This document has been digitised by the Bodleian Libraries, University of
Oxford as part of the Oxford Digital Library for Forestry (ODLF) project.

Digitisation of this document has been made possible through the support of
the Andrew W. Mellon Foundation.

The original contents of this document remain the copyright of the University
of Oxford (http://www.ox.ac.uk/).

For enquiries please contact: enquiries.rsl@bodleian.ox.ac.uk

Photographs
Front cover
Natural regeneration of Cordia alliodora over coffee at Turrialba, Costa Rica (D.H. Boshier)

Back cover
Top: Natural regeneration of Cordia alliodora managed within a farm on the dry Pacific coast, Gulf of Fonseca, El
Salvador (D.H. Boshier)
Bottom: Natural regeneration of Cordia alliodora on the wet Caribbean coast, Bocas del Toro, Panama (D.H. Rllshier)

Oxford Forestry Institute
Department of Plant Sciences
South Parks Road
Oxford OXl 3RB
United Kingdom
Telephone:
Fax:
Email:

+44 (0) 1865 275 000
+44 (0) 1865 275 074
david.boshier@plant-sciences.oxford.ac.uk

TROPICAL FORESTRY PAPERS

No. 36

Cordia alliodora
Genetics and Tree Improvement

Edited by
D.H. Boshier and A.T. Lamb

Oxford Forestry Institute
Department Of Plant Sciences
University Of Oxford

1997

Errata
Tropical Forestry Paper 36: Cordia alliodora: genetics and tree improvement
eds: Boshier, D.H and Lamb, A.T.
Page 16, table 3.6; for first flowering season, left hand column should read "quantity of flowers in 1990"
Page 16, table 3.6; for third flowering season, right hand column should read "quantity of flowers in 1990"
Page 19, table 3.9; pollen diameter units are Jlrn
Page 32, bottom second column., should read "section 2.4", instead of2.3
Page 35, end of second para., should read "table 4.3", instead of 4.5
Page 35, table should be numbered "table 4.3", instead of 4.5
Page 36, para. I, should read "section 3.5", instead of 3.1
Page 46, para. I, should read "plates 3c, 3d", instead of 3b, 3c
Page 46, para. 4, should read "table 5.1", instead of 5.4
Page 51, table 5.13, values are xl 0 too large
Page 52, table 5.16, values for pilodyn penetration only are xl 0 too large
Page 61, second column, line 12, should read "table 5.21", instead of5.4
Page 61, second column, line 25, should read "section 5.3" instead of 5.2
Page 85, top second column, should read "section 5.4", instead of 5.3 and "section 5.3", instead of 5.2
Page 85, bottom second column, should read "section 5.4", instead of 5.3
Page 86, top first column, should read "section 5.3", instead of 5.2 and "section 5.4", instead of 5.3 and 5.5
Page 86, bottom second column, should read "section 6.4" instead of 7.4
Page 95, top first column, should read "figure 3.3", instead of2.1

ISBN 0 85074 144 0
ISSN 0141-9668
Printed and bound by Oxuniprint, Oxford University Press, Walton Street Oxford OX2 6DP

Table of Contents

i

Table of Contents

iii

Acknowledgements

1

2

Introduction

1

References

1

Description of the Species and its Natural Distribution

3

D.H. Boshier and A. T Lamb
2.1
2.2
2.3
2.4

3

General description
Nomenclature
Botanical description and cytogenetics
Natural distribution and habitats
.. . .
.... ...
References..

..

.

Reproductive Biology

3
3
4
6
10
13

D.H. Boshier and A. T Lamb
3. 1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

Introduction
Flowers
Flowering and seed production within inflorescences
Flowering and seed production within populations
Incompatibility and heterostyly
Pollinators
Summary
Implications
References

13
13
14
15
17
21
23
24
25

4

Mating System, Population Structure and Gene Flow

29

D.H. Boshier and A. T Lamb
4.1
4.2
4.3
4.4
4.5

Introduction
Mating system
Gene flow, neighbourhood area and population structure
Summary
Implications
References
,

29
30
33
36
36
36

5

Genetic Variation

39

D.H. Boshier and A1. Henson
5. 1
5.2
5.3

Introduction
Allozyme variation in natural populations
Provenance trials
Afethod ofassessment and data analysis
Trial results
Sur\Jival
Height, diameter and volume
Stem form and forking

39
39
43
44
45
45
46
46

ii

5.4

5.5
5.6
5.7

6

Pilodyn and densi~
:
Bark type and thickness
~ ..'.'..:
Incidence ofdiseases and pests
Genotype environment interaction
Progeny trials
Method ofassessment and data analysis
Results
Infonnation from other trials
Summary
:
Implications
References
" .'"
:

,

,

"

Seed Collection and Storage

49
52
52
54
57
57
58
60
61
62
63
67

D.H Boshier and A. T Lamb

6.1
6.2
6.3
6.4

7

Introduction
;
Seed collection
Seed storage
Guidelines for seed collection and storage
References

Vegetative Propagation

67
67
68
69
70

,

'

73

J.F Alesen

7.1
7.2
7.3

7.4

7.5
7.6

8

Introduction
Sources of material for rooted cuttings and management of stockplants
Propagation
~')ubstrate
::
U/ater
Irradiance
:
Growth characteristics and clonal differences
Grafting
Vegetative propagation methods for C. alliodora
References

'"

"

Genetic Improvement of Cordia alliodora

73
73
74
75
75
75
75
76
76
79
83

D.H. Boshier and J fV Beer

8.1
8.2
8.3
8.4 '
8.5

Introduction
Selection criteria
Selection and evaluation~ genetic trials
Seed stands and orchards
Summary
References

,

83
83
85
86
87
87

APPENDIX 1: Glossary

91

APPENDIX 2: Methodologies for carrying out controlled crosses in the laboratory and in the field

94

APPENDIX 3: Equations used to calculate flowering synchrony indices, and neighbourhood areas and sizes

96

iii

Acknowledgements

The infonnation summarised here brings together research carried out over the last 18 years as part of a number of projects
financed principally by the Overseas qevelopment Administration of the United Kingdom, under a variety of schemes (details
below). This support is gratefully acknowledged. Publication and distribution of this Tropical Forestry Paper was financed by
the Forestry Research Programme of the Overseas Development Administration under research scheme R.5729. However the
Overseas Development Administration can accept no responsibility for any information provided or views expressed.
Provenance collections and evaluation; R.3158, R.4101 and R.4591.
Reproductive biology and population genetics; R.4484 and R.4724.
Intensified transfer oftechnology~ R.5399
Vegetative propagation; CATIE/ITE/ODA link project
Technical Cooperation Support to CATIE, 1977-1996
The successful operation of the OFI international provenance trial network would not have been possible without the cooperation
and logistical support offered by all collaborating institutions and organisations. Thanks are due to them and in particular to
those many members of their staff, too numerous to mention individually, whose hard work and enthusiasm were responsible for
the success of the trials. We would also like to acknowledge the collaboration and support of the CATIE Tree Improvement
Project, without which much of the work described in this paper would not have occurred. The assessment of the CATIE
progeny trials was carried out by Michael Henson, an exchange student at CATIE.
The manuscript was reviewed by John Beer, Jonathan Comelius, Peter Kanowski, Francisco Mesen, Janet Stewart and Michael
Schlonvoight; their many useful COIlllnents are acknowledged with thanks. Many people have contributed towards this Tropical
Forestry Paper~ our thanks are due to all of them. In particular we would like to acknowledge Peter McCarter for his work in
evaluating the provenance trials~ Denis Filer, William Hawthome, Colin Hughes and Christine Sunnan for help in producing
the distribution maps, and Rosemary Wise for her drawings. The translation of the Spanish version was by Francisco Mesen.
Layout and final formatting of the paper was by Kate Hams.

Photographs are acknowledged as follows:
Richard Barnes, OFI:
John Baker, OFI
David Boshier, OFI:
Michael Henson, Forestal Yguazu:
Colin Hughes, OFI:
Peter McCarter:

Plate la
Plate 3g
Plates lb, lc, Id, 2a, 2b, 2e, 2d, 2e, 2f, 2g, 2h, 3b, 3c, 3f, 4h
Plates 3a, 4a, 4b, 4c, 4d, 4e, 4f, 4g
Plate le
Plates 3d, 3e

Introduction

1

1

Introduction

Cordia alliodora (R. & P.) Oken, is an important
neotropical tree, which combines timber of high quality and
value with fast growth on good quality soils. The wood of
C. alliodora is of great importance throughout its natural
range, both for local use by fanners and as a commercial
timber in national markets. The species is a prolific seeder,
regenerates easily, and is often found, following forest
clearance, as pure stands of varying densities. Fanners
favour natural regeneration of C. alliodora within
agroforestry systems, for which its light crown and selfpruning habit make it particularly suited, allowing some
timber production without excessive competition with the
crops (peck and Bishop, 1992~ Somarriba and Beer. 1987).
, The fall in world coffee prices in the late 1980s and early
1990s reduced the economic viability of the high density,
high input, shadeless coffee plantations popular in
countries such as Brazil, Colombia and Costa Rica. As a
result there is increased interest in the traditional use of
leguminous shade tree species (e.g. Erythrina spp, lnga
spp) and particularly in the potential for increasing the
economic value of the shade, through a partial replacement
with timber species, thus permitting diversification of
fanners' production. Interest in planting C'. alliodora as a
known native species has therefore risen, as has demand for
improved seed. Plantations of C. alliodora have also been
established in a number of countries, both \vithin its natural
distribution and as an exotic (Greaves and McCarter,
1990). Currently, work aimed at genetic improvement of
silvicultural features of the species, through selection and
the subsequent development of breeding programmes, is
undenvay in Colombia, Costa Rica and Honduras.
Effective breeding programmes, forest management and
genetic conservation require detailed knowledge of the
reproductive biology of the species concerned (Bawa and
Krugman, 1990: Finegan, 1992: Whitmore, 1980).
However, it is widely recognised that knowledge of
reproductive biology, in the fullest sense of the term
(including flowering phenology, sexual system, seed and
pollen dispersal, population structure and mating system) is
very limited for most tropical tree species (Bawa et aI.,
1990~ NRC, 1991).
As the number of reafforestation
projects increases world-wide. use of inappropriate seed
sources is often one of the luain technical reasons for poor
survival or lo\v yields and subsequent negative impact of
reafforestation. Projects and e:\1ension services need both
seed of high genetic quality and relevant information.
Uptake of research and improved planting luaterial requires
effective dissemination of available information. Scientific
publications reporting relevant research are often not
readily available to those who might directly apply the
results.
Consequently, both planting and breeding

programmes may operate sub-optimally and constrain the
ultimate success of projects. This Tropical Forestry Paper
aims to facilitate the taking of sound long term decisions
for planting and breeding of C. alliodora, and to assist in
inlproving the quality, as influenced by both genetic and
non-genetic factors, of the seed and vegetative material
available for use. The paper is therefore intended both for
tree breeders and for non-specialist foresters who work with
C. alliodora both in tree improvement and more generally
in areas relating to its seed production and vegetative
propagation. Inevitably not all chapters or sections will be
of interest to all readers and for non-specialists a summary
is provided at the end of most chapters, while implications
from the research are presented as practical recommendations.
The first chapters of the paper explore basic issues: species
description and natural distribution (Chapter 2)~ flowering
phenology, incompatibility mechanism and pollination
(Chapter 3)~ pollen flow and seed dispersal (Chapter 4). All
of these influence the genetic structure and dynamics of
populations of C.,. alliodora (Chapters 4 and 5). These
chapters provide the background to areas of more
immediate practical applicability: provenance and progeny
trials (Chapter 5)~ seed collection and storage (Chapter 6)~
and vegetative propagation (Chapter 7). The final chapter
(Chapter 8) draws conclusions, from the rest of the paper
for tree improvement of C. alliodora, particularly \vith
respect to use in agroforestl)' systelus. A glossary of
tenninology is given at the end of the paper (Appendix I).

It is not the intention to present information about the
silviculture of C'. aliiodora, nor its use and management
within agroforestry systems, except where relevant to its
improvement.
There are many "ridely available
publications~ covering these areas, to \vhich the reader may
refer. In the past the species has been the subject of various
general reviews in both English and Spanish (e.g. Johnson
and Morales, 1972~ Fenton et aI., 1977~ Greaves and
McCarter, 1990~ CATIE, 1994) and there is neither the
need., nor the room on most shelves, for yet another. It is
hoped, rather, that this paper will form a useful
complement to such literature.
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Description of the species and its natural distribution

D.8. Boshier and A T. Lamb l
Oxford Forestry Institute, Department ofPlant Sciences, South Park5 Road, Oxford o.\r1 3RB
1 Present address: ETSU, Harwell, Didcot, Oxon, O~¥11 ORA

2.1

General description

In lowland humid tropical regions, C. alliodora is
generally a tall, thin tree. with a narrow. open crown,
and shows minimal forking forming a single stem to
15-20 m (Plate la). Trees may reach a height of over
40 m, and a diameter at breast height (dbh) of over I m
at overmaturity, although diameters of around 50 cm
are more usual for mature trees (Somarriba and Beer,
1987). In seasonally dry deciduous and semi-deciduous
forest, it is smaller and more poorly formed, rarely
reaching more than 20 m in height and 30 cm dbh
(Plate 1b).
Although frequently reported in the
literature as a straight tree (e.g. Greaves and McCarter.
1990~ Stead. 1980), this is rarely the case over the majority
of its range, and natural regeneration shows great variation
in form characteristics (Boshier and Mesen, 1987). The
bark is light grey/brown in colour and smooth. although in
drier regions it tends to be more fissured. In many cases
the light colour is enhanced by the presence of lichens on
the bark, such that from a distance the tree has a striking
white trunk. Buttressing is generally limited to larger trees
and is not pronounced, although they may ex1end 1-1.5 m
up the bole on shallow soils. The tree is self-pruned even in
open conditions, but the degree of pruning is variable.
Some trees have pronounced nodal swellings where
branches have been shed (plate lc). Incomplete healing of
such branch nodes may represent suitable sites for entry of
pathogens. Although not reported widely in the literature,
it coppices readily, even from large mature trees. Mature
trees are deciduous, even in aseasonal cliInates. losing their
leaves for a one to two month period following seed
production.

2.2

Nomenclature

The formal nomenclature of (~ordia alliodora is as follows:

Family:
Subfamily:
Genus:
Section:
Botanical name:

Boraginaceae
Cordioideae
Cordia
Cerdanae
("ordia alliodora
(Ruiz and Payon) Oken

C. alliodora has often been cited as C'. alliodora (R. & P.)
Cham. a combination first made by De Candolle in 1845.
Oken, however. made the cOlnbination at an earlier date
and should be cited as the authority (Johnston. 1950).

As is the case for some other species with a widespread
distribution, many synonyms are known and the
following list is in no way comprehensive (Miller.
1985). Synonyms include: C. gerascanthus Jacq. (not
C. gerascanthus L.). Cf. gerascanthus var. d0I11ingensh.,·
Cham., C. velutina Mart.. (~. alliodora var. glabra DC..
C.
gerascanthus var.
subcanescens DC..
Cf.
gerascanthus sensu Griseb., C~. gerascanthus forma
martinicensis Chodat Cf. gerascanthus forma nlicrantha
Chodat (~. alliodora var. boliviana Chodat & Vischer..
C. andina Chodat, C. chanlissoniana var. C0111plicata R.
& P. ex Chodat.. Cf. goudoti Chodat., ('. 111acrantha
Chodat.. C. cerdana (R. & P.) R. & S., (~erdana
alliodora R. & P.. Varronia tuherosa S. & M ..
Lithocardill/n gerascanthus var. alliodorurn Kuntze.
Lithocardiu111 alliodorurn (R. & P.) Kuntze and
Lithocardium gerascanthu$' var. d0111ingense (Chanl.)
Kuntze.
Similarly, C. alliodora is known by a variety of conunon
names that vary both within and from country to country
and as such any list is bound to be incomplete. The
following list derives from Little and Wadsworth (1964).
the senior author's experience and exmnination of over 500
herbarium specimens. Many of the names on herbarium
specimens were recorded phonetically: and so presumed
spelling variations of the same names are sho\\'l1 in
brackets. C. alliodora is variously known as: laurel. laurel
blanco, laurel negro (Central America~ Colombia. Ecuador
and Panama): spruce (Antigua): lapochillo (Argentina):
corallilo (Belize): salmwood. salaatn. bohun (Belize and
Honduras): auxemlna. lanza blanca~ partago~ picana.
picana negra (Bolivia): arbol del ajo (Bolivia and Peru):
claraiba parda. freijo (frejoes, freijorge). louro. louro
amarello. uruazeiro (uraseiro) (Brazil): canalete~ canalete
de humo. moho. nogal. nogal cafetero. guacinlo nogaL
solera. vara de humo (Colombia): dze-ui (Costa Rica):
varia. varia amarilla, varia colorada. varia prieta (Cuba):
capa (Dominican Republic. Puerto Rico and Virgin
Islands): capa prieto. capa de sabana~ capa de olor.
guacilnilla (Dolninican Republic): chaquinc. laurel de
puna. laurel de monte, laurel prieto. uurushi nmni
(murushinim) (Ecuador): laurel tnacho (Ecuador and
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Nicaragua); chevel (Guatemala); boj6n (Guatemala,
Mexico and Honduras); bois de Rhodes, bois de rose
(Guadeloupe); bois cypre, bois de roge (Martinique); brown
silver balli (Guyana); bois soumis, chene caparo (Haiti);
smokewood, Spanish elm (Jamaica); aguardientillo, amapa,
amapa asta (amapa hasta), amapa blanca, amapa bola,
asca, botoncillo, d'ou lemon, hochi, hormiguero, tambor
hormiguero, momiguilla, soleria (solerillo), solerito, suchil,
suchil sabanero (Mexico); cinchado (Nicaragua); anallo
caspi, ajahatsa (ahahsatsa), bolaina, chullachaqui blanco,
tama palo santo (peru); cayly, mufieco (Puerto Rico); cypre
(Puerto Rico and Trinidad); cypress (Tobago); cyp
(Trinidad); mataatiyo, pardillo, tacurai, utaatigo
(Venezuela).
Some confusion exists over the tenns laurel negro and
laurel blanco, used as common names in a nwnber of
countries. From the senior author's experience, it would
appear that the terms are used in two different
circumstances. In some cases they are used to distinguish
two different species of standing trees, due to a difference in
heartwood colour and/or bark colour between the species,
as is the case in Honduras; laurel negro (C. megalantha, C.
gerascanthus) and laurel blanco (C. alliodora) and
Ecuador; laurel negro (Cordia sp.) and laurel blanco (C.
alliodora). In other cases, the terms refer to a difference in
colour of the heartwood of sawn timber of C. alliodora. The
greatest confusion appears to occur where the terms are
used in both ways in the same region, e.g. in Costa Rica.
As such this may explain why there are counter claims as to
the possibility of distinguishing the two types as standing
trees (ef Record, 1927: McCarter, 1988).

2.3
Botanical description and
cytogenetics
The leaves of C. aliiodora, like those of all Cordia species,
are sitnple, petiolate and alternate, short- or long-pointed at
the base, and may be up to 5 cm in width and 18 cm in
length (Figure 2.1). The upper surface may have scattered
hairs when young but it becomes smooth at maturity. The
lower surface is covered by stellate (star-shaped) hairs. The
petioles are 1-2 cm long and, like the greenish twigs, are
slender and sparsely hairy (Little and Wadsworth, 1964;
Marshall, 1939~ Miller, 1985).
Within the genus, C. alliodora is unique in having swollen
domatia at the tips of shoot nodes (Miller, 1985), although
the senior author has observed two populations in
Colombia without them. Johnson and Morales (1972)
stated that domatia were most prominent on trees in
Central America and north-west South America and almost
absent in the West Indies and southern South America.
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Such individuals in southern South America are, however,
almost invariably C. triehotoma. Domatia are usually
occupied by ants, of which more than 40 species have been
identified, although usually only a few species occur on any
individual tree (Wheeler, 1942).
The flowers of C. alliodora are hermaphrodite,
unspecialized, about one centimetre in length and occur in
large auxiliary or terminal inflorescences (Figure 2.1) with
as few as 50 flowers to as many as 3000. In common with
all Cordia species in the section Cerdanae, the flowers
produce nectar. The gynoeciwn is a superior, bi-carpellate
ovary, not divided or lobed, which becomes four locular due
to development of a false septum, each locule containing a
single orthotropous ovule. Generally only one embryo
develops per fruit (Miller, 1985). There are usually five
anthers and the pollen grains are tri-colporate with a
spinose sexine (Norwicke and Miller, 1990). Flowers are
heterostylous (i. e. style length is variable) and an
incompatibility mechanism operates that prevents selfing
and also crossing between some trees (Section 3.5).
The flower's cylindrical grey-green calyx is about 6 mm
long, 10-ribbed, 5-toothed and densely covered with minute
stellate hairs and contains an ellipsoid, thin and
fibrous-walled fruit. The calyx does not continue to grow
after pollination, and the mature fruit is shed complete with
calyx and marcescent corolla. The latter acts as a
parachute aiding dispersal by wind. Although the term
seed is used principally in the literature to describe the unit
of dispersal, technically it is a fruit.
However, for
convenience, the tenn seed will be used in this paper.
C. alliodora produces many flowers daily, for as many as
eight to nine weeks for one tree. Large quantities of flowers
are therefore produced; based on the experience of the
senior author, a large canopy tree may produce as many as
ten million flowers and one million seed in a year. C.
alliodora may commence flowering when it is only two
years old (Greaves and McCarter, 1990), but trees usually
reach sexual maturity at approximately four to five years of
age and do not produce large quantities of seed until later.
From examination of meiotic material, Bawa (1973)
reported a haploid chromosome number of n = 15 for C.
alliodora. Britton (1951) examined mitotic material and
found a diploid number of 2n = 72. Examination of mitotic
cells from root tips of plants germinated from seed of three
provenances (Esparza, San Carlos and Turrialba from
Costa Rica) gave invariant counts of 2n = 30, in agreement
with Bawa (Boshier, unpublished data, Figure 2.2).
Britton's published count does not refer to a hetbariwn
voucher specimen and it may be that the material he used
was not C. alliodora.
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Figure 2.1 Inflorescence of Cordia alliodora showing flower stages (see text for details).
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Figure 2.2 Mitotic chromosomes of Cordia alliodora.
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2.4

Natural distribution and habitats

The genus Cordia comprises nearly 300 species,
widespread in tropical and subtropical regions. Although
present in Africa and Asia, the genus is strongly centred in
the neotropics (Miller, 1985). The majority of species are
found in South America~ with secondary centres of
diversity in Mexico and the Greater Antilles. The highest
concentrations of Cordia species occur in dry regions,
where many species have fairly localised distributions. The
Cerdanae section of the genus contains about 30 species, all
of which are trees with entire~ deciduous leaves and clearly
defined floral/fruiting characters; ribbed calyx, marcescent
corolla, annular disc and dry fruit with fibrous wall. The
section is entirely restricted to the neotropics with about
half the species in South America and half in Mexico: four
of the latter also mnge into Central America. They are
separated taxonomically by small differences in calyx and
corolla structure (Miller~ 1985).
C. alliodora is the most widespread species in the genus,
occurring naturally from northern Mexico through Central
and South America to Paraguay. southern Brazil and
northern Argentina (Figures 2.3 and 2.5: Greaves and
McCarter, 1990).
At the southern e~1remes of the
distribution. there is some taxonomic confusion with the
closely related C. trichotoma (VeIl.) Arrab. ex Steud.
(Johnston~ 1930: Johnston, 1935; Gibbs and Taroda, 1983),
which is found in Argentina~ Bolivia, Brazil and Paraguay.
C. aliiodora is also found on most of the Caribbean Islands
from Cuba to Trinidad~ but is almost certainly not native to
Jamaica (Johnston, 1950). Throughout this geographical
range, C. alliodora occurs under a wide variety of
ecological conditions, varying from very wet (as much as
6.000 mm precipitation per year) to seasonally dry (as low
as 600 mm precipitation and seven months dry season per
year), and from sea level to as high as 1,400 masl in
Central America and 2~000 masl at lower latitudes in
Colombia. The distribution of some other tree species
within the Cerdanae. such as C. gerascanthus (plate le)
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and C. goeldiana, are also fairly extensive (Figures 2.4 and
2.5), although in some cases (e.g. C. megalantha, Figure
2.4 and Plate Id), knowledge of their distribution is
incomplete, owing possibly to under collection and
taxonomic confusion.
C. calliodora is a prolific seeder and regenerates easily,
often being found following forest clearance, as pure stands
of varying densities. It is generally considered to be a
pioneer or gap species, and not typical of mature forest. It
is, however, moderately fire resistant and able to compete
in the dry forest where both crown competition and species
diversity are more restricted.
Indeed, data from
undisturbed dry forest in Costa Rica show it to be a
common species (cf Greaves and McCarter, 1990). In a
four hectare plot near Bagaces, Guanacaste, Costa Rica, 44
tree species were found, with C. alliodora ranking fifth in
importance, as judged by density, frequency and basal area
(Hartshorn, 1983). Conversely, data from undisturbed
tropical lowland rainforest shows C. alliodora to occur very
infrequently. In plots in the Osa peninsula, Costa Rica, in
ridge, plateau, recent alluvium and natural levee natural
forest, it was either not present or represented less than
0.10/0 of the basal area (Holdridge et al., 1971). Similarly
in La Selva, Costa Rica, it was not present or not important
in sample plots in virgin forest on old alluvial, swamp and
residual soils, nor in 12 year old secondary forest
(Hartshorn, 1983). While C. alliodora is expected to be an
important species in the undisturbed forest type on recent
alluvium (Hartshorn, 1983), this ex-pectation is possibly
based on inferences from the composition of abandoned
cacao plantations, rather than from habitat undisturbed by
man. For example, in 60 year old secondary forest in
Panama, C. alliodora had the highest relative basal area
but decreased in importance over a ten year peri~ with
36% mortality and no recruitment (Lang and Knight,
1983). Hence, C. alliodora falls into the ecological group
of long lived shade intolerant trees, variously referred to as
late secondary species (Budowski, 1965), small gap
specialists (Denslow, 1980), or big pioneers (Swaine and
Whitmore, 1988).
C. alliodora will survive under a range of nutrient
conditions, as is shown by its widespread occurrence on
degraded and abandoned areas once used for pasture or
shifting cultivation. The mnge extends from flat, coastal
lowlands, having deep infertile sands and little organic
matter (Entisols or Oxisols), as in Surinam (Vega, 1977), to
very dissected mountainous uplands, with deep, fertile
volcanic soils high in organic matter (Andepts), as in
Colombia and Costa Rica (Salas, 1981). The best growth,
however, occurs on well-drained, medium-textured soils
where mean annual rainfall exceeds 2000 mm and the
mean annual temperature is about 24°C. The species does
not tolerate either poor internal drainage or water-logging.
C. alliodora will survive under light shade but full
overhead light is necessary for full vigour, and on fertile
sites the species is capable of rapid early growth.
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Figure 2.5 Natural distribution of Cordia alliodora, C. goeldiana and C. trichotoma in South America
(based on herbarium specimens).
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A strong tap root is produced at an early stage but a
spreading root system also develops (Schlonvoight, 1993),
and has been suggested as allowing the tree to withstand
exposed conditions (Marshall, 1930), although the evidence
is contradictory. Little damage was caused to C. alliodora,
relative to other species, by a hurricane which passed over
the Solomon Islands in 1967 (Self, 1968), although there
was only one small plot of C. alliodora.
Lamb
(unpublished data) reported that a plot of C. a/liodora in
Fiji stood up well to two hurricanes in 1964 and 1965,
while an adjacent plot of Cedrela sp. suffered severely. In
contrast, two cyclones in 1985 caused extensive damage to
C. alliodora plantations in Vanuatu (Neil and Barrance,
1987). The most conunon fonn of damage was windblow,
which had no apparent relationship with stand age,
although stem snap occurred more frequently in older
stands. Soil rooting depth, local topography and incidence
of root rot greatly affected the incidence of windblow.
Overall, C. a/liodora was considered to be of average
susceptibility to windthrow and snap, with several other
species rated as more resistant. C. alliodora was, however,
considered to show relatively high resistance to leaf loss
under such conditions. Even in areas that are not
particularly prone to strong winds, stem snap may occur
in mature C. alliodora trees and may be a feature of the
narrow stem, weakness from disease, or increased
crown weight after rain, particularly during flowering!
seeding (D. Boshier pers. obs. and 1. Beer1 pers.
comm.).
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3.1

Introduction

Effective genetic conservation, forest management and
breeding programmes require detailed knowledge ot:
amongst other topics, the reproductive biology of the
species. However, knowledge of reproductive biology is
very limited for most tropical tree species (Bawa et aI.,
1990~ NRC, 1991). Studies should cover a broad range of
topics including flowering phenology, incompatibility
mechanism, pollination and seed biology, to produce a
fuller understanding of a species reproductive biology.
Knowledge of a species' flowering phenology, both within
individual trees and within and between populations, is of
fundamental importance to understanding its genetic
structure and in ensuring seed production for afforestation.
Variation in flowering time at all levels (inflorescence, tree,
population) may represent an important means whereby a
species adapts ecologically and physiologically to its
environment (primack, 1980). In tropical rain forests, the
observed variation in flowering period among species of
different life fonn may reflect selection for optimal plantpollinator interaction (Stiles, 1978), or seasonal changes in
water status (Borchert, 1983). How individual trees flower
over time~ with respect to one another and to pollinators,
will affect patterns of gene flow (Levin, 1979). Sequential
flowering from the top to the bottom of the crown may
result in early flo\vering branches attracting one type of
pollinator, while later flowering branches may attract
another. Conversely, random flowering within the crown
may stimulate greater movement of pollinators between
flowers and trees (Bawa, 1983). Adjacent trees may mate
in one year but not in the next, owing to variation in
flowering synchrony and/or the quantity offlowering.
This chapter presents the results of a study of C. alliodora,
over three flowering seasons, covering flowering and
fruiting phenology, incompatibility system, and pollinators
(Boshier, 1992 and 1995), at several sites in the wet
Atlantic region of Costa Rica. The results cover patterns,
duration and environmental effects on flowering/fruiting
within inflorescences, trees and a population. The chapter
also summarises infonnation from the literature on dates of
flowering for C. a/liodora, throughout its range, and
presents results of studies on the species' incompatibility
mechanism and pollinators.

3.2

Flowers

In a wet Atlantic region of Costa Rica (mean annual
rainfall 2,600 mm, no month less than 70 mm), anthesis
(flower opening) was nocturnal, occurring between 18:00
and 01:00 (Boshier, 1992). The timing of anthesis was
found to be relatively consistent for each tree from one
night to another and, within any tree, all flowers opening
that night opened within approximately two hours of the
start of anthesis. Anther dehiscence genernlly occurred just
after anthesis, but under very hwnid conditions dehiscence
took much longer. On some very hwnid nights anther
dehiscence did not occur until after dawn on the following
day. In a dry Pacific region of Costa Rica (mean annual
rainfall around 2,200 mm, <70 mm mean monthly rainfall
in period December-April), the timing of anthesis was
reported to be from 19:00 to 05:00 (Opler et al., 1975).
Stigmas are receptive immediately after anthesis (plate 2a).
Results from controlled pollinations, carried out on
emasculated flowers, and from open pollinated flowers, in
the field, indicated that flowers remain receptive in the wet
zone for 1.5 to 3 days after anthesis. In the dry zone,
stigmas were found to be receptive for only one day (Opler
et aI., 1975). By the end of these periods, stigmas had a
withered appearance (plate 2b).
From microscopic
examination, compatible pollen still achieved ovule
penetration in all cases when deposited on stigmas that had
previously been pollinated by incompatible pollen. Hence,
there did not appear to be a problem with stigmas
becoming clogged with selfed pollen and thus preventing
effective cross pollination at a later date. A number of
flornl abnonnalities were observed including, relatively
frequently, flowers with a pronounced kink in the style,
although this had no effect on fertilisation or seed
production.
The following flowering stages (Figure 2.1, and Plates 2c,
2d, 2e) were recognised (modified from Mendoza, 1965):
1
2
3
4
5a
5b
6
7

start offormation offlower buds~
individual flower buds visible, but not full~
individual flower buds full~
white petals emerge from flower buds, but not open~
petals open, stigma receptive;
petals still white, stigma withered~
petals turn brown;
embryo starts to swell.
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The length of time for each stage of flowering, in the wet
, zone in Costa Rica is shown in Table 3.1. The period from
pollination (stage 5a) to seed maturation was between 36
and 45 days, while there was a further period of about 30
days between seed maturation and natural dispersal.

3.3
Flowering and seed production
within inflorescences
Branchlets within any individual inflorescence generally
start to flower within a few days of each other, but in no
obselVable order, such that, once flowering has started, it
may take from 5 to 15 days for all the flowers on an
inflorescence to open. This process may, however, be
affected by rain. Prolonged continuous periods of rain over
several days (known as "temporales") occur between
December and April on the Atlantic coast of Central
America and are characterised by lower temperatures, high
humidity and lack of sunshine (Coen, 1983). They
generally last between two and four days (although two
may run consecutively) and have a dramatic effect on
flowering. Anthers fail to dehisce and are often lost from
the flowers and with few pollinators present, no pollination
occurs during such a period. Under such circumstances,
anthesis is also delayed and even occurs during daylight
hours. Flower development appears to be arrested and,
after the rain stops, there is a period without flower
opening, which corresponds roughly to the length of the
"temporal" (Figure 3.1).

Table 3.1 Mean number of days (effects of rainfall
removed) to reach each flornl stage from stage four (white
petals emerge from buds, not open) for individual flowers
of Cordia alliodora, at a wet zone site in Costa Rica.
Estimated times of seed ripening and optimal collection are
also shown (from Boshier, 1992).
Stage
5a

Description

5b

petals open, stigma receptive
petals still white, stigma withered

6

petals turn brown

7

embryo starts to swell

Mean no. days
(cumulative)

s.e.

3.6

1.0
1.7
2.1
1.9

4.0
12.1
27.4

40-49

estimated time to seed maturation
optimal seed collection

approx, 57

seed fall

'"

9.4

73.5

see Chapter 6 for seed collection details

Figure 3.1 Effect of prolonged rainfall ("temporales") on flowering phenology of Cordia alliodora during the 1989 flowering
season at a wet zone site in Costa Rica (from Boshier, 1992).
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The majority of losses evident in flowering occur some days
after anthesis (i.e. at stage 5; Table 3.2). Losses appear to
be a consequence of; a) the lack of deposition of compatible
pollen, and b) abscission of compatibly pollinated flowers,
due to resource limitation leading to post fertilisation
The extent to which
competition between seeds.
compatibly pollinated flowers are rejected, owing to
possible competition, is undetermined. Lack of pollination
does not appear to be the cause of flower losses as in fine
weather all stigmas examined have pollen. Although
rainfall extends the period of stigma receptivity
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(presumably an effect of humidity) the overall effect of
prolonged rain is negative owing to reduced pollen
availability and pollination. Microscopic examination of
flowers collected after flowering had occurred during
rainfall showed no or minimal deposition of pollen on
stigmas. Flowers from the same trees, collected after
flowering on fine days, showed a high percentage of
stigmas with compatible pollen (Table 3.3).
As a
oonsequence, inflorescences or branchlets of inflorescences
which flower during "temporales" may produce no seed.
On one inflorescence at a wet zone site in Costa Rica,
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branchlets flowering during a period of continuous rainfall
(96 mm from 23-26th February, 1989) produced no seed
compared to 5-16% seed set for branchlets on the same
inflorescence flowering during a period without rain (4-7th
March, 1989; Boshier, 1992).
Table 3.2 Seed production and losses at each stage of
floral development for Cordia alliodora at a wet zone site
in Costa Rica, 1989 flowering season (% of original
number offloral buds at stage three, from Boshier, 1992).
Development
staoe

Description

Mean loss

individual flower buds full
white petals emerge from flower
buds, not open
petals open, stigma receptive
and withers
petals turn brown
embryo starts to swell

3
4
5
6
7
% of seed

s.d.

(%)

8.2
5.3

6.9
4.1

47.3

16.2

22.0
1.8
15.5

13.6
2.4
11.2

Mean of 5 trees, 2 inflorescences per tree

Table 3.3 Effect of rainfall on pollination of five trees of
Cordia alliodora at various wet zone sites in Costa Rica (n
varies from 19 to 31 flowers; from Boshier, 1992).
Stigmas receptive during
rainfall
compatible
crosses (%)

1
2

mean no of
pollen grains
oer stiama
2.2
33.3

3

20.6

0.0

4

18.2

0.0

5

20.4

0.0

Tree
no.

00
10.5

Stigmas receptive during fine
weather
mean no of
pollen grains
oer stiama
588.2

compatible
crosses (%)

considerable variability between branchlets within
inflorescences, behveen inflorescences and between
individual trees.

3.4
Flowering and seed production
within populations
Not surprisingly for such a widespread species, the season
of flowering varies tluoughout the natural distribution. In
Mexico, Central America and the Caribbean, flowering
generally starts about December and may extend through to
April (Greaves and McCarter, 1990). Flowering appears to
be more prolonged in aseasonal climates; e.g. in Colombia
it occurs throughout the year under such conditions,
although there are peaks of flowering (Melchior, 1977;
Neyra Roman, 1981; Venegas Tovar, 1971). Some of the
reports in the literature as to the time of flowering are
however conflicting (e.g. Table 3.4). Flowering of C.
alliodora at La Selva, Costa Rica, was listed as occurring
from January to February (Frankie et aI., 1974) and from
March to May (Opler et al., 1975). However, according to
obselVations by the senior author, some trees are likely to
be in flower at La Selva throughout all of these months.
Such discrepancies illustrate the general need for
phenological studies to use sufficiently large sample sizes to
investigate variation both within and between populations.
Table 3.4 Reports of flowering of Cordia alliodora in
Costa Rica.

39.4
Location,
Province

192.0
486.8

34.8
51.9

Seed production may therefore be very variable within a
tree, depending on the weather conditions prevalent
during floral receptivity of each inflorescence branchlet.
Reductions in seed production may also be due to
physical damage. Inflorescences collect a large quantity
of water and the increase in weight may lead to
relatively large branches breaking. Overall, only a
small, but variable, proportion of flower buds produce
seed. Boshier (1992) found that seed quantity per
inflorescence showed no relationship to the number of
flowers and appeared to be primarily dependent on the
proportion of compatible pollination and the weather.
Seed production from open pollination was 15.50/0 ±
11.2 (percentage of the original number of floral buds at
stage 3). This was consistent with other studies in the
\vet (16.9% ± 8.3~ Mendoza, 1965) and dry (23.6% ±
21.2: Opler et al., 1975) zones of Costa Rica. In all
cases, the high standard deviations reflected the

Climate-

Flowering Time

Reference

Bagaces,
Guanacaste

dry

mid January - February

Frankie el a/., 1974

Unknown,
Guanacaste

dry

mid January - February,
occasionally to April

Opler el a/., 1975

La Pacifica,
Guanacaste

dry

February - March

Daubenmire, 1972

Esparza,
Puntarenas

dry

late January - mid April

Boshier, 1992

La Selva,
Heredia

wet

January - February

Frankie ela/., 1974

La Selva,
Heredia

wet

March - May

Opler el aI, 1975

Turrialba
Cartago

wet

January - March

Mendoza, 1965

Pavones,
Cartago

wet

early to mid December early to mid April

Boshier, 1992

dry - on average more than five successive months per year
with less than 70 mm of rainfall.
wet - on average no month with less than 70 mm of rainfall.

The length of flowering and abundance of flowers show
variation both between individuals of the same population
in any given year and between years for any given
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individual. At a site in the Costa Rican wet zone, between
10% and 25% of trees failed to flower in each of three
years, 5.50/0 failed during all three years and 29% failed for
at least one year (Boshier, 1992). The trees that failed to
flower during all three years were generally smaller (mean
dbh 25.4±7.9 cm, range 14.9 - 44.5 cm) than both the stand
mean (mean dbh 45.6±13.9 cm, range 14.9 - 94.0 cm) and
the mean for those trees which failed in only one or two
years (mean dbh 40.3±11.1 cm, range 18.9 - 75.5 cm). The
latter group also showed a greater range in dbh than the
non-flowerers, with some large trees producing very few or
no flowers in some years and large quantities in other years.
Failure to flower, also reported in C. glabra and Tabebuia
rosea, may be due to inflorescence abortion or incomplete
flower bud development (Borchert, 1983). In contrast, in
the dry zone, all C. alliodora trees of a sexually mature size
flower and produce seed each year (Opler et aI., 1975;
Boshier, unpublished data).
The physiological basis for flowering in tropical trees, and
therefore the effect of ecological factors is, however, not
understood, although the need to distinguish between
flower induction and the control of anthesis has been
stressed (Borchert, 1983; Dick, 1995; Opler et al., 1976).
The role of unseasonal rainfall during the dry season as a
flowering cue has been reported for a number of tropical
tree and shrub species (e.g. coffee; Alvim, 1960), including
C. glabra and C. panamensis (Augspurger, 1982~ Borchert,
1983; Holdsworth, 1961; Opler et aI., 1976). In Mexico,
the effect of unseasonal rainfall in producing a second
period of flowering in C. alliodora during one year has
been noted (Miller, 1985). Rainfall may, by the release of
moisture stress or sharp temperature reduction, lead to
synchronised anthesis (Opler et al., 1976). It is thought
that a possible trigger for anthesis in tropical trees is the
loss of a number of leaves, leading to rehydration of
previously water-stressed trees (Reich and Borchert, 1984).
Anthesis induced by leaf fall is likely to be highly
asynchronous, whereas rainfall subsequent to drought is
likely to induce more synchronous flowering (Borchert,
1983). The floral primordia of C. alliodora are believed to
be laid down during the previous wet season and remain
dormant for a number of months. In the dry zone, anthesis
in C. alliodora could be induced by leaf fall. In the wet
zone, however, flowering starts before any period of
drought stress has occurred, and the role of water stress as
an influence is open to question.
Through a season~ flower production within a tree was
continuous, without any easily defined peak of flowering.
Receptive flowers were, at anyone time, randomly
scattered throughout the crown (plate 2t). The length of
flowering for individual trees varied from one to eight
weeks and was positively correlated with the quantity of
flowers produced (Table 3.5), while the latter increased
Seed
with the size of the tree (measured by dbh).
production showed no relationship to flower production
and, as was the case for individual inflorescences, appeared
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to be primarily dependent on the weather and presumably
the proportion of flowers pollinated by compatible pollen.
There was a degree of consistency in the quantity of flowers
produced by individual trees from one year to the next with
about one third of trees scored for the same quantity of
flowers each year (Table 3.6). There was also a statistically
significant positive correlation (~ > 0.5, P < 0.001) between
years for the timing of flowering for any individual tree,
measured by the first, median and last days of flowering.
Table 3.5 Mean number of days flowering per tree, in
relation to quantity of flowers (assessed subjectively) in
Cordia alliodora over three flowering seasons, at a wet
zone site in Costa Rica (n = 502~ from Boshier, 1992).
Flower
quantity

Description

Mean no. days s.d.

no flowers

0
1
2
3
4
5

< 10 panicles

light flowering
medium
heavy flowering
very heavy flowering

13.7
25.7
34.8
37.1
44.8

7.4
7.9
7.6
4.8
4.7

Trees (%)
16.2
7.3
30.2
37.1
7.2
2.0

Table 3.6 Consistency in the quantity of flowers produced
for individual trees of Cordia alliodora in the wet zone,
Costa Rica over three flowering seasons (each cell indicates
number of trees, * see Table 3.5 for details of categories~
from Boshier 1992).
Quantity of
flowers in 1991
0
1
2
3
4
5

0
20
5
19
10
2
0

Quantity of
flowers in 1991

0

0
1
2
3
4
5

20
13
20
2
1
0

Quantity of
flowers in 1991
0
1
2
3
4
5

0
12
3
4
0
1
0

Quantity of flowers in 1989 Category*
1
3
4
2
0
0
0
0
5
0
1
0
6
25
15
2
4
20
47
15
0
3
6
0
0
0
0
2
Quantity of flowers in 1989 Category*
1
2
3
4
3
3
0
2
4
4
0
0
8
28
20
3
1
13
40
13
0
0
5
3
0
0
1
0
Quantity of flowers in 1989 Category*
3
1
2
4
3
6
5
2
12
2
0
4
4
39
31
0
10
56
6
0
6
0
0
5
3
0
0
0

5
0
0
0
3
6
0
5
0
0
0
1

1
1
5
0
0

1
0
1
0

Indices for synchrony of flowering were calculated, for
the whole stand and for individual trees in relation to
surrounding trees. Synchrony of the individual i was
calculated on the basis of the number of days that
flowering of i overlapped with the flowering of each
other individual in the population. Perfect synchrony
occurs where the value of the index is one, i.e. all
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flowering days of individual i overlap with the
flowering days of each other individual in the
population. Where the index is zero, there is no overlap
among any of the flowering days of individual i and any
other individual in the population. The index of
population synchrony is the sum of indices for all the
individuals in the population, divided by the number of
individuals (Augspurger,
1983; Appendix 3).
Synchrony indices calculated for localised areas around
selected trees showed no consistent pattern. In some
cases there was greater synchrony between trees within
a small area, with values falling to the mean stand value
as the sample area was increased. In other cases,
synchrony increased to the mean stand value as the
sample area increased. Over three flowering seasons,
the pattern of synchrony varied within the same area of
the stand. All such observations indicated the highly
dynamic nature of flowering phenology in C. al/iodora
and consequent influence on potential mates.

3.5

Incompatibility and heterostyly

Heterostyly is a genetically-eontrolled polymorphism
found in approximately 25 families of flowering plants,
and is manifested by the presence of either two

(distyly) or three (tristyly) floral morphs which, in most
cases, differ reciprocally in the heights at which stigma
and anthers are held. It is regarded as a mechanism to
promote outcrossing (Ganders, 1979), and is usually
accompanied by an incompatibility system that prevents
both self and intra-morph fertilisation.
The
incompatibility system is sporophytic (i.e. the reaction
is determined by the phenotype of the parents rather
than by the genotype of the pollen grain and style
(Figure 3.2), such that incompatible pollen may
germinate but pollen tube growth is inhibited and fails
to penetrate down the style as far as the ovule (cl
gametophytic, whereby the incompatibility mechanism
acts at the base of the style or the ovule). The system is
controlled by two alleles (diallelic), such that there are
only two phenotypes in the population S (genotype Ss)
and s (genotype ss). The incompatibility works on a self
rejection basis such that S phenotypes can only mate
with s phenotypes. Therefore S x Sand s x s (cross or
self) crosses are incompatible, while Ss x ss crosses are
compatible and should yield seedlings with Sand s
phenotypes in equal ratios. It is probable that most cases
of heteromorphic incompatibility are controlled by two
linkage groups in which the genes controlling the
heteromorphic characters are tightly linked to the Ss
incompatibility locus as a supergene (Richards, 1986).

Figure 3.2 Diagrammatic representation of a heteromorphic self-incompatibility system (see text for details).

ssxss

Ssxss

ssxSs

SsxSs
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As long ago as 1877, Danvin recorded the presence of
heterostyly in an undetermined species of Cordia and
noted that in this case the variation was in style length
only and not reciprocally in the stamens. Many species
of Cordia are heterostylous (Johnston, 1950~ Opler et
al., 1975~ Miller, 1985)~ indeed, in one case, failure to
recognise this fact originally led to one species being
classified as two (C. thaisiana and C. apurensis,
Agostini and Velazquez, 1983). Views on the situation
in C. alliodora have varied. Gibbs and Taroda (1983)
studied the C. alliodora - C. trichotoma complex based
on herbarium specimens and distinguished the two
species on the basis of their patterns of heterostyly, in
addition to differences in flower size, pollen grain size
and myrmecophily. Miller (1985) studied collections of
C. alliodora from Central America and Mexico and
came to the conclusion that heterostyly has apparently
broken down. Johnston's (1950) taxonomic revision of
Cordia sect. Gerascanthus noted that C. alliodora was
the only species to lack distyly, having flowers with a
single corolla type with a short style and excerted
stamens. Opler et al. ( 1975) likewise reported C.
alliodora to be monomorphic, but referred to it as
homostylous, with the stigmatic arms only just subequal
to the anthers. Through controlled pollinations they
also found varying degrees of self-incompatibility in C.
alliodora, though Mendoza (1965) found the species to
be largely self-incompatible. Clearly establishment of
the precise nature of the incompatibility mechanism in
C. alliodora, along with any stylar variation and the
relationship between these two phenomena, are of
importance for success in breeding the species.
From studies of Cf. alliodora, using a combination of
controlled pollinations in the field and laboratory, and
light and fluorescence microscopy, a strong
incompatibility mechanism was evident (Boshier,
1995). Full and incomplete diallel crosses, performed
on cut flowers in the laboratory (see Appendix 2),
demonstrated the existence of two equally frequent
incompatibility groups. Trees within each group were
incompatible with one another but were compatible with
any tree from the other group (Table 3.7). In general,
there was very good agreement between the
incompatibility groups assigned on the basis of
microscopic observations and the production of seed in
the field (see examples in Table 3.8). Low seed
production from some compatible crosses was probably
due to problems with field pollination techniques and to
inherent between tree variability in seed set (see Section
3.3). A diallelic incompatibility mechanism, typical of
heterostylous taxa, can be inferred from the results. The
in~o~patibility mechanism operates in the same way
~lthln and between the open pollinated families: selfing
IS prevented, but related matings are not reduced in
favour of unrelated matings (Table 3.7).
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Table 3.7 Results of two complete diallel sets of
crosses carried out to determine incompatibility in
Cordia al/iodora (from Boshier, 1995).

a) diallel between eight unrelated trees
Paternal parent
Group Maternal 1-16
parent

5-8

7-12

16-4 18-14 19-2 20-17 21-5

a

1-16

I

C

I

C

I

I

C

b

5-8

C

I

C

I

C

C

I

I

a

7-12

I

C

I

C

I

I

I

C

b

16-4

C

I

C

I

C

C

I

I

a

18-14

I

C

I

C

I

I

C

C

a

19-2

I

C

I

C

I

I

C

C

b

20-17

C

I

I

I

C

C

I

I

b

21-5

C

I

C

I

C

C

I

I

C

b) diallel between seven trees from one open pollinated
family (mother tree 27)
Paternal parent

27-10 27-16 27-17 27-18 27-19

27-20

27- 6

C

C

27-10

C

C

Group Maternal
parent

27-6

27-16

C

C

b

27-17

a

27-18

C

C

a

27-19

C

C

b

27-20

C

C

C

C

C

C

C

C

C

C

x - y where x is the family indicator and y is the individual
tree indicator. I = incompatible: C = compatible

Work with material fixed every three hours after cross
pollination in the laboratory indicated that fertilisation
occurred between 15 and 24 hours after pollination.
Compatible and incompatible crosses were readily
distinguishable after this length of time, but could be
identified with certainty as early as nine hours after
pollination (see Appendix 2 for methodology).
Incompatible pollen generally germinated and the stigmatic
surface was often penetrated but pollen tube growth was
distorted and limited to the stigmatic lobes. Occasional
pollen tubes grew beyond the stigma, but never further than
a quarter of the length of the style. (plates 2g and 2h). The
inhibition of pollen tube growth at various levels in the
stigma is characteristic of the type of incompatibility
mechanism associated with heterostylous taxa (Gibbs,
1986~ Richards, 1986).

Reproductive Biology 19

Table 3.8 Examples of seed set in controlled crosses of
Cordia alliodora carried out in the field.
Incompatibility group designation based on assessment
of pollen tube growth (from Boshier, 1995).
Individual tree
code
Female

Male

26-11
incompat.

23-1
23-7

group b

26-14
26-16
26-17
27-18
self
22-1
23-7

27-20
incompat.
group b

Flower stage*
Incompat.
Group

24-10
26-16

a
a
a
a
b

a
b
a
a
b
a

27-16

a

27-17

b

27-18

a

6

7a

7b

249 0
609 68
93 8
677 56
375 1
346 0
489 0
1262 0
1083 0

226
37
160
103
0
133
0
172
145

671
1141

0
0

1680 13
549 0
873 0

Total no. Seed set
(%)
flowers
475
714

47.6
5.2
61.3
12.3
0.0
27.8
0.0
12.0
11.8

43
494

261
836
376
479
489
1434
1228
714
1635

6.0
30.2

267

1960

13.6

2

551

04

218

1091

20.0

27-19

a

957

0

65

1022

6.4

self

b

3566

0

12

3578

0.3

* 6 = aborted flowers, 7a = empty seed, 7b = good seed
Trees of C. alliodora present a continuum of style types
from short, in which styles are belo\\' anthers, through to
where stigma and anthers are held at the same level
("homostyles"), and in occasional cases, long styles held
above the anthers (Figure 3.3: Boshier, 1995: Gibbs and
Taroda, 1983: Miller, 1985). When these characters were
viewed
in
relation
to
the
incompatibility

grouping of individual trees, a pattern in style variation
emerged, with trees in group ~~a" generally having shorter
styles (Table 3.9). There were statistically significant
differences between incompatibility groups for a number of
variables related to variation in style length but not in
anther position. The situation was, however. complicated
by the effect of family on many floral characters, such that
floral morphs, except for pronounced short style types (26%
of trees studied), could not be accurately assigned to
incompatibility groupings directly in the field.
The
difference in style length between incompatibility groups
within a family is visible in Figure 3.4, while the lack of
separation where individuals are from a number of
unrelated trees is clear in Figure 3.5. In all specimens there
was no reduction in stamen filament length. supporting the
view that heterostyly is relatively undeveloped in ("1.
alliodora and is expressed only as variation in style length.
Not all characters that may typically show variation in
heterostylous taxa were studied (e.g. stigmatic papillae size.
pollen sculpturing, number of pollen grains per anther).
However pollen diatneter showed no variation between
morphs (Table 3.9). in agreement \\ith the findings of
Gibbs and Taroda (1983). Other studies of ("1ordia species
(Gibbs and Taroda, 1983: Miller. 1985: Nowicke et al..
1988: Nowicke and Miller. 1990) have shown fe\v
differences between morphs or only weak dimorphism in
such ancillary characters. In C. goeldiana. where three
morphs
were
recognised
visually.
controlled
pollinations similarly showed the existence of two
incompatibility groupings with the intermediate
"homostyle" types behaving as long styled type
(Kanashiro, 1986). It seems likely that similar \vork
with C. trichotolna would reveal two incompatibility
groupings within the three morph divisions recognised
by Gibbs and Taroda (1983).

Table 3.9 Mean values and standard errors for flower characters per family and per incompatibility group in
(from Boshier, 1995).
Family

No. of trees

Stigma height
(mm)

Stamen height
(mm)

Stigma heighU flower
length

Stamen heighU
flower length

16
23

7
3

9.33±0.88
9.28±0.83

1176±045
10.20±1.10

078±0.05
079±001

o98±002
o86±0 05

26

6

11.17±1.11

1179±0 88

0.87±003

27

Group

a
b

Stamen height stigma height

No. of trees

C~ordia

alliodora

Pollen diameter

2.41 ±O 72
12

31 72±1 36

0.92±0.02

o93±043
o62±044

19

3123±068
31 87±1 56

8

8.95±070

10 88±0 90

o78±005

o94±0.03

192±046

14

F

8.11

4.02

846

13.58

1401

F

1.32

P

0001

0.022

0.001

0.000

0000

p

028

No. of trees

Stigma height
(mm)

Stamen height
(mm)

Stigma heighU flower
length

Stamen heighU
flower length

Stamen height stigma height

No. of trees

Pollen diameter

20
15

942±1.09
10.25±0.98

11.42±0.95
1153±109

078±005

o84±0 05

o94±0 03

1.99±0.86
127±086

37
23

3216±1 46
3206±16

t

2.36
0.025

0.32
0.75

344

024
0.81

246
0.02

t

0.0017

D

024
081

0

0.94±005

12 flowers measured per individual tree, F and t values for analysis of variance and t test respectively.

IlH. Boshier and A. T. Lalnb

20 Cordia alliodora: genetics and tree improvement

Figure 3.3 Vertical section through short and long style flowers of Cordia a//iodora.

Figure 3.4 Heterostyly and incompatibility in individual trees belonging to one family (no. 16) of Cordia a//iodora
(from Boshier, 1995).
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Figure 3.5 Heterostyly and incompatibility in unrelated trees of Cordia alliodora (from Boshier, 1995).
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There was a low, but significant, failure rate of the
incompatibility mechanism of about one per cent (e.g.
Table 3.8).
In smaller studies, Mendoza (1965)
reported similar results with selfed materiat but Opler
et al. (1975) found a much greater breakdown of
incompatibility: three out of eight trees yielded
significant quantities of selfed seed giving an average
failure rate of around 150/0. The latter result is difficult
to explain as, although the work was conducted in the
dry Pacific region of Costa Rica, a dramatic difference
in the incompatibility mechanism between two climatic
regions would not be expected.
Distylous
incompatibility is thought to be controlled by a
supergene~ i.e. a group of genes tightly linked together
on the same chromosome and usually inherited as a unit
(shown for Primula spp. by Ernst, 1955 and Dowrick.
1956 and for Limonium by Baker, 1966). The high
values may be due to recombination of the supergene,
leading to the occurrence of self compatible individuals
which, by chance from the small sample size, were
sampled at an abnormally high frequency. Results from
allozyme studies (Section 4.2) support the view that the
species is strongly self-incompatible.

3.6

Pollinators

The pollination vector is an important factor in the
reproductive biology of a species. Indeed. the study of
pollinators and their management may be just as
important as that of other aspects of reproductive
biology. Various techniques may be used to study a
species' potential pollinators. Correlations between
observed patterns of pollinator lTIOVement and actual
pollen transport are, however. difficult to show and, in
some cases, are \veak due to pollen carryover (Levin,

1981). Variation in nectar flow with time can also
provide information as to which vectors are responsible
for pollination and when. There may be variation from
tree to tree in time of production. quantity and quality
Even within an
(sugar concentration) of nectar.
inflorescence, patterns of nectar production may exist
which tend to influence the behaviour of pollinators
(Frankie and Haber. 1983).

Flower morphology, in particular the presence of
landing platforms. the production of nectar and
observations of flo\\'er visitors. indicate insects as the
principal pollination vector of C. alliodora. This is
confirmed by the results from a wet zone site in Costa
Rica, where inflorescences isolated by either insect
proof bags or pollen proof bags showed no seed
production, in contrast to typical levels of seed
production from open inflorescences that flowered at the
same time (Boshier, 1992). A range of species have
been observed to pollinate C. alliodora. probably
reflecting the preliminary nature of most studies and
that for species with a prolonged flowering season. such
as C. alliodora. different insects may act as pollinators
during the season. Pollinators may also vary from one
part of the species range to another. and in particular
between climatic zones. With a variety of pollinators.
\\'hich vary in their feeding and flight patterns, it can be
expected that patterns of pollen flow may vary both
\\'ithin and between populations. The small simple
appearance of Cf. alliodora flo\vers is certainly
consistent with a polyphilic unspecialised syndrome of
visitors (Richards. 1986). \\'hereby a \vide variety of
insect pollinators are attracted. In such circumstances.
flowers tend to be numerous. often in large
inflorescences, with unsophisticated shapes. simple
pollen presentation and receipt. Accuracy of cross
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pollination is sacrificed for any pollination and, as a
result, most pollination will be selfed, with pollen either
from anthers on the same flower or from flowers on the
same individual (Richards, 1986). Although this is true
for C. alliodora, the corollary of high levels of
inbreeding is avoided by the strong incompatibility
mechanism, such that there is little self-fertilisation.
The unspecialised nature of the flowers also enables C.
alUodora to attract pollinators and produce large
quantities of seed where it has been planted as an exotic
(e.g. Liberia, McCarter, 1988~ and Vanuatu, Neil,
1983).
Flowers of C. alliodora have long, constricted corollas
relative to some other Cordia species, restricting nectar
rewards, but not pollen rewards, to relatively longHowever,
tongued visitors (Opler et al., 1975).
collection and observation of insects visiting flowers of
C. alliodora in both wet (Boshier, 1992) and dry (Opler
et al., 1975) zones in Costa Rica showed a wide variety
of potential pollinators including~ bees, wasps,
butterflies, moths, beetles and flies (Table 3.10). In
both wet and dry zones, halictid bees, nymphalid and
skipper butterflies (Hesperidae) were considered
important pollinators (for criteria see Table 3.10). In
addition in the dry zone, anthophorid bees, noctuid,
geometrid and pyralid moths appeared important.
Pyralid moths were not found at the wet zone sites,
while noctuid and geometrid moths were found only
infrequently and were not considered important.
Anthophorid bees were not evident at the wet zone sites
but other slnall bees (Apidae and Halictidae) were
frequent visitors and considered important. Bibionid
flies were considered to be potentially important at the
wet zone sites, but were present only for half of the
flowering season (March and April) and were not
recorded in the dry zone. In both wet and dry zones,
hummingbirds were occasional visitors (also recorded
by Stiles, 1978). Some visitors were under-represented
in the collection: e.g. many butterflies were observed
visiting crowns of large trees at wet zone sites but were
difficult to collect. In his extensive studies of Costa
Rican butterflies, DeVries (pers. comm., and 1987) has,
however, recorded a number of butterfly species visiting
flowers of C. alliodora (Papilionidae: Papilioastylus
pal/as, Eurytides (3 spp.), Nymphalidae: Doxocopa laure,
Afarpesia (2 spp.), Adelpha (2 spp.), Ri<Xlinidae: Ancyluris
inca, Anteros allectus, C'horinaea .faunus, Emesis (2 spp.),
Juditha molpe, Afelanis (2 spp.), Rhetus arcius, Synargis
n~vcone, Thisbe (2 spp.).
A nUlnber of visitors \vere recorded frequently on c~.
alliodora flo\vers but \vere unlikely to effect pollination.
Alnong these, bruchid beetles (Anlb~vcerus spp.) are
frequent predators of seed, while carniverous carabid
beetles were also observed and were likely to have been
predating the bruchid larvae. Phy/lophaga sp. beetles were
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observed to eat the petals of freshly opened flowers and,
very rarely, leaf cutter ants (Alta sp.) were observed
removing flowers. The many species of ants, which inhabit
the shoot domatia, were observed to move freely within the
inflorescences, but were never seen within the flower
corollas or on the stamens.
Table 3.10 Insects recorded a) VISItIng flowers of
Cordia alliodora at a wet zone site in Costa Rica during
three flowering seasons l (from Boshier, 1992) b)
visiting flowers of C. alliodora at unidentified dry zone
sites, period of observation not specified 2 (from Opler et
aI., 1975).
Wet Zone

Dry Zone

Order

Family
Genus & species (no. of sp.)

Family
Genus & species

Coleoptera

Brenthidae
Brentussp. (1)

Brenthidae

Cantharidae
Chauliognathus sp. (1)
Chrysomelidae
Diabrotica spp. (3)
Diptera

Bibionidae* spp. (2)

Hemiptera

unidentified sp.

Hymenoptera

Apidae*
Trigona spp. (3), Plebeia sp. (1),
Melipona sp. (1) Apis mellitera

Syrphidae
Tachinidae

Anthophoridae*
Apidae

J

Halictidae*
Agapostemon sp. (1)

Lepidoptera

Halictidae*
Sphecidae

Vespidae
Synoeca septentrionalis,
Parachartergus tratemus
Geometridae
Subfamily Oenochromatinae spp.(2)

Vespidae

Hesperidae*
Urbanus proteus sp. (1 )
Noctuidae spp. (2)

Hesperidae*

Nymphalidae*
Anartia tatima} Anartia jatrophae
Riodlnidae spp. (2)

Nymphalidae*

Ctenuchidae
Geometridae*

Noctuidae*

Pyralidae*

1 The frequency of visits recorded, presence of C. alliodora
pollen observed on the bodies of specimens, and abundance in
the reference collection suggested the principal pollinators
were from families marked by an asterisk.

2 The frequency of visits recorded and pollinatory efficacy
(subjectively based on behaviour at flowers and on tendency
for inter-plant movements) suggested the principal pollinators
were from families marked by an asterisk.

Few nocturnal visitors were observed at Costa Rican wet
zone sites, in contrast to the dry zone, where both night and
day time pollination is likely (Opler et al., 1975: Opler and
Janzen, 1983). In the wet zone, a study of pollen deposition
showed virtually no nocturnal pollination, with all
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compatible pollination occurring during the day (Table
3.11). In the dry zone, there was a considerable amount of
nocturnal pollination, only a small proportion of which was
compatible, suggesting that the nocturnal pollinators were
moving primarily within the same tree. The high standard
deviations observed for the percentage of flowers with
compatible pollen are probably a reflection of the
incompatibility mechanism and variation between trees in
pollen sources.
Table 3.11 Pollen deposition and mean percentage of
Cordia alliodora flowers with compatible pollen tubes~
flowers collected during the 1991 flowering season at wet
and dry locations in Costa Rica (from Boshier, 1992).
Site

Collection
No of
s.e. % of
time
flower
pollen grains
per stigma
s

s.d.

La Montana,
Turrialba, wet zone

05.30
17.00

8
348

6
190

0.0
67.6

0.0
42.5

Santa Rosa,
Turrialba, wet zone

05.30
17.00

21
275

18
206

0.0
18.3

0.0
20.7

Bagaces, dry zone

05.30
17.00

361
475

263
215

6.5
35.1

6.7
29.0

Three trees sampled on each of two days at La Montana and
Bagaces, one tree sampled on each of six days at Santa Rosa:
number of flowers per sample varied from 20 to 50.

Considering the large number of receptive flowers present
on a tree at anyone time, large numbers of visitors or visits
are necessary to achieve full pollination. The number of
flowers opening over one night on an inflorescence Inay
vary from as few as 20 to as many as 900. With as many as
100 inflorescences on a tree of medium canopy size, of
which about 200/0 may be in flower at anyone time, and
assuming all visits effect pollination, in the region of
18,000 visits may be necessary daily. However, virtually all
flowers studied had pollen on the stigma, indicating that
lack of pollination is unlikely to be a limiting factor in
sexual reproduction of C~. alliodora. Although some
pollination lnight be expected to occur from automatic
autogamous (within flower) pollination, particularly in
short style trees, there was little evidence of this. Prior
deposition of incompatible pollen on the stigma did not,
however, inhibit further pollination and fertilisation by
compatible pollen, so that deposition of cross compatible
pollen should normally be effective whenever the stigma is
receptive (Boshier, 1992).
The majority of bees and other insects captured or observed
on C. alliodora are characterised as small, short-distance
pollinators (Frankie et a/., 1977~ Janzen, 1971~ 1974:
1983). Some of these animals are likely to be much better
pollinators and, more critically. better inter-tree pollinators
than others. The large inflorescences of C. alliodora
provide a large landing platform and, typically, these small

pollinators walk across many flowers in moving about the
inflorescence, such that much pollination may be selfed
(Janzen, 1983). Mass-flowering trees may, however,
increase inter-plant movements of small pollinators by
attracting a wide variety of species, resulting in increased
aggressive interactions between territorial or group
foraging species (Frankie, 1975 and 1976: Hubbell and
Johnson, 1977~ Rausher and Fowler. 1979). While much
pollination of C. alliodora may be over short distances,
other probable pollinators, such as butterflies, are known to
move, and perhaps therefore to effect gene flow. over
greater distances (Baker, 1969).
The Boraginaceae are well known as attractive nectar
sources for a variety of insects (e.g. DeVries, 1987). Cf.
alliodora produces nectar from an annular nectariferous
disc beneath the ovary (Figure 3.3), as do all the Cerdanae
(Miller, 1985). The flowers produce a characteristic sweet
unpleasant odour, which is only detectable by humans
when close to the flowers, although studies in other genera
have shown that other insects can detect such odours over
kilometres. At a wet zone site in Costa Rica, immediately
after anthesis, there was little nectar production, the tnain
flow occurring sometime before dawn. although the onset
of nectar production was variable and some flowers
appeared never to produce nectar. The total quantity of
nectar produced per flower varied between zero and more
than two tnicrolitres, with sugar concentration between
200/0 and 400/0: mean values were higher than the figure of
0.94 microlitres given by Opler et a/. (1975) for the dry
zone. With up to five tnillion flowers produced by large
trees over a period of several weeks. the resources spent on
nectar production are considerable.

3.7

Summary

(~. alliodora flowers open at night:- in the ,vet Atlantic
region of Costa Rica between 18.00 and 01.00 and in the
dry zone reportedly from 19.00 to 05.00. The tilning of
anthesis was found to be consistent for each tree froln one
night to another and, within any tree, all flowers opening
that night opened within a period of two hours. Stigtnas
are receptive immediately on anthesis. In the wet zone.
flowers remain receptive for 1.5 to 3 days after anthesis,
while in the dry Pacific region, flowers remain receptive for
only one day.

Inflorescence branchlets generally start to flower \\lthin a
few days of each other. but \Vith no observable pattern.
Prolonged rainfall may have a dramatic effect: anthers fail
to dehisce and are often lost from flowers: few pollinators
are present, no pollination occurs~ anthesis is delayed and
even occurs during the day~ flower development is arrested
and, after the rain stops, there is a period without flower
opening.
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The majority of losses evident in flowering occur some days
after anthesis.
Losses result from the deposition of
incompatible pollen and from the rejection of compatibly
pollinated flowers, rather than from a lack of pollination. A
small proportion of flower buds produce seed~ there is,
however, a high degree of variation in seed production
between branchlets within inflorescences, between
inflorescences and between individual trees.
The flowering season varies throughout the natural
distribution. Conflicting reports in the literature are due to
the small sample size used in studies and variation between
geographically close populations. In Mexico, Central
America and the Caribbean, flowering generally starts
about December and may extend through to April, whereas
at the southern end of its range, flowering starts in January.
Flowering appears to be more prolonged in aseasonal
climates; e.g. in Colombia it occurs throughout the year
under such conditions.
Length of flowering period and abundance of flowers varies
both between individuals of the same population, in any
given year, and between years for any given indi"idual. In
the wet zone, a proportion of trees do not flower in any
given year, while in the dry zone all trees of a sex1J3lly
mature size flower every year.
Flower production increases \\11th tree size, and the length
of flowering is positively correlated with quantity of flowers
produced. Individuals flower for bern'een one and eight
weeks with no easily defined peak of flo\vering. Seed
production shows no relationship to flower production and,
as with individual inflorescences, appears to be primarily
dependent on the proportion of compatible pollen deposited
and the weather.
A strong incompatibility Inechanism (sporophytic diallelic
one-locus) is evident in Cf. alliodora, with a low level of
failure (around one per cent).
Controlled crosses
demonstrated the existence of two incolnpatibility groups,
with roughly equal numbers of trees per group. Trees
within each group are incompatible with one another, but
are compatible with any tree from the other group. The
incompatibility mechanism operates in the same way
within and between families: selfing is prevented but
related matings are not reduced in favour of unrelated
nlatings. The results from allozynle studies (Section 4.2)
support the vie"v that the species is strongly selfincompatible.
Fertilisation occurs bern'cen 15 and 24 hours after
pollination. Compatible and incompatible crosses are
readily distinguishable at this tilne, but can be identified
\vith certainty as early as nine hours after pollination.
Incolnpatible pollen generally genninates but growth of
pollen tubes is limited and distorted. Inhibition of tube
growth at various levels in the stigma is characteristic of
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the type of incompatibility mechanism demonstrated for C.
alliodora.
Incompatibility is linked to a relatively undeveloped form of
floral heteromorphy, expressed in the form of variation in
style length, with .statistically significant differences
between incompatibility groups for a number of variables
related to style length, but not anther position. Due to
family effects it is not possible to detennine a tree's
incompatibility group in the field.
of C.
alliodora
is
predominantly
Pollination
entomophilous, with the small unspecialised flowers
attracting a wide variety of potential pollinators. A range
of species have been obselVed to pollinate C. alliodora,
probably reflecting the initial nature of most studies and the
fact that some pollinators are seasonal and vary from one
part of C. alliodora's range to another, and in particular
between climatic zones. Insects collected and obselVed
visiting C. alliodora flowers in the Costa Rican wet and dry
zones included bees, wasps, moths, butterflies, beetles and
flies, many of which are small, short-distance pollinators.
At a wet zone site, immediately after anthesis, there was
little nectar production~ the main flow appeared to be
sometime before dawn.
Most pollination is selfed:
however, the corollary of high levels of inbreeding is
avoided by the strong incompatibility mechanism, such that
there is little self-fertilisation.

3.8
•

Implications
Seed production is generally abundant and never likely
to be problematic inC. alIiodora, even in exotic
environments.
This may cause problems· where

unscrupulous collectors take large .Qll31ltities from· few
trees or the collection strategy is not properly plaImed.
It is particularly important to follow guidelines given
in this paper for collection· (Chapter 6);. in order. to

avoid seed samples .containing large .aJtl0unts· of
immature seed and low levels of genetic variability.

•

For each tree, the extended flowering period and long
period between seed maturation and natural dispersal
demonstrate the need to delay seed collection to ensure
a maximum representation of mature seed. Premature
seed collection·will not only give seed lots with a low

percentage gennination (Chapter 6), but will

also

result in biased sampling from early flowerers and
hence an oobalanced sample ofthe gene pool.

•

Incompatibility groupings of individual trees cannot be
reliably detennined from observations of flower
morphology.
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•

~etennillationof compatibilitygrOupirtgs ~be. dotte
9lli~. ~illlPly and .quickly by· .taoorafoty .methods

.(Appendix 2)~

l'l0recip~ocal. <tifferences in

crosses have been· found,

therefor~~letion of half diallel·crosses, inclUding
selfs; is suffici~~t to detennine incompabbility groups.

There is a very low failure rate of the incompatibility
mecbaiiistn: emasculation. is not required for· carrying
put controlled.pollinations after checking a tree· is self·
incompatible.

•

Th~·· iIlc(unpatibility

crosses. has

of such a·· high proportion·· of

inlportant implications for. tree •breeding.

To ensure similar levels of gain and

redu~

the

potential dangers. of inbreeding, the·· breeding
pqpulation will have to be twice thenonnal size.
Nfating. designs in advanced generation breeding have
generally .assumed that· all crosses will be wholly· or
mainly compatible,. but for C. alliodora this is not the
case. The implications are considered further in
Chapter 8.

•

Knowledge· about the pollinators of C. alliodora, their
feeding and flight patterns, aIld therefore efIecton
gene flow, is rudimentary~

•

The· unspecialised nature of the flowers attracts a wide
variety· of potential pollinators.
Although rt.uch
pollination may be selfed, deposition of incompatible
pollen does not inhibit further pollination and

fertilisation by compatible }X)llen.

•

Abundant visits to flowers in Costa Rica by the ·exotic
honey bee (Apis mellifera), and the production of large
quantities of viable seed by C. alliodora in Liberia and
in Vanuatu as an exotic, indicate that there is uIllikely
to be a shortage of pollinators, even in exotic
environments.
Conversely, such aboodant ·seed

production may indicate .a potential weed problem
when planted as an exotic.
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4.1

Introduction

Early discussion of the reproductive biology of tropical
trees extrapolated from the low density of many tree
species to speculate on breeding systems, suggesting
that most tropical rain forest trees were self-pollinated
and inbred (Corner, 1954; Federov, 1966).
Subsequently, work based primarily on studies of selfand cross-compatibility and on observations of
pollinator behaviour indicated strong barriers to selfing
and led to the conclusion that tropical trees are
predominantly outcrossed (Janzen, 1969; Bawa, 1974;
Zapata and Arroyo, 1978; Bawa et al., 1985).
However, such studies do not indicate actual mating
patterns within natural populations.
Detailed
knowledge of all aspects of a species' mating system is
necessary to understand the distribution of genetic
variation between individuals. gene flow within and
between populations, and any resultant structuring of
populations. Studies of temperate zone plants have
confirmed theoretical expectations that these factors
may vary between and within populations, depending
on pollinator availability, plant density, and the extent
to which mating is between related individuals (Moran
and Brown, 1980; Smyth and Hamrick, 1984; Ritland
and Ganders, 1985; Adams and Birkes, 1991).
Information on the amount and distribution of genetic
variability is particularly limited for tropical trees
(Hamrick, 1992; Loveless, 1992). The few studies that
have provided estimates of actual outcrossing rates
indicate high levels of outcrossing, associated in some
cases, with small but significant levels of inbreeding
(O'Malley and Bawa, 1987; O'Malley et al., 1988;
Murawski et aI., 1990).
Information on mating systems, while of interest for
studies of population genetics and tropical ecosystems,
is also of practical importance to the success of
breeding programmes in forestry.
Inbreeding, in
particular selfing, may lead to reduced fertility and
slower growth rates in progeny (Hodgson, 1976; Park
and Fowler, 1982; Griffin and Lindgren, 1985; Griffin,
1991). Effective and representative seed collections for
ex situ conservation or for reforestation and breeding
demand knowledge of the genetic base being sampled.
If species introductions are made with a small genetic
base, inbreeding problems are likely to occur, as has
been the case for Acacia mangium in Sabah, Malaysia

(Sim, 1984).
In the case of C. alliodora the
establishment of open-pollinated families in progeny
tests (Boshier and Mesen, 1989) requires knowledge of
the families' likely genetic composition to validate the
tests (Namkoong, 1966; Sorensen and White, 1988).
Information on gene flow is necessary for breeding
programmes where effective isolation of seed orchards
is important; while knowledge of population size is
important in developing seed collection strategies.
The distribution of genotypes over area constitutes the
spatial structure of a stand. Structure is influenced by
and influences all aspects of a species' population
genetics, such as mating system, seed and pollen
dispersal, and natural selection (Epperson, 1992).
Knowledge of the spatial pattern and structure of
genetic variation are vital in understanding the
population genetics of a species as well as for the
sustained management of production forests (Finegan,
1992) and conservation areas (Epperson, 1992). Large
scale deforestation may lead to the immediate loss of
genetic variability, or a more gradual loss owing to a
reduction in effective population size and/or the genetic
isolation of fragmented populations.
In flowering plants, pollen and seed movement
influence mating patterns within populations and gene
flow between populations. Restricted gene flow allows
diversification of populations in response to local
natural selection or genetic drift, while gene flow over
long distances promotes increased genetic variation
within populations, whilst reducing genetic variation
between them (Slatkin, 1985; Ellstrand, 1992). To date
only a few studies of pollen flow in neotropical tree
species have been completed (Hamrick and Murawski,
1990 and unpublished data; Murawski et al., 1990). In
contrast to previous suggestions that pollen dispersal in
insect-pollinated plants is very limited (Levin and
Kerster, 1974), these studies found that pollen flow may
be quite high at moderate distances (0.5-1 km) and at
significant frequencies over greater distances (2-3 km).
Hamrick (1992) concluded that two contrasting trends
are responsible for the general breeding patterns
observed so far in neotropical tree populations: a)
individual trees appear to receive pollen from relatively
few pollen donors, but the genetic composition of the
pollen received varies greatly from tree to tree; and b) a
significant proportion of pollen movement occurs over

D.H. BoshierandA.T. Lamb

30 Cordia al/iot/ora: genetics and tree improvement

relatively long distances. This is consistent with the
relatively low heterogeneity observed in allele
frequencies among populations separated by one to
several kilometres.

4.2

Mating system

The studies were carried out in a naturally regenerated,
mixed age stand in a wet zone of Costa Rica which was
also used for phenological studies (Sections 3.2 - 3.4).
The stand was almost monospecific, with 220 naturally
regenerated trees of flowering age, and relatively
isolated (at least 300 m) from other C. alliodora trees.
The study was restricted to the more densely stocked
part of the stand, comprising 123 trees of flowering age
in 5.9 ha. Open pollinated seed was collected from
each of 49 trees by cutting from all parts of the crown to
ensure representative sampling. Trees were selected on
the basis of phenological data; non-flowerers-21 trees,
poor flowerers-31 trees and highly asynchronous
flowerers-22 trees, were excluded from the sample
(Figure 4.1).

The use of genetic markers such as allozymes and DNA
markers, in conjunction with field observations, offers
the possibility of more direct study of the effect of
factors such as stand size, density, spatial distribution,
and flowering phenology on mating system and gene
flow (Brown, 1990; Wagner, 1992). This chapter
presents the results from a study of allozyme variation
used to estimate levels of out-crossing in a stand of C.
al/iodora in Costa Rica (Boshier et al., 1995a). Gene
flow, neighbourhood area and population substructure
were investigated by studying pollen and seed dispersal
in the same stand (Boshier et al., 1995b).

Figure 4.1 Map showing distribution of trees used in study of mating systems and gene flow of Cordia alliodora at
Pavones, Turrialba, Costa Rica, (from Boshier et al., 1995a).
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Allozymes are protein variants which segregate in a
straightforward Mendelian fashion and are therefore
interpretable as simple allelic products of a gene.
Electrophoresis is based on the principle that the
allozymes carry different charges and therefore migrate
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electric field (Figure 4.2).
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encode the variation for each enzyme polymorphism:
the number of alleles per locus varied from two to four.
Seeds were genninated and for each of the 49 maternal
trees, 20 seedlings (a progeny array) were assayed for
allozyme markers by starch gel electrophoresis. The
data were analysed for multilocus (tm) and single locus
(ts) outcrossing rates using a program (Ritland, 1990)
which fits a mixed mating model (Ritland and lain,
1981) using a multilocus, maximum likelihood
approach. The mixed mating model is based on certain
assumptions (Brown et al., 1985), namely:
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a) maternal genotypes outcross at the same rate to a
homogenous pollen pool~
b) for each maternal parent, progeny genotype classes
are independent, identically distributed, multinomial
random variables~
c) alleles at different loci segregate independently~
d) the genetic markers are not affected by selection or
mutation between the time of mating and progeny
evaluation.
The outcrossing rate theoretically may range from zero
(completely selfed) to one (completely outcrossed),
although values greater than one may occur if there is
either disassortative mating (preferential mating
between different genotypes) or there are large numbers
of heterozygous maternal genotypes.
The single locus (ts) outcrossing rates varied from 0.94
(s.e. 0.084) for the Ugpp enzyme system to 0.978 (s.e.
0.059) for the Gpi2 locus (Table 4.1). The multilocus
outcrossing rate (t m ) was not found to differ
significantly from the mean single locus outcrossing
rate, nor were either of these significantly different
from t = 1. The results showed a high outcrossing rate,
suggesting the presence of a strong incompatibility
mechanism, in concurrence with the controlled crossing
experinlents (Section 3.5).
There was, however, evidence for SOlue non-random
mating. Firstly, chi-square tests of observed genotype
frequencies against the frequencies expected from the
mixed mating model showed significant differences for
the Gpi2 and Acol loci (Table 4.1). For exalnple, for
the Gpi2 locus, seed parents homozygous for allele 2
showed an excess of heterozygotes, while for 2/4
maternal genotypes there was an excess of homozygotes
and for 3/4 mothers, fe\\rer 2/4 progeny than expected.
Secondly, homogeneity of pollen and ovule allele
frequencies was rejected for Ugpp (Ellstrand and
Foster, 1983). Further evidence for non-random mating
was provided by individual tree outcrossing rates, a

small number of which were significantly less than one.
There was some evidence that such trees were more
likely, relative to trees with higher outcrossing rates, to
have highly synchronous flowering with a near
neighbour. Thus, all the eight trees showing nonrandom, correlated mating, had at least one tree within
25 m with flowering synchrony index value greater
than 0.7 (see Appendix 3), whereas 62% of the more
outcrossed trees had such a synchronous tree within 25
m. For example, the genotypes found within the
progeny array of tree 138 (t m = 0.43 ± 0.17) indicated
that it mated mainly with its nearest neighbours, with
which it was highly synchronous in flowering. In
comparison, trees 81 and 82 (tm = 1.07 ± 0.21 and
0.91 ± O. 2 respectively) may OT may not be cross
compatible, but their low degree of flowering synchrony
(0.41 and 0.54) was likely to have increased the
probability of mating with more distant trees.
Nevertheless, a tree need only be highly synchronous in
flowering with one spatially close, genetically related,
tree for such correlated mating to OCCUT.
To look at possible variation in mating patterns within
the canopy, one tree was sampled within low, medium
and high regions of the crown, and from three
contiguous inflorescences in the low region. Individual
outcTossing rates for different regions of the crown
showed no significant departure from unity, nor from
the original bulked sample from the whole crown
(Table 4.2).
It is therefore likely that the same
pollinators affected pollination throughout the crown,
or that pollinators sampled widely enough froln
surrounding trees to at least produce similar outcrossing
rates throughout the crown. One of the inflorescence
samples, and the pooled total for the three
inflorescences, showed outcrossing rates significantly
less than unity. This was indicative of biparental
breeding, whereby pollen transfer is predominantly
from one tree to another, as would occur if an insect
collected pollen from one tree and then visited one or a
few contiguous inflorescences on a second tree.

Figure 4.2 Starch gel of (~ordia alliodora showing polymorphic variation for glucose-6-phosphate isomerase
Gpi 1 ,vas invariable, while Gpi2 was variable with four alleles in this population.

-
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-
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Table 4.1 Maximum likelihood estimates of allele frequencies in the pollen and ovule pools, and outcrossing rates (t), for
a population of Cordia al/iodora (Pavones, Turrialba, Costa Rica), with estimated standard errors and X2 tests for fit to the
mixed mating model for individual loci (from Boshier et al., 1995a).
Locus
Gpi2

No. of progeny
956

Ugpp

959

Aco1

926

a-Gal

965

Allele
2
3
4
1
2
1
2
3
1
2

Pollen
0.162
0.552
0.286
0.126
0.874
0.220
0.715
0.065
0.023
0.977

Ovules
0.173
0.582
0.245
0.102
0.898
0.204
0.735
0.061
0.020
0.980
ts
tm

t

s.e.

r}

d.f

0.978

0.059

39.2*

9

0.940

0.084

1.9

1

0.977

0.054

24.1*

9

2.7

1

0.958
0.966

0.033
0.027

ts mean single locus outcrossing rate, tm multilocus outcrossing rate. Single locus outcrossing estimate not made for a-Gal owing to the
low variation within the population. For Gpi2, allele 1 was not found in this population. As the MLT program permits analysis of only
three alleles per locus, the rarest allele (5) was ~ggregated with allele 4.

Table 4.2 Multilocus outcrossing rates (tm) for samples
taken from various parts of the crown within one tree of
Cordia al/iodora (20 seedlings for each sample; from
Boshier et al., 1995a).
Source
1. High
2. Medium
3. Low
Total (1,2,3)
4. Inflorescence 1
5. Inflorescence 2
6. Inflorescence 3
Total (4,5,6)

n

tm

s.e.

20
20
20
60
20
20
20
60

1.18
0.91
1.04
1.09
0.77
0.87
0.60
0.75

0.18
0.24
0.28
0.12
0.30
0.28
0.20
0.12

Trees which produce a small number of flowers are
likely to flower for a short period of time and similarly
be accessible only to a limited number of pollen sources.
This may lead to non-random correlated mating of the
type observed in the samples from individual
inflorescences. However, the study indicated that such
mating is not restricted to trees with few flowers. Two
neighbouring trees flowered abundantly but were highly
synchronous in their flowering and showed some degree
of biparental breeding (trees 117 and 119 had flowering
synchrony index values of 0.93 and 1.0 and outcrossing
rates, tm, 0.74 ± 0.19 and 0.79± 0.21 respectively; see
Figure 4.1). Variation in flowering synchrony may alter
mating patterns from year to year by effectively altering
over time the close neighbours with which a tree may
mate. One tree showed such variation in outcrossing
rate (1989, tm = 0.71 ± 0.15; 1990, tm = 1.00 ± 0.29),
while over these two years, flowering synchrony with its
nearest neighbours varied greatly. Such factors may
play a role in influencing mating patterns, but in C.
alliodora the incompatibility mechanism (0.5
probability that any two trees are incompatible) is likely
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to be the dominant factor leading to some trees being
highly outcrossed while others show non-random
correlated mating.
Similar differences between, and annual variation in,
outcrossing rates for individual trees of several
neotropical tree species have been reported to be
consistent with changes in local flowering densities and
the spatial patterns of flowering individuals (Murawski
et al., 1990; Murawski and Hamrick, 1991). These
studies found that low densities of flowering individuals
led to low levels of outcrossing. Other studies have
found that low densities have led to higher levels of
outcrossing, due to density-dependent flight patterns of
insect pollinators increasing matings among related
individuals in higher densities of trees (Ellstrand et af.,
1978). This study showed a more complex situation, for
C. alliodora, than either of these generalisations. A
high degree of synchrony in flowering between near
neighbours, which may be related, may result in a
number of related crosses.
However, there is
considerable yearly variation in the quantity of
flowering of trees, and hence the degree of flowering
synchrony between trees, such that the relative
contributions of individual trees to pollen flow and seed
production may change markedly from year to year
(Section 3.5). This concurs with the view that gene flow
in plants is idiosyncratic, ranging from very low to very
high, and varying among species, populations,
individual plants and even over a season (Ellstrand,
1992). The majority of C. alliodora in the wet zones of
Central America is derived from regeneration after
relatively recent human clearance of forest, and such
clearance results in unnaturally high densities of the
species over extended areas (Section 2.3). Flowering
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patterns will not therefore have evolved under the
present conditions in which the species is found.
The population of C. alliodora studied appeared to be
predominantly outcrossed, but with both spatial and
temporal substructuring of the population, due to
variation in flowering and stand density. Combined
with the incompatibility mechanism~ these factors lead
to some related matings in a small number of
individuals, which was evident in the individual tree
outcrossing rates. This concurred with other reports for
mating systems of tropical tree species, in which 14 out
of 16 were found to be largely outcrossing (Loveless,
1992). In most of these tropical tree species, as in the
population of c~. alliodora studied~ there was evidence
that observed low levels of inbreeding were due to
related mating influenced by local population structure
(Ritland, 1986~ O'Malley and Bawa, 1987~ Hamrick
and Murawski, 1990).

4.3
Gene flow, neighbourhood area and
population structure
Further to the mating systeID analyses (Section 4.2)~
pollen dispersal was investigated by a) analysis of a rare
allozyme marker (second a-Gal allele) and b) paternity
exclusion. In the Pavones population, the second a-Gal
allele was present in only two neighbouring trees (see
Figure 4.1: tree numbers124 and 125). The presence of
this allele in progeny arrays from other trees was
therefore deemed to be a direct indicator of gene flow,
measured in terms of frequency and distance from these
two individuals. The progeny arrays from individual
trees ",'ere analysed with a fractional paternity program
(Devlin et al.. 1988). For 20 progeny arrays, subsets of
possible fathers were derived as a function of increasing
distance from the mother tree «25 m. <50 m... <225
m). In addition to the 49 individuals whose genotype
was known from the mating system studies (Section
4.2), a further 36 trees were assayed for genotype by
allozyme analysis using leaves. With all parental
genotypes known within this part of the population~
paternity exclusion analysis indicated progeny resulting
from pollen flow external to that subset of fathers.
Both the rare allozyme marker and paternity exclusion
methods generated typical leptokurtic distribution
curves. with greater pollen dispersal distances indicated
by the rare allele technique (Figure 4.3). Most pollen
originated froID within 75 m of the mother tree~ but the
rare allele indicated a low but significant proportion of
pollen movement froID as far as 280 m. There are some
limitations to the techniques used. The rare allele curve
was based on only two neighbouring fathers and may
not therefore have been typical of the population as a

whole. In both cases, due to the limit of sampling
(s300m), there may have been pollen flow from greater
distances. The paternity exclusion method provides a
minimum distance frequency (Devlin and Ellstrand,
1990; Ellstrand, 1992): as the paternity of a seedling is
not definitely established, pollen must have come from
at least the distance indicated, but may well have come
from further. External gametes that mimic local ones
are also misidentified, such that progeny identified as
possible with a given set of fathers may in fact have
been sired from outside that same set (Devlin and
Ellstrand, 1990; Adams and Birkes,
1991).
Nevertheless the results are striking in suggesting
pollen dispersal distances much greater than would
have been anticipated, given the small size of the
pollinators involved.
Seed dispersal was measured for four trees, using a UV
fluorescent dye and catching marked seed along various
transects, both down and upwind from the prevailing
wind (Boshier et al., 1995b). Seed dispersal similarly
showed a leptokurtic distribution, such that most seed
fell ""ithin a short distance~ 25 m (downwind) and 15 m
(upwind), of the maternal tree (Figure 4.4). Dispersal
was heavily influenced by the prevailing wind, such
that the seed shadow was more elliptical than circular.
These results concurred with observations of naturally
regenerated (~. alliodora seedlings in Panama where, at
germination, approximately 780/0 were found within 20
m of the parent tree (Augspurger, 1984). In both
studies, the limit of the transect length will have failed
to register occasional much longer distance dispersal.
In C. alliodora this may occur via very strong winds
and, probably, as a secondary event, via water (rivers or
temporary rainfall rivulets). The persistent petals make
the seed buoyant for some time and, where seed is
carried by rivers, dispersal distances of the order of
kilometres are feasible. Such events would be rare but,
although of little significance in considering inbreeding
effects, and neighbourhood sizes in small populations~
they would be ilnportant in colonisation and in breaking
down population isolation (Section 5.1).
Population genetic structuring ",'as evident from
comparing the mean number of alleles in common
between pairs of trees as a function of inter-tree
distance. The analyses were carried out for the Gpi2
and Aco 1 loci combined and the Gpi2 locus alone, the
Ugpp and a-Gal loci being excluded due to their 10""
level of variation within the population. Based on the
number of alleles in common, near neighbours were
found to be more highly genetically related than were
more distant trees (Figure 4.5). Spatial clustering of
relatives was within the first 50 m, coinciding with the
seed dispersal curve.
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Figure 4.3 Pollen dispersal in Cordia alliodora at Pavones, Turrialba, Costa Rica (from Boshier et al., 1995b).
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Figure 4.4 Seed dispersal in Cordia alliodora at Pavones, Turrialba, Costa Rica (from Boshier et al., 1995b).
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A neighbourhood describes the area in which random
gene exchange can be said to occur (Wright, 1938,
1986). Within a population, neighbourhood area (A)
and size (N) are estimated as the area of, and number
of individuals falling within, a circle of radius equal to
twice the standard deviation of the gene dispersal
distance per generation. Further details on calculation
Various estimates of
are given in Appendix 3.
neighbourhood area and size were made, using variance
estimates derived from both methods of evaluating
pollen dispersal and different seed dispersal curves, for
both outcrossing trees (tm = 1) and for inbreeding trees
(individual values oftm < 1.0).

Neighbourhood area estimates for outcrossing trees
ranged from 7.3 ha to 3.1 ha while estimates for the
subset of trees identified as showing inbreeding were
considerably smaller (5.4 ha to 1.5 ha, Table 4.3). Due
to the low variance in seed dispersal values, but high
variance in pollen dispersal values, the area estimates
were primarily influenced by the latter. The estimated
number of flowering trees within neighbourhoods
varied from 15 to 74, although the number of trees in a
neighbourhood is strongly dependant on tree density
(Table 4.5).

Table 4.5 Variation in neighbourhood estimates (area, radius, and size), using different estimates of pollen and seed
dispersal, for a population of Cordia alliodora at Pavones, Turrialba, Costa Rica. Range of neighbourhood areas shown
for individual trees which showed inbreeding (outcrossing rates, tm, < 1.0). Neighbourhood size given according to
flowering/non flowering of individual trees (from Boshier et aI., 1995b).

tm

Area
ha

1
1

7.3
7.1

tm

Area
ha

0.71
0.66
0.63
0.43

5.2
4.9
4.7
3.2

Neighbourhood values, based on rare allele
pollen dispersal
Radius
Seed dispersal values used in
estimates
m
152
Mean downwind
151
Upwind
No. of trees with & without flowers
Radius
m

129
125
122
102

74& 14
28& 6
67 & 15
51 &8

Neighbourhood values based on exclusion
pollen dispersal
Seed dispersal values used
Radius
in estimates
m
Mean downwind
102
Upwind
99
Radius
No. of trees with & without flowers
m
35 & 5
87
I

Area
ha

3.2
3.1
Area
ha

2.4
2.2
2.1
1.5

84
82
70

21 &5
48& 13
15& 2

Area estimates for inbreeding trees based on mean downwind seed dispersal curve.

There are no other estimates of neighbourhoods for
large tropical canopy trees. and comparisons with
values from temperate zone coniferous trees are not
valid because of differences in density and pollination
lnechanisms. The measures of gene flow in this study
are comparable with estimates from perennial tropical
plants based on marked dyes or pollinators (Linhart,
1973~ Webb and Bawa, 1983). but are lower than those
reported from isozyme studies for neotropical trees
occurring in undisturbed forest (Hamrick, 1992 ~
Loveless, 1992). This study measured apparent rather
than total gene flow. and therefore may have
substantially underestimated the true rate of gene flow.
Nevertheless the neighbourhood areas and such levels
of pollen flow are larger than might have been expected
for an essentially monospecific stand. with mainly
small insect pollinators. Other tropical tree species that
occur at much lower densities, with large insect/bat
pollination and dispersal by avian frugivores and
primates, may have neighbourhood areas which are one
or two orders of magnitude greater than populations of
C'. alliodora in such disturbed habitats. Hamrick and
Murawski (1990) suggested that the effective breeding
unit for a common tropical tree species would be of the

order of 25-50 ha. There is certainly now good
evidence from tropical trees to question the previously
commonly held view that gene flow is limited in these
populations (cf Ehrlich and Raven, 1969: Hamrick.
1992). As this and other studies confirm, while
successful pollination is effected over considerable
distances, a high proportion of fertilisation is from
nearest neighbours, with a restricted number of fathers.
and great tree-to-tree variation in the genetic
composition of pollen received (Hamrick and
MurawskL 1990: Hamrick. 1992).
Neighbourhoods are neither static in space nor in
composition. particularly in C. alliodora. which is a
mid-successional species. subject to repeated
colonisation, extinction. and recolonisation episodes.
In such species, where neighbourhood sizes may be
relatively smalL interactions among neighbourhoods in
space and time may counteract any potential for genetic
drift (Hamrick, 1992). Such gene flow will however
have little effect on inbreeding caused by localised
mating and population substructure, such as is evident
in this study.
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4.4

Summary

Allozyme markers, seed and pollen dispersal were used
to study mating system, gene flow, neighbourhood area
and population structure in a naturally regenerated,
mixed age stand of C. alliodora in the wet Atlantic
region of Costa Rica. In concurrence with evidence
from controlled crosses of a strong incompatibility
mechanism in C. alliodora (Section 3.1), the population
showed a high outcrossing rate. Neighbourhood area
estimates for outcrossing trees ranged from 3.1 ha to
7.3 ha, according to the method of calculation. Despite
relatively large neighbourhood areas, there was
evidence for genetic structuring and a limited amount
of inbreeding. A small number of individual trees
showed low outcrossing rates and such trees were likely
to have highly synchronous flowering with a near
neighbour. Based on the number of alleles in common,
near neighbours were more highly related genetically
than more distant trees. As might be expected, the
spatial clustering of relatives within the first 50 m
coincided to a large extent with the seed dispersal
curve. The pollen dispersal curves indicated a higher
probability for crossing with nearest neighbours that
combined with the spatial clustering of genotypes to
promote some crossing between related individuals.
Outcrossing rates for seed from different regions of an
individual tree crown were high, and similar to a
bulked sample from the whole crown. It is likely that
the same pollinators affected pollination throughout the
crown, or that pollinators sampled widely enough from
a variety of trees to produce similar outcrossing rates
throughout the crown.
Seed from contiguous
inflorescences showed indications of biparental
breeding (mating restricted to pollen transfer from one
tree to a second tree). Trees that produce a small
number of flowers are generally in flower for a short
period of time and may therefore be accessible to only a
limited number of pollinators, resulting in non-random
correlated mating. Variation in flowering synchrony
may also alter mating patterns from year to year by
effectively altering over time the close neighbours with
which a tree may mate. C. alliodora's incompatibility
mechanism itself also results in a degree of genetic
structuring in stands, with anyone tree reproductively
receptive to only half the trees in the population (0.5
probability any two trees are compatible).
Pollen and seed dispersal demonstrated typical
leptokurtic distributions. Most pollen originated from
within 75 m of the mother tree, although there was a
low but significant proportion of pollen movement from
at least as far as 280 m. Seed dispersal was found to be
heavily influenced by the prevailing wind, such that the
seed shadow was not circular. Long distance disperSilI
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of C. alliodora seed may occur via very strong winds
and, probably, via water as a secondary dispersal agent.
Dispersal distances of the order of kilometres are
feasible; although such events are probably rare, they
may be of considerable importance in colonisation and
in breaking down population isolation.

4.5

Implications
.,

•

"

..

..

.

"

COl:lclus.oJls tan~dra\Vllfor c. ~iliodora,Mtlt
respect· (OseedcollectioD for. conseI'VatjOD puiposes·
and tree.·improveme~t·pt()gtanunes ·of· wet. zone;
natural· p()pulations~ These are .detailed 111· Chapt~r
6.

TheclumVed.. distribpJiollof. genotypes, resultant
froIlllimited seed ~isPersal, along with JiItJ.ited
pollinator dispersal'- .. Il1ay•• •lead Jp.•. some·· related
mating.·in ·~tallds; ·AlthOugh •unlikely to·· be·· of
.signifj~a(lce .in·tlte •long•terin, tbi~ ·may ·be. of some
consequence.· .·in· ... silInpling· s~oo···· for ·ex .situ
collections· Of for the establishment· ·of.breeding
populations..

•

Deforestation and fragmentation, ·through the·
division of large. populations· il1to .$maller isolated
neighbou~lloods~· may··not· only·· reduce population
size,.but.also .accelerate.·the rate .of inbreeding by
reducing .gene flow· between neighbourhoods. In
small fragmented· populations, genetic isolation of
neigboollrhoods could,over time, ·lead to increased

inbreeding and. an erosion ofgenetic variation.
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5.1

Introduction

Genetic variation is central to conservation, adaptation
and tree improvement.
An understanding of the
distribution of genetic diversity across the geographic
range of a species is an important element in
determining the optimal strategy for both collecting and
utilising a large and representative component of a
species' variability. Molecular markers offer the means
to characterise genetic variation directly, and recent
research on tropical tree species has ranged from
populations covering a few kilometres to the broader
geographical scale of a species' distribution (Hamrick
and Godt, 1990; Loveless, 1992). The establishment of
replicated provenance trials, in designs that account for
environmental variation, allows evaluation of the
genetic component of phenotypic traits (e. g. height,
volume, survival) of importance to foresters, through
the partitioning of variance components.
Within individual stands of Cl. alliodora there is great
variation between trees in fonn (Boshier and Mesen,
1987). Even more striking is the variation evident
between natural populations on the seasonally dry
Pacific watershed of Central Alnerica and Mexico and
those on the wetter Atlantic watershed (Section 2.3: see
Plates la and Ib), suggesting ecotypic differentiation
(McCarter, 1988a). Such phenotypic variation may be
indicative of underlying genetic variation which must
be evaluated if plantation yields and breeding strategies
are to be optimised. In 1977 and 1978 the OFI carried
out provenance seed collections for C. alliodora,
principally within the Central American part of the
species' natural range (Table 5.1). The collections were
made in naturally regenerated stands that occurred
either in the forest or as shade trees over agricultural
crops and pasture (Stead, 1980).
The seed was
distributed throughout the tropics to a variety of
research organisations which established them in
replicated trials. This chapter reports results from: a) a
study which used allozyme loci to estimate levels of
genetic diversity within, and the extent of genetic
differentiation, between Central American provenances
of C. alliodora, based principally on the OFI collections
(Chase et al., 1995)~ b) an evaluation of the provenance
trials over 15 sites across the tropics; c) a combined
provenance/progeny trial established on two sites in
Costa Rica.

5.2
Allozyme variation in natural
populations
For the study of genetic variation using allozyme 10cL
seed was used from the original provenance collections
made by OFI, augmented by more recent collections
from Costa Rica. The eleven provenances surveyed
covered a range of climatic and altitudinal zones within
the distribution of C. alliodora in Central America
(Table 5.1). Sixty seedlings from each population were
evaluated by starch gel electrophoresis, for seven
enzyme systems and a total of eight loci.
The
experimental procedure is detailed elsewhere (Chase et
af., 1995). At all polymorphic loci, three or more
alleles were detected, with the exception of the enzyme
systems Pgm2 and Pgm3.
Single locus measures of variation are widely used to
characterise genetic diversity of populations. Statistics
are based on allelic frequencies at individual loci and
summary statistics are obtained across all loci in the
study. Genetic diversity can be viewed as consisting of
two ~components: richness and evenness. Richness can
be defined as the number of alleles in the population
salnple, and is most directly measured by the percentage
of polymorphic loci (Ps), and the number of alleles per
locus (As). The effective number of alleles (Aes ) gives
the number of equally frequent alleles in a theoretical
population that would produce the same level of
heterozygosity as in the actual population.
This
recognises the problem that many allele frequency
distributions can result in the salne level of
heterozygosity, and facilitates comparisons between
populations with diverse allele frequency distributions.
Measures of allelic evenness describe how genetic
diversity is distributed across a species' range.
Diversity may be partitioned between and within
populations, and measured using the statistics: total
genetic diversity (Ht)~
mean diversity within
populations (Hs)~ and the proportion owing to
differentiation between populations (G st ). The data for
each population (provenance) are sumIuarised in Table
5.2. For individual populations, the percentage of
polymorphic loci (loci where frequency of commonest
allele < 0.95) ranged from 30 to 64, with a mean of 44.
The mean number of alleles per locus ranged from 1.45
to 2.09, whereas the effective nUlnber of alleles per
locus ranged from 1. 15 to 1.36. The number and
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frequency of alleles were highly variable between
populations (Figure 5.1).
The overall level of heterozygosity (Ht) and the degree
of differentiation between populations (Gst) were low
compared to other plant species, categorised by various
life history features (Table 5.3). They were, however,
comparable to other tropical species with similar
characteristics (outcrossed, self incompatible, high
levels of gene flow within populations). The level of
variation between populations, although low, was
significant, and the variety of spatial scales over which
Gst values are measured in different studies may
confound the making of comparisons (Loveless, 1992).
Although levels of heterozygosity in C. alliodora were
low, allelic diversity and the percentage of polymorphic
loci were high.
The estimate of percentage of
polymorphic loci is dependent on sample size, and both
of the latter two measures may be influenced by
interpretational differences between laboratories, such
that comparisons of the levels and distribution of
heterozygosity are more useful (Gillespie, 1992).

Genetic distance was calculated using Nei's method
(Nei, 1976), which compares the genetic similarity of
populations, based on the frequency of alleles. A value
of zero indicates that all alleles occur at the same
frequency in the populations under comparison, while
increasing values indicate increasing genetic
divergence. A dendrogram was constructed, using the
genetic distance values for all possible paired
combinations of populations (Figure 5.2), but there was
no obvious relation between the location of the
populations and the groupings produced. Indeed two of
the physically most distant populations, Talamanca,
Costa Rica, and Finca el Chilero, Guatemala, were
genetically quite close. Nor was there any correlation
between genetic distance and geographic distance (r =
0.006). The wide distribution of C. alliodora over
many habitats, enabled the study to investigate possible
relationships between environmental parameters (e.g.
length of dry season, mean daily temperature, altitude)
and levels of genetic variation (mean heterozygosity).
The only statistically significant relationship to emerge
was with mean annual rainfall (Figure 5.3).

Table 5.1 Provenances represented in the Cordia alliodora allozyme study and international provenance trial
assessment.
OFI (BLSF*) identity
number of seed lots
Allozyme
Trial
assessment study
22177
10177
10177

30178

30178

9177

Site
Province/DepartmenVCounty
Silk Grass Reserve, Stann Creek

Country

Latitude/Longitude

Belize

Finca El Chilera, Guatemala

Guatemala

16°58 N, 88°23'W
140 23'N, 90028 W

Finca Rincon Alegre, Retalhuleu

Guatemala

9177

Tres Piedras, Choluteca

Honduras

19177

54/78

Finca La Fortuna, Cortes

Honduras

20/77

55/78

San Francisco, Atlantida

Honduras

14/77

22178

Esteli, Esteli

Nicaragua

18/77

18/77

Finca La Pineda, Matagalpa
Nueva Guinea, Zelaya

Nicaragua

31/86 (1814)

Turrialba, Cartago

Costa Rica

Limon, Limon

Costa Rica

29/86 (1849)

San Carlos, Alajuela

Costa Rica

33/78
32/77
33/77
34/77

Nicaragua

16/78

Sabana Hoyos, Manati

Puerto Rico

17178

Rio Calias, Caguas

Puerto Rico

13177

Ulloa, Valle del Cauca

Colombia

35177

Lago Agrio, Napo

Ecuador

28/86 (1877)

Esparza, Puntarenas

Costa Rica

79/87 (2657)

Talamanca, Limon

Costa Rica

I

1

1402TN, 91 046'W
13002 N, 87004'W
15036'N, 87058 W
1

1

15040'N, 87002'W
13002 N, 860 19 W
1

Altitude
(m)
65

Mean
annual
rainfall
(mm)
2502

1350

1956

6

30

120

1524

3

25

110

1850

6

80

210

1373

5

25

50

2858

0

25

1

850

848

7

25

I

12°45N, 85°45 W
11 043'N, 84026'W
09053 N, 83038'W
0905TN, 83002'W

750

1374

6

25

10022 N, 84032 W
18026'N, 6603TW
18018 N, 66005'W

200
100

04041N, 75046 W
00017'S, 77002 W
I

1600

1

230

3013

0

9

09058'N, 84038 W
09035 N, 87057'W

180

2320

5

20

60

2110

0

20

1

1

1

1

1

1

220

2588

3

25

602

2660

0

11120

50

3550

0

4

140

3270

0

7/20

1200

na

1

1400

na

1

2129

0

7

*Banco Latinoamericano de Semillas Forestales, CATIE, Turrialba, Costa Rica~ na indicates data not available.
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Number of Number of
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Figure 5.1
Representation of allele frequencies of four loci in eleven populations of Cordia alliodora in Central
America (after Chase et 01.. 1995).

~

4~2
3

•

3

.5
•

~1
3

4

GpI-2

••
•

3"1
2

2

1. La Fortuna, Honduras
2. San Francisco, Honduras

3. San Carlos, Costa Rica
4. Turrialba, Costa Rica
5. Talamanca, Costa Rica
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10. El Chilero, Guatamala
11. Retaluleu, Guatamala
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Table 5.2 Summary of genotypic data for Central American populations of Cordia alliodora (from Chase et al. ~ 1995).
OFI no

Site, ProvincelDepartment

10177
30178
54/78
55178
9177
22fl8
18177
28186
29/86
79/87
31/86

Finca El Chilero, Guatemala
Guatemala
Finca Rinc6n Alegre, Retalhuleu Guatemala
Finca La Fortuna, Cortes

Country

Honduras

San Francisco. Atlantida

Honduras

Tres Piedras, Choluteca

Honduras

Esteli. Esteli

Nicaragua

Finca La Pineda, Matagalpa

Nicaragua

Esparza, Puntarenas

Costa Rica

San Carlos AlaJuela

Costa Rica

Talamanca, Lim6n
Turrialba, Cartago

Costa Rica

I

Costa Rica

Ps

As

Aes

Hs

55

200
182
209
1.91
191
182
145
145
160
156
150

123
133
136
129
129
124
1.19
119
115
115
124

0148
0150
0193
0.160
0160
0.158
0098
0.107
0.084
0.094
0108

36
64
30
50
55
36
36
50
44
30

Ps' percentage of polymorphic loci (frequency of commonest allele < 0.95); As, nwnber of alleles per locus; Aes ' efTective number of
alleles per locus: Hs ' heterozygosity, only systems active in all populations were used to calculate heterozygosities.

Table 5.3 Comparisons of measures of genetic diversity for Cordia a//iodora from Central America (from Chase et al.,
1995) with other studies (Hamrick and Godt~ 1990 (H&G); Loveless, 1992 (L».
Ps

Aes

Hs

Ht

Gst

44.0
647
49.0
492
53.9
501
374
32.0
58.9
42.4

132
124

0127
0.269
0160
0.228
0181
0243
0120
0109
0.270
0.139

0143
0298

0.117
0076
0096
0.173

Category (source)
Cordia a/liodora (Chase et al)
Woody long-lived perennials (H&G)
Tropical tree species (L)
Regional tropical plants (H&G)
Regional tropical trees (L)
Outcrossed·anlmal pollinated plants (H&G)
AbiOtiC seed dispersal tropical trees (L)
Early succession tropical trees (L)
Late succession plants (H&G)
Late succession tropical trees (L)

121
124

122

0278
0310

0308

0197
0138
0111
0101
0.109

Figure 5.2 Genetic distance among Central American populations of Cordia alliodora (based on Nei's genetic distance;
from Chase et al. ~ 1995).
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Figure 5.3 Regression of heterozygosity on rainfall for Central American provenances of Cordia alliodora (from Chase
et al., 1995).
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The trend of decreasing heterozygosity with increasing
rainfall is of interest and while consistent with the
separation of wet and dry zone provenances by gross
morphology (Section 5.1) and provenance trials (Section
5.3), it is not easy to explain. It may be a reflection of
the evolutionary history of the species suggesting a dry
zone origin and a more recent expansion in wetter
habitats. The majority of Cordia species are found in
South America with secondary centres in Mexico and
the Greater Antilles. The highest concentration and
diversity of species are found in dry regions, often with
fairly localised distributions (Rzedowski, 1981 ). It is
thought that the Cerdanae (section of the genus
containing C. alliodora) reached Mexico and northern
Central America relatively early and has since then
diversified (Miller, 1985). There are ten species in the
Cerdanae endemic to Mexico or Guatemala and only
three in the rest of Central America (Miller, 1985).
Given the drier nature of South and Central America
during the Pleiocene (Prance, 1974), C. alliodora would
have been able to spread throughout the region in
seasonally dry forest. The small, wind dispersed seed of
C. alliodora makes it particularly effective for colonising
and spreading, more so than the other tree species in the
Cerdanae. The dry valleys in western coastal Mexico are
separated by high mountains, which could have lead to the
high degree of speciation of Cordia which exists in that
region (Miller, 1985). In contrast, the extensive lowlands
in both Central and South America could facilitate the
large scale spread of C. alliodora throughout the area. As
Central America became wetter, most Cordia species may
have become restricted to dry refugia, as has been
suggested for the Bignoniaceae (Gentry, 1980; Miller,

1985). Under selection pressure, C. alliodora may have
adapted to the wetter climate, but suffered a reduction in
occurrence that is now evident in its low frequency in
undisturbed lowland wet forest (Section 2.4).
C.
alliodora has a history of human disturbance (Section
2.4) and large scale deforestation on the wet Atlantic
lowlands of Central America has, almost certainly,
resulted in an increase in the frequency of C. alliodora
over the past half-century.
Such a contraction in
population size, followed by large scale disturbance and
expansion to new sites, under human influence, would be
expected to randomise the patterns of genetic diversity
due to a bottle-neck effect (Nei et aI., 1975), and may
account for the lack of correlation between genetic
distance and physical distance. This is apparent in the
genetic similarity of some wet and dry zone populations,
which in contrast show very dissimilar levels of
heterozygosity, and in the large differences in quantitative
characters (e.g. height, volume, form) between wet and
dry zone provenances when grown in trials (Chase et al.,
1995; Section 5.3; McCarter, 1988a).

5.3

Provenance trials

Observations of initial growth by collaborators in the
international trial revealed distinct differences between
provenance regions for characters of adaptive
significance. In Costa Rica, provenances from areas
with a pronounced dry season germinated more quickly,
and initially showed more vigorous seedling growth,
with a longer primary root, than wet zone provenances
(Boshier, 1984). Similar observations were made in the
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Ivory Coast where dry zone provenances were also
observed to develop ant domatia more rapidly
(Delaunay and Grolleau, 1978). Trees from dry zone
regions also flowered at a younger age than did the wet
zone provenances (Boshier, unpublished data). Seed fall
of C. alliodora in Central America coincides roughly
with the onset of rains at the end of the dry season.
Rapid germination and initial growth of dry zone
provenances would offer the best possibilities for
establishment of a plant before the start of the next dry
season.
The early superiority of the dry zone
provenances was, however ~ not maintained in the field
and the superiority of the wet zone provenances was
established in all trials, usually within two years of
planting (Greaves and McCarter, 1990).
Although results from SOlne of the individual trials were
published separately (e.g. Boshier~ 1984~ Venegas Tovar
1981~ Gazel 1983: Martinez et al., 1985)~ a more
comprehensive assessment across a number of sites was
also carried out to yield more widely applicable information
about the species. In 1985~ 15 trials were identified (Table
5.4) which had been sufficiently well managed to contribute
to a standardised intensive assessment. The trials covered a
wide range of environments~ reflecting the range of
conditions under which C. alliodora occurs naturally and
where there might be interest in planting the species. The
trials were all planted with a randomised complete
block layout, with plot size~ spacing~ number of blocks
and provenances varying from site to site (Table 5.4).
The age of the trials at the time of assessment varied
from 60 to 104 months.
Method of assessment and data analysis
The intensive assessment was implemented during 1986
and 1987 ~ with 16 trees per replicated provenance plot
assessed for a number of growth, fonn and wood density
traits (Box 5.1: McCarter~ 1988a, 1988b). Density was
assessed in two ways; at each site all trees with a diameter
at breast height (dbh) of 10 cm or greater were tested using
a pilod)n. This instrument fires a blunt steel pin into the
bole of the tree with a known and constant force~ such that
the depth of pin penetration is inversely proportional to the
density of the wood (plate 3a). The pilodyn has been
shown to be an efficient method for ranking provenances
for density (Mourn et al.~ 1987). Secondly. a total of 347
eight mm bark-to-bark increment cores were extracted at
breast height from a sub-sample of trees at eight sites,
representing a range of provenances (four to eight) and
diameters.
Density variation across the stem was
measured using optical densitometry (Goodwin-Bailey
and Palmer, 1987). The densities were weighted by
position along the radius (i.e. by area) for computation of
means, and subsequent analysis. Observations were also
made on the phenology of the trees and incidence of
pests and diseases. A C. gerescanthus provenance from
Waswali, Nicaragua (16/77)~ established in most of the
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trials, was omitted from the assessment because of its
extremely poor survival, growth and form at all sites.
In cotnlnon with many forestry genetic trials, nearly all the
trials were non-orthogonal (unbalanced), owing either to
poor germination of certain seed lots or subsequent
mortality. Normal analysis of variance would have been
inappropriate, and therefore the data from individual trials
were analysed using the REML (Residual Maximum
Likelihood) procedure (Robinson, 1987) in GENSTAT
(payne et aI., 1993) on plot means to give best linear
unbiased estimates (BLUES) of provenance means at each
site. Provenances were also grouped into wet and dry
zones to determine what proportion of the variation was
due to this difference alone, rather than to provenance
differences within regions. The significance of the various
sources of variation at each site was detennined using the
GLM (Generalized Linear Means) procedure in
GENSTAT. Data sets for survival (%) were transformed
before analysis, using an angular (arcsine) transfonnation
function.

Box 5.1 Traits assessed and variables analysed at each
site in the intensive assessment of the C~ordia alliodora
international provenance trial.

1.

Survival~ expressed as a percentage and arcsin
transformed for analysis.

2.

Total

height~

measured to 0.1

ffi.

3. dbh; diameter at breast height (measured by tape to
the nearest Inm).
4.

Timber height~ measured to a top diameter of 10cm
(therefore only on trees> IOcm dbh; hence many
plots of the· poorer provenances had many Inissing
values).

5. Volume~ calculated overbark using the equation
(Somarriba and Beer. 1987)~ Vt == 0.017615 +
O.000034(d2h) - O.000086(d2 ) + 0.003358(h) and
expressed per hectare, where d :;:: dbh, h == total
3
height and Vt == total volume overbark in m .

6.

Stem form: assessed on the first 6 ·m of the stem
(see Barnes and Gibso~ 1986, for outline of
assessment method); higher values were better
formed trees.

?

Forking; 0 :;:: .none, 1 :;:: forked below commercial
height, 2 == .forked above commercial height.. i. e.

trees classified as 1 were .the worst, with only
forking in class 1 considered serious.
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8. Density; bark-to-bark cores extracted at breast height
on a variable number of trees per provenance,
density variation across the core measured using
optical densitometry.

The results of the analyses are presented by variable in
Tables 5.5-5.15, and demonstrate the importance of some
level of provenance testing before drawing conclusions
about a species' potential. For most traits the division into
wet and dry zones explained the largest proportion of the
variation, although for
some traits at some sites
differences between provenances within regions were also
highly significant. The wet zone provenances were
significantly superior in all traits, except wood density,
with the best provenance superior in volume production at
some sites by some 200% over the site mean and almost
500% over the worst provenance. Indeed from the poor
vigour and form of some provenances the uninformed
observer would, quite rightly, have discounted C. alliodora as a viable plantation species. The features of
particular traits are discussed below.

9. Pilodyn; penetration in mm of a pin fired into the
trunk of the tree at breast height, recorded on trees
exceeding 10cm dbh; higher values were lower
density trees.
10. Bark type; 1 = smooth barked, 2 = rough barked.
11. Bark percentage; expressed as a percentage of bark
thickness (measured by bark gauge in cm to the
nearest mm) to dbh.
12. Incidence of Puccinia cordiae stem canker; 0-5, six
classes marking increasing severity of attack: 0 =
none, through to 5 = tree almost dead

Survival
13. Incidence of termite attack 0 = no attack/no
evidence of termite activity, 1 = superficial activity
only (exterior tunnels on bark of bole/branches, but
no damage to wood/cambium), 2 = serious damage
to wood/cambium.

Survival was the only trait assessed for which there was
little or no significant difference between provenances at
most sites (Table 5.5). Survival was generally good,
even on the worst sites, with the low values at Poitete
(Solomon Islands) a result of the trial having been
thinned before the assessment was made.

Table 5.4 Details of the provenance trials of Cordia alliodora selected for intensive assessment.
Trial
code

Site

Country

Latitude

Tur
Tum
Sau
Nu4
Nu51
Poi
San
Cav
Pra
Awi

Turrialba
Tumaco
Sautata
Nukurua, Cal 4
Nukurua, Cal51
Poitete
La Sangoue
Cavalla
Pra Anum

Costa Rica
Colombia
Colombia
Fiji
Fiji
Solomons
Ivory Coast
Liberia
Ghana
Nigeria
Nigeria
Nigeria
Brazil
Brazil
Brazil

90 53'N
10 22'N
70 50'N
170 53'S
170 53'S
70 52'S
60 20'N
60 09'N
60 15'N
80 02'N
80 45'N
60 01'N
21 0 40'S
200 49'S
200 57'S

Iko
Sap
Ant
Rio
Beb

Awi
Ikom
Sapoba
sao Luiz Antonio
sao Jose do Rio Preto
Bebedouro

Longitude Altitude
(m)
830 38'W
780 34'W
770 07'W
1780 27'E
1780 27'E
1570 07'E
50 30'W
80 11'W
10 15'W
40 58'E
60 00'E
50 46'E
470 49'W
490 23'W
480 30'W

602
20
50
140
140
30
200
250
150

Mean
annual
rainfall
(mm)
2681
2139
2070
3600
3600
3500
1194
1800
1324

Number
of dry
months
«70 mm)
0
0
4
0
0
0
6
4
4

63
119
100
550
488
570

2800
3000
1799
1280
1240
1296

5
4
5
5
5
5

Age
assessed
months

Number of
provenances

83

7
12
6
11
10
8
5
11
10

96
93
85
66
87
101
91
104
104
104
104
60
60
60

9
8
10
8
11
8

Density Number
trees/ha
of
blocks
1600
1111
1111
1111
370
1111
711
1111
771
1600
1600
1600
1667
1667
1667

5
5
4
5
5
4
5
3
4
4
4
4
4
4
4
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a'eight, diameter and volume
Growth, as is already known for C. alliodora~ was highly
variable depending on site characteristics. On more
favourable sites, mean annual height increments of 3-4 m
were typical in the first two to three years, falling to around
2 m per year between three and seven years (plates 3b, 3c).
However off site, such as the trials in Brazil, mean annual
height increment fell from 1-2 m per year in the first two
years, to only 0.1-0.2 m per year in years four and five. At
many sites close initial spacing and the lack of timely
thinning led to a decrease in diameter increment, with a
reduction in provenance differences and an increase in
within plot variation.
The wet zone provenances
consistently outperformed the dry zone provenances in all
production traits by a considerable margin (Tables 5.6-5.9),
even on seasonally dry sites. For example, at La Sangoue
(Ivory Coast), the driest trial site assessed, mean annual
rainfall is less than half that which most wet zone
provenances experience in their native habitat in Central
America, but survival, growth and health of the trees were
exceptionally good. The superiority of tlle wet zone
provenances was even more pronounced when considering
commercial timber height, owing to the poorer form of the
dry zone provenances (Tables 5.8 and 5.10). While volume
production of the wet zone provenances was typically some
50o~ higher, their superiority in terms of cOIlllnercial
timber production was far greater.
Whilst grouping into wet and dry zones accounted for a
significant proportion of the variation, there were also some
differences between provenances within the groups. Of the
wet zone provenances, San Francisco (20/77), Nueva
Guinea (33/78)~ Limon (33/77) and Silk Grass (26/77)
were generally the best performers, with San Carlos (34/77)
and Turrialba (32/77) usually the poorest. At all sites,
despite the highly significant differences in growth between
regions and provenances, there was a large proportion of
within plot variation, with the better provenances having a
higher proportion of tall trees indicating the potential for
increasing growth through breeding. If wider spacings had
been used, or more timely thinnings applied, the
phenotypic characteristics of the wet zone provenances
would have been less suppressed by competition and
undoubtedly led to even more pronounced differences
between the two zones. An indication of this is that when
analyses were based on just the three largest dbh trees per
plot, wet zone provenance means for height and dbh
increase mostly by 50-1 OO%~ whereas the dry zone
provenances increased by only 25-40o~.
Only at the more sub-tropical sites in southern Brazil
did the situation change. Although survival was still
good, growth ,vas poor with no significant provenance
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differences for the various growth traits at either the
Bebedouro (Plate 3e) or Sao Jose do Rio Preto sites.
Only at the Sao Luis Antonio site were there
differences, with, unusually, a dry zone provenance,
Esteli (4/77), ranked first. Although growth of these
trials was reasonable in the first three years (mean
annual increments up to 2 m and 2 cm for height and
dbh respectively) in subsequent years this fell drastically
and it is unlikely that the species would be considered
for reforestation. Probably the poor soils (high Al and
Mn content), but perhaps more critically the absolute
minimum temperatures, which are very much lower
than those normally experienced by the tropical
provenances under test, led to the species being under
physiological stress and were responsible for the poor
growth and high proportion of trees with dieback
symptoms. In the natural distribution of these Central
American provenances, temperatures seldom fall below
10°C, whilst at both Bebedouro and Sao Jose do Rio
Preto, frosts were recorded during the life-time of the
trials, with temperatures of 2° to 3°C occurring
regularly during the coldest months of the year.

Stem form and forking
The form of the wet zone provenances was consistently
superior to that of the dry zone provenances (Table 5.10).
Even within this grouping there was however great within
provenance variation, with certain provenances (e.g.
Limon, San Francisco) consistently showing good form. In
the case of the Limon provenance it is uncertain whether
this was due to the inherently good fonn of the provenance
or a result of the small number of trees that were originally
sampled (Table 5.4). It should be noted however that even
the worst provenances had some very good trees, and the
good provenances some very poorly formed ones, a factor
upon which a breeding programme could capitalise. Form
was also affected by site conditions and management, with
poor growth tending to reduce the differences between
provenances. The incidence of forking (Table 5.11) was
highest at those sites (eg. Solomons, 36%, Fiji 22%, cf 3°~
at Tumaco and Turrialba) ,,,ith extremely pernicious
climber/weed problems, where early maintenance was
inadequate or where some other factor (e.g. extensive
dieback at La Sangoue, Ivory Coast) led to loss of the leader
and a subsequent lack of apical dominance during the
recovery period. With good maintenance the majority of
trees were free of forking in the commercial part of the
trunk. Although forking was primarily affected by site, at
some sites (e.g. Pra Annum, Ghana) there were differences
between provenances. with the dry zone provenances
showing a higher incidence of forking, though generally
o~y above the commercial part of the trunk.
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Table 5.5 Survival (%) of Cordia alliodora provenances at 14 sites in the international trial series.
Code Provenance
26/77 Silk Grass
77133 Limon*
33/77 Limon
34177 San Carlos
32177 Turrialba
19/77 Finca La Fortuna
20/77 San Francisco
33/78 Nueva Guinea
1/77 Yapo**
40/76 Naboutini**
38/76 Nausori**
13/78 Nukurua**
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Fiji
Mean

10/77 Finca El Chilero
30178 Retalhuleu
9/77 Tres Piedras
14/77 Estelf
18177 La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

13177
35/77
16/78
17/78

Colombia
Ecuador
Puerto Rico
Puerto Rico
Trial Mean
Provenance
Region
Prov in region

Ulloa
Lago Agrio
Arecibo
Caguas
Significance

Tur

Turn
88.3

Sau

Nu4 Nu51

31.2

77.5
81.3
83.8
83.8
938

78.1

65.0
47.5
37.5
62.5
65.0

48.0
56.0

67.2
891
85.9

Poi

* commercial seed lot

45.1

84.4

86.3

583
43.8

44.8

53.8

40.8
41.6
51.2
44.6

67.5
83.8
81.3
71.6

85.9
84.4
81.3
89.1

41.3
47.5
45.0
80.1

51.4
50.0

60.9
73.4
67.2

52.5

Pra

Awi

Iko

Sap
71.9

78.1

90.6
95.3

95.3
87.5
90.6
96.9
85.9

92.2
81.3
84.4

37.5
32.8
60.9
57.8
73.4

78.1
93.8

90.0
82.5

Cav

Ant

Rio

Beb

79.7
90.6
90.6

90.8
87.3
82.8
90.6
98.4
98.4

76.6
98.4
95.3

93.8

86.3
87.5
71.3
73.8
45.0
76.3

58.8
54.4

66.6

18.6

38.8

51.0

85.4

93.2

91.3

84.0

55.7

87.0

91.4

90.1

43.8

79.7
92.2
92.2
83.3
85.9
86.7

90.6

87.5

79.7

51.6

95.3
92.2
92.2
92.6

96.9
89.1
84.4
89.5

82.8
75.0
76.6
78.5

57.8
70.3
59.4
59.8

73.4 100.0
98.4 98.4
98.4 96.9
89.1 96.9
85.9 98.4
89.1 98.1

93.8
98.4
89.1
81.3
78.1
88.1

37.5
35.4
52.1
42.2

81.3
87.5

45.8

56.3
63.8
44.8 77.5 75.8 49.0 68.8 45.2 86.0 91.0 90.5 81.3 57.3 88.3 94.5 88.9
0096 <0001 0.056 0.050 <0.001 0.338 0.317 0538 0.616 0.866 0.018 0.256 0.015 0.166
0.914 <0.001 0.036 0.012 <0.001 0.377 0.285 0.096 0.623 0.354 0.449 0.698 0.006 0.661
0061 0043 0.122 0.245 0.011 0.297 0.314 0917 0.545 0.894 0.013 0.193 0.057 0.121
** local collections denved from Belize

Table 5.6 Height (ill) of ('ordia alliodora provenances at 15 sites in the international trial series.
Code Provenance
26/77 Silk Grass
77/33 Limon*
33/77 Limon
34/77 San Carlos
32/77 Turrialba
19177 Finca La Fortuna
20/77 San Francisco
33/78 Nueva Guinea
1/77 Yapo**
40/76 Naboutini**
38/76 Nausori**
13/78 Nukurua**
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Fiji
Mean

10/77 Finca El Chilero
30178 Retalhuleu
9/77 Tres Piedras
14/77 Estelf
18/77 La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

13177
35/77
16/78
17/78

Colombia
Ecuador
Puerto Rico
Puerto Rico
Trial Mean
Provenance
Region
Prov. in region

Ulloa
Lago Agrio
Arecibo
Caguas
Significance

* commercial seed lot

Tur

Turn
191

Sau

Nu4 Nu51

7.5

18.5
13.9
161
17.4
19.1

11.4

94
7.2
91
101
105

8.5
10.7

11.3
12.4
13.4

Poi

San

8.9

17.3

7.5

19.7
22.2

85

8.8

5.9
68
8.5
7. 4

11.2
112
155
11 .6
10.5

9.5
8.6
7.4
12.1

8.9
4.7

10.4
11.7
11 .1

Pra

Awi

Iko

Sap
10.5

25.2

16.9
17.0

12.9
11.8
10.4
13.1
14.8

22.4
21.0
23.0

11.5
11.5
11.6
11.0
13.1

20.0
18.2

20.3

11.6
16.8

Cav

16.1
16.7
18.2
17.0

17.1

8.7
9.2
5.7
76
5.2
5.3

8.2
6.4

6.0

5.4

5.5

Ant

Rio

Beb

4.5
5.3
4.3

4.2
4.6
3.5
4.4
4.5
3.9

1.3
1.4
1.9

15.5

21.0

18.7

17.7

16.5

12.6

22.9

11.5

4.7

4.2

1.5

12.1

12.0

13.0

7.5

13.8

11.2

118
10.4
16.9
12.8

15.5
16.1
14.5

8.7
12.7
11.4
11.9
16.3
12.2

14.7
14.7
16.8
14.8

9.5
112
121
10.1

17.4
15.4
18.9
16.4

9.9
102
11.0
10.6

5.0
58
4.7
6.0
49
5.3

4.1
4.4
42
4.7
4.4
4.4

1.8
17
1.8
2.1
1.7
1.82

122

12.3
16.8

5.0
5.7
1.7
4.3
5.1
8.1 14.8 11.8
8.2
6.8 15.0 16.2 15.2 15.3 11.5 19.7 11.1
0010 <0001 0.004 0.004 <0.001 <0.001 <0.001 <0001 0.013 0.004 <0.001 0.512 0.002 0.140 0485
0.025 <0001 0.014 <0.001 <0.001 <0.001 <0.001 <0.001 0.060 0.002 <0.001 0.110 0010 0.125 0.163
0.022 <0001 0.009 0071 <0.001 <0.001 <0.001 <0.001 0.019 0.029 0.004 0.680 0.006 0.171 0.602
** local collections denved from Belize
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Table 5.7 DBH (diameter at breast height; cm) of Cordia alliodora provenances at 15 sites in the international trial
series.
Code Provenance
26177 Silk Grass
77/33 Limon*
33m Limon
34r!7 San Carlos
32177 Turrialba
19fi7 Finca La Fortuna
2Ofi7 San Francisco
33fi8 Nueva Guinea
1fi7 Yapo**
4Ofi6 Naboutini**
38fi6 Nausori**
13fi8 Nukurua**
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Fiji
Mean

Tur

Turn
17.2

Sau

Nu4 Nu51

7.9

16.6
13.2
13.5
14.0
16.4

11.6

10.9
8.5
10.4
10.5
12.2

8.5

15.1

10fi7 Finca El Chilero
3Ofi8 Retalhuleu
9fi7 Tres Piedras
14/77 Esteli
1Bn7 La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

8.2

8.3

5.6
6.5
7.9
7.1

10.1
9.4
13.9
10.4

13fi7 Ulloa
35fi7 Lago Agrio
16fi8 Arecibo
17fia Caguas
Significance

Colombia
Ecuador
Puerto Rico
Puerto Rico
Trial Mean
Provenance
Region
Prov.in Region

* commercial seed lot

8.0
9.5

10.8
12.2
14.1

Poi

San

Cav

8.6

19.5
22.4

14.4
13.4
15.9
15.5

20.0

10.8
5.7

10.9
12.6
11.8

10.4

Iko

Sap
10.2

22.3

13.6
13.8

11.9
11.2
9.3
12.0
13.8

19.1
18.5
20.7

11.8
11.9
12.2
10.8
12.2

10.9
11.2
6.5
9.4
6.2
5.9

9.3
7.5

7.0

6.3

6.3

Ant

Rio

Beb

5.9
6.7
5.5

6.2
7.2
5.2
6.7
6.7
5.6

1.5
1.4
2.7

14.4

18.4

12.0
12.4
9.4
12.2

Awi

15.1
14.6

13.9
15.0

Pra

21.0

19.2

14.8

13.9

11.6

20.1

11.5

6.0

6.3

1.9

13.8

13.9

14.0

7.1

13.8

11.0

13.8
11.7
17.2
14.1

15.7
17.6
15.7

9.4
12.1
11.5
11.1
14.2
11.7

14.0
14.9
16.7
14.9

8.8
9.9
12.2
9.5

14.4
13.7
18.6
15.1

9.3
9.3
11.5
10.3

6.5
7.2
5.7
7.3
6.4
6.6

5.9
6.3
5.6
6.0
5.9
5.9

2.4
2.5
2.4
2.8
1.9
2.4

14.3
15.3

15.5

5.1
6.1
6.1
2.2
6.4
7.9 16.3 17.1 13.4 14.6 10.7 17.6 11.0
7.65 13.2 12.1
9.8
0.099 <0.001 0.001 0.019 <0.001 <0.001 <0.001 <0.001 0.479 0.002 <0.001 0.130 0.011 0.272 0.596
0.044 <0.001 0.287 0.002 <0.001 <0.001 <0.001 <0.001 0.388 0.004 <0.001 0.028 0.032 0.500 0.260
0.211 <0.001 <0.001 0.260 <0.001 0.021 0.008 0.042 0.466 0.010 0.017 0.296 0.019 0.234 0.645
•• local collections derived from Belize

Table 5.8 Timber height (m) of Cordia alliodora provenances at 12 sites in the international trial series (see Box 5.1 for
method of assessment).
Code Provenance
26fi7 Silk Grass
77133 Limon*
33fi7 Limon
34fi7 San Carlos
32/77 Turrialba
19177 Finca la Fortuna
20177 San Francisco
33/78 Nueva Guinea
1/77 Yapo*·
40176 Naboutini**
38176 Nausori13178 Nukurua**
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Fiji
Mean

10177 Finca el Chilero
30fia Retalhuleu
9177 Tres Piedras

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

14/77 Esteli
1afi7 La Pineda
Dry zone provenances

13fi7 Ulloa
35177 Lago Agrio
16178 Arecibo
17/7a Caguas
Significance

• commercial seed lot

Colombia
Ecuador
Puerto Rico
Puerto Rico
Trial Mean
Provenance
Region
Prov. in region

Tur

Turn
10.41

Sau

Nu4

1.83

9.68
5.60
7.01
7.11
9.20

5.54

3.61
1.72
2.68
3.43
3.66

1.76
2.78

5.19
6.28
8.30

Nu51

Poi

San

2.05

12.56
13.09

15.24

5.26

2.12

8.19

1.21

0.63

0.42
0.39
1.57
0.90

2.85
1.74
6.47
2.92
2.64

6.33

3.05
0.25

3.38
6.22
4.80

7.82
6.24
10.52
9.52

Awi

Iko

Sap
4.19

1812

8.15
8.71

7.02
5.70
3.25
7.33
9.02

14.97
13.44
15.81

4.46
4.70
4.80
4.83
5.83

7.06

11.31

3.10
3.47
0.57
2.23
0.49
0.34

2.12
1.19

0.91

1.94

0.55

12.83

13.28

9.05

7.97

6.46

15.59

4.80

3.87

6.85

6.12

1.36

6.25

3.91

4.57
334
8.41
5.05

9.12
10.85
8.94

1.50
4.20
3.98
3.55
7.48
4.14

6.54
7.34
8.29
7.07

2.59
383
5.91
3.42

9.17
7.62
11.62
8.74

304
3.56
4.76
3.82

7.64
5.11
0.304 0.001
0.345 <0.001
0.285 0.016

12.16
<0.001
<0001
<0.001

4.41
0.444
0.057
0.720

4.54
0.17
.0.48
7.20 10.67
6.82
1.42
5.97
5.82
2.61
1.52
0.017 <0.001
0.007
0.071 <0.001 <0.001 <0.001 <0.001
0.002 <0.001
0.026 0.019 <0.001 <0.001 <0.001 <0.001
0.212 <0.001
0.024 <0.001
0.011
0.011
0.268 <0.001
** local collections derived from Belize
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Pra

10.52
9.70

4.00
3.48
1.82

8.29

Cav

6.78
9.75
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Table S.9 Volume production (m3/ha) of Cordia alliodora provenances at 12 sites in the international trial series (see
Box 5.1 for method of calculation).
Code Provenance
26rt7 Silk Grass
77/33 Limon*
33rt7 Limon
34rt7 San Cartos
32rt7 Turrialba
19rt7 Finca La Fortuna
20rt7 San Francisco
33178 Nueva Guinea
1rt7 Yapo**
40rt6 Naboutini**
38176 Nausori**
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Mean

10177 Finca El Chilero
30178 Retalhuleu
9177 Tres Piedras
14177 Esteli
18rt7 La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

Tur

Tum
322.1

Sau

Nu4

41.4

302.9
183.2
197.1
222.7
330.2

108.8
90.2
142.9
172.4

92.0
44.6
43.8
79.6
108.4

128.6

69.2
71.4
46.7
69.5

65.5
98.4

238.0

68.5

256.6

58.8

45.3

36.1
39.4
65.3
49.9

84.8
95.8
192.1

26.2

74.9
117.3

58.9

Cav

Pra

Awi

Iko

Sap
172.8

807.8

172.5
170.0

236.2
204.4
151.7
244.1
288.6

651.1
549.6
705.1

98.8
74.1
150.8
136.7
224.1

236.5
252.8
219.9
191.8
245.0
245.5

Ant

Rio

Beb

58.9
73.7
60.4

63.3
67.3
50.3
67.7
73.2
64.7

29.5
37.4
40.7

176.2

231.9

171.9

225.0

678.4

142.9

64.3

64.4

35.9

75.6
145.4
130.3
117.8
207.9
135.4

123.6

98.1

275.5

111.5

158.7
156.5
228.6

143.1
165.2
210.7
154.3

331.6
259.8
461.7
332.2

100.7
120.7
138.8
117.9

57.7
87.9
70.5
83.2
67.9
73.4

67.1
71.4
64.9
69.8
69.4
68.5

38.9
40.7
36.8
37.2
32.2
37.2

* commercial seed lot

A number of other variables associated with fonn were
assessed, and although, for the sake of conciseness, the
results of the analyses are not presented here, some
general comments are worthwhile. Wet zone provenances
showed better self-pruning capability with a large
proportion of clear bole (generally 60-70% of total height
to the first live branch excluding major forking, compared
to 40-55% for dry zone provenances). Once again, the
San Francisco (20/77), Lim6n (33/77), Nueva Guinea and
Silk Grass (26/77) provenances were consistently good.
Wet zone provenances also tended to have finer and more
horizontal branching, although the mean for most
provenances fell in between categories 2 and 3 for branch
size (I = fine, 2 = light, 3 = medium, 4 = coarse, based on
ratio of branch diameter to that of the main bole at the
point it leaves) and 3 to 4 for branch angle (I = horizontal,
2 = 0-15°,3 = 15-30°,4 = 30-45°, 5 > 45°). Generally the
faster growing provenances tended to have higher
proportions of trees with longer intemodes, although there
were few prominent provenance differences. There was
generally a low incidence of non-cylindricality of the
bole, but this was highest (up to 17%) in the largest
diameter provenances. C. alliodora is only a lightly
buttressed species, and buttresses are not nonnally
obvious until the trees are fairly large. Trees in the trials
were therefore generally not yet large enough for th is
characteristic to be fully expressed.
Phenological traits, such as leaf fall and flowering
period, showed little variation among provenances.
However most of the trials were not assessed during the
period of maximum phenological activity and the large
degree of variation within provenances may have
masked differences among them. In general, however,

the dry zone provenances appear to flower at a younger
age than the wet zone provenances.

Pilodyn and density
Wood density is considered to be a good index of the
mechanical properties and utilisation potential of timber
and is therefore an important trait for assessment in a
provenance trial where wood quality is an unknown
factor. For C. al/iodora, despite its timber being favoured
throughout its natural distribution, little was known of the
quality of plantation grown material, in particular as an
exotic. There was a strong correlation between pilodyn
reading and actual density, and a regression of pilodyn
readings against mean weighted density produced
predictive equations for each trial of the fonn; estimated
density = a + (J} x pilodyn reading), accounting for 4284% of the variance depending on site (McCarter, 1988b).
The relationship across all sites was;
estimated density = 0.8942 - (0.002067 x pilodyn reading);
51 % of variance accounted for

From the optical densitometry data the commonest pattern
was of a general, but gradual increase from pith to bark, as
is common in hardwoods (McCarter, 1988b). The actual
density results showed that mean core density for almost
all samples (even those with high pilodyn readings) was
generally in the range 0.45-0.60 g per cm 3, and well above
an acceptable minimum (Tables 5.12 and 5.13). As a
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Table 5.10 Stem form for 14 sites in the Cordia alliodora international provenance trial series (higher values indicate
better form; see Box 5.1 for method of assessment).
Code Provenance
26/77 Silk Grass
77133 Limon*
33/77 Limon
34/77 San Carlos
32/77 Turrialba
19/77 Finca La Fortuna
20/77 San Francisco
33/78 Nueva Guinea
1/77 Yapo**
40/76 Naboutini**
38/76 Nausori**
13178 Nukurua**
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Fiji
Mean

10/77 Finca El Chilero
30/78 Retalhuleu
9/77 Tres Piedras
14/77 EsteH
18/77 La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

13/77
35/77
16/78
17178

Colombia
Ecuador
Puerto Rico
Puerto Rico
Trial Mean
Provenance
Region
Prov. in region

Ulloa
Lago Agrio
Arecibo
Caguas
Significance

* commercial seed lot

Tur

Turn
56.0

Sau

Nu4

36.9

85.3
56.4
70.3
70.6
68.2

50.6

47.7
48.3
58.6
56.0
40.1

46.7
40.6

53.2
59.9
52.8

Nu51

Poi

San

41.4

68.5

44.3

93.4
60.9

27.9

23.1

25.4
24.4
34.8
28.1

26.2
26.0
41.p
29.2

51.5
43.3
54.4
54.1

50.0
21.5

26.9
50.7
38.8

30.8

Pra

Awi

Iko

Sap
38.4

108.1

55.2
54.5

68.7
63.5
41.2
74.4
59.4

95.2
81.8
88.6

44.0
50.4
46.8
39.6
53.2

103.8
92.3

90.9

62.9
72.7

Cav

97.0
80.6
86.8
93.9

27.0
36.0
27.4
28.5

35.3
28.4

29.7

28.7

32.4

80.0
80.7
61.3
42.2
67.7

55.6
35.1
50.1

77.2

88.3

92.4

53.9

61.4

93.4

45.4

57.1

60.3

35.9

27.5

33.1

31.2

37.4

30.7

58.6
29.8
54.8
44.8

49.1
65.9
47.5

31.1
49.4
39.9
49.4
63.8
46.7

33.9
35.6
46.9
37.4

35.2
37.0
44.3
36.9

46.3
44.7
59.8
47.0

34.3
38.1
41.1
36.0

50.5
39.3
41.8
38.8
41.9
42.5

37.0
43.3
44.7
40.2
40.1
41.1

46.3 50.6 70.2
51.9 63.8 71.6
0.006 <0.001 <0.001 0.001 <0.001 <0.001
0.002 <0.001 <0.001 <0.001 <0.001 <0.001
0.059 0.006 0.200 0.035 0.042 0.004

41.6
0.073
0.006
0.330

48.0
0.008
0.004
0.033

50.7
0.560
0.086
0.825

40.3
65.0

30.0
29.3
28.2
33.8 52.3 49.0 44.1
35.8
0.005 <0.001 0.008 0.029 <0.001
<0.001 <0.001 0.004 0.001 <0.001
0.267 0.002 0.047 0.467 0.008
** local collections derived from Belize

Rio

52.0

85.8

42.3
49.8

Ant

Table 5.11 Percentage of trees forked below commercial height at 14 sites in the Cordia alliodora international
provenance trial series.
Code Provenance
26/77 Silk Grass
77133 Limon'"
33/77 Limon
34/77 San Carlos
32/77 Turrialba
19177 Finca La Fortuna
20/77 San Francisco
33178 Nueva Guinea
1/77 Yapo**
40/76 Naboutini**
38/76 Nausori**
13/78 Nukurua**
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Fiji
Mean

10/77 Finca El Chilero
30/78 Retalhuleu
9/77 Tres Piedras
14/77 EsteH
18/77 La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

13/77
35/77
16/78
17/78

Ulloa
Lago Agrio
Arecibo
Caguas
Significance

* commercIal seed lot

Colombia
Ecuador
Puerto Rico
Puerto Rico
Trial Mean
Provenance
Region
Prov. in region

Tur

Turn
3.26

Sau

Nu4

1.25

7.37
6.92
0.00
1.43
5.26

38.51

7.80
3.33
0.00
11.56
16.33

2.50
3.75

13.75
28.75
18.47

0.00

2.50

3.46

5.00

0.00

2.50
1.25
3.75
3.13

10.00
10.71
6.67
24.9

8.30
25.04

Nu51

23.55

San

16.25

19.44
14.49

15.00

15.00
15.4
25.00
22.50
18.15
22.50

45.83

Awi

Iko

Sap
15.52

7.81

6.47
0.00

4.69
6.25
6.25
3.12
7.81

6.25
14.06
4.69

8.75
13.75
29.49
17.77
9.69

5.62

8.20

4.49 22.77
9.37 37.09
10.94
9.37 16.49
9.37 14.06
7.81 33.25 12.50 15.73
7.18 14.06 18.75
15.62
10.62 23.50 10.16 17.83

1.56
15.10
7.81
9.38

27.08

17.0

36.5

38.41

35.42

37.14
52.78 35.42
31.94 39.58
40.07 36.81

14.10
59.52

43.86
23.89
2.86 3.25 22.22 10.45 21.62 36.25 36.67
0.848 0.015 0.454 0.307 0.032 0.288 0.321
0.701 0.335 0.350 0.209
0.05 0.061 0.949
0.779 0.010 0.433 0.370 0.065 0.850 0.217
** local collections derived from Belize
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Pra

Cav
16.15
4.69

1.54
2.22 17.50
11.00 16.34
0.00
3.69 16.92 12.52 22.04
0.00

Poi

3.31

Rio

0.00
0.00
0.00
0.00
0.00

0.00
0.00
1.56
0.00

15.83

0.00

0.14

14.58
15.34
5.05
10.61
11.40

0.00
3.23
0.00
3.12
1.67
1.60

0.00
0.00
1.56
0.00
0.00
0.31

14.06
0.266
0.242
0.275

1.00
0.423
0.137
0.557

0.22
0.706
1.000
0.629

3.45

9.12

Ant

14.66
1.92

9.80 13.39
0.189 <0.001
0.506 <0.001
0.156 0.003

7.64 13.02
0.336 0.083
0.056 0.005
0.591 0.549
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Table 5.12 Weighted density (kg/m3 ) of bark to bark areas of Cordia alliodora from 8 sites in the international
provenance series (see Box 5.1).
Provenance
Code
Silk Grass
26/77
77133
Limon*
33/77
Limon
34177
San Car/os
Turrialba
32/77
Finca La Fortuna
19/77
San Francisco
20177
Nueva Guinea
33/78
Yapo**
1/77
Nukurua**
13178
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Mean

10/77
Finca El Chilero
30/78
Retalhuleu
Tres Piedras
9/77
14/77
Esteli
18/77
La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

13/77

IColombia
Trial Mean
Provenance
Region
Prov. in Region

IUlloa
Significance

* commercIal seed lot

Tur

Tum
0.573

0.465

0.510
0.526
0.480
0.565
0.552

0.535
0.537

Nu51

San

0.617

0.584

0.570

0.523

0.629

Awi

Iko

0.537
0.644

0.524

0.855
0.565
0.536
0.576

0.623
0.551

0.495
0.411

0.559
0.511

0.595

0.589

0.476

0.536

0.518
0.519

0.455
0.512

Cav

Sap
0.544

0.529

0.441
0.629
0.605

0.513

0.772
0.688

0.713

0.748

0.751
0.648
0.704

0.655
0.620
0.638

0.648
0.643
0.646

0.635
0.550
0.556
0.580

0.633
0.695
0.519
0.616

0.462
0.591
0.527
0.677
0.627
***
***
***
*
***
***
**
***
**
***
***
ns
** local collections denved from Belize

0.606
***
*
***

0.608
ns
ns
ns

0.528
ns
ns
ns

0.570
*.*
**
*

0.690
0.675
0.604
0.650

0.621
0.621

0.748

Table 5.13 Pilodyn penetration in mm at 11 sites in the Cordia alliodora international provenance trial series (see Box
5.1 and text for method of assessment).
Code
26/77
77133
33/77
34/77
32/77
19/77
20/77
33/78
1/77
40/76
38/76
13/78
Wet zone

Provenance
Silk Grass
Limon*
Limon
San Carlos
Turrialba
Finca La Fortuna
San Francisco
Nueva Guinea
Yapo**
Naboutini**
Nausori**
Nukurua**
provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Fiji
Mean

10/77
Finca El Chilero
30/78
Retalhuleu
Tres Piedras
9/77
14/77
Estell
18/77
La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

13/77
35/77
16/78
17/78

Colombia
Ecuador
Puerto Rico
Puerto Rico
Mean
Trial Mean
Provenance
Region
Prov. in region

Ulloa
Lago Agrio
Arecibo
Caguas

Significance

* commercial seed lot

Pra

Awi

Iko

Sap
153.0

208.0

153.0
155.3

146.5
157.3
123.3
139.5
158.3

2093
180.8
1903

189.0
203.8
151.5
165.3
1810

168.1

136.4
164.0 206.3 149.4 145.5 126.5 142.5 169.4 145.0 197.1

173.9

144.0

120.1

Tur

Turn
139.7

Sau

Nu4

177.2

167.4
167.4
177.6
150.6
146.4

201.8

154.8
151.4
159.4
134.4
131.6

158.6
168.4

2215
1913
2108

Nu51

Poi

141.0
144.3

134.0

121.7
131.3

166.0
198.6

160.0
132.7
136.7
1403

170.7
1458
146.8

984

200.0

106.4
110.6
104.7
91.3

106.7

122.2 106.6
1093
118.6 113.0 159.0
103.7
138.3 143.0 177.8 131.8
1153
130.8 120.7 168.4 115.1 103.3 108.8
162.6

Cav

152.3

1063 110.0 109.0 136.0 1420
108.7
102.7 107.5 1045 1280 123.0
104.0 1153 1133 126.5 1288
133.0 152.0 147.0 184.3 1763
110.9 121.2 118.4 143.7 142.5

199.7

162.3
177.0

99.7
112.1
129.6
146.8
0.003
<0001
0.033
**

149.4 193.7
<0001 0.004
<0001 <0.001
<0.001 0.177
local collections

143.4 129.1 112.5
<0.001 <0001 0.041
<0001 <0.001 0006
<0001 <0.001 0.553
denved from Belize

128.2
<0.001
<0.001
<0.001

148.0
<0.001
<0.001
<0.001

133.2
<0001
<0001
<0.001

170.4
<0.001
<0.001
<0.001

161.4
<0001
<0001
<0.001
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small number of cores were taken per provenance at each
site, and with the high level of variation in density between
trees, differences between provenances were not significant
at all sites. Pilodyn penetration is one characteristic which
appeared to be almost totally unaffected by site or treatment
and would appear to be under strong genetic control.
Regional and provenance differences were highly
significant at all sites (p < 0.01 %) with the wet zone, fast
growing provenances (e.g. Lim6n 33/77, San Francisco
20/77) showing higher pilodyn readings (lower density)
than the dry zone, slower growing provenances (e.g. Tres
Piedras 9/77, El Chilero 10/77, Esteli 14/77). However
within these groupings the fastest growing provenances did
not always have the lowest density. For example two
provenances, Turrialba (32/77) and San Carlos (34/77),
had the highest readings at a number of sites despite the
fact that neither were particularly fast growing. There was
also a large degree of within plot variation in terms of
weighted density, and the fastest growing individuals were
not always those with the lowest density (non-significant
correlation), suggesting that selection for growth rate will
not compromise wood quality.
Bark type and thickness
(~.

a/liodora trees have been noted as having one of two
bark types~ either ~~smooth" or "rough" (Plates 3a and
3b Boshier, 1984). Whilst related to size, age and rate
of growth, in that all saplings and many small trees are
smooth barked, this appears to be a provenance related
characteristic in older/bigger trees. In general wet zone
provenance trees were predominantly smooth barked,
whilst the dry zone provenances were predominantly
rough barked (Table 5.14). Whilst this distinction of
bark type between regions was consistent over all sites~
environment or Inore precisely growth rate, appears to
modify the expression of this characteristic, as can be
seen by comparing the data from two of the trials in
Nigeria. Although similar sites in terms of climate, at
AwL 350/0 of Turrialba (32/77) trees were smooth
barked compared to 830/0 at Ikom, whilst mean dbh
were 9.3 and 19.1 cm respectively. At all sites the wet
zone provenances had thinner bark than the dry zone
provenances (Table 5.15).
Noticeably ho\vever bark
thickness is greater on sites where gro,,1h is slower, for
example bark percentage at Awi was triple that at Ikom.
The designation of trees as smooth or rough barked
appears to be a good indicator of bark thickness. When
trees are grouped by bark type within a provenance the
rough barked trees have higher bark percentages than the
smooth barked trees (Table 5.16). This would permit the
selection of trees producing low bark percentages even on
slo\" growing/dry sites.
However within particular
provenances the smooth barked trees generally had lower
density, although there were always some smooth barked
trees with higher density, particularly in the San Francisco
provenance, suggesting that the genetic correlation "Within
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individual trees is not high and that both high density and
smooth bark could be selected for simultaneously.
Table 5.16 Division of bark type, percentage of bark and
relative density (pilodyn) between wet and dry zone
provenances in two fast and two slow growth provenance
trials of Cordia alliodora.
Wet zone
provenances
rough
smooth

Dry zone
provenances
rough
smooth

Site

Bark type

Tumaco
- fast growth

no. of trees
mean bark %
mean pilodyn

246
5.3
167.6

123
5.8
160.1

25
6.8
127.3

83
74
121.7

Ikom
- fast growth

no. of trees
mean bark %
mean pilodyn

223
1.7
199.4

26
2.0
177.8

45
2.8
155.5

161
3.6
142.1

Pra Annum
- slow growth

no. of trees
mean bark %
mean pilodyn

158
6.3
174.9

26
6.6
154.5

29
7.8
126.1

170
7.9
119.4

Awi
- slow growth

no. of trees
mean bark %
mean pilodyn

137
6.9
157.5

53
7.7
141.4

11
6.7
136.0

95
9.4
117.5

Incidence of diseases and pests
Under high humidity conditions in its natural
distribution, C. alliodora is susceptible to large stem
cankers caused by the rust fungus Puccinia cordiae
(Briton-Jones, 1930). The cankers are usually confined
to one side of the tree, but several may coalesce to girdle
the stem, sometimes leading to stem snap and even
death. In the assessed trials this stem canker was only
prominent at the Turrialba site, the Limon (33/77)
provenance being by far the worst affected, with over
half of the surviving trees afllicted. All provenances
were, however, affected to some degree (6-23% of
trees), with the San Francisco provenance (20/77) the
least badly affected. The incidence of canker was
highest in the areas of the trial with poorest soil
conditions suggesting that trees under stress were more
susceptible to attack.
Brown root rot (Phellinus noxius) is widespread in C.
alliodora plantations in Vanuatu, and may be a
limitation to successful planting of the species
(Barrance, 1989a). The same fungus caused fairly high
mortality in one of the Fijian provenance trials (Cal 4),
although no assessment of provenance differences was
made.
Evaluation of three more recently planted
provenance trials on the Vanuatu island of Espiritu
Santo showed no difference between provenances with
respect to susceptibility to root rot (Ivory, 1992).
However, occurrence of the disease was sporadic and
there was insufficient replication of provenances.
Similarly, greenhouse inoculation experiments failed to
show significant differences between provenances,
although there were occasional significant differences in

Genetic Variation 53

Table 5.14 Percentage of rough bark trees by provenance in the international Cordia alliodora provenance trial.
Code
Provenance
Silk Grass
26177
Limon*
77/33
Limon
33177
San Carlos
34/77
Turrialba
32!17
Finca La Fortuna
19/77
San Francisco
20177
Nueva Guinea
33/78
Yapo**
1177
Naboutini**
40176
38/76
Nausori**
13/78
Nukurua**
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Fiji
Mean

Tur

Turn
44

Sau

Nu4

2

6
52
24
18
20

20

4
26
0
4
20

5

31

10177
Finca El Chilero
30/78
Retalhuleu
9/77
Tres Piedras
14/77
EsteH
18/77
La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

40

54

46
36
22
36

78
70
58
65

13/77
35177
16178
17/78

Colombia
60
0
15
34
Ecuador
7
90
Puerto Rico
4
Puerto Rico
2
Trial Mean
23
46
21
71
41
44
38
45
27
68
48
50
9
12
Provenance
0.027 <0.001 0.004 <0.001 0.001 <0.001 0.004 <0.001 <0.001 <0.001 <0.001 <0001 0.002 0.005
Region
<0.001 <0.001 <0.001 0.017 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Prov. in region 0.683 0.028 0.413 0.002 0.007 0.097 0.523 0.230 0.154 0001 0.049 0.002 0.030 0.942
** local collections derived from Belize

Ulloa
Lago Agrio
Arecibo
Caguas
Significance

* commercial seed lot

4
10

25
37
42

Nu51

Poi

San

19
26

83
68
76

48
37

Awi

Iko

Sap
22

5

0

65
25
7

17
17
10

0
25
60
12
5

45
4

20
10

30

4

31

Pra

0
3

16
64
20

54

Cav

20
47
17
20

47

28
12
46
66
40
44
49

17
5

Ant

Rio

3
3
0

6
0
0
7
2
0

22

15

39

18

15

29

11

21

2

2

97

90

82

67

85

80

67
100
93
89

100
87
92

80
97
93
83
70
85

85
82
58
77

90
75
70
76

87
80
55
77

65
60
52
64

8
15
5
25
12
13

22
25
17
27
22
23

Table 5.15 Percentage bark of Cordia alliodora at 12 sites in the international provance trial (see Box 5.1 for method of
calculation).
Provenance
Code
26177
Silk Grass
77/33
Limon*
33/77
Limon
34177
San Carlos
32/77
Turrialba
19/77
Finca La Fortuna
20/77
San Francisco
33/78
Nueva Guinea
1177
Yapo**
40/76
Naboutini**
Nausorj**
38/76
13/78
Nukurua**
Wet zone provenances

Country
Belize
Costa Rica
Costa Rica
Costa Rica
Costa Rica
Honduras
Honduras
Nicaragua
Ivory Coast
Fiji
Fiji
Fiji
Mean

Tur

Turn
6.2

Sau

Nu4

6.6

52
53
6.0
51
5.0

45

107
12.1
12.1
104
10.3

6.5

5.5

10177
Finca El Chilero
30/78
Retalhuleu
9/77
Tres Piedras
14177
Estelf
18/77
La Pineda
Dry zone provenances

Guatemala
Guatemala
Honduras
Nicaragua
Nicaragua
Mean

82

79

101
8.8
7.3
8.6

77
70
6.8
7.3

13/77
35/77
16/78
17/78

Colombia
Ecuador
Puerto Rico
Puerto Rico
Trial Mean
Provenance
Region
Prov. in region

Ulloa
Lago Agrio
Arecibo
Caguas
Significance

* com merclal seed lot

6.9
5.9

5.0
3.9
4.2

Nu51

Poi

San

11.6

9.2
7.2

76

107
11.3
11.9
4.4

11.2
142

6.9
5.0
5.9

Pra

Awi

Iko

Sap
3.9

17

6.6
64

61
8.9
8.9
73
6.5

2.0
17
17

37
39
37
37
35

45
5.0

5.2

10.1
6.1

Cav

61
70
5.3
5.0

5.9

114
11.0
13.8
13.3
154
15.4

11.4
12.8

14.5

11.6

143

65

8.2

5.5

5.5

6.5

7.6

1.8

3.7

11.0

9.7

80

106

3.6

45

10.5
13.9
107
11.5

9.5
67
8.7

8.8
8.8
76
7.7
7.8
8.2

85
82
7.1
7.9

92
96
8.7
9.5

35
4.1
28
3.5

4.4
48
44
4.5

127

68
6.2

13.4
131
2.7
7.7
8.4
6.3
4.9
11.5
13.2
10.7
6.7
7.1
7.4
0.002
0.024 <0001
0011
0568 0.015 0.002 <0001
0.001
0.006 <0.001
0.002 <0001
0.003 0.469 <0001 <0.001 <0001 <0.001 <0.001 <0.001 <0.001
0.329 0.016 0090 0.531
0597 0.031
0.004 0.349 0.423 0.015 0.615
** local collectIons derived from Belize

4.1
0.543
0.013
0.998
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particular experiments. The study concluded that there
were no large differences between provenances, but that
procedures were not sufficiently sensitive to detect
possible small differences (Ivory ~ 1992).
At the Cavalla site in Liberia the trial was characterised
by a high level of termite attack, with some 80% of all
trees showing signs of termite activity on their trunks at
the time of assessment. The level of attack was assessed
by categorising trees in one of three categories (0 =. no
attack, 1 = superficial termite activity, no damage to
wood~ 2 = termite activity damaging wood). Only 180/0
of trees were recorded as ~ severely' damaged, however,
and the health of the trees was better at the time of
assessment than after the initial attack. Termites were
first noted in the trial during a prolonged drought, but
were apparently fairly common throughout the
plantation area at Cavalla. Although there were no
significant provenance differences in terms of mortality,
certain provenances were much more susceptible to
attack/damage than others~ with San Francisco (20/77 ~
over 50% of trees free of termite activity) and
Retalhuleu (30/78) being the least badly affected.
Turrialba (32/77)~ Nueva Guinea (33/78), and Limon
(33/77) were the provenances with the largest numbers
of trees suffering severe termite attack, all with over
20% of trees in the severe damage category. Thus the
differences between provenances did not follow the
wet/dry zone grouping.
Genotype environment interaction
To maximise potential growth and gain in tree breeding
programmes and reafforestation more generally, it is
important to know how individual provenances~
families or genotypes perform in relation to others over
a range of sites. To study the nature of such genotype
environment interactions (GEl) in C. alliodora, joint
regression analysis was used on four of the variables
(height dbh, stem form and relative density). The three
Brazilian trials were excluded from the analysis because
of their poor growth, representing off-site conditions for
the provenances under test. The evidence suggested
that on these sub-optimal sites genotype expression
(both at individual tree and provenance level) is
influenced (i.e. suppressed) by an environment which is
marginal for the species. In joint regression analysis
each individual genotype (i.e. provenance or family)
mean is regressed on the mean value of all genotypes at
each site, and the individual regression coefficient
calculated. The differences between provenances are
quantified with respect to their deviation from the joint
regression line and the slope of the regression line for
individual provenances (regression coefficient b),
which together provide measures of the stability of
phenotypic performance over the range of sites. With
this there is the likelihood that provenance response to
untested environments of known growth potential may
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be predicted with a degree of confidence. A desirable
provenance for growth traits such as height, diameter
and volume would have a regression coefficient of b> 1,
indicating a capability to maximise response to
favourable environments. Where there is a provenance
that is the best performer only on poor sites (b< 1), this
would indicate a need to vary provenance selection in
accordance with site conditions. Despite statistical
concerns (see Gibson, 1982, for a fuller discussion of
the use of joint regression analysis to evaluate GEl),
joint regression has proved a useful technique for
studying provenance or family interaction with site in
forest tree experiments. In the words of Shelbourne
(1972) "the fact remains that the regression of
phenotype on environment values, expressed by the
mean of an adequately large sample of genotypes at an
environment provides a useful practical technique to
express the previously unaccountable part of a variety's
performance by means of two parameters, the slope of
the regression line and the sum· of the squared
deviations from it".
Although the ranking of provenances over sites was not
constant within the wet and dry zone groups, the
provenance-site interaction was not significant for most
traits. Consequently, one can be reasonably confident
in
making
recommendations
concerning the
provenances that should be planted on a range of
tropical lowland sites, typical of the trial locations. The
results of the joint regression analysis are presented in
Figures 5.4-5.7. The regression coefficients show
clearly that the general differentiation of provenances
into wet and dry zone groups was only affected by site
to the extent that the better the site the greater were the
differences between the two groups. For example, for
height and dbh (Figures 5.4 and 5.5), the regression
coefficients of the wet zone provenances were generally
greater than one~ and for the dry zone provenances less
than one.
No data is shown for the Turrialba
provenance, owing to a lack of convergence in the
analysis. However, at some sites, this provenance failed
to respond well to increased site productivity suggesting
limitations. Similarly for form (Figure 5.6), the joint
regression analysis shows that the dry zone provenances
were poorly formed at all sites~ while the wet zone
provenances (e.g. San Francisco 20/77, Limon 33/77
and La Fortuna 19/77) again showed improved form
under optimal site conditions. The performance of the
La Pineda provenance as the best of the dry zone
provenances in terms of all variables is also striking.
Relative density (pilodyn) was similarly affected by site
conditions (Figure 5.7), however the relative stability (b
close to 1.0) of the La Fortuna (19/77), Limon (33/77)
and to a lesser extent San Francisco (20/77)
provenances for this trait is promising in terms of
prospects for producing wood of acceptable density ~
even on sites producing the fastest growth.
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Figures 5.4 and 5.5. Joint regression analyses for height (Fig. 5.4) and dbh (Fig. 5.5) for seven provenances at twelve
sites~ the individual regression coefficients are given after each provenance name (solid lines = wet zone provenances:
dashed lines = dry zone provenances~ dotted line = site mean).
Figure 5.4
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Figures 5.6 and 5.7. Joint regression analyses for stem form (Fig. 5.6) and pilodyn penetration (Fig. 5.7) for seven
provenances at twelve sites~ the individual regression coefficients are given after each provenance name (solid lines = wet
zone provenances~ dashed lines = dry zone provenances~ dotted line = site mean).

Figure 5.6
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5.4

Progeny trials

The great variability between trees of C. alliodora,
evident in both natural stands and provenance trials,
shows the potential for genetic gain through selection.
On the basis of the superior perfornlance of wet zone
provenances, the CATIE Tree Improvement Project
collected open-pollinated seed from trees selected
(principally for stem quality) in natural stands of the
Atlantic region of Costa Rica and the San Francisco
provenance of Honduras (Boshier and Mesen, 1987).
Progeny trials were established on two sites in Costa
Rica as the basis for a breeding population (Boshier and
Mesen, 1989). Both trials contained control plots of

Costa Rican provenances from ordinary bulked
collections, while the second trial also contained trees
from the Loma Blanca provenance (Veracruz, Mexico~
180 05'N 95 0 07'W, 200 m altitude, 1778 mm mean
annual rainfall) collected by CAMCORE (Dvorak and
Donahue, 1992). The trials were laid out as randomised
incomplete blocks, with 6 tree line plots and 7 blocks, at
2.5 x 2.5 m spacing~ site details are given in Table 5.17.
At Upala the families were grouped by provenance
within blocks, following the standard CAMCORE
design, whereas at Sixaola the layout of families was
completely randomised, with no distinction between
provenance.

Table 5.17 Details of the CATIE Cordia alliodora provenance/progeny trials assessed in Costa Rica.
Sitel
Province

Latitude

Longitude

Altitude
(m)

Mean
annual
rainfall
(mm)

Number
of dry
months
«70mm)

Date of
planting

Provenance

Number of
families

Sixaola, Limon

90 53'N

830 38'W

100

2415

0

8/87

Guapiles
San Carlos
Talamanca
Turrialba
Upala
San Francisco
Esparza

5
10
11
8
9
8
0

Guapiles
San Carlos
Talamanca
Turrialba
Upala
San Francisco
Loma Blanca

5
9
10
8
7
18

Upala, Alajuela

100 53N

840 59 W
1

50

2558

Method of assessment and data analysis
The trials were assessed at various ages for a number of
traits (survival, height, diameter, stem form and relative
density (measured by pilodyn).
Stem form was
evaluated subjectively, using scales of 1 (bad) - 7
(excellent) at Sixaola and 1 (bad) - 4 (excellent) at
Upala. The Sixaola trial was thinned at approximately
90 months of age, using a selection index, based on the
assessment of height, dbh and form at 64 months.
Selected trees could be no closer than 30m to another
selected tree of the same family (1. Cornelius, pers.
comm.)l and approximately 7% of the trees were
selected for seed production. Some non-selected trees
were also left to be thinned at a later date and were
chosen directly in the field to favour development of the
selected trees and secondly, on their size and form. An
assessment of dbh and relative density (pilodyn) was
made after this thinning.
Even though the dbh

1 1.

3

12/91

Bulked
Control

v"

-/
v"

v"

-/
v"

8

assesslnent could no longer be considered random
sampling of a population, as the selection was not made
on the basis of wood density, the pilodyn assessment of
the remaining trees could. The data from each trial were
analysed using the REML (Residual Maximum Likelihood)
procedure (Robinson, 1987) in GENSTAT (payne et aI.,
1993) on plot means to give best linear unbiased estimates
(BLUES) of provenance and family means at each site.
The site tenn in all analyses was considered fixed, whereas
the family term was considered random, as the results are
used to infer information about the breeding value of the
parent. The significance of the various sources of variation
at each site was determined using the GLM (Generalized
Linear Means) procedure in GENSTAT.
Phenotypic
correlations between all variables in each data set were
calculated using the CORRELATE procedure in
GENSTAT. The genetic correlation between pilodyn and
diameter was calculated using the method described in
Williams and Matheson (1995).

Cornelius, CATIE, Turrialba, Costa Rica
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For realistic estimation of genetic parameters there must be
a relatively high nwnber of families in the analysis, with 16
families suggested as the minimum required per
provenance to give heritability estimates with low
standard errors (Birks and Bames, 1995).
As
provenance differences within the wet zone were known
to be small when the trial was established, no
distinction was originally envisaged between
provenance, and there would have been sufficient
families to provide reliable heritability estimates
(Boshier and Mesen, 1989). However, the more recent
allozyme study has shown clearly that, within the broad
grouping of wet and dry zones, some provenances are
genetically distinct populations, even though their
growth traits are similar. Genetic parameters are specific
to sites and populations~ estimates from the combined data
of all provenances would suggest, incorrectly, that it would
be possible to predict the perfonnance of a combined
population of provenances. Genetic parameters cannot
therefore be estimated across different populations, as the
asswnption that the allele frequencies are at HardyWeinberg Equilibrium may not hold and leads to inflated
and unreliable estimates (Birks and Bames, 1995). After
initial analysis found this to be the case for this trial,
heritabilities were estimated only for the San Francisco
and San Carlos/Upala provenances. Individual tree
heritability was estimated as:
-I a}

r'p

where V p

a;

=

variance component due to replications

a}

=

variance component due to families

a:f

=

variance component due to replication x families

a; ~ within families variance
Genetic gain from within-family selection is given by:

AG

i

(n-1J1!2(
n

where

2

h ,J1I2 3aA
4 - h-2

CY~

the additive genetic variance = 4 CY}

h2

heritability
genetic gain

~G =

The selection intensity within families was 1 in 6,
i = 1.267 n 6
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The within family selection intensity, i 1, is defined as
the standardized expected gain resulting from selection
of a certain proportion of the individuals within families
(Falconer and Mackay, 1996).
In this case, the
proportion was the best one out of six individuals. The
standardized expected gain for populations of sizes
between 1 and 400 is given in selection intensity tables
(e.g. Becker, 1984; Lindley and Scott, 1984). Although
total family size was 42 trees, the selection takes place
within plots; the gain resulting from choosing the best
one out of six trees in each of seven plots. No selection
was carried out between families.
Results
Survival and growth were generally good at both sites,
but differences between provenances were significant
only at the Sixaola site, probably owing to within site
variation at Upala (Tables 5.18 and 5.19). As with the
international trials the San Francisco provenance was
again in the top performers, along with the previously
untested Upala provenance. The Upala families showed
the best combination of growth, stem form and density,
although this superiority was limited to the Sixaola site.
The Turrialba provenance again performed relatively
poorly on lowland sites. The only dry zone provenance
(Esparza) represented at the Sixaola site showed good
initial growth, but as expected this started to level off at
approximately five years and its form was typically
poor. At the Upala site, the Loma Blanca provenance
(Table 5.19), also seemed to fit the growth
characteristics of a dry zone provenance, with high
relative wood density and particularly poor stem fonn.
Its initial growth was good, but already at 44 months
there were indications that this was starting to level off.
The provenance mean of the selected families was
generally superior to the unselected bulk seed control
lots. The Talamanca control lot, however, performed
better than the selected families for stem form at the
Sixaola site, and for height and dbh at the Upala site,
although in the latter case the differences were not
significant.
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Table 5.18 Summary of results from a Cordia alliodora provenance/progeny trial at Sixaola, Costa Rica (trial thinned at
90 months of age~ standard errors in brackets).
dbh (mm)
64 months
86.4
109.5
88.9
83.8
120.8
108.7

height (dm) 64
months
101.8
122.9
104.0
100.0
134.7
126.1

d:>h (mm)
96 months
140.6
149.1
141.9
133.3
162.6
161.5

stem form
64 months
2.04
2.02
2.15
1.81
2.11
1.72

pilodyn (mm)
96 months
20.1
19.2
20.3
21.5
19.4
18.5

Significance Provenance
Family in Provenance

<0.001
<0.001

<0.001
<0.001

0.021
0.018

<0.001
<0.001

<0.001
<0.001

Trial mean
Talamanca - control
Esparza - control
San Carlos - control
Turrialba - control

100.1
80.1
113.9
103.3
74.7

114.7
95.2
111.7
110.9
89.5

147.1
125.2
119.8
145.6
124.7

1.98
2.79
1.27
1.87
1.67

19.7
18.1
14.3
18.1
22.3

0.13 (0.24)
0.14 (0.11)

0.07 (0.26)
0.29 (0.16)

0.03 (0.22)
0.06 (0.06)

0.59 (0.61)
0.59 (0.44)

Mean of selected trees

137.2

140.7

2.29

Genetic gain over mean (%)
Genetic gain over Talamanca (%)
Genetic gain over San Carlos (%)
Genetic gain over Turrialba (%)

4.86
9.34
4.31
10.97

1.56
3.29
1.85
3.94

0.42
-0.48
0.61
1.00

Provenance
Guapiles
San Carlos
Talamanca
Turrialba
Upala
San Francisco

heritability San Francisco
heritability San Carlos/Upala

Table 5.19 Summary of results from a Cordia alliodora provenance/progeny trial at Upala, Costa Rica (standard errors
in brackets).
height (dm)
21 months
36.8
42.6
36.6
37.7
38.5
38.3
401

dbh (mm) 21
months
45.7
54.1
47.1
46.0
47.3
49.5
52.1

dbh (mm) 36
months
73.1
80.9
75.4
75.1
74.6
81.1
81.7

dbh (mm)
44 months
80.1
83.1
80.4
78.1
83.1
89.0
85.6

stem form
36 months
1.5
1.4
1.4
1.4
1.6
1.4
0.7

pilodyn (mm)
44 months
241
23.5
24.6
24.8
23.6
22.0
19.1

Significance Provenance
Family in Provenance

0.058
0.002

0.069
<0.001

0.253
<0.010

0.312
<0.021

<0.001
0.012

<0.001
<0.001

Trial mean
Talamanca - control
Upala - control

38.7
41.6
39.9

49.2
57.2
47.1

78.1
84.4
70.9

83.8
99.2
78.0

1.3
1.3
1.3

23.0
24.2
21.7

0.09 (0.12)
0.32 (0.18)

0.07 (0.10)
0.43 (0.21)

0.11 (0.11)
0.23 (0.14)

0.09 (0.11)
0.22 (0.17)

0.04 (0.08)
0.13 (0.11)

0.44 (0.25)
0.40 (0.26)

Provenance
Guapiles
San Carlos
Talamanca
Turrialba
Upala
San Francisco
Loma Blanca

heritability San Francisco
heritability San Carlos/Upala

There were highly significant family differences for
height, dbh, stem form and density at each site. At the
Sixaola site, the family with the highest predicted
height and dbh was 26% and 33% respectively superior
to the overall trial mean. In a combined sites analysis
there was no significant difference between families
(within provenance) for diameter at breast height, as a
result of the highly significant family x site interaction.
Such instability of family performance across sites may
be an important factor to consider when selecting
families. For relative density (pilodyn) both provenance
and family differences were highly significant at both
sites, while the interaction between family and site was

not significant, suggesting that family differences for
density were stable, with minimal genotype
environment interaction over the small range of
environments tested. The family with the highest
predicted density was 11.70/0 more dense than the
overall mean across the two sites. Within provenances
there was generally a positive phenotypic correlation
between the family predicted means for diameter and
pilodyn value (Table 5.20), such that the faster growing
families also had the lowest density. The extent of the
correlation varied between provenances, and for two of
the best performers (San Francisco, Upala) the
correlation was particularly weak, suggesting the two
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traits may not be genetically strongly correlated and
therefore selection for diameter may have little effect on
wood density and vice versa. Indeed at Upala the
genetic correlation of diameter and pilodyn for the San
Francisco families was not significant (-0.037).
Table 5.20 Phenotypic correlations for dbh and relative
density (pHodyn penetration) in a Cordia alliodora
provenance/progeny trial on two sites in Costa Rica.
Site
Provenance

Sixaola

Upala

dbh/pilodyn
96 months

dbh/pilodyn
44 months

Guapiles

0.63

0.13

San Caries

San Francisce

026
0.42
0.36
0.15
015

Lema Blanca

n/a

029
0.22
0.28
-004
0.17
-0.11

Talamanca
Turrialba
Upala

As expected, the estimated heritabilities vary for trait
across provenance and site. The higher heritability
values at the Sixaola site, compared to those at Upala,
were probably a result of greater within-site variation at
the latter. At both sites heritability for stem form was
lo\v. Though form in ('. alliodora differs dralnatically
behveen wet and dry zone provenances, within only wet
zone provenances site factors become more influential
on stem form, leading to low heritabilities. The original
phenotypic selections appear to have been effective in
identifying more vigorous trees. as evidenced by their
generally superior growth, but the 10\\' heritabilities for
form illustrate the difficulty of selecting phenotypically
in naturally regenerated stands. Under competition C.
alliodora is particularly susceptible to loss of its leading
shoot which is then replaced by a lateral shoot,
resulting in stem defects. Heritability was high for
relative density (pilodyn~ 0.59 and 0.4 for Sixaola and
Upala respectively). Although the Sixaola site had been
thinned, density was not used as a selection criteria and
the values for this trait are therefore unlikely to have
been biased by the thinning.
The high standard errors associated with the heritability
estimates are expected given the low numbers of
fatuities per provenance and it is therefore impossible to
lnake reliable estimates of genetic gain. Clearly
considerable gain in grO\\1h traits is possible just from
the use of seed from selected trees. as compared to
ordinary provenance collections (Tables 5.18 and 5.19).
Gains associated with roguing (genetic thinning) of the
trials are likely to be lnore modest. although the
selections were made on an index involving a number of
\\'eighted traits, so gain in anyone trait will be less than
the tUaximuln. Selection for density is however likely to
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be extremely effective. At the Sixaola trial selection
was only within families and further gain could be
obtained by elimination of the worst families within the
worst provenances. If gains are to be predicted it will,
however, be important to assess the vigour of inter
provenance crosses, as it is likely that some progeny
trials will contain similar mixtures of provenances and
be similarly thinned to leave the best trees in the best
falnilies, regardless of provenance.

5.5

Information from other trials

The original seed collections concentrated in the
Central American region of the species' distribution,
\vhich coupled with poor genuination of some seed lots
resulted in poor or no representation of Mexican,
Caribbean and South American populations in the
international trial. Examination of the few available
data from the international trials and some more recent
trials is however informative and suggests that similar
wet and dry zone distinctions may exist. In trials in Fiji
and Vanuatu, Puerto Rican ""provenances" (n. b. single
tree collections, see Table 5.1) were included and were
amongst the poorest performers both for growth and
fonn (Greaves and McCartec 1990: Leslie. 1994a).
Herbarium specimens and notes on trees from the
northern Caribbean indicate C. alliodora as a small
poorly formed tree with the same leaf characteristics
(highly pubescent) as dry zone Central American
provenances, suggesting their performance will follow
the salne trend as for these provenances. Data from a
number of trials in South America have shown the
superiority of Central American wet zone provenances
and where local seed sources have been included. those
from wet lowland areas have generally shown growth
equal to the Central American wet zone provenances
(e.g. Martinez et al.. 1985~ van der PoeI. 1988).
Sitnilarly in the Pra Annum trial (Ghana), the Lago
Agrio provenance (wet lowland zone. Ecuador) ranked
first for stem form and second for dbh, although in the
Solomon Islands and in Vanuatu its performance tailed
off after good initial growth (Barrance, 1988: Greaves
and McCarter, 1990~ Leslie, I994b). The Chinchina
provenance froln the upland coffee region of Colombia
(2,000 masI. 05°00'N. 75°30'W) at a wet lo\\'land site in
Vanuatu, was ranked among the medium performers
along with the Turrialba provenance and was superior
to the dry zone provenances (Barrance, 1988: Leslie,
1994b).
In contrast the Ulloa provenance, from the
sanle general region as Chinchina, when present in
trials (Tables 5.6-5.11), showed inferior growth and
form similar to the dry zone Central American
provenances. In Umba, (wet lowland zone, Colombia),
at seven years of age there were no significant
differences for growth in height or diameter between
three Colombian provenances (origins ranging frotn wet

Genetic Variation 61

lowland to 2,000 masl) of C. alliodora and one of C.
gerascanthus (Caycedo and Giraldo, 1988).

Provenance trials established more recently on two wet
lowland sites in Costa Rica, included a wider range of
Costa Rican provenances collected by the CATIE Tree
Improvement Project (Corea et al., 1992). The results
followed the same general trend of wet zone provenance
superiority. Of particular interest, however, was the
contradictory performance of two different collections
froln each of two provenance regions (Turrialba and
San Carlos~ Table 5.21). This is likely to be a reflection
of sampling at the time of seed collection, and was
probably caused by~ a) the different number of parent
trees sampled (Table 5.4), b) collecting from trees too
close together leading to sampling of too small an area
of the population (see Sections 4.3 and 6.4), c) changes
owing to year to year genetic variation in the seed crop.
These trials seem to confirm the poorer performance of
the Turrialba provenance on lowland sites, but in
agreement with more recent trials in Vanuatu
(Barrance, 1989b~ Leslie, 1994b), indicate that the San
Carlos provenance is more promising than data from
the original international trials suggested. The results
stress the importance of caution in drawing finn
conclusions froln trials where the original collections
were from an inadequate sample, such as was previously
mentioned for the Limon collection (Section 5.2).

There is a notable lack of provenance trials in the
upland coffee regions of northern South America,
despite much local interest in the use of the species, and
similarly in the more southerly part of the C.
alliodora's distribution.
Where trials have been
established they have often been off site, leading to poor
survival and growth, and/or local provenances have not
been included making comparisons impossible~ e.g.
southern Brazil (Section 5.3), equatorial Brazil (Gazel,
1983) and upland Colombia (van der Poul, 1988). Any
further provenance trials in the Inore southerly part of
the species' distribution should be planted on more
fertile sites and compare more sub-tropical provenances,
high elevation Central and northern South American
provenances (e.g. EstelL Chinchina, Ulloa), with a few
Central American wet zone provenances whose
performance is well known (e.g. San Francisco, Nueva
Guinea, San Carlos, Upala) and C. trichotoma. It is
important that trials compare, not only (~. alliodora
provenances, but also SOIne of the other local less well
known Cordia species (see Section 2.4), whose growth
potential is often unknown.

Table 5.21 Comparative perfonnance of different collections of the same provenance of C'ordia alliodora at seven years
of age on two sites in Costa Rica. The number of parent trees from which the seed collections were made is given, and
data for San Francisco and Nueva Guinea are presented for comparison (from Corea et aI., 1992).

Provenance/code
San Carlos
BLSF1164
San Francisco
20/77
Turrialba
51/78
Nueva Guinea
33/78
San Carlos
53/78
Turrialba
BLSF1165

Site
No. of parents
20
25
11
25
7?
20

dbh (cm)
143
131
126
111
97

Pavones
height (m) volume per ha.
171
124
12.3
136
11.6
127
103
96
9.3

62

Rank
1
2
3
6
9

dbh (cm)
9.4
8.8
8.6
10.5
7.9
97

San Carlos
height (m) volume per ha.
8.6
51
74
40
8.1
46
10.1
65
7.3
30
73
22

Rank
2
5
4
1
10
12

BLSF - Banco Latinoamericano de Selnillas Forestales, CATIE, Turrialba, Costa Rica

5.6

Summary

Allozyme markers showed overall levels of genetic
diversity in eleven Central Alnerican provenances of C.
alliodora to be similar to those in other tropical tree
species, although a low proportion (120/0) of the
variation was due to differences between provenances.
There was no correlation between genetic and
geographic distance, such that some geographically
quite distant provenances were genetically quite similar.
There was however a significant negative correlation
between levels of rainfall and heterozygosity~ the
provenances from the seasonally dry (Pacific) watershed
being genetically more diverse than those froln the wet
(Atlantic) watershed.

The division between wet and dry zone provenances
corresponded well with results from a series of
provenance trials, planted worldwide on a wide variety
of sites. Although the largest proportion of variation
was within provenances, as with the allozyme data,
differences between provenances were significant and of
importance. The trials tested a range of provenances,
principally from Central America and found the largest
difference in performance resulted from the distinction
between wet and dry zone provenances. The wet zone
provenances were superior to the dry zone provenances
in all growth and form traits (except wood density) at
all sites, including dry sites. At seven to eight years of
age, the height and dbh of the wet zone provenances
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were often double those of the dry zone provenances.
Despite the division into two main provenance groups,
within the wet zone group there were highly significant
differences between provenances. The San Francisco
(Honduras), Limon (Costa Rica), and Nueva Guinea
(Nicaragua) provenances were generally the best
performers. More recent trials showed the performance
of the previously untested San CarIos (Costa Rica) and
Upala (Costa Rica) provenances to be amongst the best.
Although the slower growing dry zone provenances had
higher wood density, the fastest growing wet zone
provenances did not correspondingly have the lowest
density, indicating that high growth rates need not be
compromised by low wood density.
The contradictory performance in one trial of two
different collections from the same provenance region
was probably a reflection of satnpling effects in the seed
collections and stress the need for caution in drawing
conclusions from trials where the original collections
were from inadequate samples. It was not possible to
draw firm conclusions about the relative performance of
South American provenances. as most trials have so far
failed to test much of this part of the species
distribution. Some results suggested similar divisions
may occur, owing to large climatic and possibly
altitudinal differences. and should certainly be looked
for.
Progeny trials in Costa Rica showed considerable gains
in growth traits. though not form, from the use of seed
from selected trees, as conlpared to ordinary provenance
collections. Gains associated with roguing (genetic
thinning) of such trials were likely to be more modest.
Though heritability estimates were compromised by the
small nutnbers of families per provenance. wood density
appeared to be highly inherited and selection for this
trait is likely to be extremely effective. The correlation
between dbh and density was very low. suggesting the
two traits are genetically only weakly correlated and
therefore selection for diameter should have little effect
on wood density and vice versa. Family differences
were significant for density. \vith minimal genotype
environment interaction over the small range of
environments tested, whereas family perfonnance for
dbh \vas unstable across sites. Though stem form
differs dramatically between wet and dry zone
provenances, within wet zone provenances site factors
were more influentiaL leading to low heritabilities for
this trait.

5.7
•

Implications
The patterns of· genetic variation revealed· by the
allozyme study (illd provenance trials have
implications for both utilisation and conservation
although·· it is recognised· that C.a/liodora is not
generally under threat· at .. tile .population level.
Altllough .the largest. proportion .of variation was
within
provenances,
differences
between

provenances were.· significant and· of import(illce.
The higher levels of genetic diversity found in the
dry zonepopulations cannot be· equated with
superior performance from a silvicultural
viewpoint.
High allelic diversity would be
conserved by concentrating on a few dry zone
populations, but the particular combinations of
alleles found in the wet zone populations are
currently/potentially of more use. A successful
conservation strategy would have to take into
account the complex interactions that form the
species' population structure,.
•

Seed from the superior wet zone provenances (e.g~
San Francisco, Nueva Guinea, San Carlos, Upala)
should be used where C. alliodora is to be planted
in Central America or as an exotic, until improved
seed. sources are developed.

•

Where there is interest .in South America in
planting C. alliodora, new provenance trials should
be established on fertile sites to enable comparisons
of local provenances and closely related species
with ·provenances. of known performance (Central
American wet zone provenances).

•

In the more southerly part of the species ~
distributioR trials should compare more subtropical provenances, high elevation Central and
northern South American provenances (e.g. Esteli.
C-hinchina, UlIoa), with a fe\v Central American
wet zone provenances .(e.g. San Francisco, Nueva
Guinea, San Carlos, Upala) and C. trichotonlQ.

•

In lowland equatorial regions~ new trials should
compare Central American wet zone provenances
with local and other South American lowland wet
zone provenances and C. goeldiana (in Brazil).
Meanwhile, plantings could· use Central American
wet zone provenances and/or local lowland wet

zone provenances.
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•

•

In upland northern South America, new trials
should include high elevation Central American
(e.g. La Pineda, Turrialba), and local upland
provenances, with a few well known Central
American and northern South American lowland
wet zone provenances.
The fast initial growth of the poorer dry zone
provenances means that definitive conclusions
about provenance perfonnance should not be drawn
before trials are at least seven years of age or 12 ID
mean height.

•

•

•

Caution should be used in drawing finn
conclusions from trials where original seed
collections were from an inadequate sample. This
maybe caused by collecting from~ a) an insufficient
number of parent trees, b) trees too close together
leading .to sampling of too small an area of the
population, c) trees with 10\\' flower production (see
Section 6.4 for recommendations on seed
sampling).
Though stem form differs dramatically between wet
and dry zone provenances, within wet zone
provenances site factors become more influential,
leading to low heritabilities for this trait. Accurate
selection for this trait will require that trial sites are
well maintained and reasonably, homogeneous.

If genetic gains are to be accurately predicted
progeny trials should assess some 40-50 families
per provenance. It is also important to assess the
vigour of inter provenance crosses as, given the
high degree of between tree variation within the
wet zone provenances, it is likely that some
progeny trials will contain Inixtures of provenances
and be thinned to leave the best trees in the best
families, regardless of provenance.
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6.1

Introduction

Knowledge of how to collect and store viable seed of a
species is critical to the success of both its plantation and
any related breeding programme, while collections, both for
trial and conservation purposes, must include a large and
representative component of a species' genetic variability.
This chapter presents results from studies of collection and
storage methods for C. alliodora seed and incorporates
knowledge of the species' reproductive biology (Chapter 3)
and population genetics (Chapter 4) in the formulation of
seed collection guidelines. Despite initial reports to the
contrary (Lamb, 1955; Neyra Roman, 1980), C. alliodora
seed has been shown to have excellent long term viability.
Poor initial germination, any subsequent reduction in
germination, and large variation in viability between seed
lots (Bermudez, 1993), are almost always due to suboptimal collection, drying or storage techniques.

6.2

Seed collection

The timing of seed collection in C. alliodora is critical. For
each tree, the extended flowering period and time between
seed maturation and natural dispersal (approximately 30
days, see Section 3.2) demonstrate the need to delay seed
collection to ensure maximum representation of mature
seed from all flowering trees within a stand. Claims that
the first seed to fall have low viability (Marshall, 1930) are
undoubtedly a reflection of the fact that initial falls, in
reality, consist mainly of unfertilised flowers rather than
seed.
In Costa Rica, Boshier (1980) demonstrated
germination of less than 10% for seed collected at the .
beginning of March rising to over 700/0 by the end of April
(Figure 6.1). Premature collection not only gives seed lots
with much immature seed and consequently low percentage
germination, but also results in biased sampling from a
reduced number of early flowering trees and hence an
unbalanced sample of the gene pool.
A number of indicators of seed ripeness have been reported
in the literature. Tschinkel (1967) and Vega (1977) both
suggested that there was a limited period of two to three
weeks before natural seed fall when good seed can be
collected, although they gave no indication of how to

observe this period. Salas and Valencia (1979) described
the time for collecting seed of maximum viability. as the
period when flower inflorescences turn from white to
brown without appearing burnt. However, the colour
change of the corolla to brown occurs approximately only
three days after pollination, such that part of an
inflorescence may be brown while other flowers on the
same inflorescence have not yet opened (see Plate 2e).
Similarly, inflorescences on the same tree may be
simultaneously at different developmental stages (see Plate
2f), and this is therefore not a good indicator of optimal
collection time. Stead (1980) states that, in the latter stages
of development the seed swells and protrudes out of the
enclosing calyx and, in drying, turns from green to brown
(plate 3g). To examine the latter characteristic requires
seed to be collected and, from the senior author's
experience, the best indicator in such a case is to remove
the embryo by squeezing: it is ripe if hard, like a grain of
rice, but immature if still soft and translucent (plate 3f).
There are various rccolnmendations for the most efficient
seed collection method. Marshall (1939) recommended
that fallen seed could be collected from the ground, while
he and Stead (1980) suggested that mature seed could be
best collected by shaking branches and collecting on sheets
spread on the ground below. The data in Table 6.1 show,
however, that seed collected from the ground has low
viability~ while shaking branches is no more effective in
collecting high viability seed than cutting inflorescences
from trees. More practical considerations: such as wind
causing problems for the accurate location of sheets, or the
occurrence of ('. alliodora over coffee or cacao, dictate
against the use of branch shaking and sheets in many cases.
Seed yields range from about 0.5 to 2 kg per tree (lara and
Valle. 1997~ Salazar and Boshier, 1989). though in some
large crowned trees they may be as high as 5 kg. Better
formed trees usually have smaller crowns and consequently
yields are in the lower part of the range. In a stand of well
formed trees in the Talamanca region of Costa Rica, lara
and Valle (1997) found a mean production of 1.3 kg of
seed per tree. Collection costs from well formed trees in
natural stands are high, owing to the size of the trees,
with yields of 1 to 4 kg of seed per man day (Cortez,
1990: Jara and Valle, 1997).
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Table 6.1 Mean percentage germination for different seed
collection methods, on two days in Turrialba, Costa Rica (4
lots of 25 seed from each of six trees; s.e.= standard errors).
Collection Date
Collection method

2'"' April
Mean
germination

s.e.

24th April
Mean germination
rate

s.e.

from ground

14.3

7.6

31.0

28.1

by cutting panicles

59.0

13.9

76.9

7.3

by shaking branches

42.5

15.3

74.8

7.5

6.3

through low moisture content and temperature. Initial
moisture content of mature C. alliodora seed is around
400/0 (Trino Trivifio et aI., 1990), but must be reduced
below 10% as soon as possible after collection. Studies
have shown that stored seed with a moisture content of
100/0 or greater will only maintain its viability for short
periods of time (Tschinkel, 1967). Such a reduction in
moisture content is best carried out by drying in the shade
or a drying room, while drying seed directly in the sun
effectively 'cooks' it. Initial germination rates for seed
dried in the sun were less than 40%, but over 55% for seed
dried in the shade or an air-conditioned room (Boshier,
1980). Shade drying reduced the moisture content to some
6 to 70/0 in four to six days depending on ambient
conditions, while an artificial dryer achieved this in 2.5
days (Samaniego et aI., 1997a~ Trino Trivifio et aI., 1990).

Seed storage

For many species, effective seed storage requires the
reduction of metabolic activity, which is' achieved mainly

Figure 6.1 Relationship between mean percentage germination and collection time for seed from one Cordia' aliiodora stand (4
lots of25 seed from each of six trees), Turrialba, Costa Rica (Boshier, 1980).
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Tests in Costa Rica showed seed storage to be most
effective at low temperature «5°C) and in hermetically
sealed containers that effectively maintain the low moisture
content (Table 6.2). Studies in Colombia showed that
hermetically sealed aluminium bags, allowed only small
fluctuations in the moisture content of stored seed over 15
months, while the moisture content of seed stored in
polythene bags rose from 70/0 to 130/0 over the same period.
Germination of the latter seed was subsequently relatively
poor (Trino Trivifio et al., 1990). Similarly, seed lots
collected for the OFI provenance trials (see Section 5.1) and

',,-
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stored for seven to eight years, with an initial moisture
content below 100/0 maintained their high initial
germination rates (generally over 50% and some around
90%), while one lot with a moisture content around 12%
had an initial germination rate of only 11% which declined
to 1% after eight years (McCarter, 1986). In laboratory
tests germination over a range of temperatures was found to
be optimum at 28-30°C, but all pre-germination treatInents
tested resulted in germination inferior to the untreated
control (Samaniego et aI., I997b).
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Table 6.2 Mean percentage gennination of Cordia alliodora seed stored by various methods: a) hennetically sealed aluminium
bags at 5°C~ b) thin gauge, un-hennetically sealed polythene bags at 5°C~ c) hennetically sealed alwninium bags in room without
air-conditioning~ d) thin gauge, un-hennetically sealed polythene bags in room without air-conditioning (for collection dates see
Figure 6.1).

start
Treatment
hermetically sealed 50C , collection 3rd April

mean

61.7

6 months
s.e. mean

9 months

s.e. mean

15.2 53.2 20.9 53.5
7.3 78.5

18.4 38.2 23.8

77.1
60.9

hermetically sealed, office, collection 3rd April

57.7

14.0 21.8 21.9 21.6 25.3

un-hermetically sealed, office, collection 3rd April

55.1

14.6

0.0

The nwnber of seed per kilogram varies from around
40,000 to 100,000, with high levels of purity (>950/0)
possible after processing (Greaves and McCarter, 1990~
lara and Valle, 1997~ Samaniego et aI., 1997b~ Trino
Trivifto et aI., 1990). A variety of seed abnonnalities can
be found at low frequencies including: seeds with three
cotyledons; fused cotyledons~ no radicle~ or, as a result of
more than one of the four ovules in the flower being
fertilised, two or three seed per fruit (Boshier, 1992). Seed
are predated prior to dispersal by bruchid beetles
(Amblycerus spp.), with as much as 50% of seed killed
(Opler and Janzen, 1983), although levels of attack vary
between trees and years. The larva eats the developing seed
embryo and attacked seed are evident from the round hole
left in the calyx by the emerging adult beetle. Although the
majority of adult beetles emerge during the drying process,
a small proportion of live adults and larvae remain inside.
Damaged seed and beetles can be removed in the
winnowing process and if attack is bad, or seed is to be
exported, a persistent grain storage insecticide (e.g.
Pirimiphosmethyl "Actelic"), can be used to kill any late
emerging beetles (Hughes, 1996).

1.1

2.5

7.0

63 months

s.e. mean

s.e.

34.6 26.8 36.1

27.8

77.5

6.2

0.3

1.1

6.5

19.4
0.8

43 months

s.e. mean

0.1

0.3

1.2

4.0

0.0

•

To test seed maturity remove the seed from the calyX
and then squeeze at the point of the shrivelled style to
remQve· ·th~ embryo. The. seed is mature when. the
embryo is hard; like a grain of rice~ but immature if the
embl)'o is still soft and translucent (Plate3f).

Cleaning and processing

•

After inflorescences are cut from the. trees, transport in
sacks to where the seed is to be processed.

•

Spread out inflorescences on trays or sheets in the
shade and leave for four to six days to reduce moisture
content below ten per cent.

•

During the drying period, after one to two days~ remove
the seed from the inflorescence by pulling hands
through the inflorescences and then discard the woody
stems. Cany out this operation within a sack to
prevent seed from springing considerable distances.

• After a further two days of drying, remove the wings

(persistent· corolla) from the seed by rubbing seed
between hands. Rubbing can be quite vigorous without
causing damage to the seed, but gloves and face masks
must be worn to avoid splinters from. the hardened
styles and dust from the disintegrating corollas.
Remove the detritus by winnowing, either by hand Of
with an aspimtof, which also serves to remove some
empty and immature seed.

Timing ofcollection

•
Optimal seed collection time is approximately seven
weeks from the period when flowers have opened and
the petals are white (i.e. flowering stages 5a and 5b).

49.8
77.2

8.1

6.4
Guidelines for seed collection and
storage

•

18.0

hermetically sealed 5OC, collection 2st' April

45.7 20.3 51.3

24 months

s.e. mean

un-hermetically sealed 5ac, collection 3rd April

17.2

15 months

s.e. mean

Removebmchid beetles and seed attacked by bruchids
during the winnowing process. Some damaged seed

and seed may remain after this process and if attack· is
bad or seed is to be exported a persistent grain storage
insecticide (e.g. Pirimiphosmethyl "Aetelic"), can be
used to kill any late emerging beetles.
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'.

StOI"e the: seed in. hennetically' sealed containers' at SOC:
the plaStic.must be of a sufficierit thickness'to prevent

moisruretromentering.
Method of sampling

• Seed,•should, be ,sampled, from throughout, the tree's
crown to avoid'areduction 'in the g~netic base; ",A
reduced satriple of the gene POOl will bernadewhere
trees ,which produce large quantities of seed are not
sampled throughout the whole crown
•

As the: length of flowering is directly ,related to tile

quantity of flowers produced, trees which produce, only
a' small nwnber of, flowers show low flowering
synchrony with the population, as a whole, artdwill be
accessible to a reduced number, of pollinat()rs: and a
limited pollen p<x>1. Collection from trees \rilli a small
number of flowers shOUld be avoided since these, may
0ll1Y' have, a lilllited genetic base due to a higher degree
of, biparental: breeding. Collection should not always
avoid individUals with low seed production as such trees
do not necessarily produce few flowers.
•

Non random correlated mating may not be restricted to
trees with few flowers: neighbouring individual 'trees
which flower abundantly and' are highly synchronous
with each other may also show high levels of
inbreeding.

•

In natural stands, avoid collecting in situations where a
number of trees occur in close proximity «50 m). in

areas of otherwise low tree density. In such cases trees
are likely to be closely related and the resultant seed will
show high levels of inbreeding.
•

Bearing in mind pollen dispersal distances. the distance
between sampled trees should be at least 200 m; at a
lesser'distance there is a high probability that much of

the same local gene pool will be sampled.
•

If progeny trials or plantations are to be used. as seed
orchards 'or stands, seed· collection should wait until an

age at which the majority of trees are flowering and the
quantity of flower production is of the order found in
mature trees.
•

In genetic trials, single tree plots should ensure go<Xl
separation of related individuals, but if line plots are

used, seed collection should be postponed until the trial
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7

Vegetative Propagation

J.F. Mesen
Tropical Agronomic Centerfor Higher Education and Research (CATJE), Turrialba, Costa Rica

7.1

Introduction

Vegetative propagation is an essential tool in tree
improvement, where it has been widely used for the
preservation of genotypes in clone banks and for clonal
seed orchard establishment (Zobel and Talbert, 1984).
Grafting is usually employed, as a standard method in
producing genetically improved seed in operational
quantities, with physiologically adult scions used to
accelerate seed production. More recently, extensive use
has been made of juvenile rooted cuttings for operational
plantings of a few species (e.g. Eucalyptus spp., Gmelina
arborea), with the rapid development of sophisticated
techniques based on agricultural and horticultural
experience (Libby and Rauter, 1984~ Leakey, 1988).
One of the main advantages of clonal forestry is the ability
to capture and exploit both the additive and non-additive
components of the total genetic variance, allowing for the
realisation of large genetic gains in relatively short periods
of time. Other important advantages include (Libby and
Rauter, 1984):
a) the ability to mass propagate outstanding genotypes
produced by hybridisation or genetic engineering~
b) the mass production of those rare individuals that have
two or more favourable characteristics which are
usually negatively correlated~
c) the ability to use clones that are well adapted to specific
sites or to a wide range of sites~
d) the greater simplicity and flexibility of managing clonal
gardens as compared to seed orchards~
e) the greater ease of preventing inbreds from being
planted in production populations:
f) the possibility of choosing clones that rarely or never
produce flowers, thus reallocating significant amounts
of photosynthates from pollen and seed production to
stemwood growth.
There are numerous propagation systems, usually based
either on mist spraying, fogging or enclosing the cuttings in
polythene. However, in many tropical countries, the high
capital and running costs of currently available mist
propagation systems makes them inappropriate, except for
research or large-scale commercial projects (Leakey et al.,
1990).
Collaborative work between the Tropical
Agronomic Center for Higher Education and Research
(CATIE), Costa Rica, and the Institute of Terrestrial
Ecology (ITE), Scotland, has emphasised the development

of techniques to vegetatively propagate the best genotypes
efficiently and at a cost affordable to small/rural
development forestry programmes in the Central American
region. Research has focused on the use of low-technology,
non-mist propagators, which allow the use of clonal
propagation techniques in simple tree nurseries, without the
need for the expensive and relatively sophisticated
equipment nonnally used in clonal forestry operations.
These have been found to be acceptable to foresters,
managers and fanners in Costa Rica and other countries
(see Leakey, 1988~ Leakey et al., 1990~ Leakey and Mesen,
1991; Mesen et al., 1992a, 1992b; Mesen, 1993; Newton et
al., 1992).
Experience with vegetative propagation of C. aliiodora is
rather limited~ the methods described in this chapter are
based mainly on the results of collaborative work between
CATIE and ITE. This chapter presents the principal
results of these studies, including sources of material for
rooted cuttings, the propagation, potting and "weaning" of
such material, and techniques for grafting. The results are
then summarised as practical methodologies specific to C.
alliodora.
More detailed descriptions of practical
methodologies applicable to a wide range of species are
given in Longman (1993).

7.2
Sources of material for rooted
cuttings and management of stockplants
Ensuring a ready supply of material suitable for
propagation is crucial to the success of any vegetative
programme. One of the main practical constraints on
clonal silviculture is that by the time a tree matures and
shows its phenotypic worth, it is difficult to propagate
vegetatively. Various practices have been used to overcome
this problem, including: a) felling the tree and utilising the
shoots coppicing from the stump, b) stimulating sprouting
from the base of the standing tree, and c) serial grafting on
juvenile rootstocks to rejuvenate the adult scion (Leakey,
1988). The latter has serious technical problems, as it may
take a long time to develop truly juvenile material, and it is
difficult to know when true 'juvenility" has been achieved.
The first two methods have been used in C. alliodora,
although experience is limited. In C. alliodora the stumps
of adult trees felled for timber (> 30 cm dbh) resprout
easily. Treatments for stimulating sprouting from the base
of standing trees such as; removal of bark slices in an arch
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at the base of the tree, cutting a notch in a buttress root, and
severing a root, have so far given inconsistent results.
Seedlings from selected trees may also be used as a source
of cuttings. This method excludes the advantage of
duplicating the genotype of the selected ortet, but is useful
under some situations, for example when there is no
possibility of felling the tree or when techniques for
stimulating sprouting from the base of the tree are not
successful. This then requires a potentially longer period of
clonal testing~ owing to the larger number of clones that
must be tested~ although this may be shortened by the
establishment of strong juvenile-mature relationships.
Whatever method is used, the first rooted cuttings are
normally planted in clonal multiplication gardens and
managed as stockplants~ which are periodically cut back to
maintain a supply of coppice shoots as a source of cuttings
for planting operations.
Careful management of
stockplants is important and should be designed to produce
large numbers of easily-rooted cuttings, on a regular basis,
over a long period of time (Leakey and Mesen, 1991).
Studies in the CATIE forest nursery (Mesen~ 1993),
showed that shade (maximunl irradiance of 852 J1lll01
m-2s- 1) reduced the growth of Cf. alliodora stockplants and
resulted in shoots with short intemodes, inadequate for
rooting.
Stockplants grew better under full sunlight
(maximum irradiance of 2274 JlInol m-2s- 1) with the
production of longer and thicker intemodes.
Regular application of fertiliser to stockplants will maintain
soil nutrient levels. Fertilisation that is just suboptimal for
shoot growth seems to result in cuttings that root best,
whereas excess fertilisation can reduce the rooting ability of
subsequent cuttings. This is probably associated with
undesirable morphological and physiological characteristics
sho\vn by stockplants grown under excessive rates of
fertilisation. In ('. alliodora~ fortnightly soil applications of
7.5 g of a powder fertiliser (100/0 N, 30% P, 100/0 K), to
stockplants grown under low (up to 852 J1lll01 m- 2s- 1) or
high (up to 2274 J1lll01IU-2S- I ) light reduced the percentage
rooting of subsequent cuttings from 570/0 to 420/0 and from
56% to 520/0 under the low and high light treatments
respectively.
In Colombia, Segura et af. (1991) used lignified~ leafless
cuttings from the lnid-erown of trees (age not reported) and
evaluated three lengths (20, 30 and 40 cm) and three
diameters (1,2 and 3 cm)~ obtaining a maximum of 51%
(20 cm by 3 cm cuttings) and a Ininimum of 330/0 (40 cm
by 3 cm cuttings) rooting. Although adult material is of
little value for commercial plantings, such material could
be used for establishtnent of stockplants or seed orchards,
as an alternative to grafting.
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7.3

Propagation

Auxins, when applied to the base of cuttings of many
species, increase the percentage of cuttings which form
roots, hasten root initiation, increase the number and
quality of roots produced per cutting and increase
unifonnity of rooting. Although indole-3-acetic acid (lAA)
is the auxin that occurs naturally in plants, two related
synthetic compounds, indole-3-butyric acid (IBA) and
napthalenacetic acid (NAA), have been found to be the
most reliable in stimulating adventitious root formation in
cuttings. IBA has proved to be the best auxin for general
use, because it is non-toxic over a wide range of
concentrations and effective in promoting rooting in a large
number of species. It is much more light-stable than IAA,
and being insoluble in water, remains longer at the site of
application, hence maintaining its effectiveness over longer
periods of time (Hartmann and Kester, 1983). Plants
possess several mechanisms which operate to reduce or
nullify the effectiveness of IAA, by binding it with other
compounds or destroying it, unlike IBA or NAA (Blazich,
1988). Within the normal range of IBA concentrations
used for most species (e.g. 0/0), higher IBA concentrations
also have a positive effect in inhibiting bud growth in
cuttings during the first weeks in the propagator, by
inducing the transport of assimilates to the cutting base and
allowing roots to develop without competition from a
growing shoot. Once the roots are formed, the improved
water balance and photosynthetic reactions in the plant
restore the balance of shoot and root growth. If no auxins
are appliecL shoots start to develop from the cutting before
the formation of roots. This creates a sink for assimilates in
competition with the cutting base~ leading to reduced
rooting.
Increasing the IBA concentration from 0% to 1.6%
increased the rooting percentage of C. alliodora cuttings
from 10% to 70% and reduced the time to formation of the
first roots from eight to three weeks (Mesen 1993). In these
cases, a micrometer syringe was used to apply the exact
quantity of auxin to each cutting, using alcohol as a solvent,
and evaporating off the alcohol before inserting the cutting
in the propagation medium. For commercial operations,
however, rooting powders are easier and faster to use (see
Section 7.6).
The propagator microclimate has a major influence on the
rooting of cuttings (Loach, 1988b~ Newton et aI., 1992b).
Tremendous variability in rooting or even complete failure
may occur if environmental conditions are not properly
controlled during propagation (Loach, 1988b). The ideal
propagator Inicroclimate must maintain a satisfactory water
balance in the cuttings, the correct irradiance, and suitable
substrate, air and leaf temperatures. All these variables are
closely interlinked and interact with each other. The
non-Inist propagator, which is cheap to construct, has
proved very effective for the propagation of a large number

(a) Old stock plant ready for harvesting of cuttings for vegetative propagation; (b) Cuttings set in sand in a non-mist propagator; (c) Rooted
cutting; (d) Suitable size of scions for tip cleft grating; (e) Preparation of the scion for grafting; (t) Insertion of scion into rootstock;
(g) Binding of the graft with tape; (h) Regrowth from the scion in a successful graft.
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of tropical species. Using this system and the treatments
described below, rooting percentages over 90% have been
routinely obtained for C. alliodora cuttings after three to
seven weeks in the propagator.

Substrate
The importance of the rooting medium in propagation has
been recognised for many years (Andersen, 1986;
Hartmann and Kester, 1983). In general, an appropriate
substrate is described as one with an optimal volume of
air-filled pore space, an oxygen diffusion rate adequate for
the needs of respiration, and a reasonable water retention
capacity (Andersen, 1986). Studies with C. alliodora have
compared the effects of different rooting media~ fine sand,
gravel, sawdust and mixtures of these, on rooting ability
(Leakey et al., 1990; Mesen, 1993). Leakey et al. (1990)
obtained 70% rooting in both fine sand and a mixture of
fine sand and sawdust, compared to 40% rooting in gravel
or in a mixture of gravel and sawdust. In further
experiments, with improved control of other factors (i.e.
light, IBA concentration, size of cuttings and leaf area),
rooting percentage was equally high in gravel (89%) and
sand (88%), while it was reduced (76%) when sawdust was
used. Excessive water content in sawdust (more than 500/0,
compared to less than 180/0 in gravel and sand) was
identified as the main substrate-related factor which led to
the reduction in rooting (Mesen, 1993). Rotting of cuttings
at the base was also e"ident in sawdust, associated with a
significant reduction in the number of roots produced per
cutting (7.5 in sand, 6.8 in gravel, 3.3 in sawdust).

Water
The water status of cuttings is governed by the balance
between evaporative losses froln the leaves and water
uptake (Gay and Loach, 1977~ Grange and Loach, 1983ab).
As cuttings initially lack roots, they must rely on retention
of their turgor and water absorption through a cut stem base
and/or through leaf and sten1 surfaces (Loach, 1988a). The
effectiveness of the non-mist propagator lies in its capacity
to maintain high relative humidities and low vapour
pressure deficits, thereby maintaining leaf turgor in the
cuttings. In leafy stem cuttings of ('. alliodora, the relative
water content of the leaves only varied between 75 and 950/0
during a six week period in the propagator, which was
associated with greater than 800/0 rooting at the end of the
period (Mesen, 1993).

Irradiance
Irradiance in the propagation enviromnent has been shown
to be another major factor influencing the rooting of leafy
cuttings (Loach, 1977: Loach and Whalley, 1978~ Loach
and Gay, 1979~ French and Lin, 1984~ Grange and Loach,
1985).
The primary effects of irradiance on the
enviromnent are on leaf turgidity and on the production of
carbohydrates required for root initiation and growth

(Grange and Loach, 1985). Irradiance should not be so
high as to inhibit rooting through its effects on sugar
accumulation and loss of turgor but it should be sufficient
to generate photosynthetic production of carbohydrates for
root initiation and growth (Grange and Loach, 1985~
Loach, 1988b). The leaves of cuttings are usually trimmed
to reduce transpiration, while allowing some photosynthesis
during the rooting period. The optimal leaf area varies
depending on the irradiance received during propagation.
In (7. alliodora, propagation without shade (maximum
irradiance 1638 Jllllol m-2s-1) resulted in extremely high air
temperatures (up to 42°C), which in high foliar area
cuttings (20 and 30 cm2) led to water deficits, damage to
the leaves and reduced rooting (68% and 55% respectively)
compared to 10 cm2 leaf areacuttings (79%). On the other
hand, excess shade (two layers of black plastic netting;
maximum irradiance 88 Jllllol m-2s-1), resulted in reduced
rooting of cuttings with small foHar areas (10 cm2, 580/0)
with higher rooting in 20 and 30 cm2 leaf area cuttings
(780/0 and 80% respectively: Mesen, 1993). This was
probably a result of both insufficient stored reserves and
reduced rates of photosynthesis in the smaller leaf area
cuttings. Foliar areas of 30 cm2 and irradiances of between
300 and 400 Jllllol m-2s- 1 were found to maximize
photosynthesis and rooting ability of cuttings. Although
cuttings with smaller leaf areas showed similar rooting
percentages to larger leafed cuttings at the same
irradiances, which represents an advantage in tenns of
space in the propagator, the number of roots per cutting
increased with larger leaf area. Increasing the irradiance
progressively during the propagation period was suggested
as a way to increase the number of roots produced by
cuttings, but this aspect needs further investigation.

7.4
Growth characteristics and clonal
differences
There is a limited amount of information on factors
affecting the growth characteristics of rooted cuttings,
which may be genetic and/or non-genetic. Studying nongenetic influences in C. a/liodora, Mesen (1993) evaluated
the relationship between node position within the original
coppice shoots and subsequent growth of the cuttings
(measured as total height, basal diameter and height to the
first whorl of branches). After three months' growth,
measurements for all three variables showed a positive
correlation with cutting diameter, being greater for cuttings
from closer to the base of the coppiced shoot than for those
nearer the apex. Total height ranged from 34.4 cm
(internode I-apical) to 38.9 cm (internode 6-basal)~ basal
diameter from 4.4 mm (internode I) to 5.3 mm (internode
6): and height to the first whorl of branches varied from
29.6 cm (internode 1) to 34.3 cm (internode 6). After six
months' growth, the effect of cutting position/diameter on
total height and basal diameter became weaker and had
disappeared colnpletely at ten months, as other factors,
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such as soil fertility, availability of water, etc., started to
play a greater role. The height to the first whorl of
branches, being a fixed characteristic, remained constant.
Such a loss of growth differences attributable to non-genetic
effects, after a period offield growth, has also been reported
for Triplochiton scleroxylon (Ho,vland and Bowen, 1977).
Such non-genetic factors, called C-effects (Lerner, 1958) or
more specifically m-effects (see Glossary), ,,,hen referring
to characteristics of individual propagules, have been
shown to influence the rooting ability of cuttings (Burdon
and Shelbourne, 1974).
There is, however, little
infonnation concerning their effects on the subsequent
development of the ramet. In this study (Mesen, 1993),
node position, presumably through its effects on cutting
diameter and nutrient storage. affected the initial height
and diameter of shoots originated from cuttings. It is not
clear why the height to the first whorl was also affected. A
possible eX'P1anation is based on the fact that in a given
organism, although all cells carry the same set of genes, not
all are active at the same time, ,vhich leads to the formation
ofdifferent organs and functions (Zobel and Talbert, 1984).
This is shown. for instance, when propagules from lateral
shoots of some species produce only branches spreading
along the ground. while cuttings from upright-growing
shoots produce the desired vertical plants (Hartmann and
Kester, 1983). In this regard. it is possible that each
internode maintains the Satne role as previously defined
within the whole plant, perhaps due, in some ,vay, to
endogenous growth regulator levels along a gradient related
to correlative inhibition. Cf. alliodora produces branches in
whorls along the stem. and cuttings ,,,ere always collected
before the formation of the first ,vhor!. Therefore. cuttings
from apical internodes. being closer to the first \vhor! of
branches within the plant would regenerate such a
structure at a lower height than cuttings from basal nodes.
It would be inlportant to ascertain if this difference
disappears (as with the other traits) or is maintained to the
adult stage of the tree. as formation of more branches per
metre of the principal stem could have a negative effect on
growth. (i. e. more energy used for production of branches
at the expense of luain stem growili) or ,vood quality
(greater number of knots). In T scleroxylon. however.
slow growing clones also often have a high branching
frequency (Ladipo, 1981: Ladipo et al., 1983. 1991 ab and
1992~ Lcakey. 1985: Leakey and Ladipo. 1987). If similar
genetic relationships exist in C. aliiodora, rather than as a
result of C (non-genetic) effects. then predictive tests could
be developed to allow the selection of nlore productive
clones at a young age.
Clonal differences in rooting ability have been noted in
other species for at least 50 years. although in many cases
clonal variation has been confounded \vith other nongenetic factors that are translnitted from the parent ortet to
their ramets (M-effects) or with characteristics of the
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individual
propagules
(m-effects)
(Haissig
and
Riemenschneider, 1988). In C. alliodora no attempt has
been made to investigate clonal variation in detail, although
in the studies at CATIE and lTE described above,
differences in rooting as large as 60% were obtained. In
these studies, M-effects were probably eliminated by using
equal age stockplants.
Similarly, m-effects, or
characteristics of the individual propagules (e. g. diameter),
were indirectly included as design variables through
allocation of cuttings in order of their position within the
stem. Sorting cutting diameter by replication can be used
to separate C (non-genetic) effects from genetic effects
(Wilcox and Farmer, 1968) and therefore the differences in
percentage rooting between clones in these studies were
probably of genetic origin.

7.5

Grafting

Grafting has been used for C'. alliodora in Costa Rica, to
conserve selected phenotypes and in the establishment of a
clonal seed orchard. There are numerous types of graft,
which along with general grafting procedures and aftercare
are described in nlany texts (see Hartmann and Kester,
1983: Macdonald. 1990~ Sung, 1975). The practical
methods described in Section 7.6. focus on those aspects
which apply specifically to Cf. alliodora. These have been
the result of empirical tests and personal experience at
CATIE. rather than detailed research. and have generally
given good results. At CATIE. the tip-eleft graft, chip
budding and side veneer graft have been used for C.
alliodora. ,vith over 90% success from the first two
methods. while the side veneer graft has given only about
30% success. The tip-eleft graft is usually preferred, but if
scion wood of the required type is in short supply or the
rootstocks have grown too thick, chip bud grafting is a good
alternative. Research is lacking on the use of other grafting
methods. storage of scions, collection times and the effects
of different environmental factors on the success of
grafting.

7.6
Vegetative propagation methods for
C alliodora
Stockplant management
•

Stockplants of selected material can be established
from rooted cuttings of resprouts from· the stmnps of
felled trees. When there is no possibility of felling a
selected tree, seedlings from the tree may be used as
stock plants. This requires a longer period of clonal
testing, with the increased number of clones, although
this may be shortened by the establishment of strong
juvenile..mature relationships.
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•

•

•

The clonal multiplication garden should ideally be
close to the propagation area~ to reduce the risk of
damaging the shoots during transportation.
Stockplants can be planted 20 cm apart" and harvested
every three to four months.

•

area varies with ·the degree of shade during
propagation. Foliar areas of30 cm2 and irradiances of
between 300 and 400 JlInol m-2s~1 are found to optimise

photosynthetic rates and rooting· ability of cuttings, To

Fertiliser should be applied regularly to stockplants to
maintain soil nutrient levels. The fertiliser regime will
vary in each particular case. but fertilisation just
suboptimal for shoot growth seems to give cuttings
that root best. Excess fertilisation should be avoided,
as this reduces the rooting ability of subsequent
cuttings.
Approximately one month after the pre"ious harvest of
cuttings, select four to six of the most vigorous,
orthotropic shoots on each stockplant, and remove the
rest (plate 4a). TIns allows the selected shoots to
develop quicker and produce better quality cuttings. To
minimise the risk of exhausting the stulnp and causing
the death of the fine root system, some leaves should
be retained on the stockplant at the time of harvesting.
Alternatively. a ~'fecder shoo!" is maintained until new
shoots are fonned.

trim the leaf to 30 cm2 , card templates can be used,
cut to the appropriate area by using area-meters or~
if these are· not available, by drawing a leaf on

graph paper and then cutting the paper to the
correct area. Templates are necessary only in the
early stages of a propagation programme, or when
exact areas are required (e.g. for research), as in
routine propagation the operator quickly becomes
experienced to trim the leaf to the required area.
Operators at CATIE estimate the area by placing
three fingers over the leaf and cutting off the
remainder to give approximately 30 cm2 .
Propagation

•

Non-tnist propagators are suitable for rooting cuttings
of (~. alliodora and are cheap to construct, with no
essential requirements for piped water or electricity.
The propagator consists of a wooden or metal frame
enclosed in clear polythene so that the base is
water-tight (see Figure 7.1). The rest of the frdI1le is
covered tightly with a single piece of clear polythene.
and a closely-fitting lid attached. Internal supports to
the fuune at the level of the rooting mediwn also
provide subdivisions allowing independent use of
different rooting media. The polythene base is covered
in a thin layer of sand~ followed by successive layers of
large stones (6.. 10 cm diameter, to 10.. 15 cm depth),
small stones (3-6 cm diameter) and gravel (0.5-1.0 cm
diameter), to a total depth of 20 cm. and topped \vith
an appropriate rooting medium.

•

The propagator should be placed under a medium level
of shade (irradiances of 300-400 JlIl101 m-2s· 1) to
prevent excessive temperatures. Irradiance can be
reduced to appropriate levels by placing black plastic
netting, palm leaves or any other similar material.
above the propagators.

•

Water is added to the propagator up to the base of the
rooting medimn (basal 20 cn1). which is kept moist by
capillary action. A length of hollow bamboo (or piece
of pipe), inserted into the medium/stones can be used
to check the water level~ \vater can then be added if
necessary. To maintain high humidities inside the
propagator, the lid should only be opened \vhen it is
necessary to inspect the cuttings. It is of vital
in1pOrtanCe to keep the leaves moist by spraying with
\\later froIn a hand-held sprayer or hose every time the
propagator lid is opened.

Taking cuttings

•

Shoots should be harvested early in the day or during
misty \-\leather. placed in water-filled containers or in
polythene bags containing moist paper and transferred
imnlediately to the propagation area. For long
distance transportation, an ice box can be used, with a
layer of ice cubes at the bottom., followed by alternate
layers of wet paper and shoots.

•

Cuttings should be collected from vigorous., orthotropic
shoots, 30-40 cm long, before the development of the
first whorl of branches.
Nonnally, each shoot
produces six to eight cuttings.

•

Cuttings are produced by making an oblique cut just
above a node using a scalpel or sharp secateurs so that
each cutting has a leaf and a bud; 3-6 cm long cuttings
are appropriate, with mid-<liameters of 3-6 mm.
Within this range, thicker cuttings are preferable as an
increase in cutting diameter generally results in an
increase in the number of roots produced. The
teonina! bud and youngest leaves should be discarded
as being too soft as \veIl as the basal. lignified
intemodes.

•

Nonnally, intemodes are long enough to allow single

node cuttings of the recotnmended length: however, if
for any reason intemodes are too short., two" or threenode cuttings can be used. Cuttings shorter than 3 cm
should be avoided.

The leaves of the cutting should be trimmed toreduee
transpiration, while allowing some photosynthesis
during the rooting period (plate 4b). The optimal leaf
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•

Figure 7.1

Sand is llie 'preferred rooting medimn, giving adequate

The design of the Institute of Terrestrial

Ecology's non-mist propagator (from Leakey et al., 1990).

aemtton and: water retentioll; and although gravel may

alSo· be :smtable,:sand is sin1pler, for making holes,
iitstt1ing·:d.lttittgs. and' .removing them for evaluation.
': Sa:wc1~]l~er, I1as excessive: water refimtiQfi. The
'rootiltg::tnedium~d bew~~tbo~~gbly before
, a~., :it:: :to':: the· pr:opagator... ,Ste~sation, is not
neC:essaty.btlt the IlJedinm should be f:rOO of earth,
'visitlJtr:':~ogel1$>orother:99~DfIDts, after
washing. ~'¥ping :fertilisef is riot recot1unended, since
this,~! no: eff~OI1: the rooting ability of euttings and
c3il :encOura~: :the growth' of mosses and algae on the
~:()f@:lDec:Jitml. Every3--6lUOntbS,the medium
, sbould'be:removCd,and washed,'oofore returning it to
the .propagat()r~· ,~t,sl1()uld' be chang~ however, if
there ~si~ of rotting or poor rooting.

1

,

•

~

Auxins'sUCh: as' indOle~3--butyricacid (IBA) should be
appli~t~:the:baSe~f the CU~g; ~g powders
being the ~iest and' quickest metho<l' The bottom 5

J

mm of the: cUtting: is dipped in the powder and any

excess

·tappedoff~

A relatively low auxin

concentration (0.20/&.0.4% ffiA) should be used, since
nortnal1y .a' quantity· of the powder is retainfrl by the
eutting:and :lIlaY

E
u

Rooting

cause' toxicity if 'highconcentmtions

25

are used.

'Of the commercially available rooting
powders, Serndix (active ingredient mA) has given

='

:T-_j-_·_··
. .·-m,a~m sand
~
·m-\Al
....

tones

Polythene

excenent results.

•

•

Prior to inserting the cuttings, holes should be made in
the rooting medium to a depth of 2 cm and the
mediwn then pressed finnly around the cutting. The
spacing depends on the leaf area used, but nonnally
(for lear areas of 20·30 cm2), a spacing of 5 x 5 cm is
appropriate. Holes are best made using a board with
wooden pegs placed at the given spacing.
Cuttings take between three and seven weeks to root.
After seven weeks any unrooted cutting should be
discarded.

•

numbers of roots. However, most clones usually
produce more than three wen distributed roots ~r
cutting (plate 4c), which is adequate, so select10n
should favour those clones with higher rooting

percentages.

•

As the cuttings have been several weeks in a, shaded,
high humidity environment, they may suffer from
\vater stress and even death if exposed abruptly to
direct sunlight and low humidity. Potted cuttings
should be placed in a shaded, moist environment and,
over a period of 2-3 weeks, progressively exposed to
reductions in hwnidity and increased light and
temperature; At CATIE, a similar frame to that of the
oon-mist propagator with roll-up polythene sides has
been used as a weaning area. However, keeping the
potted euttitlgs under a layer of black plastic netting,
with daily irrigation, is also sufficient to produce
healthy plants with minimal mortality.

•

Like seedlings, potted cuttings need 4'() months'
growth in the nursery to reach the appropriate planting
size for C a/Jiodora.

Potting and "weaning"

•

When the roots are 1.. 2 cm long (approx. 1 week after
appearance of roots), the cutting is removed from the
propagator and potted into an appropriate bag with a
good soil mixture, as for nonnal nursery practice. Care
is needed at this stage, as the roots are easily knocked
off in bandIing. Rooted cuttings should be well finned
into the soil and planted with most of the cutting in the
soil and the bud close to the soil surface. Cuttings with
less than three roots or one..sided root systems should
re discarded.
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A preliminary clonal selection should be carried out
based on rooting ability. Clones with higher rooting
percentages are not necessarily those with higher
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8.1

Introduction

The results presented in Chapter 5 clearly show the
potential for increased production of C. alliodora, through
utilisation of the most productive provenances as the basis
for tree improvement programmes. Conversely use of
inappropriate seed sources and planting off site will result
in dramatically sub-optimal yields and a negative image of
the species' potential (Lujan, 1994). The popularity of C.
alliodora in its natural range comes from its high value in
national markets, the abundance of natural regeneration
and the experience that it can be combined \\lth other crops
(Mussak and Laarman, 1989~ Perez, 1954). Indeed most
C. alliodora trees originate from natural regeneration
within agroforestry systems (Somarriba and Beer, 1987~
Ramirez et al., 1992). Most coffee and cacao within Latin
American is produced in combination with Inga spp.
and/or other "service" shade tree species (e.g. Erythrina
spp.)~ i. e. trees that are managed for the benefit of the
underlying crop and which provide no or little direct
economic benefit. In some areas, natural regeneration of
valuable timber trees (e.g. C. alliodora) is also maintained
at low densities as a third strata above the service trees
(Beer et aI., 1997~ Peck and Bishop, 1992). The use of C.
alliodora for reforestation in plantations, both within its
natural distribution and as an exotic, is a relatively recent
event. Realisation of the full potential of the species'
genetic resources, and the need for and level of tree
improvement programmes, will ultimately depend on the
extent to which Cl. alliodora is planted, rather than
naturally regenerated. C. alliodora survival and growth is
particularly susceptible to site fertility (CATIE, 1994~
CONlF, 1983~ Kapp and Beer, 1995~ Lujan, 1994~
Somarriba and Beer. 1987), and therefore effective,
economically viable planting of the species will be limited
to fertile sites. Characteristics such as a narrow open crown
and self pruning. which are desirable for agroforestry uses,
result in a high level of weed growth under pure plantations
and increased costs (platen, 1996). Given the pressures on
land, particularly the fertile land which is most suited to
this species, C. alliodora is as likely to be planted in
agroforestry systems as in pure plantations. Moreover
fluctuations in world coffee prices have reduced the
attraction of high density, high input, shadeless coffee
practiced in some countries (e.g. Brazil, Colombia and
Costa Rica) and increased interest in both the use of shade
and increasing the value of the shade by at least partial

replacement of the leguminous shade trees with higher
value timber trees (e.g. Beer, 1995~ Estrada et al., 1988~
Platen, 1992).
Future planting of C. alliodora, is therefore likely to be on
anything from small to medium scale plantations, in fence
lines at the edge of pastures and cropping areas, and at
wide spacings in combination with coffee and cacao, both
with and without leguminous shade trees. However, as has
been demonstrated for Gmelina arborea, small scale tree
improvement programmes can be justified economically
with the planting of surprisingly small areas (Hamilton et
al., 1997). The organisations that exist in many countries
to aid small scale producers of coffee and cacao, both in
production and marketing, have the infrastucture and
extension network within which it would be relatively easy
to mount improvement programmes for C. alliodora (e.g.
current initiatives of CENICAFE, the Colombian coffee
growers federation). Indeed the planting of trees in such
systems, where there is a high degree of maintenance, has
greater potential to ensure that the performance and
utilisation of improved material of C. alliodora will be
optimised, rather than wasted (Davidson. 1996), as has
been seen with much off-site planting of C. alliodora.
Therefore use of some level of improved seed of C.
alliodora is potentially applicable to all situations where it
is planted. At the simplest level this may only involve the
identification of seed stands and ensuring use of more
productive provenances. For larger scale planting, the
establishment of progeny trials and seed orchards will be
justified with the possible use of vegetatively propagated
material to maximise gain and tailor trees to particular
situations. The challenges to tree improvement of C.
alliodora are however not just of a biological and technical
nature, but are also those associated with the design and
implementation of a breeding programme through a more
heterogeneous community of tree growers (Kanowski,
1996). Mere repetition of the simple industrial forestry
model is likely to be sub-opti mal, and even
counterproductive in such circumstances (Kanowski,
1995).

8.2

Selection criteria

The definition of breeding objectives and the selection
criteria by which they are realised, are central to the
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development of a tree improvement programme. In this
respect it is important to consider the circwnstances and
conditions under which C'. alliodora will be planted. In
pure plantations considerations for C'. alliodora will be
relatively simple, with selection for traditional timber traits
(e.g. high volume. stem straightness, acceptable density),
with perhaps the addition of selection for heavier canopy
trees with greater potential for site capture. In agroforestry
systems, however. even if the criteria for fonn etc. are the
same as in plantations and genotypes are selected with only
a single output in mind (e.g. timber in the case of C.
alliodora), the aspects of reducing competition with
associated crop species add new challenges for tree
breeders. In this contex1 the interactive behaviour of the
tree within the system means that agroforestry trees are
always multipurpose, regardless of what is harvested from
the system~ the nature of the trees' interaction with other
components of the system should be explicit in the
development of selection criteria (Sinclair et al., 1994). At
present, however. it is difficult to be explicit about some of
the selection criteria required because of a lack of
knowledge about functional relationships below ground. In
(~. alliodora. for example. at one year of age, with a
relatively high fine root density and open canopy, the
competitive effects leading to understorey suppression. were
almost entirely below ground (GeIWing. 1995). Gathering
evidence for rooting patterns in mature trees is more
complex and given the practicalities and costs of selection
and evaluation. tlle focus will inevitably be on above
ground criteria.
Nevertheless the performance and
selection of (7. alliodora must be tested not only in pure
blocks, but also in agroforestry systems. ,vith agronomists
and farmers involved in the development of these
improvement programmes to ensure that. where
appropriate. the species is bred for characteristics that are
both desirable for. and compatible with. association ,,,ith
crops.
A complex series of ecological interactions involving a
number of species (including other shade tree species), site
characteristics (climate. original soil fertility and
modifications through management) must be taken into
account when studying and managing the coffee/cacao
agroforestry systems which include ('. a/liodora. Complete
replacement of the leguminous ""semce" shade trees by
valuable timber species, although financially attractive
(platen. 1992). is rarely carried out by farmers. This
appears to be due to: a) the role of these legmninolls trees in
maintaining soil organic Inaterial, and hence fertility,
rather than in fixing atmospheric nitrogen (Beer. 1988)~
and b) the possibility of altering tlIeir phenology through
managenlent (pruning and pollarding. rather than
dunning)~ such that shade is present or reduced as and
when required (Budowski et aI., 1984). Although, C'.
aliiodora appears particularly suited to be included in such
systems. a study in the wet Atlantic zone of Costa Rica
showed. that an increase in stocking froln 110 to 300 t.
a/liodora trees per ha.. caused a 50% or greater reduction
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in biomass productivity of the underlying Erythrina
There was also a linear
negative relationship bern'een C. alliodora stocking and
coffee yields, the slope increasing with age as the trees
matured and competed more with the coffee bushes,
leading to an average 230/0 reduction in coffee yields over
six years (Beer, 1992). Competition effects, were likely
both below and above ground, with a direct suppressant
effect under higher stocking levels reducing coffee
flowering as light levels were reduced. In this context it is
worth noting that local fanners in Costa Rica claim that
timely pollarding of the . . service" shade trees (e.g. E.
poeppigiana) promotes coffee flowering by reducing shade
at the time of flower development.

poeppigiana (Beer. 1993).

Realistically therefore, any timber trees in such systems,
should be regarded as competitive, rather than as making
any significant contribution to the crop. Most farmers will
opt for low stockings (25-50 mature trees per ha) producing
less tilnber, but larger diameter trees with minimal effects
on coffee. Diameter growth of C. alliodora was higher at
lower stockings (20% higher at age seven), although
heights and crown diameters were similar at all densities
(110 through to 300 trees per ha~ Beer. 1992). On fertile
coffee sites with 100 C. alliodora stems per hectare, 20 year
rotations are proposed with an estimated (from data over
the first ten years) mean dbh of 48 cm. height of 29 m and
total stem volume of over 2 In3 per tree~ at harvesting
(Hernandez. 1995). The shade of nlature C. alliodora trees
cannot be manipulated in the same way as the . . service"
shade trees, since pollarding is not an option and even
thinning is undesirable, unless carried out at a very early
stage. because of damage to the underlying crops. In these
circumstances. the timber tree should generally be planted
at spacings that will be maintained until the end of the
rotation. The tree breeder should focus on how to minimise
the competitive effects while maintaining timber
production froIn the open grown trees at a maximum. In
such open situations, traits such as stem form, degree of
taper and canopy characteristics become higher priorities
for selection. as the silvicultural options of selective
thinning and improving these traits through competition
from neighbouring trees no longer exists. Selection should
therefore be for straight, high timber volume trees, with
small open crowns, that give minimum light competition.
Similarly the maintenance of acceptable wood density,
under such conditions of maximum diameter increment,
should be of concern.
The deciduous nature of C. alliodora means the trees are
without leaves for some part of the dry season. This may
result in reduced competition for water at this critical time
in the seasonally dry coffee zones, but it also means that
evapo-transpiration from the crop foliage and soil surface,
where coffee bush feeding roots are concentrated, will be
greater. It has been suggested~ although not proven, that C.
alliodora trees that flush later in tlIe'dry season are more
productive owing to reduced moisture stress during the
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period of shoot formation (Blake et aI., 1976). If this is
the case, then selection for late flushing trees may not only
improve production but also reduce competition for water
with other species in agroforestry systems. Where C.
alliodora is planted in combination with coffee or cacao
without other shade trees, the interactions in the system
will undoubtedly alter. Whether the selection criteria
would also alter depends on the management regime and
the role of C. alliodora in the system. If the trees' shade
is considered important then there may be a need to select
for larger canopies and more persistent leaf retention
during the dry season. Wind frrmness or resistance to stem
breakage is a characteristic that will be of much greater
importance for open grown C. alliodora in agroforestry
systems and selection for narrow crowns (see above) will
contribute to this goal. While felling of timber trees after
coffee harvesting, but before coffee bush pruning,
produces controllable and acceptable levels of damage
(Somarriba, 1992), tree falls when occurring in crops are
doubly harmful, damaging both the tree and the
underlying crops. Selection for narrow crowns will have
the additional benefit of reducing damage when trees are
deliberately, or accidentally, felled. Natural regeneration
of C. alliodora in pastures is common and often favoured,
although tree growth is often relatively poor because of
soil compaction/waterlogging (Somarriba and Beer,
1987). Improved tolerance to these limitations to use in
pasture combinations could be a goal for improvement,
although if trees are to be planted in pastures a more likely
solution is a choice of a species that adapts better to such
conditions (e.g. Tabebuia rosea; unpublished data, CATIE
-GTZ project). C. alliodora is more likely to be planted in
fence rows on the edge of pastures and farms, where such
factors are not so problematic (Kapp and Beer, 1997).

8.3
Selection and evaluation; genetic
trials
The need to assess performance and carry out selection
not only in pure blocks but also in agroforestry systems,
has already been identified.
All the trials in the
international provenance trial series were planted as pure
plots at plantation spacings, except for the Fijian trial (Cal
51), where line plots (9 m x 3 m) were used as enrichment
planting within logged over forest.
There were no
particular differences in the results from the latter site,
compared to the overall conclusions drawn from the
provenance trials. Selection of superior individuals can be
either on a phenotypic or genotypic basis. Phenotypic
selection can be carried out in natural regeneration in
pastures, coffee fields etc, whereas genotypic selection
requires information from progeny trials. Phenotypic
selection is however very variable in its effectiveness (e.g.
Cheliak et al., 1988; Eldridge et al., 1977; Pitcher, 1982;
Ying and Morgenstern, 1979). Naturally regenerated
stands of C. alliodora are uneven aged and on managed
farms, land use frequently changes, such that

neighbouring trees may have developed under totally
different conditions. Phenotypic selection is therefore
likely to be problematic. In Costa Rican trials (see
Section 5.3), phenotypic selection appeared to be effective
in terms of improving general growth rates, but owing to
the high level of environmental variability was not
effective with respect to form. Though stem form in C.
alliodora differs dramatically between wet and dry zone
provenances, within provenances site factors were more
influential (Section 5.2), leading to low heritabilities for
this trait. Selection of C. alliodora is more likely to be
effective in replicated trials, where site variability can be
accounted for.
For most improvement programmes of C. alliodora a
single experimental design will have to serve all three
progeny trial purposes, namely; a) genetic parameter
estimation, b) backward selection (ranking of open
pollinated families from original collections), c) forward
selection (selecting the best tree in a family). Single tree
plots planted in randomised complete block designs are
likely to be the most efficient in meeting all three
purposes to some degree (White, 1996). Similarly, single
tree plots will increase separation of related individuals,
which is desirable where collection of genetically
improved seed is an additional aim of the trial. If line
plots are used, any seed collection should be postponed
until the trial is thinned to leave one tree per plot. In
either circumstance the use of computer programs that
attempt to reduce related matings by maximising the
distance between siblings in different blocks is advocated
(e.g. Canon and Low, 1994; Canon and Shelbourne,
1993), although this constrains the randomisation to a
limited degree. Even with optimal designs, if genotypic
selection for form in C. alliodora is to be accurate it is
important that trial sites' are well maintained and
reasonably homogeneous (Section 5.7). Progeny trials
should ideally consist of 40-50 families from one
provenance, to give reliable estimates of genetic
parameters and a broad enough base from which to
make further improvement.
In estimating genetic
parameters the outcrossing rates (Section 4.2) indicate that
for C. alliodora it is generally reasonable to assume that
open pollinated seed from the same mother tree are halfsibs, except where seed is collected from trees with low
seed production, asynchronous flowering, or related
nearest neighbours.
The establishment of such trials will enable
confirmation of the results from the Costa Rican
progeny trials (Section 5.3).
Family differences for
wood density were stable over the small range of
environments tested there and correlations between dbh '
and density were low (6-27 cm dbh range, 4-8 years
age), suggesting weak genetic correlation between the
two traits and offering good prospects for production of
wood of acceptable density by the fastest growing
families on the best sites. Evaluating the stability of
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range of environments (e.g. fertilized agroforestry
systems where exceptional growth rates may occur) and
for longer periods will be an important factor in
selecting families. The usefulness of characteristics such
as bark type (Section 5.2) for indirect selection should
also be evaluated in such trials. Given the difficulty of
defining provenance limits (i.e. what is a population;
Section 5.3), and the occurrence of '~good" trees within
all the wet zone provenances (Section 5.2), some
progeny trials, or at a later date breeding populations,
will inevitably contain mixtures of provenances. If
anticipated genetic gains are to be realised, it will
therefore be important to also assess the vigour of interprovenance crosses (Section 5.5).
Any progeny trial established under agroforestry conditions
will occupy a large area given the number of treatments
(families) and wide spacings required. Trial designs lnust
therefore be flexible enough to cope with a large degree of
site variability but still give sufficient precision for
treatment comparisons. The use of a designs with single
tree plots would appear to offer the best possibilities for
coping with such demands. a designs are incomplete block
designs where the incomplete blocks are grouped into
complete replications (patterson and Williams, 1976). They
are analysed as randomised complete block designs, with a
correction for site heterogeneity at the replication level and
the blocks allowing a correction for heterogeneity within
replications. Information between and within blocks is
colnbined to give efficient estitnates of treatment means
(Patterson et al., 1978: Williams and Matheson, 1994). a
designs can be generated using the ALPHA+ (Williams
and Talbot 1993) or Genstat programs and analysed using
Genstat. Nevertheless, given the wide spacings and
number of progeny to be assessed, trials are likely to be
excessively large. A stocking of 200 trees per hectare with
50 families would allo,,' establishment of four replications
per hectare, with a total of some 20-30 replications required
to precisely predict parental breeding values (Birks and
Barnes, 1995: Cotterill and Dean, 1990; Williams and
Matheson. 1994). The greater the number of replications.
the greater the opportunities ,viII be for within family
selection, but ultimately this will be constrained by the
Assessment of
availability of land for the trial.
perfonnance should involve some estimation of the effects
of tree cOlnpetition on crop production (e.g. coffee or
cacao). The use of cOlnpetition indices for each bush or
tree. based on the size and proximity of the neighbouring
trees. would ensure Inore accurate assessment of the various
interactions due to competition than is possible by
considering tree stocking alone (Beer. 1992), but their
application in trials with single tree plots \\lill be complex.
At this spacing. competition \vith the crop would require a
500/0 thinning at about five to six years of age, by ,vhich
stage sufficient assessments would have been made for
estilnates of genetic paratnetcrs and some selection both
within and bet\vccn fatnities could be lnade. The planting
of replications across several fanns ,vith similar site
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conditions, as for the ICRAF coordinated on-farm
provenance trials of Ca~vcophyllum spruceanum (Simons,
1996), and the CATIE-GTZ species trials within
established cacao plantations (Somarriba and Dominguez,
1994) enables establishment of such large on-farm trials,
while still maintaining homogeneity within replications.
However, large differences between farms (site conditions)
should be avoided because of possible family by replication
interactions.
The incompatibility system in C. alliodora (Section 3.5)
has various implications for improvement progratnrnes.
There is an immediate effect of population structuring such
that the effective population size, and therefore the potential
for genetic gain, is reduced. To ensure similar levels of
gain and reduce the potential dangers of inbreeding, it is
likely that more trees will be required in breeding
populations than nonnal. If improvement progratnrnes
move into a second generation of selection, considerations
for controlled crosses will vary. Mating designs in such
advanced generation breeding have generally assmned that
all crosses will be wholly or mainly cOlnpatible. Clearly for
C. alliodora, with the type of incompatibility systeln, this
will not be the case. A progrmnme of controlled crossing.
which took account of incompatibility whilst maintaining a
broad genetic base (e.g. a circular mating design
(Kempthorne and Curnow, 1961) ,,,ould provide suitable
material for the next generation of selection. With the
large number of flowers per panicle, controlled pollinations
on one panicle would provide sufficient seed for the
purposes of progeny testing. COlnpatibility of the trees
under test would have to be determined prior to mating, but
this can be done quite simply and quickly by the laboratory
methods described in Appendix 2. Completion of, at most
a series of connected half-diallel crosses, including selfs,
would be sufficient to determine the incolnpatibility
groupings of individual trees in a breeding population.

8.4

Seed stands and orchards

Criteria for the selection and management of seed stands
will be similar to those for most species (e.g. Hughes and
Robbins, 1982; Lauridsen and Olesen, 1994; Salazar and
Boshier, 1989). The main aim for (1. alliodora is likely to
be to ensure or increase the supply of source identified seed
of the best provenances and concentrate collection in a
limited area, so reducing the costs of collection. In the
species' natural distribution well fonned stands should be
selected in the best provenance areas. In such stands,
owing to limited seed dispersal and variable stocking, local
genetic structure may exist (Section 4.5). Thus thinning
should be applied to relnove any such structure,
concentrating on areas of the stand where patches of trees
occur in close proxinlity «50 m) in areas of otherwise 10'"
tree density, and so reduce the proportion of seed that
comes fronl related matings (Section 7.4). In areas where
stocking is more unifonn. local genetic structure is less
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stocking is more unifon11, local genetic structure is less
likely and final stand densities can be higher. Thinning
should also elilninate poorly fonned trees, but only a
limited amount of gain in increased vigour is likely from
this phenotypic selection. Final densities 111ay often be very
low (e.g. 15-40 trees per ha), but this will not create
problems as it would with self compatible species (Zobel
and Talbert 1984). Even at such low densities seed yields
per hectare will be considerable (e.g. 15-60 kg per ha) and
sufficient for planting large areas. After thinning, stands
should have at least 20 trees and preferably more. If
sufficiently large areas cannot be identified~ a number of
smaller areas within the sal11e provenance could be thinned,
and collected seed pooled, to ensure a wide enough genetic
base. Stands are 1110St likely to be Inanaged within existing
agroforestry systeuls, such as coffee, cacao or pasture.
For the establishnlent of seed stands fronl plantations the
criteria for stand selection ,viB be primarily to ensure that
the original seed source was from a good provenance and
secondly that it ,vas fronl a sufficiently wide genetic base.
In this respect accurate records are important as
potentially large areas can be established ,vith seed from
one tree of C'. alliodora. If no records exist seed stands can
be established by selecting the best fonned stands, but
properly soureed 111aterial should be established as soon as
possible to ensure that the genetic base of the species is not
reduced in the long teon. Thinning should follow the same
general selection criteria for C'. alliodora discussed above.
\\1th final densities of sonle 50-100 trees per hectare.
There are fe\\: considerations for the establishment of seed
orchards that arc specific to ('. alliodora. Although wet
zone provenances reach InatOOty Illore slo\vly than the dry
zone provenances~ seed production generally occurs \\1thin
the first five years, so production of improved seed will not
be particularly delayed (Boshier. unpublished data). Seed
orchards in agroforestl} systellls are likely to benefit from
the trees' rapid gro\\1h and open cro,vns~ thus reducing the
tirne required to achieve seed production. Fronl ,,,,hat is
knO\\l1 about pollen fio,,,, distances, seed stands and
orchards should be sited at least 300111 froln possible
sources of contalnination. In order to ensure a broad
genetic base, ,vhen progeny trials are to be used as seed
orchards. or plantations as seed stands. seed collection
should ,vait until an age at ,vhich the Inajority of trees are
flo,vering and the quantity of flo\\'er production is of the
order found in Inature trees (sec Section -1-.2). As \\'as
mentioned above. if line plots arc used in seedling seed
orchards (progeny trials). seed collection should be
postponed until the trial is thinned to leave no more than
one tree per plot and so reduce the possibilities of related
matings.
Finally. it is evident that effective cross
pollination is never likely to be a limiting factor in ('.
alliodora seed orchards and stands. either in its natural
distribution or as an exotic (Section 3.6).

8.5

Summary

Effective, economically viable planting of C. alliodora will
be limited to fertile sites, both in plantations and
agroforestry systems. Tree improvement of C. alliodora
therefore offers challenges of both a technical and social
nature, associated with the design and implementation of
breeding programmes in both heterogeneous systems and
communities of tree growers. Agronomists and fanners
should be involved in the development of inlprovement
programmes for agroforestry tree components to ensure that
the species are bred for characteristics that are both
desirable for, and compatible with, association with crops.
For any programme a clear definition of breeding objectives
and selection criteria will be vital, along witll the need to
provide research results relevant to these criteria. The
perfonnance and selection of C'. alliodora must be tested
both in pure blocks~ and also in agroforestty systems. and
will require relatively complex ex-perimental designs for
,vhich statistical advice should be sought. A large amount
of gain \\111 ho,vever be achieved simply through the
utilisation of the lnost productive provenances.
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Appendix 1
Glossary

Definitions, some of which were modified, were taken from Daydon Jackson (1928), Moore et al., (1991), Richards
(1986) and Wright (1976).
agamospermy

formation of seeds without sexual
reproduction

allozyme

protein variants of a genetic locus that
behave in a straightforward Mendelian
fashion and hence, are interpretable as
simple allelic products of a gene

apomixis

asexual
reproduction,
agamospermy
and
reproduction
pollination by wind

anther

the part of the stamen that contains
pollen

anther dehiscence the opening of anthers to release
pollen

the opening of a flower~ usually
used to denote the stage when the
flower first donates pollen, or is
receptive to pollen, whichever is the
earlier

autogamy

within flower self fertilisation in a
hermaphrodite flower

C - effects

clonal differences owing to non-genetic
effects~ consist of both M and'1I effects

calyx

the sepals of a flower

chalaza

the opposite end of the ovule to the
nlicropile

colporate

corolla

with a colpus (elliptic aperture) and
porus (circular or slightly eliptic
aperture)
combined in the same
aperture
the petals of a flower

a mating system: full diallel involves
crossing each parent to all others in
every
combination,
including
reciprocal crosses whereby for each
two parents there are two matings with
each used as male and female (not
possible with dioecious species)~ with
a half diallel the reciprocal crosses are
not made

diallelic

loci which have only two alleles

dichogamy

maturation of male and female flowers
or parts of flowers at different times:
of anther
temporal
separation
dehiscence from stigma receptivity
fostering cross pollination

dioecy

where all individuals in a population
are either male or female

ecotype

a genetic subdivision of a species
resulting from the selective action of a
particular environment and showing
adaptation to that environment.
Ecotypes may be geographic. climatic,
elevational, or edaphic

emasculation

the removal of anthers or male flowers
before they release pollen

endogenous

originating within the organism

entonlophi~V

pollination by insects

geitonoganly

fertilisation between pollen and ovules
of different flowers on the same genet

gene/low

the spread of genes from one breeding
population to others via dispersal of
gametes (pollen) or zygotes (seed)

genet

genetic individual resulting from a
single sexual fusion (zygote): may
consist of one to many ramets.

including
vegetative

anemophily

anthesis

diallel
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genotype

the genetic constitution
individual (genet)

of

an

gynoecium

the female parts of a flower, including
stigma, style and ovary.

half-sibs

offspring with one parent (usually the
mother) in common

Hardy-Weinberg equilibrium
in a large randomly
mating population, with no selection,
mutation or migration, the allele
frequencies and genotype frequencies
are constant from generation to
generation.
There is a simple
relationship between the allele and
genotype frequencies.

m - effects

"maternal" effect peculiar to the
individual propagule; e.g. size of a
cutting, its position on the ortet, or
presence/absence of flower buds

marcescent

withers but does not fall off, calyx or
corolla persists after fertilisation

micropi/e

the pore by which the pollen grain
enters the interior of the ovule

monoecy

hermaphrodite individuals in which
anthers and gynoecia occur in
different flowers; male and female
function are separated.

myrmecophily

association with ants

herkogamy

separation of anthers and stigma in
space within a flower in such a way
that autogamy cannot occur in the
absence of an insect visit

outcrossing

a breeding system which is panmictic,
giving rize to heterozygote frequencies
as predicted by the Hardy-Weinberg
equilibrium

hermaphrodite

an individual with both male and
female function; it may have either
monoecious
(single
sex)
or
hermaphrodite (both sexes) flowers.

ortet

the original ancestor of a vegetatively
propagated clone

orthotropous

form of an ovule in which the chalaza
is next to the placenta and micropile is
distal to the placenta

ovary

part of the gynoecium that holds the
ovules and forms the fruit

panmictic

theoretical concept of a breeding
system which has an infinitely large
number of individuals that are equally
likely to mate with each other.

perianth

the petals and sepals of a flower

phenology

recording and study of periodic biotic
events (e.g. flowering/ fruiting) in
relation to climatic and other factors

phenotype

expression of a genotype, the result of
interaction between genotype and
environment

po(vphilic

a flower that is visited by many species
of pollinator

polyploid

organism with more than two sets of
chromosomes

primordium

an embryonic structure which will
ultimately form an adult part or organ

heterosty~v

inbreeding

the
coexistence
of genetically
controlled hermaphrodite floral types
with different style lengths, and
usually with reciprocal anther
positions
mating is between individuals which
are more closely related than pairs
chosen at random from within the
population, such that the frequency of
heterozygotes falls below that expected
by the Hardy-Weinberg equilibrium

isozy"le

a form of an enzyme with a particular
electrophoretic mobility

leptokurtosis

the shape of a graphical curve such
that the greater the value on the xaxis, the lesser the reduction of the
value on the y-axis becomes per x-axis
unit

locule

AI - effects

the scale below the ovary representing
the reduced perianth
~lomaternal" effect common to all
ramets of a clone; e.g. the age of an
ortet, its vigour, or its particular
nutrient status
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progeny

protandrous

the offspring of a particular mating, of
a particular parent, or of a particular
individual in the case of apomictic
reproduction
male sex organs are active before the
female

protogynous

female sex organs are active before the
male

ramet

a
physiologically
independent
individual; from one to many may
make up a genet (clone)

scion

a detached plant part grafted or
budded on a rootstock

selfing

fertilisation of an ovule by a pollen
grain of the same genet

sexine

outer sculptured part of the exine of
the pollen grain

siblings

individuals belonging to the same
family; half-sibs have one parent in
common, full-sibs have the same
parents

sporophyte

the (normally)
diploid
generation,
bears
the
gametophytes

stigma

part of the gynoecium that receives
pollen grain, often borne on the end of
a style

style

part of the gynoecium that links the
stigma to the ova,:v~ down which the
pollen tube grows

supergene

a group of linked genes held together
on a chromosome and usually
inherited as a unit

superior ovary

when the perianth is inserted below
the ovary

asexual
haploid
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Appendix 2
Methodologies for carrying out controlled crosses in the laboratory and in the field

a) methodology for carrying out crosses in the
laboratory and determination of incompatibility.
In the late afternoon, before the flowers begin to
inflorescences should be collected from the trees
to be used. Flowers that are ready to open that night
can be recognised by the very extended length of the
unopened petals (late stage 4, Section 3.2, Figure 2.1 ~
Plate 2e). In the laboratory, the inflorescences are kept
in water, as for ornamental flowers. Under these
conditions flower buds on freshly cut inflorescences
open normally. with the flowers staying fresh and
receptive for similar periods as on the trees. To avoid
possible confusion, previously opened flowers should be
removed.
1.

such a microscope is unavailable, lacmoid stain may be
used and observed through a light microscope. Both the
techniques described below work by staining the callose
in the pollen tubes.

open~

2. Isolation of inflorescences from different trees can
be maintained by the use of transparent plastic covers
(approx. 0.08 m3). The covers also maintain a high
relative humidity, ensuring that anthers are still closed
at anthesis. As the flowers open and before the anthers
dehisce. the flowers to be pollinated can be emasculated
by removing the anthers using fine scissors.
3. Controlled crosses are carried out by removing a
flower from an inflorescence and applying the freshly
dehisced anthers to the stigma of the emasculated
flowers. The ~"pollen source" flower is most easily
handled using forceps.
Any cross between two
individual trees should be carried out on three to four
flowers. using two fresh flowers per cross as pollen
sources.
4. Several different pollen sources can be tested on the
one inflorescence. Care must be taken to avoid cross
contamination and can be prevented by dipping scissors
and forceps in propanol between emasculations and
crosses respectively. The different crosses can be
identified by marking the respective branchlet with thin
masking tape.

Aniline Blue Stain (after Martin, 1959).
I. If the flowers have been fixed and stored prior to
staining, then the fixative must be thoroughly washed
out with tap water. To clear and soften the tissue, and
permit adequate penetration of the dye, the flowers are
then treated in an aqueous solution of 8 Normal NaOH
(32g NaOH to 100ml water), for approximately 12
hours, in the case of C. alliodora.
2. The softened flowers are washed in tap water for
one or more hours to remove the NaOH and then
stained overnight in a 0.10/0 solution of water-soluble
aniline blue dye in 0.1 N K3P04'
3. After staining the gynoecium is dissected from the
calyx. corolla and nectar producing ring (see Figure 3.4)
and mounted temporarily with water on a microscope
slide. The cover slip is lowered slowly and then used to
squash the gynoecium, with light pressure from the
thumb protected by filter paper. Spreading of the tissue
can be aided by tapping the cover slip lightly with a
glass rod. The material is then examined under an
epiflourescence microscope with a xl 0 objective lens.
4. The callose in the pollen tubes fluoresces bright
yellow to yellow-green, whereas the background tissue
fluoresces pale grey or blue. If it is suspected that there
is confusion between pollen tubes and phloem~ a stigma
without pollen can be stained for comparison. Normally
tubes will be very clear and there will be no confusion.
between compatible (Plate 2g) and incompatible (Plate
2h) crosses. This is also true for the lacmoid stain
technique.
Lacmoid Stain (after Newstrom, 1985).

5. After pollination the plastic cover is replaced and the
flowers are left for 18 to 24 hours~ before fixing in
either Carnoy's fluid (3: I mixture of 95%
alcohol :glacial acetic acid: refrigeration required for
long term storage) or FAA (I part by volume formalin~
8 parts 800/0 alcohol. 1 part acetic acid).
6. Growth of pollen tubes in stigmas may be observed
and the compatibility/incompatibility of a particular
cross determined. using fluorescence microscopy. If
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1. Initial procedure same as for analine blue stain. The
lacmoid stain does not work if the tissue is still
impregnated with NaOH or if the NaOH was too strong.
2. After clearing the material is put in a 0.1 % solution
of lacmoid stain for approximately 12 hours. Lacmoid
can be bought as a powder and a 0.1 % solution made by
dissolving 10 mg of powder into 10 ml of distilled
water. Conn (1961) gives the following alternative
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recipe, dissolving 5 mg resorcin blue (= lacmoid) and 5
mg martius yellow (as a counter stain) in 10-15 ml of
distilled water. With either recipe a few drops of 1: 100
NH40H should be added to bring the pH to 8.
3. The gynoecium is dissected from the calyx, corolla
and nectar producing ring of the flower (see Figure 2.1),
washed in water thoroughly and put on a slide to make
a squash (squash procedure as for analine blue).
Glycerine jelly, hydromount or distilled water can be
used for temporary mounting. Polyvinyl will not work
as it is acid and the stain only turns blue in alkali. The
pollen tubes will be blue, and if necessary more drops of
NH40H can be added. Methiolate can be added to
glycerine jelly as a fungicide to make the slide
permanent.

b) methodology for carrying out controlled crosses in
the field.
1. Inflorescences are isolated using pollen proof bags
with small perforations «lmm) to permit free
circulation of air and prevent excessive temperatures
(e.g 30 x 45cm transparent bags, code PBSPF-3,
supplier: PBS International, Salter Road, Eastfield
Industrial Estate, Scarborough, North Yorkshire Y011
3UZ, UK). Inflorescences should be isolated when the
most advanced flowers are at stage 4 (Figure 2.1 and
Section 3.2), or previously opened flowers should be
removed.
2. Inflorescences should be selected for ease of access
and size, being sufficiently small to fit the pollination
bags. Where necessary, inflorescence branchlets may be
removed to reduce the size of the inflorescence.
3. In the late afternoon, before the flowers begin to
open, inflorescences are collected froIn the trees to be
used as pollen sources. Flowers that are ready to open
that night can be recognised by the very extended length
of the unopened petals (late stage 4, Section 3.2, Figure
2.1, Plate 2e). In the laboratory, the inflorescences are
kept in watec as for ornamental flowers, and isolated
under mesh covers, so that anther dehiscence is not
delayed. To avoid possible confusion previously opened
flowers should be removed.
4. '"Pollen source" flowers can be taken to the field in
insect proof pollination bags, to maintain them isolated
from each other and pollinators. They should be kept in

the shade until use. To carry out a controlled cross, the
pollination bag is removed from the inflorescence to be
pollinated and the freshly dehisced anthers of a ~-pollen
source" flower applied to the stigmas of freshly opened
flowers.
5. ~·Pollen source" flowers are most easily handled
using forceps. Each ··pollen source" flower can be used
to pollinate 2-3 flowers and then discarded. It is easiest
to use only one pollen source per inflorescence. After
pollinating one inflorescence the bag is replaced and
labelled to record the particular cross.
To avoid
contamination, between crosses using different pollen
sources, hands and forceps should be sterilised using
propanol.
6. The flowers on anyone inflorescence open over a
period of four to six days, therefore the same cross must
be repeated on several successive days. In humid
climates, this can be every two days, as the stigmas
remain receptive for more than one day. The number of
pollinations depends on the quantity of seed required
(mean of 18%, max 61%, min 10/0 seed set from
controlled pollinations in Costa Rica~ Boshier 1995).
Pollinations should not be attempted during rainfall.
7.
The pollination bag should be left on the
inflorescence until after the seed has matured, when the
bags are cut from the trees and the seed collected.
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Appendix 3
Equations used to calculate flowering synchrony indices, and neighourhood areas and sizes

a) flowering synchrony
Indices may be calculated for the whole stand and for
individual trees in relation to surrounding trees, as
follows (Augspurger, 1983):

1984; Levin and Kerster, 1971; Richards, 1986).
Various estimates of neighbourhood area may be made
using different values of a 2p, a 2s, tm and d.

A

=

1t(kpcr2pt/2+kscr2s)

where
neighbourhood area~
corrrection for kurtosis in pollen dispersal;
correction for kurtosis in seed dispersal;
variance of pollen dispersal;
variance of seed dispersal~
outcrossing rate, estimated by t m (multilocus
outcrossing rate).

where
the index of synchrony for individual i~
number of days both individuals i and j are
flowering synchronously, j i;
number of days individual i is flowering~
number of individuals in population.

'*

Perfect synchrony occurs where the index is one, i.e. all
flowering days of individual i overlap with the
flowering days of each other individual in the
population. Where the index is zero~ there is no overlap
among any of the flowering days of individual i and any
other individual in the population.

N = Aid

where
N
d

=

neighbourhood size;
density of trees.

References
where

z

the index of population synchrony

b) neighbourhoods
A neighbourhood describes the area within a population
in which random gene exchange (i.e. panmixis) can be
said to occur. Within a population, neighbourhood size
(N) and area (A) are estimated as the number of
individuals falling within a circle of radius equal to
twice the standard deviation (cr) of the gene dispersal
distance per generation. The area of the circle is 41tcr 2,
if the dispersal distribution is normal. Under conditions
of leptokurtosis the area is k1ta 2 , where k is a constant
that corrects for the degree of kurtosis (Crawford,
1984). The pollen dispersal variance component is
proportionately weighted as half that for seed, as in
higher plants female gametes do not disperse. The
proportion of outcrossing (t m) is assumed not to apply
to seed travel (i.e. to have zero value) (cf Levin, 1978;
Schmitt, 1980), as it relates only to pollen movement
(Richards, 1986).
Estimates of neighbourhood area (A) and size (N), or
number of individuals within the area, may be
calculated, using the following equations (Crawford,
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