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Abstract 
The global efforts to restore tropical forests and their productive and ecologi-
cal functions through plantation forestry largely depend on the available ge-
netic variation in the tree species used to establish the plantations. However, 
there is limited information on the levels and trends of the genetic variation 
and variability of different plantation tree species in the tropics. Therefore, 
this study reviews several marker-based studies that have investigated genetic 
variation. Most of the top economic species like Eucalyptus tereticornis and 
Mansonia altissima are attributed to low levels of genetic diversity, while oth-
ers like Pinus caribaea and Swietenia macrophylla still exhibit high expected 
heterozygosity across different populations. However, the levels of genetic di-
versity assessed may depend on the markers used. Microsatellites, i.e., simple 
sequence repeats (SSRs), mostly give higher estimates when compared to other 
polymerase chain reaction-based markers. Other factors that typically contri-
bute to the directional pattern of genetic variation in tropical tree species and 
populations include their distribution, density, seed dispersal, succession, and 
reproduction. Also, anthropogenic impacts like logging and fragmentation have 
contributed to the vast genetic base reduction of many tropical species and pop-
ulations. Having adequate genetic variation within the plantation populations is 
significant in improving their fitness, resilience, fecundity, productivity, and 
other ecological functions. It also provides a basis for tree improvement and 
breeding in plantation forests. Although clonal forestry is becoming wide-
spread and considered highly productive, it is attributed to specific economic, 
technical, and ecological risks, such as the increased spread of pests and dis-
eases. Therefore, further discussions and recommendations to maximise ge-
netic diversity in tropical (clonal) plantations are provided. 
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1. Introduction 

Forest trees are an essential genetic subject as they are mostly undomesticated 
and long-lived, enabling them to “naturally” demonstrate genetic variation over 
a period of time (Ingvarsson & Dahlerg, 2019). However, over time, there have 
been subtle human impacts on forest ecosystems, more severely in the tropics 
through the increasing trends of deforestation and forest degradation, directly 
affecting their diverse genetic resources and associated functions (Finkeldey & 
Hattemer, 2007). A few examples of these effects include loss of rare but signifi-
cant alleles, reproductive alteration and isolation among different tree popula-
tions (White et al., 2007). Therefore, more attention has been drawn to massive 
tropical forest landscape restoration, particularly through plantation forestry 
and agroforestry systems (ITTO, 2020). However, the increasing intensity and 
dynamics of climatic and environmental changes still limit the success of these 
plantation interventions, such as increasing their susceptibility to pests and dis-
eases and affecting their productivity. 

Nevertheless, some tree populations and species tend to exhibit more resilience 
and adaptation to those debilitating impacts while maintaining productivity, rel-
ative to others. This capacity is largely influenced and determined by the higher 
levels of diversity in their genetic composition, i.e., genetic variation (Koskela et 
al., 2007). Genetic variation in trees is expressed in different traits, which are es-
sential to developing plantation forests in the tropics that are substantially resi-
lient to varying environmental stresses and are also more productive in eco-
nomic, social, and ecological dimensions. These important traits include, but are 
not limited to, growth rate, stem form, vigour, resilience to drought and pests 
(Finkeldey & Hattemer, 2007). 

Despite the significance of genetic variation in forest sustainability and man-
agement, there has been limited information about its patterns and importance 
regarding tropical species and plantations (Finkeldey & Hattemer, 2007). Al-
though different tree species or populations may naturally have different levels 
of genetic variability, specific silvicultural interventions can help maintain or 
improve the genetic diversity in plantation stands. These interventions may range 
from carefully selecting appropriate (or mixtures of) reproductive materials and 
provenances to engaging more technical tree breeding strategies in the plantation 
establishment efforts (Finkeldey & Hattemer, 2007; Ivetić & Devetaković, 2017). 
Therefore, it is essential to provide more information on the contexts, patterns, 
and importance of genetic variation in tropical tree species and, ultimately, 
plantations, to make suitable recommendations for improving it towards the es-
tablishment and management of more productive and resilient plantations to 
meet the critical forest restoration needs and demands for timber products and 
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other services. This review aimed to highlight the levels of genetic variation in 
common tropical tree species, identify why genetic diversity is essential in the 
species and their populations, and reveal ways whereby most tropical plantations 
miss adequate genetic variation and how it can be improved in the plantation 
forests. 

2. What Is Genetic Variation? 

Genetic variation defines the genetic differences in individuals within a popula-
tion or among populations. It is the “mechanism” whereby individuals of the 
same population or species exhibit different genotypes (alleles) at each gene lo-
cus (Ewens, 2013), while genetic variability describes the population’s potential 
to produce individuals with different genotypes (Hattemer, 1995). The amounts, 
nature and patterns of genetic diversity vary across different plant species, of 
which trees have been generally found to have significantly more variations than 
other plant forms (Hamrick, 1979). Genetic variation explains the evolutionary 
change or adaptive potential and dictates the phenotypic variation of any tree 
population or species, expressed across their morphological or physiological traits. 
It provides raw materials for the variety of growth forms, yields and wood quali-
ties for production, leafing and fruiting patterns, and adaptability to environ-
mental changes and stresses, expressed differently by different tree species 
(Hamrick, 1979; Finkeldey & Hattemer, 2007). 

Genetic diversity can significantly vary between tree populations, species or 
taxa as a result of differences in both internal attributes like genome structure & 
size and reproductive system, or external attributes like distribution, density and 
age, as well as location or environmental factors like human impacts (Hamrick 
et al., 1992; Akinnagbe et al., 2019). 

2.1. Forms and Measures of Genetic Variation 

Genetic variation can be intraspecific, which refers to the range of genetic in-
formation available among all individuals or populations of one species, or in-
terspecific, across different species. Of the two, the intraspecific genetic variation 
is more regarded, which is further described as either within or among popula-
tions (Finkeldey & Hattemer, 2007). 

Genetic variation within populations often dominates the variability of most 
species, amounting to about 89% in tree species, and it is characterised by: 
• Genetic multiplicity, which considers the occurrence or number of the genetic 

types, alleles or genotypes. It is estimated by the proportion of polymorphic lo-
ci (PPL), i.e., the number of polymorphic gene loci (PL) divided by the num-
ber of all loci investigated, or by the number of alleles at each locus in the 
population which is termed “allelic richness”. 

• Genetic diversity, which additionally considers the (relative) frequency of the 
genetic types. It is variably measured by allelic diversity (i.e., the inverse of 
expected homozygosity), expected heterozygosity (i.e., one minus expected 

https://doi.org/10.4236/ojf.2022.123019


T. V. Oluwajuwon et al. 
 

 

DOI: 10.4236/ojf.2022.123019 353 Open Journal of Forestry 
 

homozygosity), or observed heterozygosity (i.e., the proportion of all hetero-
zygotes from all trees investigated in a population). Expected homozygosity is 
the summation of all alleles. In population genetics, genetic diversity and ex-
pected heterozygosity are the commonest attribute and measure for assessing 
genetic variation within populations, respectively. 

Genetic variation among tree populations can be characterised and measured 
by genetic distance and genetic differentiation. While the first quantifies the ge-
netic differences between two populations, genetic differentiation measures the 
differences between an arbitrary number of populations (Finkeldey & Hattemer, 
2007). 

2.2. Sources of Genetic Variation 

Genetic variation is a result of four evolutionary factors: mutation, random ge-
netic drift, selection, and gene flow or migration (White et al., 2007; Ingvarsson 
& Dahlerg, 2019; Nonić & Šijačić-Nikolić, 2021). Mutations are heritable changes 
in the genetic structure of individuals, which are not attributed to recombina- 
tion or gene interaction. They cause genetic variation in populations by creat-
ing entirely new alleles. Genetic drift defines the random fluctuations of genetic 
structures, strongly in small populations, often due to limited population size. It 
mostly leads to a loss of genetic diversity within populations. Gene flow or mi-
gration refers to the movement of alleles from one population to another through 
fruit, seed or pollen dispersal. For instance, gene flow both by pollen and seeds 
was significantly the source of maintaining the genetic diversity within popula-
tions of a pioneer tree species, Croton floribundus, in some Brazilian succes-
sional forests (Silvestrini et al., 2015). It could lead to either an increased intra-
population genetic variability or, in the long-term, a decreased interpopulation 
genetic divergence. Lastly, selection describes a process whereby a population’s 
genetic composition changes due to the greater reproductive contribution of in-
dividuals better suited to the environmental conditions. Unlike natural forest 
conditions, selection is done artificially in plantations based on several econom-
ically relevant factors like growth and resistance. This process thereby tends to 
reduce the genetic variability of man-made plantation forests (Nonić & Šijačić- 
Nikolić, 2021). 

2.3. Assessment of Genetic Variation 

Genetic variation within or among tree populations is assessed using gene mark-
ers. A gene marker, also known as gene locus or marker locus, is typically an 
environmentally stable trait whose variation is determined only by genetic fac-
tors. Different types of gene markers have been applied in genetic inventories of 
tropical forest trees. These include morphological or phenotypic, biochemical, 
and molecular markers (Finkeldey & Hattemer, 2007) and cytogenetic markers 
(Chesnokov et al., 2020). Further descriptions of the markers are provided in 
Table 1 below. 
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Table 1. Common genetic markers and their features. 

Feature Markers 

Phenotypic Biochemical Molecular Cytogenetic 

Description Visual 
morphological 
indicators 

Biochemical molecules, like 
proteins (e.g., isoenzymes), 
metabolites (e.g., carbohydrates) 

DNA fragments of 
known locations on the 
chromosome 

Chromosome structure 
—visible by microscopy 

Examples Colour, shape and 
size of flowers, 
seeds, or leaves 

Isoenzyme gene loci SNP, SSR or 
microsatellites, RAPD, 
AFLP 

FISH, GISH 

Genomic coverage Low Low High Average 

Specialized equipment 
requirement 

No Yes Yes Yes 

Cost-intensiveness Low Average High High 

SNP single nucleotide polymorphism; SSR simple sequence repeats; RAPD random amplified polymorphic DNA; AFLP amplified 
fragment length polymorphism; FISH/GISH fluorescence/genomic in situ hybridization (adapted from (Chesnokov et al., 2020)). 

3. Genetic Variation in Tropical Forest Tree Species 

Several marker-based studies have investigated genetic variation in different tree 
species across the tropics. Finkeldey & Hattemer (2007) provided the last broad 
review of these studies. Therefore, this paper updates the review with more re-
cent examples of genetic variation patterns in tropical tree species, as presented 
in Table 2. 

Overall, tropical tree species differently possess varying levels of genetic varia-
tion within populations (HE): low, intermediate and high. In contrast, some top 
economic species have a low genetic variation (e.g., Eucalyptus tereticornis, Man-
sonia altissima), others like Pinus caribaea and Swietenia macrophylla exhibit 
high diversity. However, the levels and extents of genetic diversity vary with spe-
cies, populations, provenances and the genetic markers used. The same tropical 
tree species could possess wide-ranging genetic diversity levels across different 
populations and with different markers. Acacia mangium earlier recorded as low 
as 0.01 within-population expected heterozygosity across tropical forest populations 
in Australia despite its indigeneity to the range (Butcher et al., 1998). Yuskianti & 
Isoda (2012) conversely found the species to have a high genetic diversity (0.623) 
in its other natural range/population in Indonesia. Similar findings have also 
been reported in species like Prunus africana even in same tropical Kenya, 0.137 
(Dawson & Powell, 1999) against 0.830 (Farwig et al., 2008) and Pinus merkusii 
in Thailand (0.058) and Indonesian (0.559) populations (Changtragoon & Fin-
keldey, 1995; Nurtjahjaningsih et al., 2007). 

The variation in genetic diversity has also been attributed to the markers used. 
This partly contributed to the differences in the genetic variations recorded in 
similar Malaysian populations of Shorea leprosula by Lee et al. (2000) and Ang 
et al. (2016) at isozyme and microsatellite gene loci, respectively. Furthermore, 
Fofana et al. (2013) compared the performance of SSRs and AFLPs in assessing  
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Table 2. Examples of tropical tree species and their levels of genetic variation within populations. 

Species Country/region Marker type He References 

Low variation     

Acacia mangium Australia, New Guinea, Moluccas RFLP 0.010 - 0.211 Butcher et al. (1998) 

Mansonia altissima Nigeria AFLP 0.045 Akinnagbe et al. (2019) 

Acer skutchii Mexico SSR 0.112 Lara-Gomez et al. (2005) 

Prunus africana Ethiopia, Kenya, Cameroon, 
Madagascar, Uganda 

RAPD 0.020 - 0.137 Dawson & Powell (1999) 

Moringa oleifera India SSR 0.180 Ganesan et al. (2014) 

Eucalyptus tereticornis India ISSR 0.130 Chezhian et al. (2010) 

Pinus merkusii Thailand Isozyme 0.058 Changtragoon & Finkeldey (1995) 

High variation     

Acacia albida West Africa Isozyme 0.442 Joly et al. (1992) 

Acacia mangium Indonesia SSR 0.623 Yuskianti & Isoda (2012) 

Celtis zenkeri Nigeria AFLP 0.780 Olamidayo et al. (2021) 

Koompassia malaccensis Singapore SSR 0.850 Noreen & Webb (2013) 

Triplochiton scleroxylon Nigeria AFLP 0.267 Akinnagbe et al. (2019) 

Prunus africana Kenya SSR 0.730 - 0.830 Farwig et al. (2008) 

Tectona grandis Myanmar SSR 0.586 Minn et al. (2014) 

Pinus merkusii Indonesia SSR 0.559 Nurtjahjaningsih et al. (2007) 

Pinus caribaea Bahamas SSR 0.555 Sanchez et al. (2014) 

Shorea leprosula Malaysia Isozyme 0.406 Lee et al. (2000) 

Shorea leprosula Malaysia SSR 0.762 Ang et al. (2016) 

Swietenia macrophylla Mexico SSR 0.780 Alcalá et al. (2014) 

He: average expected heterozygosity within populations. 
 

genetic variation in Tectona grandis and found the estimates of variability ac-
quired using SSRs to be higher than the latter. The report with Acacia mangium 
and Prunus africana substantiates the differential estimations due to markers, 
where microsatellites assessed higher diversity than their counterpart markers 
(Table 2). However, this is inconsistent with other studies where no significant 
distinction is found between/among the several polymerase chain reaction (PCR) 
markers, such as on Jatropha curcas (Gupta et al., 2008). 

3.1. Some Factors Influencing Genetic Variation in Tropical Tree 
Species and Populations 

Different factors typically contribute to the directional pattern of genetic varia-
tion among tropical tree species and populations (Figure 1). Following the hy-
potheses that species distribution and population density/size influence genetic  
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Figure 1. Directional factors influencing genetic diversity in tropical trees. 

 
variability, this is also observed amongst tropical trees, where those that are en-
demic and with low density in the forests are attributed to lower genetic diversi-
ty, partly due to higher inbreeding. Thus, the smaller the population, the higher 
the chance of genetic drift, i.e., bottleneck effect, owing to the correspondingly 
small reproductive ability (Hamrick et al., 1992; Butcher et al., 1998). Seed dis-
persal also tends to influence genetic variation among tropical tree species, as 
anemochorous (wind-pollinated) tree species are likely to sustain higher genetic 
variability than the zoochorous (animal-pollinated) due to a better gene flow 
from longer-distance pollen dispersal (Finkeldey & Hattemer, 2007; Bittencourt 
& Sebbenn, 2007). 

Similarly, anthropogenic impacts like fragmentation and logging on forest 
trees as well as their regeneration or succession status potentially affect their ge-
netic diversity in the tropics. In this case, non-pioneer species and fragmented, 
isolated or logged populations are more prone to genetic erosion and diversity 
loss than the pioneers and continuous or primary tree populations (Pither et al., 
2003; Akinnagbe et al., 2019). The genetic variation in several tropical tree spe-
cies has been critically reduced by human disturbance, such as Prunus africana 
in Kenya (Dawson & Powell, 1999), Araucaria augustifolia in Brazil (Bittencourt 
& Sebbenn, 2007), and Shorea leprosula in Malaysia (Ang et al., 2016). However, 
these directional trends of influence on tropical trees’ genetic variation are not 
entirely always constant (Minn et al., 2014; Akinnagbe et al., 2019). For instance, 
Noreen & Webb (2013) found high genetic diversity in Koompassia malaccensis 
populations across Singapore despite the high habitat loss. Silvestrini et al. (2015) 
reported similar levels of genetic diversity of Croton floribundus within some Bra-
zilian primary and successional forests. Also, Wang et al. (2012) found no signifi-
cant variance in genetic diversity between pre- and post-fragmentation cohorts of 
a wind-pollinated tree’s populations (Castanopsis sclerophylla); rather, an en-
hanced gene flow due to the removal of genetic barrier by fragmentation. 

By implication, genetic diversity (pattern) varies with individual trees, popula-
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tions, provenances, species, markers and several ecological and anthropogenic 
factors. Hence, there is a need for suitable genetic inventories and, more im-
portantly, establishing plantations populations with adequately selected plant 
materials of certain species and provenances with high levels of genetic varia-
tion. 

4. Importance of Genetic Variation in Tropical Plantations 
4.1. Genetic Variation Reduces Inbreeding Depression &  

Accumulation of Harmful Alleles and Improves Fitness and  
Fecundity of Plantation Trees 

Inbreeding depression is the process whereby the offspring exhibit homozygosi-
ty, removal of heterozygote superiority, and an increased possibility of risky 
mutations resulting from mating genetically closely related parents, i.e., “inbreed-
ing” (Reed & Frankham, 2003). Therefore, this tends to reduce the genetic base 
within the particular species or accumulate harmful alleles, which can directly im-
pact the fitness, survival and fertility of the individual offspring trees/populations 
(Nonić & Šijačić-Nikolić, 2021). It can result in the loss of certain desired traits 
of plantation forest trees, such as vigour and growth form. Also, there are in-
creased chances of tree population size reduction or even species extinction, owing 
to the resultant continual drop in their reproductive rate due to effects like embryo 
abortion, impaired fruit set, decreased overall seed yield and reduced germina-
tion of remnant seeds (Reed & Frankham, 2003; Nonić & Šijačić-Nikolić, 2021). 
Hence, it is essential to maintain genetic variation to avert the issue of wide fe-
cundity among the tree species or populations whereby only a very few tree in-
dividuals in the forest are able to produce sufficiently vital genetic materials for 
subsequent sustainable rotations and productivity. 

4.2. Genetic Variation Increases Forest Productivity 

In plantation forests, there is often a positive relationship between the level of 
genetic variation and productivity (Nonić & Šijačić-Nikolić, 2021). An example 
is the varying high tree stem qualities, which potentially increase the economic 
versatility and productivity of the plantation products. In a provenance mixing 
experiment, genetic diversity from using different provenances of one tree spe-
cies had a positive effect on tree growth and stand productivity (Pretzsch, 2021). 
That is, an increase in genetic variation within the stand through provenance 
mixtures/richness yielded proportionate increases in its incremental volume and 
stem diameter notwithstanding the stand densities. 

The interspecific variation from species-mixtures could also enhance produc-
tivity, e.g., by facilitating products diversification from the plantations under sev-
eral rotation periods (Forrester et al., 2006; Liu et al., 2018). Agroforestry sys-
tems are an essential component of plantation forestry in tropical forest land-
scape reforestation. Maintaining genetic variation in such systems is also of great 
significance while integrating trees into livelihood systems whereby the mixed 
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species create the opportunities to obtain a variety of attributes of desired prod-
ucts, thus enhancing local livelihoods. An example is the varieties of fruits ob-
tained from a fruit tree species, which ripen at varying times to meet market 
demands over an extended period (Dawson et al., 2009). 

4.3. Genetic Diversity Reduces Competition in Forest Stands 

Genetic diversity brings about variation in structure in a forest stand, which 
tends to create differences in the use and competition for resources like space or 
light in the crown layer or water and nutrients in the soil. Different morpho-
logical/phenotypical traits are expressed by various genetically different prove-
nances and plant materials. These varied expressions result in biomass parti-
tioning, as well as diversification or asynchrony in sprouting, light assimilation, 
leaf shedding, and water uptake, all of which could decrease overlapping niches, 
increase resource use complementarity and site use efficiency, and reduce com-
petition (Chmura & Rozkowski, 2002; Pretzsch, 2021). Such reduced competi-
tion also influences both productivity of the plantation site and stand. Further-
more, the genetic variation from combining species that have complementary 
traits like light-demanding with shade tolerant, fast with slow-growing, and 
shallow with deep rooting may limit competition within the plantations (Liu et 
al., 2018). 

4.4. Genetic Diversity Drives Ecological Diversity and Ecosystem 
Functions 

The importance of diversity cannot be overemphasized in maintaining the 
structure and functions of any forest ecosystem. Meanwhile, genetic diversity 
constitutes the basis of biodiversity (Nonić & Šijačić-Nikolić, 2021). Buttressing 
further, Zytynska (2011) found within-species genetic variation in a tropical for-
est of Brosimum alicastrum to influence the communities of epiphytes and in-
vertebrates (including spiders, ants, crickets) around the tree trunks and leaf lit-
ter. The genetic distance between species populations, assessed using the AFLP 
marker, correlated positively with the community differences of the associated 
epiphytic plants and invertebrates. This could thus imply that the more geneti-
cally different tree populations or species are, the more ecologically diverse or 
relevant they are. Among other essential ecosystem functions provided by tropi-
cal forests (plantations) are carbon sequestration and storage, contributing sig-
nificantly to the global carbon cycle. However, their potential to accumulate ab-
oveground biomass or soil carbon can be affected by genetic variation in the 
species considered (Chmura et al., 2021; Mora-Orozco et al., 2022). Neverthe-
less, it is noteworthy that such relationships between genetic variation and eco-
logical diversity or function may not always be strong, positive, or significant. 
For instance, in a tropical subdeciduous forest in Mexico, Cruz-Salazar et al. 
(2021) found both a significant relationship and a negative association between 
different indices of genetic diversity and tree species diversity. 
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4.5. Genetic Diversity Enhances Resilience against Changing  
Environment and Reduces Risks of Pests and Pathogens in  
Plantations 

Forest trees are exposed to global and environmental changes due to their long 
gestation and largely non-domestication. The dynamic impacts of increased in-
tensity and distribution of forest pests and diseases, temperature rise, rainfall 
pattern changes, drought, frost, and growing seasonal changes are evident in 
forest tree growth, productivity, and survival. However, enhancing genetic varia-
tion among tree populations and species can significantly improve their resi-
lience and adaptability, that is, adaptive traits (Finkeldey & Hattemer, 2007; Nonić 
& Šijačić-Nikolić, 2021). White et al. (2007) consider it a major condition for the 
evolutionary adaptability of forest trees. Several other authors have also affirmed 
that considering tree species with high levels of genetic variation and ensuring 
such are maintained when establishing plantations will facilitate their adaptabil-
ity to the changing environments and help them tolerate stress factors in the 
sites (Aitken et al., 2008; Dawson et al., 2009). 

High genetic variability is needed in any species and plant materials consi-
dered for plantation forestry to cope with the outbreaks of (new) pests and dis-
eases. This is particularly important because of the often low interspecific diver-
sity in most plantation forests, even in the tropics, resulting from their usual 
mono-species/monoculture composition (Liu et al., 2018). For instance, when 
Leucaena tree species was first introduced to Asia and Africa in the 80’s - 90’s, its 
plantations were severely attacked and damaged by psyllid (Heteropsylla cuba-
na). This event was significantly attributed to the narrow genetic base of the spe-
cies introduced; that is, the variation in the genetic material and provenance re-
quired to adapt to the new region outside its natural range was low (Rao et al., 
2000). Therefore, to maximise the survival and resilience of plantations in the 
tropics, it is essential to select and utilise plant stock and provenances with ade-
quate levels of genetic diversity. Adaptability, and not just adaptedness to cur-
rent environmental conditions, facilitates the long-term survival of tree popula-
tions (Nonić & Šijačić-Nikolić, 2021). 

4.6. Genetic Variation Forms the Basis of Tree Improvement and 
Breeding 

The genetic variation of populations or species in plantations is assessed and har-
nessed in breeding projects to modify the expressions of their economically and 
ecologically important traits, including growth and yield, stem form, vigour, wood 
quality, resilience to drought and pests, etc. This process involves selecting indi-
viduals, provenances and progeny families of tree species commercially suitable for 
plantation establishment (i.e., provenance-progeny trials). Besides the deploy-
ment of improved seeds from seed orchards, clonal forestry is widely and increa-
singly considered the best approach to deliver the greatest genetic gain through 
the use of well-tested clones in plantations, which is significantly based on ge-
netic variation and its assessment. Cloning typically involves genotypic duplication 
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through vegetative means, preserving the original genetic composition and indi-
vidual traits, unlike the seed propagation method (Monteuuis, 2021). 

Among the several tropical tree species whose genetic variations in certain 
traits have been assessed, breeding programs have mostly been on Eucalyptus 
and Pinus species (Finkeldey & Hattemer, 2007), as well as others like Acacia 
(Harwood et al., 2015) and teak (Monteuuis, 2021). Taking acacia for instance, 
selected clones of A. auriculiformis and hybrid of A. mangium and A. auriculi-
formis have been successfully deployed, e.g., in Vietnam. Prospects for genetic 
improvement in wood qualities and form have also been established for the spe-
cies, among other growth traits (Harwood et al., 2015). Similarly, teak clonal 
plantations have extensively developed over the last decades in many tropical 
countries, including Brazil, India, Côte d’Ivoire, Indonesia, etc., owing to their 
great possibility to produce enormous yields of best quality timber with high 
commercial value. This advancement largely hinges on the considerable prove-
nance (genetic) variation exhibited in the species for the economically important 
traits, as well as the ease of assessment using genetic markers (Kollert & Kleine, 
2017; Monteuuis, 2021). 

5. Missing Genetic Variation in (Tropical) Plantation  
Forestry and Recommendations for Improvement 

Plantations are mostly monocultures established through artificial selection of 
plant materials for uniformity, easy management, and increased yield, thus, po-
tentially limiting their genetic variability (Liu et al., 2018). This, therefore, places 
great significance on choosing well-adapted and well-adaptable plant stock. The 
use of clones in monocultures has generally proven more successful in produc-
ing considerable yields over seedlings, together with other advantages like im-
proved uniformity, the capture of favourable genetic gains and specific adapta-
tions, independence of seed limitations, etc. (Libby & Rauter, 1984; Monteuuis, 
2021). All these have contributed to the increasingly widespread adoption of 
clonal plantations globally. Finkeldey & Hattemer (2007) asserted that many of 
the world’s most productive tree plantations use clones. They facilitate high- 
profit maximisation on plantation investments within the shortest time possible 
when outstanding genotypes and appropriate sites are considered (Monteuuis, 
2021). 

However, this practice is attributed to some economic, technical and ethical con-
cerns and risks, especially in large-scale monoclonal plantations (Kleinschmit et al., 
1993; Monteuuis, 2021). The deployment of a large number of individuals of one 
or a few clones, which are completely homogenous, increases the risks of the 
spread of pests and diseases, climate change impacts, as well as causes vitality 
and productivity losses due to the missing genetic diversity (Kleinschmit et al., 
1993; Burdon & Aimers-Halliday, 2006). To avert these risks of plantation fail-
ure, deploying an appropriate maximum number of clones is essential. Also, a 
considerable emphasis must be placed on ensuring that the clones are of rela-
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tively equal proportions to maximise genetic differentiation within the planta-
tions (Roberds & Bishir, 1997). Different forest geneticists have proceeded to 
provide suitable recommendations in these regards. While Libby (1982) earlier 
recommended mixtures of between 7 - 25 genetically distinct and equally repre- 
sented clones, Roberds & Bishir (1997) reported planting up to 30 - 40 unrelated 
clones in clonal plantation mixtures is a more sufficient and better strategy to 
provide resistance against risks of failure. 

It is equally important to consider selecting an adequate deployment method to 
establish the plantations. Clones are deployed mainly in two forms: intimate multi- 
clonal mixtures or mosaics of small monoclonal blocks (or rows) (Kleinschmit et 
al., 1993; Roberds & Bishir, 1997; Burdon & Aimers-Halliday, 2006). While multi- 
clonal mixtures may be more effective in averting the risks of plantation failure 
or pest and disease damages than monoclonal mosaics, such strategy has been 
conversely attributed to possible undesirable heterogeneity in stem growth, asym-
metry in competitive interactions, and incompatibility in silvicultural interven-
tions among the clones (Burdon & Aimers-Halliday, 2006; Donnelly et al., 2017). 
Although it is said not to significantly affect plantation stand productivity (Donnelly 
et al., 2017), the monoclonal mosaics/blocks pattern is mostly adopted in large- 
scale industrial clonal plantations of teak and eucalypts, for instance (Zobel & 
Talbert, 1984; Monteuuis, 2021). The size of the monoclonal mosaics is typically 
dependent on some factors: “the total number of clones deployed, their genetic 
relatedness, their individual phenotypic characteristics, the rotation length and 
the total area to be planted” (Monteuuis, 2021). Therefore, it is crucial to provide 
adequate information about the genetic origins and features of the different 
clones to establish the clonal plantations, whether in mixtures or mosaics, to 
optimise the complementary benefits of their genetic diversity. Furthermore, 
shortening the economic rotation lengths of the clonal plantations is a viable ap-
proach to reducing environmental risks. In this way, the trees are harvested or 
harvestable before the pests and pathogens get well-adapted to the plantations 
(Kleinschmit et al., 1993). 

Lastly, there has been a growing interest in mixed-species plantation systems, 
which can maintain (interspecific) genetic variation. Establishing plantations 
with more diverse and complex mixtures of tree species that express comple-
mentarity in structural and functional traits like growth rate, shade tolerance, 
rooting depth, and crown structure can help maximise their resource use, prod-
uctivity and resistance to catastrophes. However, species mixtures can reduce 
soil fertility, tree growth and productivity in some cases and can be complex to 
select, combine and manage multiple species effectively. Hence, they require 
adequate and careful design and appropriate management (Liu et al., 2018). 

6. Conclusion 

Genetic variation is highly significant in tropical tree species and plantations by 
enhancing fecundity, vitality, productivity, and resilience. Although tropical tree 
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species are of varying levels of genetic variation from low to high, their planta-
tions are mostly monocultures, established mainly for yield increment but usually 
with low/missing genetic diversity. The risks of genetic base reduction and fail-
ure become more prominent with the growing use of clonal plantations due to 
the absolute genetic homogeneity of such plant materials. Therefore, deploying 
multiple clones with equal proportions in mixtures managed under shortened 
rotations and gradual transition to mixed-species systems are vital to increasing 
genetic variation in tropical plantations, thus improving their resilience against 
climatic, biological, and environmental risks. 
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