and
thinnings change in the future? Can one account
for the risk of fire or disease? Should the
balance sheet include environmental conservation
and secondary products like bush meat, wild
fruits, medicines, rattan, and rafia? An initial
attempt has been made at the macro-economic
scale in Nigeria to estimate the annual ]
environmental costs of forest clearance (World
Bank 1992b). The study concluded that Nigerian
sustainable net national productivity has been
reduced annually by US$750 million due to lost
timber production, $2 billion due to soil
degradation, $1 billion due to water
contamination, $10 million because of the loss of
wildlife, $1 million due to the loss of fisheries,
$100 million owing to gully erosion, and $150
million through coastal erosion.

It is not easy to find good records of the cost of
plantation establishment and management in West
or Central Africa (Skoup & Co 1989; Djomo
1987). Reasonable information is often collected
for short pericds, but changes of personnel and
a lack of standard accounting and coding
systems limit the continuity of data collection.

The FMRP aims to collect financial information in
parallel to yield and environmental data, and has
made an initial estimate of the profitability of
four of the silvicultural systems which are being
examined experimentally, together with three
options under consideration (Table 2).
Comparisons of profitability can be made using
the internal rate of return (IRR) on capital
investment (the aggregate return of all revenues
and expenditures over the lifetime of a
plantation). This measure emphasises that
greatest profitability is achieved when initial costs
are minimised and incomes are generated as
rapidly as possible (either from early commercial
thinnings or by shortening rotation length —
perhaps through genetic (clonal) selection).

All the figures derived in Table 2 are speculative:
cost keeping has been unreliable; the density
and richness of the existing forest are averaged;
the effect of silviculture on yields has not been
adequately described; and much uncertainty
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surrounds future timber prices. Nevertheless,
estimated IRRs appear to be in the order:
manual regrowth < mechanical regrowth

< complete clearance < shade trees and cocoa
line planting (sensu Aubreville 1953) < taungya
< short-rotation exotics. The reliability of these
assumptions will improve as the FMRP gathers
more information. It is not yet possible to
eliminate any of the silvicultural options on
economic grounds as different options are more
appropriate in differing circumstances.

Short rotations of exotic species, like Gmelina
arborea, have high apparent IRRs, and could
possibly be integrated with current fallow
rotations. However, they are dependent on
markets developing for small roundwood, which
will take some time in'a country like Cameroon
because forest products are still plentiful, there is
little market for exotic species, and as yet there
is no operational pulp mill

Taungya offers the advantages of reduced
weeding costs and a possible early enhancement
to growth as the trees respond to the nutrient
pulse provided by wood ash. However, taungya
systems require a goed relationship between
foresters and villagers, and particularly strict
control against fires. Taungya is often held to
work best when land is in short supply.

Line planting

"~ o 'Francophone’, sensu Aubreville (1953) (eg

Crand Layon), may be carried out where
some of the existing high-value trees are
preserved to generate thinning revenue and
contribute to the final yield. This method is
appropriate if the exisiting forest is relatively
rich, but management exclusively for natural
regeneration is not appropriate.

¢ ‘Anglophone’, sensu Dawkins (1966), is
appropriate where it is carried out in
degraded forests. This system aims to
produce a virtual monoculture of the
plantation species (ie removing all trees
which are taller than the arms of a
right-angled 'V’ centred on each of the
planting lines).

The mechanical complete clearance method is
unlikely to be applicable where much forest cover
remains. It involves the complete destruction of
existing forest, and the scraping by bulldozer of
felling debris into windrows. Planting operations are
cheaper and easier after this type of ground
preparation, but large windrows may make 10-20%
of the area unplantable. Edens (1992) calculated a
favourable IRR (Table 2) based on optimistic yield
assumptions from early studies in Céte d'Ivoire
(Dupuy 1986). However, more recent work there
does not confirm that the SODEFOR plantations
created using this method have achieved greater
yields that those from older manual regrowth
plantations (Aitken et al 1992).



Table 2. Preliminary estimate of the profitability of different silvicultural options for the humid forest zone of Cameroon (source:
Edens 1992)

Options

Assumptions
(costs in Cameroon CFAs)

Total costs
('000 CFAs)

Total

evenue

%)

Comments

la

1b

2a

2b

4a

4b

7

Short rotation and
fallow cycle (single
rotation)

Two rotations

Taungya (no
payment to farmers)

Taungya (medium
payment to farmers)

Shade tree crop

Manual recru (fully
manual)

Manual recru
(semi-mechanical)
Me(fhanical recru
ha”

Line planting
(grand layon)

Complete clearance

Gmelina arborea planted at 153
3 m x 3 m density,

seedling cost 70, 10 days

ha™! for prep & planting,

no thinning, survival 75%,

8 yr rotation, 2-3 coppice

rogatioles possible, MAI* 18

m” yr _.12 MD* weeding

ha” yr, sawing efficiency

22%, logging cost 30%,

sawing & marketing cost

40% on ex-mill price of

61 000 m™

10 days ha™' pruning & 208
weeding at end of 1st

cycle

Terminalia superba planted 140
at 9 m x 9 m spacing,

delivered seedling cost

100, supervision costs

10 000 in yr 1, 5000 in

yrs 2-5 & 2000 thereafter,

average MAI 9 m’ yr‘l,

standing value 20 720 rn'a,
35-year rotation with
thinning at yr 22, farmers’

revenue not included, but

weeding costs excluded

As above but with farmer 221
payments of 25000 for

planting and maintenance

of 5000 yr! for lst 8 years

Cocoa understorey which -
yields from yr 10-50.

Plantation on field

assumed. lst thinning at

14, 2nd thinning at 25, 3rd

thinning at 35 (to 50 trees

ha'l)

Planting Terminalia . 378.5
ivorensis at 5 m X 5 m
spacing. MAI of 9 m yr_l,
man days assumed (in yr)
are Sl(yrl), 3(yr2), 1(yr3},
1(yr4), 6(yr5), 6(yr6), & 1
thereafter, thinning at yr 25
Brushcutters reduce labour
input by 66%

Caterpillar undertakes -
initial partial clearance @

30000 ha (assuming 100

ha minimurn)

Lines planted at 10 x 5 m 119.5
spacing with overstorey

largely cleared but 3

valuable species retained

in 40-60 cm diam class, 3

in 2040 cm diam class &

6 in 520 cm diam class.

’I'I%irming at 20 yrs with 10

m” of high-value species

& 20 m” of whitewood,

final cut at 40 ¥ gives

360 m°> & 5 m® of

mahogany

Mechanical clearance of 597
site, windrows burnt and

re-raked, total machine

costs 290 000 ha™' (based

on Ivory Coast

experience), intensive

weed control. Total

establishment costs

5036 009 ha”!. MAI 125

m” yr *. Thinnings at yr 3,

6, 9, final cut at yr 20

339.5

530

106

664

6640

7589

1589

1589

7948

6453

18.6

20.9

155

13.2

Approx 10

8.9

92

9.2

13.6

10.3

20% lower yield reduces
IRR to 15.1%

Market for small sawlogs
exists in Nigeria, but not
yet in Cameroon. This
option could fit into the
normal bush/ffallow cycle

20% lower yield gives IRR
of 17.7%

This spacing requires very
good planting stock

9 m x 4.5 m spacing
would allow earlier thinning

This payment may ensure
better weeding

Cocoa needs early shade.
Many thinning and farmer
compensation options can
be costed

Removal of total overstorey
but maintenance of
controlled shrub layer

Labour costs are high in
Cameroon

Establishment costs are
lower because of wide
spacing. Early thinning
revenue valuable

IRR highly sensitive to
preparation cost and yield
changes. More risky option

*MAI, mean annual increment: MD, man days
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Shade trees and perennial crops could be an
attractive option for community forests, and may
also provide a means of establishing trees
among illegal cocoa plantations in forest
reserves. Shade trees are best above cocoa, but
moderate shade can also be tolerated by coffee
and a number of important crops like yams,
cocoyams and pineapple. The growth increment
of widely spaced timber trees will be
considerable, though regular pruning is required
to maintain good form in species which are not
naturally self-pruning.

A modified form of the manual regrowth method
has been the main method of forest regeneration
used recently in Cameroon. Non-commercial
species and all trees under 60 ¢cm dbh were
normally felled to waste or poisoned. Planting
operations were, therefore, extremely
labourintensive, often nvolving up 'to 200 man
days ha™ or £400 ha™' (Lawson 1993). In
practice, resources were often not available for
sufficient initial poisoning or subsequent weeding,
and the majority of plantations have failed or
been severely checked. Nevertheless, the manual
regrowth method may remain the favoured option
in circumstances where salvage felling is carried
out immediately before planting, and where the
environmental and economic risks of mechanical
clearance are not acceptable.

~ The estimated internal rates of return are
encouraging, particularly for the short-rotation
(18.6%), taungya (15.5%) and line planting systems
(13.6%). However, the models include only modest
assumptions for supervision and overheads. Before
the dissolution of the previous state forest
regeneration agency in Cameroon (ONAREF),
plantation overheads were running at 350%, not
including headquarters costs (Lawson 1993). Whilst
the new state regeneration organisation (ONADEF)
may e more efficient than its predecessor, it is
likely that funding agencies will in future favour
private sector planting rather than supporting
bureaucracy Unfortunately, there are few spare
resources in the private sector of most West and
Central African countries, and little industrial or
farmer confidence in free planting Even the
favourable IRRs given below are unlikely to be
sufficiently large, or free from risk, to encourage
large-scale planting without the impetus of carefully
directed incentive schemes.

IMPROVEMENTS IN YIELD AND
PROFITABILITY THROUGH CLONAL
SELECTION

Ladipo et al. (pp239-248) have reviewed the
development of forest tree improvement
programmes in West and Central Africa over
the past 25 years. Considerable advances have
clearly been made with the development of
vegetative propagation techniques for important
plantation species, and some. native
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multipurpose trees. Clonal seed orchards have
been established in several countries, and efforts
are being made to develop disease-resistant
clones and juvenile tests which predict the likely
branching pattern of clones in later life.

Populus, Pinus and Eucalyptus lead the way in
demonstrating yield improvements through the
selection of superior clones: a good example
being the Aracruz Eucalyptus plantations in
Brazil (Zobel, Van Wyk & Stahl 1983), where
the 100 best clones have more than doubled
the production of unimproved stock. However,
few clonal trials have yet been established and
protected to demonstrate these potential gains
with West African species. With Triplochiton
scleroxylon, Leakey and Ladipo (1987) suggest
that selecting clones with above-average
volume and stem form would improve yields
by 31%. Choosing the top 10% would increase
yields by 81%. Research in clonal propagation
has been underway in Coéte d'Ivoire since the
1960s (Bonnet-Masimbert 1970), but the first
controlled comparisons of the yield and form
of clonal versus unselected material were
established in 1987, and now cover some 24
ha (Verhaegen et al. 1992). After only two
years, the clonal material averaged 14%
greater height increment, but the
above-average clones averaged a 40% height
advantage. These apparent genetic gains are
similar to those attained at the same age In
Nigeria (Ladipo et al, pp239-248).

In Cameroon, the tree improvement component
of the Forest Management and Regeneration
Project has restored the Parc de Bouturage
facilities established under a previous World
Bank programme at a 7 ha site In the
Mbalmayo Forest Reserve. An area containing
240 m? of mist beds, 40 non-mist propagators
(120 mz), coppice-bed areas, and a drip
irrigation system for up to 4 ha of stockplants
has now been established. Approximately 0.4
ha has been planted with 357 clones of
Triplochiton scleroxylon, 129 clones of Lovoa
trichilioides and 24 clones of Terminalia
ivorensis;, 1700 T ivorensis plants have been
established "as stockplants.

Following the ideas of Russell and Libby (1986),

and the advice of Leakey et al. (1993), the FMRP
is adopting the following low-technology strategy
for clonal collection, selection and testing.

Collection of germplasm

Seed collection has concentrated on Triplochiton
scleroxylon, and 16 provenances are now
represented, including two from Nigeria.
Collections will be extended to other species
and countries. In Cameroon, a bounty payment
to villagers is made for seed (from identified
trees) when it is delivered to forest offices. In
addition, cuttings have been collected from the



stumps of 20 T scleroxylon plus-trees identified
In plantations of different ages. Attempts have
also been made to locate shoots growing on the
cut stumps of superior trees which were selected
by exploiters. However, the inventory information
currentlty kept by logging companies does not
locate stumps sufficiently accurately to allow
them to be relocated.

Nursery screening

The first stage of a clonal selection programme
s underway, using a test which measures the
response of seedlings to decapitation at 60 cm
and the standardisation of leaf number to two
leaves. The number of lateral shoots produced in
standardised conditions and the time required to
reassert apical dominance appear to be well
related to the growth and form of the tree after
four years (Ladipo, Leakey & CGrace 199la, b),
and it is hoped that they will also be so in later
life. This predictive test is being used to select
2% of the 14 000 T scleroxylon seedlings
currently in the nursery, which will be
established as stockplants and used in the field
screening phase.

Field screening

The FMRP's 1993 planting programme for

T, scleroxylon (50 ha) is being used as a
second-stage screening for clones identified in
the predictive test. A 14 ha ‘research zone' will
be planted with 20 clones (from ten different
provenances), replicated twice in each of five
silvicultural treatments. The 46 ha ‘demonstration
zone' will also be used for clonal planting but
not on a replicated planting pattern. Thus, a
larger number of clones, with fewer ramets per
clone, will be screened for field performance in
lines of 20 trees. The lines will be labelled at
the time of planting.

Field testing

This phase, which has not yet commenced, wil
involve replicated clonal plantings with those clones
which have performed well in the previous phases.
Field testing requires a significant land area and
needs large numbers of ramets per clone in a
randomised experimental design.

Clone to silviculture matching

Clones may respond differently to planting in
partial overhead shade (enrichment planting), in
full sun (complete clearance), or where side
shade from herbaceous vegetation is encouraged
(line planting, manual recru, taungya). The FMRP
will gain some information on possible
clone/silvicultural interactions from the statistically
designed planting in the Tesearch zone'

Clonal demonstration lines
Small, and unreplicated, plantings are planned

close to the FMRP's headquarters to demonstrate
to farmers and other visiiors the differences in
growth rate and stem form between selected
clones and unselected seedlings.

Germplasm bank

Clones and plants of seedling origin which are
not incorporated into the project’s clonal planting
programme will, however, be established and
maintained as a gene bank.

Clonal seed orchards

A tree breeding programme is not planned at
this stage under FMRP However, in order to
permit genetic recombination between selected
clones, it is the intention to establish a clonal
seed orchard of main species (Terminalia
ivorensis, Triplochiton scleroxylon and

L. trichilioides) using five to ten ramets of each
of the most successful clones.

CONCLUSIONS

It is clear that good genetic material is
continuously being lost as forests are selectively
cleared of the most valuable species and
individuals. Natural regeneration is often
inadequate to sustain continuous production.
Viable seed is difficult to obtain for some
species, and of doubtful genetic quality for
others. However, considerable scope exists for
extraction licences to be linked to regeneration
activities. It is hoped that, through the results of
FMRE logging companies will see the
commercial potential of establishing plantations of
domesticated hardwoods, and distributing
selected seed and improved clones to villagers.

Given the threat to the forest gene pool, the
promise of a renewed private planting
programme, and our ignorance of propagation
technicues and growth potential of many
potentially important species, it is more than ever
necessary to co-ordinate national germplasm
collection and breeding efforts on-native
hardwood trees through a regional hardwoods
improvement programme, similar to that
proposed by Leakey and Grison (1985). This
programme should not be narrowly based on
two or three fast-growing species, but should
include a range of timber and multipurpose
species (eg Baillonella toxisperma, Garcinia kola
and Prunus africana).
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ABSTRACT

Agroforestry is both an interdisciplinary approach to land use and a set of integrated land use practices. The maintenance and
use of a broad genetic base have been a central theme in the development of agroforestry, in terms of utilising undomesticated
species for productive purposes and of conserving biodiversity through the use of agroforestry practices in the protection of

natural habitat.

The importance of domestication depends upon both the extent to which undomesticated species are utilised and the extent to
which their use is controlled. Despite the development of data bases and directories of multipurpose trees, it is not easy to
appraise the current status of domestication. While there are ubiquitous reports of localised tree utilisation, it is often unclear
whether they refer to the exploitation of wild vegetation or controlled husbandry of the resource.

More than a thousand multipurpose tree species are cited as being utilised, but there are only about 25 species for which there
is sufficient knowledge to support promotion at farm level. Despite this vast potential for new domestication, most agroforestry
research and development projects concentrate on a few fast-growing exotic tree species, grown in regular arrangements. These
technologies do not enjoy high rates of adoption among resource-poor farmers. In contrast, traditional agroforestry practices often
involve spatially and floristically complex mixtures of indigenous species.

There is a need to collect and collate basic information on the propagation, ecology, silvicultural management and crop
compatibility of more of the thousand or so species that are currently utilised locally, but which are not well documented. Farmers
should be encouraged and supported in their efforts to grow and manage the tree species that they value locally, where they

consider appropriate within their agricultural systems.

INTRODUCTION

Agroforestry is a relatively new subject for
scientific study but a traditional practice with a
long history in many parts of the tropics (King
1968; Nair 1989). Existing reviews (Huxley 1883a,
b, 1985; Burley, Huxley & Owino 1984; Burley
1987) and practically oriented texts (Wood &
Burley 1991) discuss general aspects of
multipurpose tree improvement, and other papers
in this volume consider the progress being made
in this area with specific examples (see Simons,
MacQueen & Stewart, pp91-102). This paper
concentrates on the use of woody perennial
species within agricultural practice and the
consequences of their genetic improvement for
the interactive role of agroforestry trees. This
focus is appropriate because the multipurpose
role of agroforestry trees distinguishes them and
their improvement from general forestry activity It
is essential for effective progress in agroforestry
development that these aspects are brought
together and combined with the local experience
of farmers.

Examples of two widespread but contrasting
agroforestry practices are used to illustrate the
general points made in the text. The first of
these practices is the use of dispersed trees in
crop fields, a system which is particularly
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important in the drylands of Africa, but has
parallels in other continents. The second is the
multilayered homegarden, which occurs
worldwide. Both these systems have been
reviewed and put in context by Von Maydell
(1987) and Soemarwoto (1987), respectively For
convenience, the word ftree’ is used in this paper
to refer to all woody perenmials, rather than
being restricted to those of a certain stature.

DEFINITION OF AGROFORESTRY

Agroforestry has been defined as the set of land
use practices which involve the deliberate
combination of woody perennials and herbaceous
crops and/or animals on the same land
management unit, in some form of spatial
arrangement or temporal sequence, such that
there are significant ecclogical and economic
Interactions between woody and non-woody
components (adapted from Lundgren 1987).
Although the prevailing definition now in use, it
does not distinguish between agroforestry as an
Interdisciplinary approach to land use and as a
set of integrated land use practices, and, while
implying consideration of agronomic aspects at
the field scale, it is not explicit about the
consideration of the impacts of agroforestry
practices on whole-farm systems and their



aggreqated, effects at landscape and regional
scales. The agroforestry approach combines the
study of woody perennials, herbaceous plants,
livestock and people, and their interactions with
one another in farming and forest systems. It
embraces an ecosystem focus considering the
stability, sustainability and equitability of land use
systems, in addition to their productivity (see
Conway 1987; Marten 1988). Consideration of
social as well as ecological and economic
aspects is implied.

AGROFORESTRY AND BIODIVERSITY

The maintenance and use of a broad genetic
base have been a central theme in the
development of agroforestry, in terms of utilising
undomesticated species for productive purposes
(Pickersqill 1983; Burley 1987; Prance 1990a) and
of conserving biodiversity through the use of
agroforestry practices in the protection of natural
habitat (Oldfield 1988; Prance 1990b). While it
has been suggested that for undomesticated
trees with potential for exploitation the best
place for conservation is in cultivation’
(Simmonds 1985), agroforestry may involve a
reduction in genetic diversity, when compared
with the natural vegetation it may replace. In
tropical rainforest, up to 300 species of tree and
liana have been reported from one hectare
(reviewed in Prance 1989, 1990b). Although
between 70% and 100% of rainforest tree
species may be utilised by local people (Balée
1986, 1987; Broom 1990), 20-30 is the typical
number of tree species where they are
deliberately cultivated in forest gardens or
orchards (Padoch & De Jong 1987; Perera &
Rajapakse 1991). The large number of tree
species utilised should not be confused with the
much smaller number cultivated. While human
selection in cultivation may modify genotypes in
desirable ways, extraction of wild resources may
result in negative selection pressure for desirable
traits.

Although multilayered garden systems are clearly
much more diverse in terms of number of
species of higher plants than either conventional
agriculture or plantation forestry, much
agroforestry research and development has
involved mixtures of only two species, with the
introduction of a single tree or shrub species
into cereal cropping and the woody component
often spatially confined, as exemplified in
hedgerow intercropping (Kang & Wilson 1987).

DOMESTICATION OF NEW SPECIES

Analyses of the vegetation structure and
dynamics of natural ecosystems (Oldeman 1983),
and the indigenous knowledge of local
practitioners (Walker, Sinclair & Muetzelfeldt
1991) might be expected to be principal sources
of information about tree species and how they

might be utilised in agroforestry. The importance
of making progress in the domestication of
agroforestry trees depends upon the extent to
which undomesticated species are currently
utilised, the extent to which their use is
controlled, and the potential for genetic gains.
Despite the development of data bases and -
directories of multipurpose trees, it is not easy to
appraise the current status of domestication.
While there are ubiquitous reports of localised
free utilisation, it is often unclear whether these
refer to the exploitation of wild vegetation or to
controlled husbandry of the resource.

It 1s logical to distinguish, as far as possible,
utilisation, protection and management. The
acquisition of materials from trees without regard
to their survival is no more than utilisation.
Protection advances the process by involving
more restrained intervention with the conscious
intent that the individual plant should survive and
recover sufficiently to allow re-exploitation at a
future date, including measures intended to
enhance natural regeneration. Management, in
contrast, is manipulative rather than opportunistic,
by actively promoting regeneration and plant
establishment. :

Domestication implies that the management
process influences the genotypes being utilised,
but, for agroforestry tree species mentioned here,
only the most preliminary steps towards
domestication have been taken, and with a
minimal number of species.

THE EXTENT OF LOCAL DOMESTICATION

Attention has recently focused on the indigenous
management of forest and woodland resources
and individual trees on farms (see reviews by
Mathias-Mundy et al 1991; Prance 1991;
Shepherd 1992).

Dryland Africa is a convenient case to illustrate
the sort of documentation available of indigenous
management activity, made possible by
Shepherd’s (1992) analysis of more than 100
bibliographic summaries. There are ubiquitous
examples of utilisation of a wide range of
species, and some reports of protection, such as
selective pollarding of valuable trees by the
Turkana in northern Kenya (Barrow 1988). Raison
(1988) reports that in Mandara, Cameroon, a shift
from stand to individual tree management occurs
as parkland agroforestry practices are intensified.

Protection of naturally regenerated seedlings from
grazing, even dwring the dry season, has been
reported from parkland agroforestry practices in
Burkina Faso (Marchal 1983), but there are very
few documented examples of indigenous tree
planting. It has been suggested that deliberate
planting of trees has not constituted a significant
part of the development of various parkland
agroforestry systems in the Sudano-sahelian zone
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“of Africa (Raison 1988), which have developed
by selective cutting of natural forest cover and
management of natural regeneration (World Bank
1985). Barrow (1988) suggests that the impacts
of increasing human and animal populations are
not being incorporated into indigenous resource
management strategies by the Turkana, indicating
that, despite a need for more interventionist
management, it has not developed spontaneously.

In a global context, the extent of undocumented
indigenous knowledge of the ecology of tree
species which are utilised by local people is
thought to be significant, as evidenced by the
burgeoning interest in ethnoecolegy (Prance
1991). This information requires novel methods to
be adequately appraised; such methods are only
now being developed and applied (Walker et al
1991).

AGROFORESTRY TREE SPECIES

Present concern is with the members of a new
generation of tropical multipurpose trees. Over
1000 multipurpose tree species are listed by Von
Carlowitz, Wolf and Kemperman (1991), but
present knowledge of the vast majority is too
superficial to enable their routine management as
resources. In terms of the tropics, for fewer than
50 of these species is there sufficient knowledge
to support promotion at farm level, half of them
being familiar because of long usage in
conventional forestry or horticulture. The new
generation of species represents the remainder of
this small group. Only about 25 species are
involved (Table 1), all of which either have been

- neglected by forestry and horticulture or are now

more prominent in agroforestry roles than in
other, longer-standing roles. It is only during the
last 20-25 years that enough information has
been amassed to justify including them among
options for extensive use as planted resources in
agroforestry systems. In many cases, efforts to
publicise their value and potential have been
reflected in the appearance of monographic or
other broad treatments bringing together existing
knowledge (Table 1). For the other species
listed, the principal geographical region of use is
indicated, within which published documentation
is accessible and widely known and would allow
preparation of unified accounts, although none
has yet appeared.

Consideration- of the details of collating and
interpreting information on additional
multipurpose tree species is outside the scope of
this account, but it is relevant to consider how
such species should be identified. In this process
the impressive advances in international liaison
co-ordinated by the Food and Agriculture
Orgarisation (FAQ) through the Panel of Experts
on Forest Gene Resources should be noted. The
Panel drew up a priority list of tree species for
improvement and conservation in 1968 (FAO
1969), and at subsequent meetings reviewed and
updated it. The list, worldwide in scope, has
gradually absorbed multipurpose trees since the
original version appeared. For example, the initial
list omitted all West African savanna trees except
Khaya senegalensis. Subsequently, multipurpose
trees were added to the lists, including Acacia

Table 1. Tropical multipurpose trees with a comprehensive knowledge base generated by agroforestry interests

Species Noteworthy references/Geographicél region where native

Acacia mearnsi Sherry (1971)

A. nilotica Fagg & Creaves (1990b)
A. senegal Cheema & Qadir (1973); Philip (1975)
A. tortilis Fagg & Greaves (1990a)

Albizia lebbeck
Alnus acuminata
Balanites aegyptiaca
Bombacopsis quinata
Calliandra calothyrsus
Casuarina equisetifolia
Erythrina poeppigiana
Faidherbia albida
Gliricidia sepium
Grevillea robusta
Guazuma ulmifolia
Leucaena leucocephala
Mimosa scabrella
Parkia biglobosa
Prosopis cineraria

P chilensis

P tamarugo

Sesbania grandiflora
S. sesban

Treculia africana
Vitellaria paradoxa
Ziziphus mauritiana

India

Central America

Hall & Walker (1991)

Central America

National Research Council (1983)

Midgeley et al. (1983); National Research Council (1984a)
Nitrogen Fixing Tree Association (1993)

Felker (1978); Centre Technique Forestier Tropical (1988)
Withington, Clover & Brewbaker (1987)

Harwood (1989)

Central America .

National Research Council (1984b); Lulandala & Hall (1991)
Brazil

Bonkoungou (1986)

Mamm & Saxena (1980)

Simpson (1977)

FAO (1981); Habit (1985)

Nitrogen Fixing Tree Association (1980a, b)

Nitrogen Fixing Tree Association (1980a, b)

Bijtterbier (1981)

Bonkoungou (1987)

India
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nilotica, A. senegal, A. tortilis, Dalbergia
melanoxylon, Faidherbia albida and Vitellaria
paradoxa (FAO 1977), Parkia bigiobosa (FAO
1984) and Acacia seyal (FAO 1988). Additional
species may be expected to be included in the
future, such as Balanites aegyptiaca and Ziziphus
mauritiana and members of the Capparidaceae.

THE ROLE OF AGROFORESTRY SPECIES
IN RELATION TO TREE IMPROVEMENT

Agroforestry trees have often been considered
synonymous with multipurpose trees (MPT) and
the concept of simultaneous production of
different above-ground parts, such as fruit, leaves
for fodder, stems and branches for wood (Huxley
1985; Burley 1987; Wood & Burley 1991).
However, for the few agroforestry species for
which there have been selection and breeding
programmes, there has been a tendency to
select divergent genotypes for different purposes.
A notable example is Leucaena leucocephala,
where a shrubby, heavily branching form has
been bred for fodder as opposed to arboreal
types for wood production (Brewbaker 1987).
Similar strategies are being actively applied for
Prosopis species (Felker, ppl183-188) and Acacia
auriculiformis (Booth & Turnbull, pp189-194). This
evidence suggests that, as domestication
progresses, the multipurpose nature of
agroforestry trees will be replaced by
single-purpose genotypes selected for yield of
priority parts of the plant along conventional
forestry lines, although alternative approaches
have been proposed (Simons et al, pp91-102).
The logical outcome of selecting for
single-purpose genotypes 1s to negate the
multipurpose nature of the species.

This scenario ignores the fact that agroforestry
trees are part of an agricultural system; they may
have important roles that contribute to sustainability,
particularly in relation to soil protection and
improvement, and will compete with agricultural
crops for Light, water and nutrients. In this context,
agroforestry trees are always multipurpose,
regardless of what is harvested and extracted from
the system. Consequently, the farmer is presented
with a series of trade-offs determined by the
allocation of plant biomass to different parts of the
tree, which is the primary aspect manipulated
during selection and breeding. These trade-offs are
discussed below. What is clear is that the
interactive behaviour of the tree within the
agricultural system represents an obligatory
multipurpose character of agroforestry genotypes,
even if they are selected with only a single
harvestable output in mind. The significant
interactive roles of such trees need to be explicit
in the development of selection criteria, and the
specification of the associative ideotypes proposed
by Huxley (1985). At present, it is difficult to be
explicit about many of the selection criteria

required because of a lack of knowledge about
functional relationships below-ground.

HARVESTED BIOMASS VERSUS RECYCLING

The economic reasons for incorporating frees in
farming systems are many, often representing a
need to produce material on-farm that was
previously available from a now-dwindling forest
resource. A major reason for the international
prominence of agroforestry is the perceived
ability of trees to coniribuite to the sustainability
of staple food production in low-input farming
systems.

Yield improvements through the breeding of
agricultural crops have been achieved largely by
increasing the harvest index, and secondarily by
increased adaptation to agronomic environments
(Cannell 1985). The fundamental efficiency of the
use of absorbed radiation is conservative across
species and environments, and there is no
evidence that it has been altered through
domestication (Russell, Jarvis & Monteith 1989).
Increasing the harvest index of agroforestry trees
may lead to higher returns in the short term
from the harvested product, but may cause
problems of system sustainability in the longer
term, if less plant biomass is recycled in the soil
(Young 1989). Because fine root and mycorrhizal
turnovers have been calculated to contribute two
to four times more N and six to ten times more
P and K than above-ground litterfall in tree
plantations (Bowen 1984), a reduction in root
biomass in favour of the harvested shoot could
have significant effects on the soll nutrient status
in agroforestry systems.

SOIL AMELIORATION VERSUS
COMPETITIVE EFTECTS

Farmers may often face a trade-off between
longerterm benefits of trees, such as soil
structural amelioration (Van Noordwijk, Widianto
& Kurniatun-Hairiah 1991), and immediate
competition with the crop for resources.
Threshold levels of staple crop production may
be a high priority and it may be desirable to
select trees as much in relation to their effect on
companion crops as to their productivity This
selection can be achieved by evaluating
genotypes on-farm rather than on-station (see
Clement & Villachica, pp230-238), which
represents a shift from conventional forestry
approaches and has obvious cost implications for
selection and breeding programmes.

SHOOT VERSUS ROOT AND THE
IMPORTANCE OF NICHE
DIFFERENTIATION

An important ecological basis for yield
advantages through the intimate integration of
trees with agricultural crops in agroforestry
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practices, as opposed to growing trees and crops
separately, is that the combined system will
utilise environmental resources more efficiently
than monocultures through niche differentiation in
space and time. It has been demonstrated by
controlled experimentation that, if two
non-interbreeding populations are grown together
at high density, then natural selection may favour
a divergence in behaviour, such that each '
population ceases to make such heavy demands
on resources needed by the other (Harper
1977). Marked differentiation within a single
Trifolium (Leguminosae) species has been found
over small distances, with a variety of forms
each adapted to live with different associated
grass species (Turkington 1975). The striking
temporal niche differentiation of the Faidherbia
albida canopy, which is leafless during the rainy
season when intercropped cereals are developing
their canopy, is readily observed and well known
(Felker 1978). However, much agroforestry is
predicated on an assumption of niche
differentiation below-ground.

The extent to which this differentiation actually
occurs in agroforestry is not clear. Tree root
systems typically have lower root length densities
in upper soil layers than herbaceous crops, as
well as greater distances between roots and
deeper root penetration (Bowen 1985).
Examination of vertical distributions of fine roots
of several tree species used in agroforestry in
Morogorro, Tanzania (including Cassia siamea,
Leucaena leucocephala and Prosopis chilensis),
however, showed them to be similar to that of
maize (Jonsson et al 1988). Ong et al (1991) have
shown strong competition for water and nutrients
between Leucaena leucocephala and millet in
hedgerow intercropping on alfisols in semi-arid
tropical conditions,

Bowen (1985) has suggested that the
production and turnover of fine roots and
mycorrhizas are general adaptations of tree
root systems that confer flexibility, permitting
phenotypic adaptation to a wide range of site
conditions. Scil conditions may consequently be
more significant in determining root distribution
at a particular site than the actual species
planted. For example, Hall and Walker (1991),
in reviewing literature on Balanites aegyptiaca,
found a wide range of architectural patterns of
the gross root system from studies at different
sites. Agricultural intercrops are likely to alter
soil conditions through resource consumption
and, therefore, to affect tree root distribution.
There are few comparative data on tree root
distributions in relation to different intercrops. In
silvopastoral experiments, the allocation of
blomass to roots in Prunus avium increased,
and the vertical distribution of roots in Fraxinus
excelsior was downwardly displaced, as a result
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of competition with aggressive swards (Campbell
& Mackie- Dawson 1991; Tomlinson 1992).
Similarly, the density of pigeon pea roots was
reduced in the top 15 cm of soill when grown
with sorghum in India (unpublished data of

Y S Chauhan, cited in Ong ef al 1991). These
observations indicate a response to reduced
water and nutrient availability in upper soll layers
as a result of resource consumption by
companion crops, and suggest that mixtures of
trees and crops may exhibit more extensive niche
differentiation than expected from their root
distributions in monoculture.

There is a danger that selection based on
altering the partitioning of carbon towards
particular above-ground organs could result in
lower partitioning to roots, and that this may
influence the root competition between the tree
and the crop. Conversely, there is an opportunity
for selecting trees specifically to reduce root
length density in upper soil layers and to
increase rooting below 30 cm, thereby selecting
genotypes likely to exhibit enhanced ecological
combining ability with staple crops.

ABOVE- AND BELOW-GROUND
CONNECTIVITY ‘

Selection of genotypes in an agroforestry context
is further complicated by interactions between
canopy and root systems which may be
influenced by silvicultural manipulations such as
pruning, and by effects of past development of
tree root systems on subsequent rooting patterns.
The possibilities for manipulating canopy
architecture through pruning have been
discussed by Cannell (1983), and the importance
of phenology and entrainment in the
management of multipurpose trees have been
stressed by Huxley (1983c, 1985).

By way of example, Peltophorum pterocarpum
was 1dentified, through screening various
indigenous species, as suitable for alley cropping
on acid soils in the humid tropics in Sumatra,
Indonesia (Van Noordwijk et al. 1991). The tap
root and horizontal ‘sinkers’ developed from
branch roots some distance from the stem, and
penetrated to below 1 m into a zone of iron
concretion, but lower pruning height resulted in
more, smaller-diameter branch roots in the top
10 cm of soil.

P pterocarpum also provides a convenient
example of the importance of successional
phases in agroforestry when planted into
Imperata cylindrica grassland (Webb et al 1984).
The tree develops a deep root system in
response to competition from the grass which it
then shades out, leaving what may be a
complementary rooting pattern for subsequent
Intercropping with cereals. Selection criteria for a
suitable tree in this case might involve:



e deep rooting combined with a sttong
downward displacement response in vertical
root distribution to competition in surface soil
— suitable in the first phase; and

e a reduced surface root proliferation response
to shoot pruning — suitable in the second
intercropping phase.

Clearly, the selection requirements for woody
species that will be optimal through several
intercropping phases are complex, and trade-offs
in the functionality of the genotype in different
stages are likely.

BASIC DATA FOR MODELI.;ING
APPROACHES

The way in which trees interact with crops and
animals in given environmental contexts is central
to thelr suitability as agroforestry species. Key
processes that determine yield in combinations
of trees and crops (eg light and rainfall
interception, nutrient and water uptake) and
measurable tree variables (eg leaf area and root
length density) can be combined in
physiologically based models to investigate the
effect of incorporating a range of tree
frequencies in various arrangements on farmland
(reviewed in Muetzelfeldt & Sinclair 1993). Recent
developments in sensing equipment permit
easier and less destructive measurement of leaf
area in individual trees (Lang & McMuririe 1992)
and of root structure and dynamics (Atkinson &
Mackie-Dawson 1990). There is, therefore, an
opportunity to collect basic information on many
new agroforestry species, by making
non-destructive measurements through seasonal
cycles. This collection could be done for species
currently retained at low frequencies on farmland,
and the data then used to investigate the effects
of higher tree frequencies and the impact of
possible changes in tree form and phenology
that might help in specifying appropriate
associative ideotypes.

COMPARATIVE EVALUATION OF
AGROFORESTRY TREES IN DRYLAND
AFRICA: A CASE STUDY

This section presents growth data of agroforestry
tree species grown in cultivated field situations
on vertisolic soil in dryland Africa, and will
illustrate and develop some of the general points
made earlier. The experimentation is reported
more fully elsewhere (Verinumbe et al. 1992).

Context

As population pressure increases throughout the
sudano-sahelian zone of Africa, forcing a
decrease in the length of the bush/fallow cycle
and the progressive removal of trees from the
landscape, farmers in the region perceive a
decrease in soil fertility and a reduction in water

available for crop growth. These conditions result
in lower crop yields and people having to walk
further to collect firewood, fodder and fruit.
Agroforestry practices ivolving the planting and
retention of frees on crop land have been
proposed as simple solutions to these problems,
building on a long tradition of fan'ners retaining
low densities of trees (10-30 ha” ) on farm land
(Nye & Greenland 1960). Current research
explores the hypothesis that the turnover of
biomass from trees, planted at stocking densities in
the order of ten-fold higher than those traditionally
retained on crop land, can improve soil structure,
leading to increased infiliration and penetration of
water and subsequent improvement in the
productivity and sustainability of food crop and tree
production. This rests on the premise, investigated
here, that locally used tree species can be
established in cultivated fields and can realise
substantive growth when intercropped.

Location

The New Marte experimental site (12°15'N,
13°52’E) is situated in north-eastern Nigeria
between the town of Maiduguri and Lake Chad
at the northern limit of the Sahel transition zone
(White 1983). The soils are fine-textured chromic
vertisols derived from alluvial and lacustrine
deposits. Mean annual rainfall is just under 650
mm; mean monthly precipitation exceeds 50 mm
only for the period June-September.

Objectives

The experimental objectives involved the
quarntitative appraisal of the establishment and
growth of five locally used tree species identified
in a survey of traditional agroforestry practices
and markets in the region (Verinumbe 1991).
These five species, Acacia nilotica, A. seyal, A.
senegal, Balanites aegyptiaca and Prosopis juliflora,
were evaluated over five successive years of
planting, in relation to varying annual rainfall
pattern and soil conditions, and an assessment
was made of the impact of intercropping on tree
establishment and performance.

Experimental design
The experimental design incorporated treatments of

e five tree species, including a control with no
trees;

e five succéssive years of planting; and
e plus or minus intercropping.

The trees were planted in a randomised
split-split plot design, with double replication at
the lowest level that allowed sufficient residual
degrees of freedom to make comparisons
between species (Figure li). The trees were
dispersed throughout cultlvated plots at a
stocking rate of 400 trees ha™!
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i. Layout of experimental plots

1 Control plots (no trees) Other information:

2 Acacia nilotica Size of plots =25 m x 25 m

3 Acacia seyal No. of trees per plot = 25

4 Acacia senegal No. of plots per sp. peryr= 16

5 Balanites aegyptiaca No. of trees per sp. per yr = 400

6 Prosopis juliflora Total no. of trees peryr= 2000
Plots intercropped with sorghum | | Total no. of trees planted = 10000
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ii. Tree survival (%) iv. Mean total cross-sectional area
species and year effects removed adjusted for species and year

1>99 >33
[_]90-99 30-33
18190 27-30
72-81 I 24-27
63-72 B 2124
2554 e
13645 e 12-15
27-36 912
18-27 69
I 3-6
<3

Figure 1. Plans of the experimental site at New Marte
1. Layout of experimental plots
1. Spatial variation of sand content across the site

iii. Spatial variation of tree survival across the site measured in 1991 after effects of species and year of planting have been
removed

v, Spatial variation of total cross-sectional area of stem measured in 1991 after effects of species and ear of planting have been
removed
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Data were analysed using an angular (for
survival data) or logarithmic transformation to
equalise the variance. Results are presented as
back-transformed means, with effective standard
errors, where appropriate. The variability of
surface soil properties was obtained from
analysis of surface (0-10 cm) soil samples (200
g), collected by auger over the experimental
area. Two samples were taken in each plot, one
directly under the tree canopy and one mid-way
between adjacent trees. While a full set of
analyses have been completed on these samples,
only data on particle size (measured using a
Micrometrics X-ray sedigraph machine) are
presented here. Quadratic interpolation was used
to map tree and soil data spatially (Figure 1), to
identify systematic trends and localised variation
at the site.

Results and discussion

A distinct change is apparent from clay-rich soils
in the south-west (SW) to sand-rich in the
north-east (NE) (Figure lii), reflecting the varying
content of lake-deposited material to
superimposed and intercalated wind-blown sand.
Blocks 1 and 2, with a higher clay content at the
surface, were subject to more severe seasonal
ponding and cracking and, therefore, longer
periods of waterlogging in the wet season. Other
soil parameters show similar trends; for example,
pH, measured in water, varies from <5 in the
SW to >7.5 in the NE (median=6.3), indicating
the introduction of calcareous material associated
with the wind-blown sand. Tree survival (Figure
liif), plotted across the site, after species and
year effects were removed, follows the trend in
soil texture, with high survival in Blocks 3 and 4,
where soil was lightertextured at the surface,
and poor establishment in the clay-rich part of
the site. Observations at the site suggest that
survival was most affected by a few particularly
severe flooding events, which occurred in the
wetter years and were aggravated by the soil
conditions in the southern blocks. The total
cross-sectional area of tree stems (TCSA), when
effects of year and species were removed, did
not vary appreciably across the site (Figure 1),
suggesting that, while the degree of waterlogging
was critical for the survival of newly planted
seedlings, it did not affect subsequent tree
growth.

The species fall into three groups in terms of
their TCSA after four years' growth (Figure 2i).
Prosopis juliflora and Acacia nilotica had a
significantly greater TCSA than the other species,
and both A seyal and A. senegal showed
significantly faster above-ground growth than
Balanites aegyptiaca. P juliflora grew faster mitially,
being larger than all other species at both two
and three years after planting. A. nilofica was
larger than all other species except P juliflora

A P. julifiora
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Figure 2. Cornparative growth of five tree species planted over
four years at New Marte. The graphs show back-transformed
mean values and effective standard errors of measurements
made on the nine central trees in each plot of (i) total
cross-sectional area of stem (measured as the sum of the
three largest stems per tree); (i) height; and (iii) mean crown
diameter

three years after planting, and not significantly
different from P julifora after four years. Tree
height (Figure 2ii) followed a similar pattern, but
the mean crown diameter of A nilotica remained
significantly less than P juliflora, even at four
years after planting, causing less interference
with the sorghum intercrop (Figure 2iii). There
was no significant effect of intercropping on tree
survival or growth.

While the means and effective standard errors
calculated on a transformed scale are
appropriate for making species comparisons, the
raw means and standard deviations (Table 2)
reflect high intraspecific variability of tree growth
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Table 2. Within-plot raw mean and standard deviation (SD) of total cross-sectional area of stems (TCSA), height and mean crown
diameter (MCD) by species for five agroforestry tree species grown in cultivated plots at New Marte, NE Nigeria, planted in
1987 and measured in 1981 (data from Verinumbe et al 1992). For full species names, see text

Growth A. nilotica A. seyal A. senegal B. aegyptiaca P juliflora

variable Mean SD Mean SD Mean SD Mean SD Mean SD
TCSA (sz) 53.5 32.3 28.5 18.9 24.3 15.6 6.29 8.10 61.8 46.5
Height (cm) 298.8 174 201.2 58.9 162.3 56.3 82.3 38.6 346.3 99.0
MCD (cm) 128.9 45.0 94.2 315 100.7 319 38.7 22.8 184.3 498

within plots, which is relevant to tree planting in
cultivated fields by farmers. The coefficient of
variation (CV) of stem cross-sectional area at
four years ranged from 60% to 75% for most
species, but was roughly twice as high for B.
aegyptiaca than the other species. Height and
crown diameter were less variable (CVs typically
25-40%, although approaching double this range
for B. aegyptiaca).

Despite faster initial growth, P julifiora was less
suitable for use in fields than A nilotica because
it had a more spreading crown, which interfered
with the intercrop. B. aegyptiaca was by far the
slowest-growing species in the experiment, but is
commonly protected and managed by farmers in
cultivated fields. While the reason may be largely
that the tree produces highly valued fruit, even in
low-rainfall years, a high root/shoot partitioning
ratio in early years of growth may be associated
with ecological combining ability in intercropped
cereals. Research now in progress at New Marte
(Sinclair et al 1992) involves detailed
measurement of water uptake and the growth of
trees and intercropped sorghum, and will allow
comparison of the tree species in relation to
staple crop yield and water use efficiency of
individual components and the system as a
whole.

There is a marked contrast between the
slower-growing fruit and gum-producing species
used in fields by farmers and the fastergrowing,
often exotic, species that have been the main
focus of agroforestry research and development
efforts. Much of the basis for expectations of
sustainability benefits from trees on crop land
has been associated with tree foliage biomass, of
considerable nutrient content, being recycled in
the system. High above-ground biomass
production was suggested by Young (1989) as a
fundamental characteristic of soil-improving trees.
There is clearly little scope with the
slow-growing fruit trees favoured by farmers in
semi-arid conditions: foliage was never more than
5% of total tree biomass in B. aegyptiaca trees
ranging from 10 kg to 600 kg total biomass,
measured in Senegal and Burkina Faso (Bille
1978, 1980).

Agroforestry practices involving the slow-growing,
deep-rooting, drought-resistant species that are
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valued locally for their fruit and the
faster-growing legumes may be appropriate for
the region, and would combine the accepted
economic value of the fruit