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ABSTRACT

This thesis investigates the population genetics of colonisation in the neotropical
pioneer tree Vochysia ferruginea. A combined approach of empirical molecular analysis
and simulation modelling was used to understand how gene flow during colonisation
impacts genetic diversity. Samples of adult, seedling and seed from two sites in Costa
Rica were analysed to estimate mating system parameters, genetic diversity and gene
flow. Spatial modelling was used to investigate the effects of seed and pollen dispersal
on the genetic dynamics of recolonisation and to assess potential forest management

strategies.

Genetic diversity was higher in primary than in secondary forest indicating that
colonisation caused a loss of alleles. However, higher diversity was found in secondary
forests trees and seeds than in seedlings suggesting that, with time, high levels of gene
flow may counter initial diversity loss due to founder effects. Genetic diversity and
spatial genetic structure of individuals contributing to founding populations had
significant and population-specific effects. High population densities appeared to
decrease gene flow from pollen, impacting fine-scale spatial genetic structure and levels

of biparental inbreeding.

Modelling gene flow during colonisation illustrated the importance of long distance

seed dispersal and demonstrated how seed from trees in continuous forest with high

pollen flow can provide genetically diverse material for regenerating abandoned land.
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Chapter 1 — Introduction

Landscape changes make the process of recolonisation a significant factor affecting the
populations of plant species. Deforestation and timber extraction in recent years have
meant that many tropical forest habitats, particularly those in Central America, have
been substantially disturbed (Kobayashi 1998; Ghazoul and McLeish 2001; Putz et al.
2001; Pearce 2001). In addition, in Central America, there has been a recent trend of
rural-urban migration leading to increased abandonment of agricultural and marginal
grazing land (Aide and Grau 2004). Since many of these abandoned regions become
colonised by pioneer tree species, the extent of secondary forest in Latin American
countries has seen a concurrent increase. In fact, secondary forest now covers more area
than primary forest in many tropical countries (Sezen et al. 2005), and is rapidly
becoming an important resource for, amongst other things, habitat conservation,
improved water quality and as an economic resource in itself (Finegan 1992; Herrera
and Finegan 1997; Guariguata et al. 1997; Baluarte-Vasquez et al. 2000; Sanchez and

Tournon 2000; Chokkalingham and Jong 2001; Aide and Grau 2004; Piotto et al. 2004).

Conversion of degraded land into secondary forest is a relatively inexpensive method of
providing forest products and environmental amelioration that can be maintained by
local people (Chokkalingham et al. 2001; Piotto et al. 2004). Therefore, secondary
forest regeneration and management can increasingly be seen as an important focus for
international and national commitments to biodiversity conservation, community-based
management and forest rehabilitation (Kobayashi 1998; Guariguata et al. 1997;
Chokkalingham et al. 2001). For the long term stability of tropical forests, forestry
management is increasingly considering the conservation of genetic diversity as a

component of biodiversity conservation.



Research into genetic diversity partitioning and gene flow dynamics has perhaps been
most prolific in tropical systems, partially due to the biological interest of such systems,
but also due to their increasingly threatened status (Lowe et al. 2005). However, it is
still not possible to confidently make generalisations about genetic responses to
disturbance, habitat change or different management strategies (Lowe et al. 2005). For
example, variable pollinator foraging behaviour and tolerances to inbreeding mean that
species-specific (and sometimes population specific) studies of gene flow are necessary
to understand genetic diversity and structure in natural or managed populations (e.g.
Murawaski et al. 1994; Stacey et al. 1996; Aldrich 1998; Dayanandan 1999; Hamilton

1999; Collevatti et al. 2001; Dick et al. 2003; Ward et al. 2005).

As well as molecular investigation, the development of simulation models of gene flow
enables extrapolative analysis of a species’ genetic response by allowing manipulation
of any number of biological and population parameters. Using detailed molecular
analysis to parameterise a simulation model offers an opportunity to provide a valuable
decision-support tool to aid long-term sustainable management of biologically or

commercially important species.

This study investigates the population genetics of colonisation into disturbed habitat by
a forest gap pioneer: the neotropical tree Vochysia ferruginea Mart.. The species is a
fast growing pioneer able to tolerate low fertility soils, which makes it a potentially
important species for forest regeneration and timber production on disturbed land. In
this study an analysis of genetic diversity, genetic differentiation, mating system
(including levels of biparental inbreeding) and gene flow in populations of V. ferruginea
in both dense secondary forest and in widely distributed primary forest gaps is
conducted. The molecular data will be used to inform development and parameterisation
of a simulation model, allowing in silico exploration of the most important genetic
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factors governing diversity maintenance and recolonisation under different management
scenarios. The model outputs should help to guide commercially viable and sustainable

forestry for this species.

The following serves as a review of the literature that has examined the status of
secondary forests, the effects of seed and pollen flow on forest tree populations and how
factors relevant to tropical habitats, such as fragmentation, has affected genetic

structure.

1.1 Neotropical secondary forest

Generally speaking, the term primary forest relates to the climax forest type for a given
region and the term secondary forest relates to successional forests that develop after
clearing of the original forest (Chokkalingham et al. 2001). Secondary forests are
naturally regenerated forests after significant human or natural disturbance, such as (in
Central America) hurricanes, and display major differences in forest structure and
species composition with respect to nearby primary forest (Chokkalingham et al. 2001).
Secondary forest is characterised as being dominated by fast growing pioneers and is
usually less species diverse than primary forest. Species composition of neotropical
secondary forest is highly influenced by the timing of abandonment, land use history
and physical factors, e.g. elevation, substrate (Chinea and Helmer 2003). Pioneer
species tend to be gap colonists in primary forest, where they will usually grow in
canopy breaks created by disturbances, such as tree fall. Pioneer species are then, well
adapted to regeneration following disturbance. However, woody regrowth can be rapid
after abandonment (Guariguata et al. 1997) and mature forest tree species progressively
replace initial pioneer species so that seedling populations in secondary forest can be
more similar to primary forest than to secondary forest (Guariguata et al. 1997; Fuhr et

al. 2001).



Forest succession on degraded lands has been proven to create more favourable
microclimatic conditions that can stimulate surface soil accumulation of organic carbon
and attract seed dispersing wildlife (Parotta et al. 1997). Farmers in the neotropics
utilise secondary forest, primarily for silviculture (Baluarte-Vasquez et al. 2000), and
increasingly leave a portion of their land as rehabilitated secondary forest as a
consequence of government incentives (Piotto et al. 2004). In Costa Rica, reforestation
has been promoted by the government and incentive programs have encouraged farmers
to dedicate some of their land to reforestation by native pioneer species (Piotto et al.
2004). In 1996, Costa Rica developed a forestry law which recognises the role of forests
in carbon fixation, watershed protection, biodiversity protection and scenic beauty with
landowners being paid to provide these environmental services (Pearce 2001). Thus,
there is an increasing conservation requirement, that the impact of disturbance on the
genetic resources of exploited and impacted tropical species, together with their
regeneration and recruitment dynamics in secondary forest contexts receive better
understanding. Therefore, analysis of contemporary gene flow dynamics, the key
process underlying genetic diversity partitioning, can help advise conservation and
forestry management practices, and may then improve forest productivity, for example

by identifying fastest routes to forest establishment.

1.2 Gene flow

Gene flow in plants is mediated by pollen and seed dispersal and is influenced by a
range of biological and environmental factors, such as breeding system, disperser
behaviour, phenology and landscape characteristics. How genetic diversity is partitioned
within and between populations of a plant species is largely a consequence of gene
flow; hence those factors that influence gene flow will also influence population genetic

diversity and differentiation. Using recently developed molecular marker techniques



(e.g. microsatellites) it is possible to directly estimate population-scale gene dispersal
dynamics (e.g. using parentage or assignment analyses). Such molecular and statistical
methodologies have provided significant insight into how changes in gene flow
dynamics affect genetic structure (e.g. Hamrick et al. 1993; Boshier et al. 1995; Aldrich

et al. 1998).

1.2.1 Definition of gene flow

Gene dispersal refers to the movement of genes from an individual via reproductive
propagules. Gene flow is defined as the proportion of newly immigrant genes moving
into a given population (Endler 1977). Gene flow is therefore the effective movement of

genes into a population through successful establishment following gene dispersal.

1.2.2 Gene flow in plant populations

Along with mutation, drift and selection, gene flow is one of the most important factors
determining the genetic structure of populations (Wright 1931; Ellstrand ef al. 1989;
Ellstrand 1992; Bossart and Powell 1998; Burczyk et al. 2004). Where gene flow is
restricted, populations can become differentiated from one another (e.g. Dutech et al.
2002), whereas extensive gene dispersal within local populations promotes panmixia
and reduces the family structuring formed by natural regeneration (e.g. Hardy et al.
2004). Estimation of the gene flow of a species is essential for assessing fitness in
natural populations, the effective population size of a species, a species’ potential for
regeneration and its response to natural and human disturbance (Ellstrand 1992;

Dawson et al. 1997; White et al. 1999).

Sexually reproducing plants disperse genes in two ways. Male gametes are dispersed
twice; from the pollen parent to the maternal parent via pollen and from the maternal
parent as part of the genetic complement of the embryo. Maternal gametes, in contrast,

move only once via seeds. Therefore, (and due to very different mobilities) there is a
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potential for greater variance in the dispersal distance of pollen relative to seeds. This
also means that knowledge of a species’ pollination system can offer an insight into the
distribution of genetic diversity within and among plant populations (Hamrick et al.

1993).

Plants have a nuclear genome, a mitochondrial genome and a chloroplast genome with
different inheritance patterns. In angiosperms, chloroplast and mitochondrial genomes
are normally maternally inherited whereas, in gymnosperms, chloroplast genomes are
usually paternally inherited (Harris and Ingram 1991). The different modes of
inheritance mean that over the course of one generation nuclear genes (and paternally
inherited chloroplast genomes in gymnosperms) are dispersed by both pollen and seed

(Ennos 2001) and maternally inherited chloroplast genes are only dispersed by seed.

Total gene dispersal is: ¢° = (o p2/2) +to4

where © p2 and o ¢ are the variances in pollen and seed movement, respectively and the
factor of Y4 is required as the contribution of maternal gametes that do not disperse is
omitted. Seed dispersal variance therefore contributes twice as much as pollen dispersal
variance to the size of genetic neighbourhoods (the breeding area of the population)
(Hamilton 1999). These principles can be used to assess relative contributions of pollen

and seed dispersal to overall gene flow from genetic structure.

Gene flow can be beneficial or deleterious to the fitness of a population. High gene flow
reduces the potential for inbreeding but may reduce fitness if individuals adapted to one
habitat disperse genes to a different habitat resulting in maladapted offspring
(outbreeding depression). Outbreeding depression can be considered as having two
main causes, local adaptation and also intrinsic coadaptation as gene flow into
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populations adapted to local conditions increases the proportion of less well adapted

offspring (Templeton 1986, Nathan and Muller-Landau 2000).

1.2.3 Factors affecting gene flow in plant populations

The pattern and magnitude of gene transfer can influence the genetic structure of
populations, their effective size and the extent to which they may become genetically

differentiated (Hamrick et al. 1992; Hardy et al. 2004).

There are a range of biological and non-biological factors that influence the magnitude
and scale of gene flow. The biological characteristics of an organism, particularly
vagility of individuals and their propagules, and reproductive system (asexual or sexual,
selfing or outcrossing), are important determinants of the magnitude of gene flow both
between and within populations (Lowe et al. 2004). Other biological factors such as
pollination biology and mechanisms of seed dispersal will also have significant impacts
on the dynamics of gene flow. Non-biological factors such as geographical features also
affect gene flow and can either restrict gene dispersal, e.g. mountain ranges that can
provide a barrier to pollinators and/or seed dispersal (e.g. Cavers et al. 2005) or aid gene
dispersal between populations e.g. rivers that can potentially increase the distance of

seed dispersal (e.g. Imbert and Lefevre 2003).

1.2.4 The effect of gene flow on genetic structuring of populations

A population is an interbreeding group that experiences reduced gene flow with other
groups of the same species (Hedrick 2000). Genetic structure develops as populations
become differentiated from each other through the process of genetic drift (random
fluctuations in allele frequency occurring within populations that ultimately lead to the
fixation of alleles), mutation and natural selection. Differentiation among populations
may reflect historical impediments to movement and thus to relatively ancient

population subdivisions. Differences among populations can also reflect contemporary
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patterns of gene flow, provide insights into how natural populations maintain genetic
variation, and indicate the impact of anthropogenic fragmentation events on the

movement of individuals.

Differences among populations are commonly quantified by the use of one of several
statistics, including Wright's statistic, Fst (the proportion of the diversity in the sample
that's due to allele frequency differences among populations) and Nei's coefficient of
gene variation between populations, Gsr. These indices are functions of how
heterozygosity is partitioned within and among populations, based on differences in
allele frequencies (Wright 1969; Nei 1975; Chai 1976; Wright 1978). These statistics
indicate whether the majority of genetic variation is distributed among or within
populations. In species with low Fsr, Gsr (approaching 0), the majority of variation is
found within populations; individuals within populations are as likely to be similar to
individuals within that population as to individuals in another population. Where Fsr,
Ggr is high (approaching 1), individuals within a population are more likely to be

similar to individuals within the population than to individuals from another population.

These statistics are based on the simplest model of gene flow, the island model (Wright
1969). In this model there are a number of subpopulations, each with their own allele
frequencies. Averaging across all subpopulations gives the allele frequencies for the
whole metapopulation. If a proportion of randomly chosen individuals leave their
subpopulation to form a migrant pool, this migrant pool will have the same allele
frequencies as the whole metapopulation. If the migrants then randomly immigrate into
the subpopulations the process of migration will move the subpopulation allele
frequencies towards the whole metapopulation allele frequencies. Therefore, migration

reduces population differentiation between subpopulations.



However, the island model, and quantifications of differentiation based on it, makes a
number of assumptions that may not be met in real populations (Whitlock and
McCauley 1999; Wakeley 2005). It assumes all populations are of equal size with equal
contributions to the migrant pool. Real populations vary in size, their separation and in
their contribution to the migrant pool over both space and time. The model also assumes
there is no spatial structure. In real populations there is usually some structuring,
primarily due to distance affected dispersal. The island model assumes that natural
populations are at equilibrium, whereas real populations can go extinct and be
recolonised and population structure may be a result of historical factors. The model

also assumes no selection and no mutation.

In real populations, if gene dispersal between subpopulations is restricted, genetic
structure will develop by genetic drift in the absence of selection and the relatedness of
individuals increases with their spatial proximity. This is isolation-by-distance (Wright
1943). Analysis of spatial genetic structure of outcrossing species has shown that
population differentiation generated by isolation-by-distance is lower than expected and
when present appears to be weak, limited to small scales, or only detected in maternally
inherited markers that do not disperse in pollen (Ellstrand et al. 1989; Ennos 2001).
Seed and pollen dispersal patterns can differently shape the genetic composition and
structure of plant populations. As seed dispersal is usually more limited than pollen
dispersal, maternally inherited genes can be more structured and species with limited
seed dispersal will have a greater spatial genetic structuring than those with more
extensive dispersal (Schnabel et al. 1998; Miyazaki and Isagi 2000). Therefore,
isolation-by-distance structuring is predominantly through seed dispersal with more
expansive pollen dispersal reducing the degree of structure within the population

(Hamrick and Nason 1996; Ennos 2001).



In general, the more restricted the gene flow, the more populations are genetically
differentiated and the more closely related are the nearest neighbours, with the
magnitude and scale of gene flow predominantly determining the scale of patches of
related genotypes within a population (Lim et al. 2002). Therefore, high genetic
differentiation between populations is usually a result of restricted gene flow. Low
genetic differentiation may be the result of high gene flow but may also result if
populations are from a previously large population that has been recently subdivided

(Lim et al. 2002).

Genetic structure within populations also develops as dispersal interacts with population
structure, such as adult density, or forest structure, such as gaps (Rousset 2004; Lim et
al. 2002), microhabitat selection and recruitment ecology (Hamrick et al. 1993).
Therefore, the dispersal dynamics in a population can involve a number of factors and it
may not always be possible to interpret them from genetic structure alone. For example,
gene flow via pollen in animal pollinated species reflects the foraging behaviour of the
pollinator and it may be difficult to distinguish restricted pollinator foraging from the
clustering effect of related individuals following recolonisation of a patch, due to

founder effects that differentiate patches from each other (Dutech et al. 2002).

Studies of pollen flow in natural populations of tropical trees (Collevatti et al. 2001,
Dick et al. 2003, White et al. 2002) have shown that far from being restricted to
movement between nearest neighbours, pollination distances for both wind and animal
dispersed species can be extensive and realised pollen dispersal distances in animal
pollinated species are significantly larger than those inferred directly from pollen
tracking or pollinator observation (Ennos 2001). They have also shown a high incidence

of interpopulation pollination events.
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1.2.5 Gene flow and conservation genetics

Genetic diversity within a population may be lost via four related processes: founder
effects, demographic population bottlenecks, genetic drift, and inbreeding. Loss of
genetic diversity is believed to have implications for population persistence over various
temporal scales. In the short term, inbreeding resulting from small population size may
cause inbreeding depression with attendant reductions in mean population fitness. In the
long term, reduced genetic diversity within a population or species may lower the
evolutionary potential or decrease the probability of future speciation events. It is
important to distinguish among measures of genetic diversity. For example, inbreeding
within a population will reduce observed heterozygosity but does not alter overall allele
frequencies. Therefore, inbreeding reduces one measure of genetic variability (observed
heterozygosity) while the other (allelic diversity) remaining similar between
populations/species. Evidence for inbreeding within populations can be assessed by

comparing observed and expected heterozygosities across loci.

The study of gene flow through estimation of mating distance and number of mating
partners is fundamental for understanding the reproductive processes in outcrossing
plants and evaluation of the genetic resource within plant populations. In general,
restricted gene flow resulting in selfing or mating with relatives, can cause serious
inbreeding depression in out-crossing species (Wang et al. 1999), therefore, restricted

gene flow can become a threat to the viability of populations of out-crossing plants.

Two hypotheses have been proposed for the phenomenon of inbreeding depression
(Keller and Waller 2002). The heterozygote advantage hypothesis suggests that
individuals with a greater number of heterozygous loci will have a fitness advantage
over those that are more homozygous because of the accumulation of rare, deleterious

recessive or partially recessive alleles that are masked in the heterozygous condition
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(Lande and Schemske 1985; Charlesworth and Charlesworth 1987 1990). The recessive
mutation hypothesis proposes that inbreeding increases the probability of individuals
having two deleterious recessive alleles at any particular locus. The former implies that
individual and population-level fitness will continue to decline until all within-
individual diversity is lost, whereas the latter implies that populations may be purged of
deleterious alleles as they are exposed to selection (Hedrick 2000). Most models predict
that inbreeding depression should decrease with increased inbreeding, as deleterious
mutations of large effect are purged from the genome (Lande and Schemske 1985;
Charlesworth and Charlesworth 1987 1990; Charlesworth et al. 1990b; Barrett and
Charlesworth 1991; Husband and Schemske 1995 1996; Crnokrak and Barrett 2002).
However, if recessive mutations are only mildly deleterious, or have a low dominance
coefficient, selection will be ineffective relative to mutation, and substantial inbreeding
depression may be maintained, even in highly inbred populations (Charlesworth et al.
1990a 1990b). Therefore, natural populations can have very low levels of within
individual and within population genetic diversity with little apparent effects on

fecundity or survivorship (Lynch and Walsh 1997; Keller and Waller 2002).

Restricted mating such as sib-mating or selfing, which can be caused by decreased
density of flowering trees and restriction of inter-tree movement of pollen vectors, has
been found in tropical trees (Konuma et al. 2000). For example, in Thai populations of
Shorea siamensis, a decrease in population density due to selective logging caused an
increase in selfing rate, because pollen flow, which is mediated by a small bee, became
restricted (Ghazoul ef al. 1998). Unfortunately it is not possible to make generalisations
about plant genetic response to disturbances, such as fragmentation, as pollen and seed
dispersal is dependent on specific vectors, and so gene flow can either increase or
decrease following disturbance (e.g. Collevatti et al. 2001; White et al. 2002) . For these
reasons species and landscape specific estimates of gene flow are important for

12



understanding conservation and management issues for commercially important or

threatened species (Avise 1999; Konuma et al. 2000).

1.3 Molecular marker analyses of contemporary gene flow

1.3.1 Estimates of gene flow using molecular markers

Genetic analysis of natural populations allows investigation of biological questions that
previously could only be answered through extensive observational study (Avise 1999;
Davies et al 1999). It is possible to study effective gene flow through the application of
selectively neutral genetic markers. Gene flow, genetic drift, selection, mutational
divergence and genetic recombination influence the distribution of alleles in space.
Estimating gene flow with genetic markers essentially involves assessing this
distribution (Ouburg ef al. 1999; Le Corre and Kremer 2003). Most markers are located
in non-coding DNA regions and therefore it is assumed that they experience very little
or no selective pressure, i.e. they are selectively neutral. Under this assumption the
potentially significant influence of selection may be disregarded (Ouburg et al. 1999;
Goldstein et al. 1999; Le Corre and Kremer 2003). Different types of genetic marker
differ in their mutation rate, the degree of selective neutrality and whether or not they
are subject to recombination, although genetic drift and gene flow should affect all

markers in a similar way (Ouburg et al. 1999).

In plants, molecular markers can be situated in any of the three genomes: nuclear,
chloroplast or mitochondrion. A number of genetic markers have proven to be useful, of
these allozyme loci, and Variable Number of Tandem Repeat (VNTR) markers are the
most effective for studying gene flow. VNTR markers are characterised by a core
sequence that consists of a number of identical repeated sequences. They can be divided
into two categories based on the repeat length. These are minisatellites, 15 -70 base

pairs (bp), and microsatellites, 2-6 bp.
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Gene flow in plants has been studied extensively using allozyme markers (Hamrick
1982: Hamrick and Godt 1990). Allozyme markers allow an investigation of protein
variation as an estimate of the DNA sequence variation that determines the amino acids
of these proteins (Hedrick 2000). The use of allozymes has provided information on
pollen and seed mediated gene flow in a number of species (reviewed in Hamrick and
Godt 1990 and Gray 1996). However, because of the limited variability revealed by
allozyme markers, they are not always suitable for measuring contempory gene flow
(Barrett et al. 1993; Bossart and Powell 1999). There is also some doubt as to their
selective neutrality, at least in some species (e.g. Kreitman and Akashi 1995). Thus,
study of gene flow has tended to use microsatellite markers (Jarne and Lagoda 1996;

Luikart and England 1999).

Nuclear markers other than microsatellites have a low mutation rate (typically 10~
mutations per generation) and so may have polymorphic loci with only two or three
alleles generally present within populations (Ennos 2001). In contrast, the mutation rate
for microsatellites may be orders of magnitude higher than allozymes, reaching 102 per
generation for some plant species (Ennos 2001). As a consequence microsatellite
markers can show very high degrees of variation, with in some cases, over 20 alleles
commonly being maintained per locus within a single population. This makes them
particularly suited for investigations of gene flow at fine spatial scales (Luikart and
England 1999). The combination of a number of highly polymorphic loci also allows
the generation of unique genotypes for individuals within populations, allowing
paternity and parentage analysis to determine pollen and seed dispersal distances
involved in individual mating and seedling establishment events (Queller et al. 1993;

Luikart and England 1999; Ennos 2001).
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1.3.2 Microsatellite loci

Microsatellite loci are common and relatively evenly spaced throughout the genome
(Edwards et al. 1992). Most loci are selectively neutral which makes them compatible
with the assumptions of population genetic theory (Jarne and Lagoda 1996).
Microsatellites are more desirable than the larger VNTR loci because they can be
analysed via the Polymerase Chain Reaction (PCR). Finally, microsatellites have been
found to be polymorphic even in populations that have low levels of allozyme variation

(Estoup et al. 1995).

1.3.3 The evolution and mutational processes of microsatellites

The rate of mutation has been estimated for microsatellites but the mechanisms by
which mutations occur are not fully understood (Brohede and Ellegren 1999). Two main
mechanisms have been proposed 1) unequal crossing over in meiosis and 2) strand-
slippage replication (Levinson and Gutman 1987; Ellegren 2004). Of these, strand-
slippage replication appears to be the predominant mode of mutation for most

microsatellite loci (Wolff et al. 1989).

Strand slippage

Strand-slippage is speculated to occur primarily during lagging strand synthesis
(Schlotterer and Tautz 1992; Ellegren 2004). For example, it may involve the slippage
of the newly synthesised DNA strand upon dissociation of a polymerase complex. This
slippage creates a transient bulge that upon DNA repair would be either removed or lead
to the elongation of the repeat (Schlotterer and Tautz 1992). Alternatively, the formation
of a transient bulge in the template strand may lead to a shortening of the repeat. This is
thought to explain small changes in numbers of repeats (adding or subtracting of one or
just a few repeats). It also explains how microsatellite loci could be generated in the

first place; it is likely that sequences including two or three repeats are randomly
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distributed throughout the genome; slippage could then amplify these short repeat

sequences into many repeats over successive generations.

Unequal crossing over
Unequal crossing-over during meiosis is thought to explain large changes in numbers of
repeats. During crossing over one chromosome obtains too many repeats and the other

chromosome obtains too few repeats (Ellegren 2004).

Variability in mutation rate

Whatever the mutational process, there does appear to be some bias in the mutation rate
(Whittaker ef al. 2003). An in vitro study has found evidence that repeat length and base
composition affect the mutation rate, i.e. dinucleotide repeats mutate faster than
trinucleotides, and sequences with a high AT content mutate faster than those with a
high GC content (Schlotterer and Tautz 1992; Ellegren 2000; Whittaker et al. 2003).
This indicates that template stability may affect the mutation rate, perhaps by reducing

the frequency of strand-slippage events.

There is strong evidence that mutation rate of microsatellites is length dependent
(Ellegren 2000; Harr and Schlotterer 2000; Whittaker ef al. 2003). Schlotterer and Tautz
(1992) found that in the majority of loci they examined, the more complex the repeat
structure the lower the likelihood of single step mutational events. This suggests that as
the variance in repeat number increases the frequency and/or magnitude (i.e. number of
change of repeats) of multi-step mutations increases (Schlotterer and Tautz 1992; Di

Rienzo et al. 1994: Ellegren 2000; Whittaker et al. 2003).

The evolution of microsatellites is a complex mutational process; therefore data from
the different classes of microsatellites should not be treated as a single homogeneous
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data set, as different mutation events are interpreted somewhat differently. It has been
suggested that microsatellites that have more composite repeats are those best suited to
study questions such as population subdivision and genetic relationships (Estoup et al.
1995) since they will contain the lowest levels of homoplasy (when two alleles are

identical in state but not identical by descent).

Models of microsatellite evolution

Most of the current estimators of microsatellite mutation were developed based on
interpretation of allozyme variation. In allozymes, it was assumed that most new
mutations gave rise to new distinguishable alleles. In addition, the electrophoretic
mobility, upon which alleles were assigned, could not be used to assess the mutational
relationship amongst the alleles. An Infinite Allele Model (IAM) where every new
mutation is assumed to give rise to a new electrophoretically distinguishable allele (or
electromorph) models this process (Kimura and Crow 1964). Whilst some homoplasy
(i.e. an electromorph which comprises two or more alleles) exists in allozyme markers,

the IAM has proven very useful in modelling observed allozyme variation (Nei 1987).

The situation appears to be very different for microsatellite loci. First, since most of the
mutations seem to involve the gain or loss of a single repeat unit (Ohta and Kimura
1973; Weber and Wong 1993; Ellegren 2004), it is clear that a relatively high level of
homoplasy exists. This is important as homoplasy leads to the underestimation of total
variation and genetic distance, and to an overestimation of the similarities among
populations. The Stepwise Mutation Model (SMM) has been used to simulate this
situation, in which alleles can only mutate by the gain and loss of one repeat unit (Ohta
and Kimura 1973). The SMM is generally the preferred model when calculating

relatedness between individuals and population sub-structuring, since homoplasy has
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little effect on populations over a short period of time (hundreds of generations;

Goodman 1998).

1.3.4 Assumptions of microsatellite data

Prior to population genetic analysis, it is essential to pre-test individual locus variation
and allelic behaviour to ensure that the basic theoretical assumptions of subsequent
analysis are not violated (Beaumont and Nichols 1996). Three main assumptions need
to be tested. First, the selective neutrality of each locus should be analysed. Second, the
presence of 'null alleles' (alleles that are present but do not produce a product during
PCR assay) should be identified. Finally, before the data from various loci are

combined, the independent assortment of the loci must be tested.

Neutrality

The assumption of the selective neutrality of microsatellite loci is the key principle
behind most population genetic analyses (Ford 2002). Due to this assumption, analyses
of data can be based only on the interaction of genetic drift (random change of allele
frequency), mutation, and/or migration. Over time, the effects of drift and mutation will
lead to the divergence of allele frequencies among subpopulations, while migration will
lead to a homogenisation of allele frequencies. If loci are not neutral, strong selection
pressures may override these forces (Schlotterer 2002). Selection at a locus can stabilise
allele frequencies (e.g. via over-dominance) across all subpopulations and lead to an
underestimation of population substructure or genetic distance. Alternatively,
differences in selective pressures among regions may cause a fixation of alternate alleles
in subpopulations and lead to an overestimation of these parameters. Since the effects of
selection can confound population genetic analyses, any loci that are under selective
influence should be excluded from analysis. However, the vast majority of

microsatellites are believed to be neutral and the comparison of observed genotype
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frequencies with those expected under Hardy-Weinberg equilibrium should allow for
locus-specific detection of selection (Lewontin and Krackauer 1973; Edwards et al.

1992; Brohede and Ellegren 1999; Schlotterer 2002).

Null alleles

Null alleles are any allele at a microsatellite locus that consistently fails to amplify to
detectable levels via the polymerase chain reaction (PCR) (Callen ef al. 1993). They can
occur because of poor primer annealing due to nucleotide sequence divergence, low
quality DNA template (Dakin and Avise 2004), and differential size variant
amplification (Wattier ef al. 1998), where shorter alleles amplify in preference to larger
alleles, that are then undetected (also called partial-null alleles because altered reaction
conditions can often make bands detectable). The presence of null alleles leads to an
overestimation of observed homozygosity and acts in addition to biological factors,
such as inbreeding or the Wahlund effect (also responsible for heterozygote deficits).
However, multilocus analysis can usually detect null alleles (and those under selection,
see above) since population genetic factors are expected to register more or less

concordantly across loci, whereas the effects of null alleles and selection are locus

specific (Dakin and Avise 2004).

Independent assortment

It is assumed that the transmission of alleles at any locus is independent of alleles at
other loci (independent assortment) and that the fitness of genotypes at one locus is also
independent of the fitness of genotypes at other loci (Hedrick 2000). However, there is
some evidence that genetic variants may not be independent of each other (linkage
disequilibrium). Factors such as multilocus selection, genetic drift, gene flow, mutation
and genetic hitchhiking (association between alleles at other genes where selection is
operating) can all lead to linkage disequilibrium (Hedrick 2000). To describe genetic
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variation, allelic frequencies at a number of loci are required; therefore it is necessary to
consider the non-random association of alleles at different loci. With a sufficient
number of polymorphic loci the extent of linkage disequilibrium can be estimated

(Sloane et al. 2001).

1.3.5 Using microsatellite data to analyse gene flow

Indirect measures of gene flow

Molecular markers can be used to infer the level of gene flow indirectly from the
amount of genetic drift between populations (e.g. Neigel 1997). The spatial distribution
of alleles is quantified and a population model is applied, e.g. spatial autocorrelation
analysis or Wrights F statistics to estimate the amount of gene flow that would result in
a similar distribution (Ouberg et al. 1999, Ennos 2001). The processes giving rise to the
structure are then inferred. However, inferences about spatial processes are problematic
because they rely on assumptions of drift/migration equilibrium or on the ecological

history of the population (Ennos 2001).

Wrights F statistics (Wright 1965) are used to detect and quantify genetic structure
within plant populations. The level of genetic differentiation is quantified as Fst - the

standardised among-population variance in allele frequency - and is defined as;

F = B —
T 144N

Where N, is the effective population size, m is the proportion of individuals that are
immigrants, and N.m is the number of migrants. This equation states that, in the absence
of selection, and at equilibrium between drift and gene flow, the genetic differentiation
between populations is inversely related to the rate of gene flow among them (Wright

1978, Ouberg et al. 1999).
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F statistics measure structure in terms of inbreeding due to population subdivision. Fgr
is most straightforwardly applied where subpopulations with potentially different
origins can be readily identified. The problem with this analysis is that as subpopulation
size decreases, sample size decreases and statistical power to detect population genetic

structure also decreases (Bossart and Powell 1999; Ennos 2001).

Indirect measures of gene flow are based on a number of assumptions, e.g. that
equilibrium between genetic drift and gene flow has been reached. However such
assumptions are often violated in natural populations, specifically those that are in flux,
such as species exhibiting metapopulation dynamics (Slatkin 1995; Cockerham and
Weir 1993; Bossart and Powell 1999). Although Wright (1943) stated that in
populations undergoing isolation-by-distance ‘interbreeding is restricted to small
distances by the occurrence of only short range means of dispersal’, when mutation
rates are high, such as in microsatellite loci, mutation may be as significant as gene flow
in shaping patterns of genetic differences between populations (Slatkin 1995; Collevatti
et al. 2001). Therefore, interpretation of genetic differences between populations in
terms of limited gene flow may be inappropriate and time since isolation of populations
may be a very important factor. Microsatellites are highly variable and subject to high
mutation rates so they usually display high levels of within population heterozygosity
(Hedrick 1999). Thus statistics that are based on an infinite alleles model and consider
alleles to be identical by descent, are likely to underestimate population differentiation

(Hedrick 1999).

Direct measures of gene flow
The problems associated with indirect methods of estimating gene flow can be

eliminated by directly estimating pollen flow using paternity analysis or seed flow using
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maternity analysis (Meagher 1986; Slatkin 1995; Bossart and Powell 1999). Direct
methods to obtain pollen flow exploit the fact that seeds can be collected when they are
attached to the maternal parent. This allows the genotype of the pollen to be inferred
and provides information on the distribution of successful fertilization events (Smouse
and Meagher 1994; Gjertson and Morris 1995; Ennos 2001). However, as direct
measures do not ascertain which seeds will become successfully established (the
proportion of which may be non-randomly determined by fitness differences in ovules)
they may differ from the actual level of gene flow via pollen. In other words they

measure gene dispersal and not gene flow.

Paternity exclusion analysis

In paternity exclusion analysis the multilocus genotype of a focal maternal plant and a
sample of her seeds are determined, together with the multilocus genotypes of all
potential fathers (Ennos 2001; Jones and Arden 2003). For each seed, adults that could
not have acted as pollen parents are excluded on the basis of their genotype. If the
exclusion probability generated by the genetic marker variation is high, a single adult
will be left that can be uniquely assigned as the male parent (Chakraborty et al. 1988).
The more variable the suite of genetic markers used in terms of allelic diversity and
evenness of allele frequency, the greater the exclusion probability. The high allelic
variation at individual microsatellite loci facilitates the provision of high exclusion
probabilities during paternity assignment (Dawson et al. 1997). Therefore, the use of
microsatellites is effective for quantifying pollen dispersal patterns in natural plant
populations (Dawson 1997). With a relatively small number (3 to 6) of highly variable
microsatellite markers possessing 20 or more alleles per locus, exclusion probabilities
close to 1 can be achieved, and male parents can be identified with confidence (Ennos

2001).

22



Hall et al. (1994) compared paternity exclusion probabilities from allozymes and
microsatellites and found that the paternity exclusion probabilities for six allozyme loci
ranged from 0.04 to 0.46 and the joint paternity exclusion probability reached 0.73. The
paternity exclusion probability using just three microsatellite loci ranged from 0.14 to

0.77 and the overall joint paternity exclusion probability was 0.93.

Using exclusion methods it is possible that all potential parents are excluded, or only
one parent can be assigned. In this case the inference is that the missing parent(s) have
not been sampled either because they are outside the sampled population or are no

longer alive (Ennos 2001).

It is often the case with less variable allozyme loci and some microsatellite loci in
angiosperms that multiple potential male parents are identified after paternity exclusion
analysis (Ennos 2001). Furthermore, very high exclusion probabilities are not often
achievable, either because sufficiently variable markers are not available, or it is not
feasible to exhaustively sample the population that may be contributing genes to the
offspring. In this instance there are different options for assigning paternity. Complete
paternity can be assigned on the basis of the most likely father given the genotype of the
mother, maternal offspring and potential fathers (Meagher 1986). Alternatively
fractional paternity can be assigned to a number of fathers according to their genetic

likelihood of being the true father (Meagher and Thomphson 1987; Devlin ef al. 1988).

Although feasible in small populations, with a restricted number of potential fathers,
paternity exclusion analysis becomes impractical in large continuous populations with a
large number of potential pollen donors, which are impossible to sample. In these

instances it is more appropriate to use either the neighbourhood approach of Burczyk et

23



al. (1996) or a two-generation (parent-offspring) approach (TwoGener, Austerlitz and

Smouse 2001a,b, 2002; Smouse et al. 2001).

Using the neighbourhood approach a neighbourhood is delineated around focal maternal
parents with pollen flow divided into a within-neighbourhood component and a
component representing migration from outside the neighbourhood. A model of male
fertility within the neighbourhood can then be fitted to account for the offspring
genotype arrays of the focal maternal parents. This model can include pollination
distance and direction of pollen flow as factors influencing male success and these

parameters can be estimated (Ennos 2001).

The TwoGener strategy for estimating pollen dispersal curves, without exhaustive
sampling, is based on the differentiation among inferred pollen pools of a sample of
females spread across the landscape (Smouse et al. 2001). Comparison of results from a
TwoGener analysis and a paternity analysis on a number of species (Austerlitz et al.
2004) showed that this approach is capable of approximating the shape of the pollen
dispersal curve, although several factors (e.g. a high level of selfing) could bias the

dispersal estimate (Austerlitz and Smouse 2001a,b).

1.4 Modelling gene flow

Analysis of gene flow and genetic structure using molecular data and spatial statistical
approaches aids understanding of the population genetics of a species but this approach
is less amenable to predictive analysis through manipulation of parameters that effect
gene flow and therefore genetic structure. Modelling gene flow over a simulated
landscape can give further insight into the genetic response of populations to different
scenarios. Simulation modelling can therefore be used to investigate possible effects of

hypothetical scenarios, seeking to identify thresholds after which there are significant
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negative effects on genetic diversity within the simulated populations (Degen et al.

1996).

Modelling also allows investigation of the genetic response of a species over much
larger time-scales than empirical studies. This is particularly relevant for tree
populations where individuals have a potentially very long lifespan. Carbon dating of
emergent tropical trees has revealed very ancient individuals persisting in natural
populations, including an example of Cariniana micrantha which was over 1,400 years
old (Chambers et al. 1998), although the average maximum ages of tropical emergent
trees are unlikely to be much greater than 600 years (Fitchler et al. 2003). This means,
for example, molecular analysis of tropical tree response to fragmentation is hampered

as many of the trees currently alive germinated prior to disturbance.

A spatial simulation model requires a number of inputs such as gene dispersal curves,
phenological data (e.g. number of flowering events per year), life history data (e.g.
lifespan, age at maturity) and genetic data (e.g. allele frequencies in a population). Once
these are determined the model is run for a number of years, this generates an output,
which is a simulated population in which each individual has a recorded genotype. This
simulated population can then be analysed using the same diversity and differentiation

statistics as are used for real populations.

An important consideration when using modelling to inform forestry management
decisions is that there are limitations to this approach, as models inevitably use simple
relationships to describe complex systems. Before a model can be used for deriving
recommendations on the management of a real system, the concordance between the
simulation and the real system must be tested. The sensitivity of certain parameters
within the model and those that are critical in determining outcomes requires accurate
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estimates from and comparison with real populations. As long as there are no critical
differences between the simulation and reality, the model can be regarded as valid

(Degen et al. 1996, Turner et al. 2001).

1.4.1 Modelling effects of seed dispersal on organelle genetic structure

Seed dispersal and its impact on maternally derived organelle haplotype structure alone
can be modelled relatively simply. A number of seed dispersal models have been
developed to look at the relationship between seed dispersal and colonisation speed of
an advancing species and also the genetic structure brought about by colonisation (e.g.

Le Corre et al. 1997, Petit et al. 2000).

1.4.2 Modelling effects of pollen and seed dispersal on genetic structure

There have been a number of models developed that spatially simulate both seed and
pollen dispersal across a landscape. One approach is to devise mechanistic models of
pollen and seed dispersal based on the physical properties of propagules and the
environment (Greene and Johnson 2000). A second approach is to use diffusion and
logistic growth models to depict the colonisation of habitat (e.g. Andow et al. 1990). A
third approach is to use the probability density functions of propagule dispersal with
reproductive success to determine the probability of dispersal between points in an array

of cells (e.g. Higgens and Richardson 1996).

1.4.3 Gene flow modelling as an aid to forest management and conservation

Application of simulation modelling to gene flow analysis in plants has mainly
concentrated on evaluation of anthropogenic effects such as climate change (Takenaka
2001), the effect of transgenic plants on natural populations (Waines and Hegde 2003,
Burczyk et al. 2004) and the effect of logging in tree populations (Degen et al. 2002;

Degen 2004).
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Burczyk et al. (2004) developed a spatially explicit model called STEVE (Simulation of
Transgenic Effects in Variable Environment). The STEVE model was applied to
investigate the potential escape of transgenes from genetically engineered trees in
hybrid poplar plantations into native populations of poplar. The model assessed the
importance of rare long distance dispersal in determining the impact of transgenic
populations and the strong influence of transgenic competitiveness and habitat
availability in determining the extent of transgene movement (Difazio et al. 2003,

Burczyk et al. 2004).

Another gene flow model ECOGENE (Degen ef al. 1996) was developed to analyse the
effect of logging on the genetic system of forest tree species. The model employs a
database of genetic and ecological data for temperate and neotropical tree species
combined with a data generation engine to supply missing data and is validated through
comparison with real data collected. Although developed for temperate forests,
ECOGENE has been adapted for tropical trees and applied to investigating effects of
insect pollination behaviour on pollen dispersal, selfing and effective population size for

Jacaranda copaia and Dipteryx odorata (Degen 2004).

There has been little previous interest in developing long-term sustainable forestry, as it
involves a high level of investment. However, if a system is to be developed, then
understanding the long-term viability of timber species is very important. Information
about the quantity and genetic quality that is likely to result from different planting and
harvesting strategies is also useful. Therefore, modelling the long term genetic response
of a species under different planting and harvesting scenarios can provide a valuable
tool for the development of sustainable tropical forestry (Alvarez-Buylla and Garcia-

Barrios 1993).
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1.5 Biological systems in tropical trees

The development of molecular methods and statistics has led to a large number of recent
studies directly investigating the genetic characteristics of tropical trees and their
genetic response to different physical and biological factors (see Table 1.1 for a
summary of these studies). In general, genetic analyses of tropical plants have tended to
focus on commercially important species that have become vulnerable through over-
exploitation. Indeed, most of the literature concerning direct analyses of gene flow in
tropical trees has concentrated on the effects of fragmentation on gene flow. Gene flow

of secondary forest species or common pioneer species has been largely understudied.

Attempts to characterise genetic variation in tropical trees have been performed on a
variety of species and at different spatial scales. Most species have been found to
maintain more variation within than among populations (Hamrick et al. 1992),
indicative of the effective means of gene flow between trees (Schierenbeck et al. 1997,

Loveless et al. 1997; White et al. 1999).

1.5.1 Genetic structure in tropical forests

Results from indirect analyses of genetic structure in many tropical species over small
scales (1 to a few hectares) have tended to find low levels of population differentiation.
The most likely cause of this is a high level of gene flow via long distance dispersal of
pollen as this creates greater genetic connectivity between populations and reduces
genetic structuring (Ennos 2001; Dutech 2002). Other factors that can lead to low levels
of genetic structure in tropical forests include random mortality of seedlings, which in
some instances can lead to the vanishing of spatial genetic structure in adults (Hamrick
et al. 1993). Inbreeding depression can also eliminate progeny from mating between

related individuals caused by restricted gene flow (Epperson 1992), and recent
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demographic disturbances including variation in local density or extinction-

recolonisation processes may also break up genetic structuring (Knowles et al. 1992).

Tropical tree species show different degrees of genetic structuring. Boshier et al. (1995)
showed that near neighbours of Cordia alliodora were more genetically related than
more distant trees. Using random amplified polymorphic DNA (RAPD) markers on
eight tropical tree species, Degen ef al. (2001) showed significant spatial structure at
distances of up to 300 m. However, there was very little structure found in Carapa
procera populations in French Guiana (Doligez and Joly 1997) and in Tachigali

versicolor populations in Panama (Loveless ef al. 1998).

When there is little structure in adult populations there may be genetic structure in
seedling populations. This is because limited seed dispersal can lead to aggregation of
seedlings, then compensatory mortality due to environmental heterogeneity (e.g. the
formation of gaps). Intra and interspecific competition on small-diameter trees can also
lead to a reduction in genetic structuring of larger/older trees. Further mortality of adults
increases the thinning process so that few individuals survive to become adults
potentially causing a more random genetic distribution of adults (Kevin et al. 2004). In
populations from Panama, Hamrick ef al. (1993) showed that spatial genetic structure
was present in small and intermediate diameter classes for Platypodium elegans, Alseis
blackiana and Swartzia simplex when absent from adult populations. Kevin et al. (2004)
also found significant spatial aggregation (although not necessarily genetic structuring)
in medium and small diameter classes for both Shorea leprosula and Shorea ovalis ssp.

serica with small diameter trees more clumped than medium diameter trees.

The spatial distribution of adults in a population also impacts on the genetic structure.
Simulation studies (Doligez et al. 1998) have shown that clustering of individuals can
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favour gene flow among individuals in the same patch and produce a stronger genetic
structure in the clustered populations than in more continuous populations. Moreover,
recolonisation could also enhance spatial genetic structure, if clusters are founded from

different maternal origins (Dutech 2002; Bialozyt et al. 2004).

Stacey et al. (1996) suggests the following generalisations for low-density tropical trees
pollinated by diverse small insects. In populations characterised by a high degree of
clustering a large proportion (up to 90%) of the matings are with nearest neighbours,
with a smaller but substantial fraction occurring over distances of a few to possibly
several hundred meters. Conversely, where the spatial distribution of a species is more
regular a large proportion of outcrossed pollen moves well beyond the closest

reproductive neighbours.

Based on the mating patterns for three insect-pollinated species, Calophyllum
longifolium, Spondias mombin and Turpinia occidentalis, Stacey et al. (1996) estimated
that for a species with an evenly dispersed population and a low density of reproductive
adults, the smallest area required for a natural breeding unit, defined as the minimum
area within which 95% of the pollen received by a centrally located adult originated,
would extend to a minimum of 60 ha. For species characterised by clustering of

reproductive trees, a natural breeding unit would occupy at least 40 ha.

This difference in the pattern of genetic structure between uniform and clustered
populations can be largely explained by the foraging behaviour of insects. Larger
pollinators may ‘trapline’ (using the air currents above the canopy to move large
distances) among widely dispersed conspecific plants. However, smaller insects may
only forage under the canopy and movements by these insects between trees may be
more haphazard. Where flowering adults occur in clusters, neighbouring conspecifics
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would be readily discovered and visited. Where flowering individuals are widely
dispersed, locating conspecific individuals could be more difficult and so pollinators
may bypass nearest neighbours in their search for pollen and/or nectar (Stacey et al.

1996; Degen et al. 2004).

Dutech et al. (2002) used microsatellites to examine the genetic structure of the tree
species Vouacapoua americana. They expected strong structuring at different spatial
scales due to biological factors limiting gene flow. These factors included low seed
dispersal and low adult density (less than 10 individuals per ha), which should produce
a high genetic relatedness among individuals separated by a few meters and relatedness
should decrease with geographical distance. They found that kinship coefficients were
significantly higher than expected (Dutech et al. 2002); consistent with previous
observations that seed dispersal is restricted. Seeds are dispersed short distances by
gravity and rodents and this promotes spatial clustering of parents and their progeny.
Furthermore they observed a reduction in the kinship coefficient between 30 m and 150
m. This general pattern seems to confirm that low seed dispersal is the basis of
clustering of related individuals in the first 30-60 m. In contrast, the contribution of
pollen at this scale probably has little influence as suggested by indirect measures.
These show that pollen flow occurs over greater distances and should reduce kinship

coefficients in small distance classes.

V. americana is also characterised by relatively low pollen flow, due to the small
average foraging distance of its insect pollinators (pollination events are presumed to be
restricted to 100 m). In association with low seed dispersal, this produces strong spatial
structure among geographically close groups of individuals (Dutech et al. 2002).
Results from other studies (Epperson and Alvarez-Buylla 1997; Strieff et al. 1998) have
reported lower kinship coefficients for other species and a sharp decrease of genetic
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relatedness among individuals when the distance separating them is more than a few

meters.

1.5.2 Breeding system

Most mating systems of tropical trees range from a mixture of outcrossing and selfing
(mixed mating) to predominant or complete outcrossing (Murawski 1995). Mixed
mating systems can be dynamic and sensitive to ecological factors such that the level of
outcrossing can change from one flowering event to another (Degen et al. 2004; Kenta
et al. 2004). The ability to change mating system and tolerate inbreeding is a significant
advantage for tropical trees as they often occur at low densities. Thus, the level of
inbreeding in a species may be significantly correlated with density (Murawski and
Hamrick 1992; Latouche-Halle et al.2004). Although high-density plots may contain
individuals that are completely outcrossing there still may be high levels of biparental
inbreeding (mating between related individuals), as pollinators do not have to move far
to gain access to food sources. For example, in high density plots of Symphonia
globulifera, Degen et al. (2004) found low selfing rates but high biparental inbreeding
showing limited pollen dispersal in dense plots. In the hummingbird pollinated shrub
Helicteres brevispira, the density of flowering trees led to either traplining (pollinators
flying using currents above the canopy) in low density plots or territorial pollination in
high density plots. Both phenomena had the effect of promoting outcrossing where the

species was found in lower densities (Franceschinelli and Bawa 2000).

Some species with a mixed mating system show highly adaptable outcrossing rates. For
example, the breeding system of Cavanellesia plantafolia (Murawaski and Hamrick
1992), a neotropical canopy tree, and Shorea trapezifolia (Murawaski et al. 1994) can
change from completely outcrossing to completely selfing. Other tropical trees with

mixed mating systems include Ceiba pentandra (Gribel et al. 1999; Lobo et al. 2005),
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Dicorynia guianensis (Latouche Hallé et al. 2004), Shorea leprosula (Nagamitsu et al.
2001), Shorea magistophylla (Murawaski et al. 1994) and Stemonoporus oblongifolius

(Murawaski and Bawa 1994).

Outcrossing rate can be influenced by habitat as well as density. Lim et al. (2002) found
that outcrossing rates in Dryobalanops aromatica are greatest in primary forest (0.86 —
0.92) and smaller in logged (0.77 - 0.79) or artificial forest (0.55 — 0.67) with high
correlated mating and biparental mating also detected. Species may also respond
differently to habitat change. For example Dayanandan (1999) found no increase of
inbreeding in the tropical tree, Carapa guianensis in fragmented forest. Collevatti et al.
(2001) looking at recently fragmented populations of the tropical tree Caryocar
brasiliense, also found similar levels of inbreeding in fragmented and disturbed
populations as found in continuous and non-disturbed areas. However, as tree species
have a long life cycle, the establishment of the population in these studies predates the
start of fragmentation; therefore the observed mating system may reflect an earlier non-

disturbed habitat.

1.5.3 Pollen dispersal and pollinator behaviour in tropical tree species

Studies of neotropical tree species indicate that pollen flow can occur over long
distances (Nason et al. 1998; Bush and Rivera 1998). Estimates for animal pollinated
species have reached greater than 4.5 km for Swietenia humilis, (White et al. 1999) and

up to 632 km for the wasp pollinated Ficus dugandii (Nason et al. 1998).

Pollination in the tropics is predominantly dependent on animal vectors, and insects
(especially bees) are the primary pollinators of most tropical trees (Bawa 1990; Fenster
et al. 2004). Bats and hummingbirds are also important pollinators but, in contrast with

northern temperate forests, wind pollination is uncommon. Although wind pollination is
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generally effective for promoting pollen mediated gene flow the dense vegetation of
tropical forests can lead to restricted gene flow (e.g. for Araucaria angustifolia (Sousa
and Hattener 2003)). The capacity of insect pollinators to move long distances has been
proven (Webb and Bawa 1983; Gribel et al. 1999, Dick et al. 2003), although the

potential to move between stands depends on their behavioural response to open habitat.

The lower canopy is populated with smaller insects that have lower foraging ranges
(Bawa et al. 1985), whereas emergent trees may be largely pollinated by larger bees and
insects that fly above the canopy layer over large distances. Little is known about the
foraging behaviour of the diverse array of small insects that occur in neotropical rain
forests, although it has been suggested that the capacity for long distance pollen
movement by such species is limited because of their restricted foraging ranges (Bawa
1977). Pollen flow analysis of the tropical tree Gliricidia sepium (Dawson 1997) is
consistent with this type of pollinator behaviour. The species is pollinated by small bees
that predominantly show nearest neighbour foraging with occasional long distance
intervening flight. However, Stacey ef al. (1996) identified substantial levels of pollen
movement, over 300 m, for two species pollinated by diverse small insects. Thus, even
insects with limited foraging ranges may occasionally fly long distances. Larger insect
pollinators may contribute more to long distance gene flow (Dick et al. 2003; White et
al. 2002; Dayanandan et al. 1990). For example, the emergent tree Neobalanocarpus
heimii is pollinated by stingless bees and honeybees, the latter are known to be long
distance pollinators (Dayanandan et al. 1990). Paternity analysis by Konuma et al.

(2000) on populations of this species found the average mating distance to be 524 m.

Different patterns of pollinator foraging, as detected by variable patterns of gene flow,
depend on the spatial structure of sub-populations, and overall patterns of gene flow can
be strongly affected by the spatial distribution of reproductive trees (Bawa 1998; Stacey
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et al. 1996; Konama et al. 2000). In a study of Spondias mombin, Calophyllum
longifolium and Turpinia occidentalis in undisturbed Panamanian forests, Stacey et al.
(1996) found that most of the pollen movement occurred between nearest neighbours
when trees were clustered, whereas pollen flow to isolated trees tended to occur over
greater distance. Ghazoul et al. (1998) reported that the pollinator (7rigona fimbriata)
of Shorea siamensis flew much further in an area with long distances between
reproductive tress than in an area with a higher density of reproductive trees, although
there was a limit to interflowering-tree movement by pollinators. Paternity inference for
Swietenia humilis has also revealed long distances of cross-pollination in addition to a
breakdown of nearest neighbour mating in low density populations in disturbed habitats
(White et al. 2002). Bees and other insects may have difficulty in finding nearest
neighbours when flowering conspecific plants are broadly spread. Thus, there may be a

threshold of distance over which nearest neighbour mating breaks down.

Other biological factors, such as a species’ phenology, can also affect pollinator
behaviour. Zucchi ef al. (2003) found that the restricted gene flow in Eugenia dysentia,
found in the Brazilian Cerrado, is a consequence of the fast and abundant flowering of
the species, which does not promote a large number of flights of the bee pollinator
between individuals. Changes in the flowering abundance of a species can have such an
effect that there is a pollinator shift. For example the tropical emergent tree
Dipterocarpus tempehes was pollinated by giant honeybees (4pis dorsata) in a year of
mass-flowering but by several species of moth in a year of less-intensive flowering

(Kenta et al. 2004).

Changes in the landscape can also cause pollinator shifts that will then impact on gene
flow. Dick et al. (2003) studied populations of Dinizia excelsa in disturbed habitats,
where African honeybees were the primary pollinators, and also populations in
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undisturbed habitats, which were visited exclusively by stingless bees and small beetles.
In the disturbed habitat there was a very low density of reproductive trees that were
either present in fragments or as single trees in pastures. In this landscape the African
honeybee acts as a pollinator: they are present in high density and have a preference for
agricultural habitats. They found that this bee is not only capable of long distance
dispersal but that there was a higher fecundity of trees visited by the African honeybee
regardless of the habitat matrix. Dick et al. (2003) concluded that in fragmented
habitats, African honeybees might mitigate the loss of genetic diversity by expanding
genetic neighbourhood areas until rainforest regenerates in the abandoned pastures.
Observations indicate that stingless bees and beetles do not cross open pasture so,
without pollinator shift, plants pollinated by these species alone are more vulnerable to

habitat fragmentation.

Trees with non-specialist pollinators are probably less susceptible to the effects of
disturbance on pollen flow compared to trees with a specialist pollinator relationship.
However, it is likely that there is a threshold distance after which pollinators will not
forage. As this threshold is likely to be pollinator specific, the extent to which landscape

changes affects gene flow in trees may be highly variable among species.

1.5.4 Seed dispersal in tropical tree species

Studies of seed dispersal in numerous plant species consistently reveal a rapid decline in
seed density with distance from the parent plants (Harper 1977; Howe and Smallwood
1982; Willson 1993). However, patterns of seed survival and the resulting establishment
patterns are quite variable (Condit et al. 1992; Hammond and Brown 1998). Post-
dispersal seed predation is often the major cause of mortality throughout a plants life
cycle, and one of the principal processes underlying plant recruitment patterns (Janzen

1971; Nathan and Casagrandi 2004).
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Janzen (1970) and Connell (1971) suggested that relatively low recruitment near
conspecific adults should be expected because the processes of seed dispersal and seed
survival are distance-dependent; dispersal decreases while survival increases with
distance from the parent plant due to density-responsive seed predators. Gene flow via
seed dispersal can therefore be considered to be consequence of interacting factors,
predominantly factors affecting seed dispersal and post-dispersal seed predation but also
factors such as germination rate, microhabitat variability (Willson 1988; Kadmon and
Shmida 1990), intra- and interspecific competition (Barton 1993; Fowler 1995), and

seedling herbivory (Connell 1971; Packer and Clay 2003).

Many tropical tree species have animal dispersed seeds. Therefore, seed-mediated gene
flow is significantly affected by the behaviour of disperser species. Restricted seed-
mediated gene flow can bring about genetic structuring, so an understanding of seed
dispersal is critical in understanding the population genetics of a species. As gene
movement through seeds may be limited, so genetic structuring of maternal genotypes
may be much greater than that shown by paternity analysis. Limited seed dispersal may
also correlate with limited pollen dispersal as limited seed dispersal tends to cause
individuals to become more aggregated (Hardy et al. 2006). Therefore, trees occur at
higher local densities and pollen may disperse less under higher density (Stacey et al.

1996; Vekemans and Hardy 2004).

Species with animal dispersed seeds can have higher mean levels of among population
genetic heterogeneity than their potential for long distance seed dispersal would
indicate. Hamrick ef al. (1993) found that the magnitude of spatial genetic heterogeneity
resulting from seed dispersal depends on several factors. Firstly, the proportion of seeds
that immigrate and contribute gametes to the next generation of an established
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population versus the proportion that colonise new habitats: if most seed movement is
among established populations there will be less genetic structure than if the majority of
the seeds colonise newly available habitats. Secondly, the density of reproducing adults:
if seeds from several adults colonise an open habitat, genetic structure would be less
than if successful colonists had come from one or a few adults. Thirdly, the foraging
and deposition behaviour of the seed dispersal agent, if the seed dispersal agent has
territorial or limited foraging and deposition the resulting populations should show more

structure (Hamrick ef al. 1993).

Hamilton (1999) has shown that with regard to Corythophora alta, a canopy tree, seed
dispersal is limited and fragments as large as 10 ha can be composed of a single
maternal lineage. In C. alta the restricted seed mediated gene flow has led to sharp
genetic differentiation of adjacent populations indicating that small forest lots may
exchange seeds infrequently, thus limiting the size of genetic neighbourhoods.
Population isolation was also found in Caesalpina echinata populations, using
chloroplast microsatellites Lira et al. (2003) found that limited seed dispersal in this
species had led to five of seven populations showing no variation. Because gene flow
through seeds is responsible for two thirds of the total genetic neighbourhood size, it is
essential for estimates of the size of tropical tree breeding populations. Therefore, gene
flow estimates from both seed and pollen may better predict genetic changes in tropical

forest trees (Hamilton 1999: Hamilton and Miller 2002).

There are tropical trees that show high levels of gene flow via seed dispersal. Frequent
long distance seed dispersal was found in the vertebrate dispersed tree Simarouba
amara (74% of seedlings established greater than 100 m from the maternal parent), with

seed-mediated gene flow equivalent to that by pollen (Hardesty et al. 2006). Sezen et al.
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(2005) also found high levels of seed mediated gene flow during colonisation by the

palm species Iriartea deltoidea.

The extent of seed dispersal is highly affected by the behaviour of seed dispersers and
this behaviour may vary in different habitats or after fragmentation. For example, seeds
of Caryocar brasiliense are mainly gravity dispersed and so tend to remain under the
mother tree canopy (Aldrich 1997; Collevatti et al. 2001). Caryocar brasiliense
individuals are spatially distributed in clumps and the territorial bats that pollinate the
species and feed on the fruits tend to forage inside the clumps, so restricting gene flow
between clusters. Fragmentation may further isolate populations by keeping the bats
within isolated clumps and so increasing genetic differentiation between isolated
clusters. Aldrich (1997) found that bats will preferentially deposit fruits from pasture
trees into remnant forest and this mechanism of concentrating recruitment from pasture

trees resulted in remnant forest receiving a broad spectrum of seed genotypes.

Although the majority of seeds are animal dispersed there are still some species that
have wind-dispersed seed (e.g. V. ferruginea and Swietenia spp.). Hamrick et al. (1993)
found that species with wind dispersed seeds and with lower densities develop more
structuring in their seedling population than species with animal dispersed seeds or
higher densities. They also found that the effect of seed dispersal on the establishment
of genetically related near neighbours (e.g. half and full sibs) had implications for
demographic and reproductive processes. In species whose seed dispersal mechanisms
promote a strong patch structure, competition for water, nutrients and light will often be
among related individuals. In addition, the short distances that may separate susceptible
seedling cohorts may facilitate the spread of pathogens. In species where the genetic
structure persists into the adult generation, the likelihood of inbreeding is increased
(Hamrick et al.1993).
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It is generally assumed that wind seed dispersal in tropical forests will be limited due to
the high density of vegetation. However, the distance may be underestimated by not
taking into account tropical storms (Nason et al. 1997). Hamrick ef al. (1993) found that
for Platypodium elegans, a tree with wind dispersed seeds, there were more near
neighbour pairings with higher numbers of alleles in common and less structure in the

seedling population than in the bird dispersed species Swartzia simplex.

Genetic structure brought about by seed dispersal is also affected by reproductive
success of maternal parents. Using a maximum likelihood maternity analysis to estimate
female fertilities for maternal trees across seedlings and saplings in populations of
Gleditsa triacotes, Schnabel et al. (1998) found that the three highest fertility females
accounted for 58% of the 1313 progeny in one site and 46% of the 651 progeny at
another. Their results showed that the combination of seed dispersal mechanisms and
fertility variation were sufficient to explain the fine scale genetic structure in the

species.

1.5.5 Gene flow response to fragmentation

Fragmentation of tropical forests, because of harvesting for wood products and
clearance for agriculture, has been changing the landscape to a mosaic of remnant forest
habitat surrounded by open areas (Collevatti and Hay 2001). Habitat fragmentation may
reduce genetic variation through genetic bottlenecks, while subsequent founder effects,
genetic drift and restricted gene flow may increase population genetic isolation and
divergence. Therefore, the genetic response to fragmentation has been well studied in

the context of tropical tree populations.
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Fragmentation decreases the size and increases the spatial isolation of a population and
its effects on the dynamics of gene flow between fragments may ultimately have
detrimental consequences for the evolutionary viability of a population, by way of
increased levels of inbreeding and random genetic drift. Forest fragmentation impinges
on plant reproduction by altering the species composition and behaviour of pollinators.
Pollinator limitation can lower the fecundity of host plants (Ghazoul et al. 1998) and
increase levels of inbreeding (Murawski et al. 1994). Evidence from temperate and
some sub-tropical plants suggests that not all fragmentation events lead to detectable
genetic loss unless a fragmentation threshold is reached. Furthermore, in some cases
fragmentation may even increase gene flow among remnant populations as habitat
disturbance can enhance pollinator activity and so increase fecundity and gene flow

(Collevatti et al. 2001; White et al. 2002).

A variety of different effects of fragmentation on gene flow of tropical trees have been
found. Jennersten (1988) showed that habitat fragmentation resulted in a lower flower
variation and seed set in Dianthus deltoides when compared to non-fragmented habitats.
Aizen and Feinsinger (1994) also found that pollination level and seed output decreased

nearly 20% from continuous forest to fragments.

Fragmentation can lead to increased genetic isolation of remnant populations and result
in increased inbreeding. Rocha and Aguilar (2001) found that in the predominantly
outcrossing neotropical leguminous tree Enterolobium cylocarpum, fragmentation led to
decreased pollen flow to isolated trees. Consequently, isolated trees had greater levels of
selfing and produced seedlings with lower vigour. This effect was in spite of some
successful long distance pollen mediated gene flow by hawkmoths with extensive

foraging ranges.
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Genetic isolation from fragmentation has a greater impact when seed or pollen dispersal
i1s limited. For example, Collevatti et al. (2001) found decreased gene flow, and
significant inbreeding, in the widely distributed but rare Cerrado tree, Caryocar
brasiliense. Its seeds are dispersed by gravity and by the large flightless bird species
Rhea americana and there is evidence of limited seed dispersal and also restricted

pollen dispersal within fragment patches due to pollination by territorial bats.

Increased isolation of populations may not necessarily lead to inbreeding if gene flow is
extensive. White et al. (2002) found that within fragmented populations of Swietenia
humilis there was an excess of homozygotes. However, this was not a consistent factor
and may be a result of the local genetic structure brought about by low seed dispersal.
They found that pollen movement to S. humilis trees depended on the spatial structure
of the particular fragment, with subpopulation size a critical factor, directly influencing
the proportion of immigrant pollen. Although the trend of near-neighbour mating was
maintained within the fragments, reductions in subpopulation size were paralleled by an
increase in the proportion of long distance pollen flow from outside the fragment. A
single very isolated tree, separated from the nearest fragment by 1.1 km, experienced
direct pollen flow from remote flowering trees, with over 70% coming from the
maximum distance category (>4.5km). This contrasts with predictions by Murawski and
Hamrick (1992), who suggest that spatially isolated trees are more likely to deviate
from random mating and receive pollen from fewer donors. In fact, increase in spatial
isolation promoted long distance gene flow between this isolated tree and other
fragments (White et al. 2002), although different levels of fragmentation may have
different effects within the species and certain landscape patterns may be causing

greater inbreeding in S. humilis (White ef al. 2002).
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Fragmentation may differently affect the genetic diversity and structure of seedlings
compared to adult populations. Dayanandan et al. (1999) found that a few remnant
individuals of a neotropical timber tree, Carapa guianensis, present in pastureland
surrounding fragments, contributed disproportionately to the sapling cohort present in
those fragments. This created a greater genetic distance between the adults (established
prior to fragmentation) and the sapling cohort within fragments. Also, unlike other
cohort comparisons, the saplings showed reduced allelic richness. They also found
greater population structure in the sapling cohorts suggesting that fragmentation has
lowered gene flow in this species. Aldrich et al. (1998) also reported an increase in
genetic divergence in seedling populations of Symphonia globulifera following

deforestation.

Although genetic impacts of fragmentation are complex and will vary among species,
remnant trees and fragments can provide a buffer to the deleterious genetic effects of
habitat destruction and may be vital to the long-term viability of a species (White et al.
2002). Many pollen flow studies of trees in neotropical mosaic landscapes have found
unexpectedly high levels of gene flow (reviewed in Nason and Hamrick 1997). This
may be a result of the spatial dispersion of the remnant trees, which may cause
pollinators to bypass neighbouring plants (Chase et al. 1996), or it may be because of
shifts in pollinator composition, as when feral honeybees replace native pollinators in

disturbed habitats (Dick et al. 2003).

1.5.6 Tropical pioneer species

Most tropical canopy trees occur at a low density in primary forest and so long distance
seed and/or pollen dispersal are expected. As a result, they often show little population
genetic structure (Latouche-Hallé et al. 2004). A similar pattern is expected for pioneer

trees colonising tree-fall gaps in primary forest, where they grow at high density but the
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gaps themselves are spatially dispersed. Although pioneer species require high levels of
dispersal to colonise isolated gaps in primary forest, they are also able to rapidly
regenerate in large open areas and genetic structuring may be different in highly
disturbed habitats. Wright (1940) expected colonising species to show population
genetic structure as new populations are started by a few individuals and are relatively
isolated from other populations. More recent theory shows that a regular
extinction/recolonisation dynamic, with some migration, can augment gene flow thus
reducing divergence among populations. Investigating differences in genetic structure in
early and late succession populations of the pioneer Antirhea borbonica, Litrico et al.
(2005) found no evidence that founder events increased differentiation among
colonising populations and proposed that multiple colonisation events from different

sources limits differentiation.

Gene flow differences between primary and secondary forest populations have been
found in Cecropia obtusifolia a dioecious, wind pollinated tropical pioneer that
colonises tree-fall gaps but is also found in dense stands on artificially disturbed sites.
Using indirect measures of gene flow, Alvarez-Buylla and Garay (1994) found little
population structure over distances 1 to 107 km and postulated widespread gene flow.
However, genetic analyses have shown significant fine scale structure at the
intrapopulation level for seedlings and juveniles, interpreted as resulting from the
clustering of genetically correlated progeny of individual mother trees because of
limited animal-based seed dispersal (Alvarez-Buylla et al. 1996; Epperson and Alvarez-
Buylla 1997; Kaufman and Smouse 1998). Previous studies of C. obtusifolia (Alvarez-
Buylla and Martinez-Ramos 1990) show that although the great majority of seeds fall
within 30m of the mother tree they can be found as far as 100 km away. Seed dispersal
could therefore have a significant impact on gene flow, but because most seeds are
dispersed close to the parent plant, populations are expected to show some fine scale

44



structure (Kaufman and Smouse 1998). As the stands of C. obtusifolia mature, they
suffer progressive mortality, and there will be successively less genetic structure among
surviving saplings, young adults, and mature adults (Kaufman and Smouse 1998).
Cecropia obtusifolia adults in the disturbed habitat produced viable seeds and male and
female flowers at the same time as in the primary forest. Therefore, Kaufman and
Smouse (1998) proposed that the density of trees in the disturbed habitat influenced the
pollen flow pattern, leading to a greater barrier to pollen flow from outside of the dense

stand in disturbed habitat.

Colonisation from primary forest into adjacent abandoned pasture can also lead to a
reduction in diversity, due to a low number of adults contributing to the founding
population. Greater seed dispersal and clustering of sibs brings about differently
structured founder populations, with those founder populations showing more

differentiation than primary forest populations.

Investigating the founder populations of Iriartea deltoidea, an abundant shade-tolerant
canopy palm that freely colonises secondary forest, Sezen et al. (2005) found a
reproductive dominance of very few individuals from the primary forest. The genetic
consequence of this was that founder populations had significantly lower genetic
diversity than primary forest. In addition the founder populations consisted largely of
half or full sibs and formed patches of similar genotypes that were larger than in
primary forest. Iriartea deltoidea is pollinated by stingless bees (7rigona spp. and
Melipona spp.) and now by honeybees (4pis spp.) and seeds are dispersed by a variety
of birds and mammals. Sezen et al. (2005) also found that the process of colonisation
affected seed and pollen flow distances leading to average seed dispersal distances
much greater than those for pollen. The median seed dispersal distance was 270 m with
the longest dispersal distance detected more than 875 m whilst maximum pollen
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movement was less than 220 m. However, extensive gene flow may mediate diversity
loss. In investigating the regeneration ability of Swietenia macrophylla in pastures,
Cespedes et al. (2003) showed that high levels of gene flow from both seed and pollen
allowed regeneration into newly abandoned pastures with relatively high levels of
diversity. Elaeocarpus grandis, an early successional tree of Australian rainforest, also
shows high levels of seed-mediated gene flow. Although insect pollination may be
restricted, extensive seed dispersal by birds and bats allows colonisation to suitable

habitat (Rosetto et al. 2004).

Studies to date suggest that the process of colonisation from primary forest to available
habitat may lead to significant changes in the genetic properties of those populations
with potentially large decreases in genetic diversity, which may not be readily mediated
by pollen flow from neighbouring primary forests (Cespedes et al. 2003; Sezen et al.
2005). To facilitate sustainable utilisation of these increasingly important secondary
forest resources, further understanding of the genetic impact of colonisation processes

can be an important aid for conservation of a species genetic resource.

1.6 Objectives of study

This study is an investigation of the genetic response of Vochysia ferruginea, a pioneer
species useful for regeneration and timber in Costa Rica, to colonisation from primary
into secondary forest. The main objectives of this study are:

e To assess the differences in genetic diversity and allelic richness in seedling,
secondary forest and primary forest poplations and to analyse this against the
expected population genetic response of a loss of alleles and a lowering of
diversity during colonisation.

e To asses the genetic structure of dense regenerated populations and the impact of

structure and density on mating system and the extent of inbreeding.
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e To evaluate whether increased homozygosity from greater levels of inbreeding
can be correlated to a measure of fitness.

e To develop a simulation model to evaluate how the process of gene flow during
colonisation impacts a species genetic diversity and differentiation.

e To use molecular data to parameterise the model and test management scenarios

relevant to the sustainable forestry of pioneer species in regenerated forest.

Two sites have been selected to allow examination of adjacent primary and secondary
populations: from these, samples of adult, seedling and seed life stages have been
collected. The sampling strategy was designed to allow accurate estimation of mating
system parameters, levels of genetic diversity and differentiation and gene flow.

Populations will be screened for variation using five microsatellite primers.

1.6.1 Genetic diversity and differentiation

Genetic diversity and differentiation will be analyzed at both sites in primary,
secondary, seedling and seed (progeny) populations. This information will be used to
examine the effects of colonisation on the level and partitioning of genetic variation. By
analysing diversity and differentiation at different life stages the temporal variation in
patterns of genetic diversity can be assessed. Through genotyping the mature trees in
the primary forest, those in the secondary forest and any remnant trees in the
pastureland it is possible to estimate the source population that contributes to a
regenerating population of V. ferruginea. This will aid understanding of the effects of
recolonisation on the genetic dynamics of a pioneer species and have practical

applications for genetic resource management in regenerated forest.

1.6.2 Breeding system

Vochysia ferruginea is self-compatible and will produce viable offspring in controlled

crosses, although it is not known to what extent the species is inbreeding in natural
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populations. Data from AFLP analysis (Cavers et al. 2005) suggests that whilst
inbreeding may be present there is a significant level of outbreeding within populations.
Therefore, it is initially important to determine the level of inbreeding in both primary
and secondary forest. Estimation of the level of inbreeding using codominant,
multilocus markers from both sites should provide a robust estimate. Levels of

biparental inbreeding will also be examined in both primary and secondary forest.

In both populations the data on growth rates of mapped adult trees will be correlated
with the level of heterozygosity. Growth rate data will be used as a measure of fitness to

estimate the possible effect of inbreeding in V. ferruginea.

1.6.3 Paternity analysis

Gene flow in V. ferruginea populations in both primary and secondary forests will be
investigated at both sites. All adult trees (DBH > 10 cm) in a continuous plot will be
sampled, mapped and genotyped, then seed will be collected and genotyped from a
number of these trees. Paternity and TwoGener analysis of this data will be used to

estimate gene flow via pollen.

1.6.4 Regeneration dynamics

Sampling of V. ferruginea seedlings in pastureland will provide information that can be
used to investigate the genetic characteristics of regeneration in V. ferruginea. By
sampling 50 adults in pastureland and using knowledge of forest clearance dates and
diameter at breast height (DBH), it will be possible to estimate which trees are
remnants, originating from primary forest, and those which result from regeneration into
the area post clearance. Where trees from earlier regeneration are identified, comparison
with the new seedling data can help elaborate conclusions on temporal changes in

genetic structure, diversity and gene flow in regenerating populations.
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1.6.5 Modelling gene flow

The impact of gene flow on genetic diversity and structure will be simulated in a spatial
model. The model will be developed in two stages; initially, a simple model of just the
seed dispersal component of gene flow will be developed and tested, then a pollen
dispersal component will be included. The seed dispersal model will be validated by
comparing it to the post-glacial recolonisation of Europe by oaks, a system for which a
great deal of empirical genetic data exists, and for which the speed of colonisation has
been estimated from the pollen core record. The effects of seed dispersal on haplotype
diversity in modelled populations can also be compared to a nation-wide study of
chloroplast DNA diversity in the United Kingdom (Cottrell ef al. 2002). Modelling seed
dispersal during oak colonisation means that the effectiveness and robustness of the

model can be tested against this well studied system.

The model will then be modified to include dispersal by both pollen and seed, and used
to investigate sustainable management of V. ferruginea for timber. Modelling of the V.
ferruginea system will incorporate two categories of tree: light demanding and shade
tolerant. These categories of tree are used so as to model the dynamics of regeneration

of a low density pioneer (light demanding species) in closed forest into open areas.

Variation in the genetics of regeneration will be examined by considering the following
scenarios: clear felling, partial felling leaving remnant trees and different planting
strategies (e.g. using seed collected from one maternal tree or many). Each scenario will
be modelled with and without gene flow from adjacent primary forest with low-density
V. ferruginea. This allows investigation into differences in genetic diversity and density
of a pioneer species in naturally regenerating secondary forest relative to primary forest,
and the effect gene flow from neighbouring primary forest has on the genetics of that

pioneer in secondary forest. The model will also help to determine the impact on
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regeneration dynamics of different numbers of remnant V. ferruginea seed trees on
genetic diversity and numbers of a pioneer in regenerating forest. Other scenarios will
investigate the effect of different planting strategies on resulting levels of diversity and
how gene flow from neighbouring forest might affect diversity once the planted forest is
left to regenerate naturally. Determining how many seed trees are needed to regenerate
an area and the consequences of different numbers of source trees for future populations
can provide useful information for management of the species for timber and
regeneration initiatives. Therefore, these scenarios should help to assess the viability of

sustainable forestry of V. ferruginea.
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Species Breeding Habit Marker Pollen  flow | Pollination Seed Seed Inbreeding | Mean He | Mean Hp | Genetic Reference
system distance vector dispersal dispersal structure
distance vector
Alseis blackiana Canopy tree | Allozymes Bees, butterflies 0.104 (Fis) 0.034 (Fsr) | Hamrick ef al. 1993
Brosimum Canopy tree | Allozymes Bats Bats, arboreal | 0.120 (Fis) 0.050 (Fsr) | Hamrick ef al. 1993
alicastrum mammals
Calophyllum Polygamous Canopy tree | Allozymes Majority Small insects Mammals, Stacey et al. 1996
longifolium hermaphrodite | of wet forest >210 m primarily bats.
t,,=1.030 Water
t,=0.974
Enterolobium Predominantly | Leguminous | Allozymes Moths, beetles, Rocha & Aguilar
cyclocarpum outcrossed tree of dry other small 2001a,b
tm =(0.812- | forest nocturnal insects
0.913
Euterpe edulis Monoecious Understory Allozymes Insects 0.278-0.445 | 0.264-0.423 Conte et al. 2003
t,=0.94-1.04 |palm
Spondias mombin | Hermaphrodite | Widespread | Allozymes 300 —>350 m | Small insects Wide range of Stacey et al. 1996
t,=0.989 canopy tree frugivores
t,=0.996 of wet forest
Swartzia simplex Understory Allozymes Large bees Birds 0.161 (Fis) 0.037 (Fst) | Hamrick ef al. 1993
tree
Turpinia Hermaphrodite | Sub canopy | Allozymes Majority Small insects Primarily by Stacey et al. 1996
occidentalis t,=1.006 tree of wet <130 m aboreal
t,=1.071 forest frugivores.
Secondarily by
mammals
Antirhea Functionally Pioneer, Microsatellites Range of insects Birds 0.16 to 0.{0.37t00.48 [0.2t00.36 |Fsr = 0.04|Litrico et al. 2005
borbonica dioecious, persists in 49 (Fs) t0 0.19
outcrossing canopy
Astrocaryum Subcanopy Microsatellites | 60 m Beetles Nason et al. 1998
mexicanum tree of rain
forest
Caesalpinia Primarily Secondary Chloroplast Probably 4-5m Gravity (Dst) =| Lira et al. 2003
echinata outcrossed canopy tree in | microsatellites carpenter bees (explosive) 0.9106
dry seasonal
forest
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Species Breeding Habit Marker Pollen flow | Pollination Seed Seed Inbreeding | Mean H: | Mean Hp | Genetic Reference
system distance vector dispersal dispersal structure
distance vector
Carapa Microsatellites -0.22 - 0.12-0.89 |0.074 Rgr|Dayanandan et al
guianensis 0.14(Fis) (saplings) | 1999
0.041Rsr
(adults)
Caryocar Hermaphrodite | Widely Microsatellites | Limited Small bats Low Gravity, Rhea| 0.11 (f) 0.765 0.765 0.29 (Rgr) |Collevatti et al.
brasiliense Completely distributed Americana 2001
outcrossed tree
Cordia alliodora Understorey | Microsatellites | 282 m Beetle Boshier et al. 1995
tree of rain Other small Nason et al. 1998
forest insects
Dinizia excelsa Hermaphrodite | Undisturbed | Microsatellites | 212 m Stingless  bees, Wind 0.104 (@) | Dick et al. 2003
predominantly | forest small beetles dispersed
outcrossed
t,=0.63
Remnant 1509 m Apis mellifera 0.002 (®fr)
trees
Dipterocarpus t,=0.93 Emergent Microsatellites | 222.6 m Moths and Apis 0.808 0.736 Kenta et al. 2004
tempehes dorsata
Dryobalanops t,=0.55-10.92 | Widely Microsatellites 0.491 +(0.062 (Gst) | Lim et al. 2002
aromatica distributed 0.060 0.09 (Rst)
emergent tree
Eugenia Cerrado tree | Microsatellites Large bees Animal mainly | -0.037 (f) 0.458 0.442 Rst=0.27 | Zucchi et al. 2003
dysenterica humans and Fsr=0.25
monkeys
Gliricidia sepium | Completely Fast growing | Microsatellites | Majority <75 m | Primarily Dawson et al. 1997
outcrossed leguminous some >275 m solitary bees
tree
Neobalanocarpus Emergent of | Microsatellites | 524 m Stingless  bees Gravity 0.675 Konuma et al. 2000
heimii rain forest Trigona spp
Honey bees
Apis spp
Pithecellobium Emergent of | Microsatellites | 450 m Hawkmoth Chase et al. 1996
elegans rain forest
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Species Breeding Habit Marker Pollen  flow | Pollination Seed Seed Inbreeding | Mean He | Mean Hp | Genetic Reference
system distance vector dispersal dispersal structure
distance vector
Platypodium Emergent of | Microsatellites | 525 m Small bees Wind 0.092 (Fis) 0.051 (Fst) | Hamrick et al. 1993
elegans rain forest Nason et al 1998
Stacy et al. 1996
Swietenia humilis | Monoecious Small, Microsatellites | Majority up to | Small insects Majority Wind 0.472-0.90 | p=0.032 | White et al. 1999
self- deciduous 600 m dispersed
incompatible tree of dry <50 m
forest
Fragmented >4.5km
population
Swietenia Monoecious Pioneer and | Microsatellites | 200 m Moths and small |32—-80m | Wind 0.015 (Fis) [0.45-0.82 [0.47-0.93 |0.063(Fsr) |Cespedes et al. 2003
macrophylla canopy bees 0.149 (O Norvick et al. 2003
emergent 0.038 () Lowe et al. 2003
Lemes et al. 2003
Symphonia Hermaphrodite | Canopy tree | Microsatellites Hummingbirds Bats,  birds, 0.800 0.056Rst Aldrich ef al. 1998
globulifera primarily of  primary monkeys and (adults) (adults) Degen et al. 2004
outcrossed forest ruminants 0.727 0.038Rgr
tn=0.92 (saplings) | (saplings)
0.639 0.238Rsr
(seedlings) | (seedlings)
Vouacapoua Hermaphrodite | Shade Microsatellites | 51-166 m Small insects Usually up | Gravity, 0.11 (Fsr) | Dutech et al. 2002
americana with low self|tolerant tree majority less to 30m occasionally in Paracou
fertilization of  primary than 100 m rodents
forest 0.004 ((Fst)
in Nourages

t,, = multilocus outcrossing rate
t, = single locus outcrossing rate

Table 1.1: Summary of literature on molecular studies of gene flow in neotropical tree species.
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Chapter 2: Materials and Methods

2.1 Study species and sites

Vochysia ferruginea Mart. is a fast growing pioneer and an important timber species. It
is particularly successful at colonising highly disturbed areas, where it can regenerate to
form dense monospecific stands of secondary forest and can also persist as a canopy
tree at low density in primary forest. With low nutrient requirements and high tolerance
of aluminium, it is a species expected to do well in the low nutrient/high acidity soils
typical of land from which tropical forest has been removed for agriculture (Herrera and
Finegan 1997). These features also make it a useful plantation species in neotropical
areas, particularly suited to planting on land prone to erosion, and an important species
for sustainable land use (Herrera ef al. 1999). In Costa Rica there is a large amount of
secondary forest and as a result V. ferruginea is becoming an increasingly important
timber species (Finegan 1992). Understanding the genetic structure of V. ferruginea is

also of biological interest, in its role as a pioneer species.

2.1.1 Vochysia ferruginea Mart.

Vochysia 1s the largest genus of the virtually neotropical family Vochysiaceae
(Cronquist 1981), which contains a total of seven genera and over 200 species (Flores
1993). Although most species are found in humid, evergreen forest communities, others
occur in seasonal woodland areas and some are characteristic of the extensive cerrado
vegetation of central Brazil (Eiton 1972). Vochysia ferruginea is widely distributed in
the neotropics from Nicaragua to Brazil. In Costa Rica it is limited to the Atlantic
lowlands and parts of the southwest and does not occur in the dry northwest (Cavers et
al. 2005). V. ferruginea is an emergent evergreen tree reaching 50 meters and is a gap
coloniser in moist lowland forest below 1500 m. It is a fast growing species and in

regenerating forest may form dense monospecific stands (see Figure 2.1) or

53



characteristic secondary forest patches with species such as Hyeronima alchorneoides,

Pentaclethra macroloba and other Vochysia species (Flores 1993; Cavers 2002).

Breeding system
The species is hermaphrodite and, in Costa Rica, flowers between April and June.

Stands may flower monosynchronously (see Figure 2.1), the timing of which is

probably influenced by changes in annual rainfall.

Figure 2.1: Dense stand of Vochysia ferruginea in secondary forest showing synchronous flowering

(yellow/orange flowers).
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Flowers are visited by hummingbirds and insect pollinators (mainly large bees and
butterflies). In six other Vochysia species pollination was found to be mediated by a
great variety of pollinators: primarily bees, with occasional visits by moths, butterflies
and hummingbirds (Flores 1993). In controlled pollinations Bawa et al. (1985a)
reported V. ferruginea as largely self-compatible; however, self-pollinated flowers
showed marginally reduced fruit set (proportion of flowers that set fruit was 0.16 in
self-pollinated and 0.17 in cross-pollinated, Bawa et al 1985b). Despite self-
compatibility in controlled pollinations, flowering in natural populations tends to be
synchronous and, as pollinators include large bees capable of dispersing pollen over

long distances, there is a high potential for outcrossing (Oliveira and Gibbs 1994).

The fruit of V. ferruginea consists of small pods, each of which contains up to six
winged seeds. These are widely dispersed by both wind and birds, which may help it to
establish quickly in forest gaps (Lowe in prep). Birds predate on the seeds, but this
primarily affects the immature fruit and so influences fecundity rather than seed

dispersal (Flores 1993).
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Figure 2.2: The leaves, inflorescence and seed pods of Vochysia ferruginea (Images copyright of

Environmental Sciences Program, Smithsonian Tropical Research institute, used with permission).
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Figure 2.3: The seed pods and winged seed of Vochysia ferruginea (Images copyright of Environmental

Sciences Program, Smithsonian Tropical Research institute, used with permission).

Uses

Vochysia ferruginea is locally important for timber in Central America and is used for
general construction as well as fence posts, boxes, veneers and matches. As a fast
growing species which tolerates degraded land, it may become of greater commercial
importance and replace other timber species in the future. Finegan (1992) identified V.
ferruginea as having strong potential as a commercially viable crop for degraded sites.
As a reforestation species it may also play an important role in maintaining faunal
diversity. Its flowers and fruit (see Figures 2.2 and 2.3) are predated on by a wide

number of species including nectivorous birds, bees and butterflies and frugivorous
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birds such as parrots, toucans and trogons. The fruit is also predated on by peccaries,

tapirs, possums, spider and howler monkeys (Flores 1993).

Previous studies

Investigations on the stand dynamics of secondary forests (which include V. ferruginea
populations) have been undertaken in two long term permanent plots in Costa Rica
(Finegan and Delgado 2000; Finegan and Camacho 1999). These show that secondary
forest dominated by V. ferruginea tends to have a greater abundance of wind dispersed
species than similar forest dominated by Cordia alliodora and occurs on slopes with
soils of high exchangeable acidity. Investigating site productivity of V. ferruginea in
secondary forest, Herrera et al. (1999) found that the following soil variables were
correlated with dominant height (the study indicator of productivity): clay (%), organic

matter (%), P, Fe (all negatively correlated), and Cu (positively correlated).

After hurricane Joan, which struck the Nicaraguan coast in 1988, there was a study of
the regeneration of the rainforest (Boucher ef al. 1994, Boucher and Mallona 1997). The
large ‘gap’ created was recolonised predominantly by species present in the forest prior
to the hurricane, chiefly as a result of high rates of sprouting. V. ferruginea experienced
100% mortality of adult trees, after which the rapid growth of its abundant seedlings
quickly began to restore the population density. Moreover, it colonised sites where
previously it had been absent. Since V. ferruginea was an abundant canopy tree in the
forest initially, it cannot be considered as simply a pioneer species, yet its response to
massive disturbance was unlike the other primary forest species, and its rapid growth in

this area allowed it to dominate the stand (Boucher ef al. 1994).

Using genetic data from AFLPs (Amplified Fragment Length Polymorphism technique
of DNA fingerprinting), Cavers et al. (2005) investigated levels and distribution of
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genetic variation in Costa Rican populations of V. ferruginea. In general, diversity was
partitioned within populations (80.51%) and the extent of subdivision (® = 0.195) was
slightly higher than estimates for fully outcrossed species. It was also found that V.
ferruginea in highly disturbed plots had reduced genetic diversity. Forest blocks that
had recently regenerated from cleared sites, or that had been heavily disturbed, had
significantly lower population diversities than old growth or lightly disturbed sites.
However, due to lack of complete historical data and comparable plots, a causal
relationship between disturbance and loss of diversity could not be inferred (Cavers
2002; Cavers et al 2005). Within populations, a low level of cpDNA (chloroplast DNA)
diversity was found (two haplotypes), and no within-population diversity, which is
comparable to other tropical tree species (Cavers et al. 2005). However, the distribution
of the two haplotypes was geographically structured with different groups to the east
and west of Costa Rican mountain ranges, indicating that topography probably
represents a contemporary barrier to seed gene flow (Cavers et al. 2005). A mantel test
identified a significant isolation-by-distance effect using a pair-wise distance measure
that took into account gene dispersal around the mountain range. V. ferruginea appears
to have an effective enough pollen dispersal mechanism to minimize population

differentiation in the absence of physical barriers (Cavers et al. 2005).

Lowe et al. (in prep) investigated fine scale genetic structure of V. ferruginea within
primary forest, lightly disturbed and clearfelled plots. They found no apparent genetic
structure within V. ferruginea populations in both primary and lightly disturbed plots.
This absence of structure can be expected for a pioneer gap colonist with the potential
for long distance pollen transfer. On lightly disturbed sites, there was an increased
incidence of gap occurrence but they found that recolonisation in these sites maintained
a comparable genetic diversity and structure to that of undisturbed forest. In contrast, a

clearfelled plot site had significantly lower genetic diversity, indicating that a genetic
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bottleneck had occurred during colonisation. This site has been recorded as regenerating
from a neighbouring block of primary forest left after primary forest rich in V.
ferruginea was cleared (B. Finegan and C. Navarro, pers. comm.). Of the trees that were
sampled from this clearfelled site a high proportion (62%) belonged to one of eight
genetically similar groups of spatially clustered individuals. Lowe et al (in prep)
suggest that these clusters are probably sibling groups derived from seed deposited by
trees that were early colonists of the site. Seeds of such individuals would have
germinated and established quickly on a relatively sparsely occupied site. Vochysia
ferruginea does not have a significant seed bank and so survival of seed from pre-
clearance individuals can be ruled out (Guariguata 2000). Also evident at the site were a
number of genetically very similar individuals that probably represent the progeny of a
single tree. Thus, it appears that there are some individuals that are very efficient at
dispersing progeny over long distances. One possibility is a large individual on the edge
of the primary block. The reduction in genetic diversity at this site is probably due to the
limited number of contributing mother trees. Pollen-mediated gene flow from the
neighbouring primary block may introduce variation into successive generations (Lowe

et al. in prep).

These earlier studies offer good background information on the expected extent of gene
flow (by both pollen and seed) in natural populations of V. ferruginea, which have been
used to plan the sampling design for the current study. In addition, where possible, field

sites were chosen where existing ecological or genetic information was available.

2.1.2 Study sites and sampling

Two Costa Rican forest sites were selected for study: Tirimbina and Ladrillera. At each
site two V. ferruginea populations were sampled, one from primary forest and one from

neighbouring secondary forest. An ideal population was defined as 100 trees in a
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continuous forest block approximating, where possible, a square plot. In each
population adult trees over 10 cm DBH were exhaustively sampled. Although there was
no prior evidence that each collection of sampled trees was an interbreeding group, each

sample set is defined as a population throughout this study.

At Tirimbina and Ladrillera regenerating seedlings were sampled from plantation and
pasture respectively. At Ladrillera 100 seedlings in a continuous population were
sampled but in Tirimbina, due to the very high number of seedlings, a random sample

was taken (Table 2.1).

Each adult tree was mapped by measuring distance and angle from GPS points. DBH
was measured and a sample of cambium was taken by punching two 1 cm” plugs from
the bark and cutting off a thin slice of internal cambial tissue before replacing the plug
(Colpaert et al. 2005). For seedlings in the regeneration plots, leaves were removed.
Seedlings were mapped as described above and the height of each seedling was
measured and recorded. Both leaf and cambium tissues were thoroughly dried in silica

gel prior to freezing

Seeds were collected in 2003 from four populations: from primary and secondary forest
blocks at each of Tirimbina and Ladrillera. In each population 20 adults were randomly
selected and 50 seeds collected from different seedpods. Seeds were germinated and
grown with the aim of sampling twenty saplings per mother tree. However, severe
weather conditions destroyed most of the germinated seedlings from this collection, and
so a further collection was carried out in 2004. The second fruiting season of V.
ferruginea resulted in lower seed set so it was not possible to sample from all 20 target
adults in each population. Actual numbers of seeds collected are shown in Table 2.1. As

part of the sample at the Tirimbina site, seeds were taken also from the two remnant
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trees in the regeneration plot. Seeds were retained from this second collection for direct

DNA extraction.

Tirimbina, Costa Rica

Tirimbina Rain Forest, near La Virgen, Sarapiqui Canton, Heredia Province, Costa Rica
(10° 34°N, 84° 06°W) is tropical wet forest with mean annual precipitation of 3864 mm
and mean annual temperature of 24.5 °C (Finegan and Camacho 1999). It occurs in a
mosaic of cultivated land (pepper, cocoa, rubber and ornamental plants), logged mature
forest and secondary forest situated on the foothills of the Central Volcanic mountain

range of the country at 1660-2200 m asl (Finegan and Camacho 1999).

The study area consists mainly of primary forest surrounded by secondary forest.
Within the large primary forest block, is a square plot of mapped forest for which there
is long term ecological data from annual surveys by the Centro Agronémico Tropical de
Investigacién y Ensefianza (CATIE). Within the secondary forest there are two main
mapped plots, the first is named Botarrama after the common name for V. ferruginea
and is dominated by the species; the second is called the Manu plot and has slightly
different forest vegetation with sparse incidence of V. ferruginea. The nearest
continuous primary forest to the mapped secondary plots is the mapped primary forest
plot. The primary population used is a continuous block of forest containing 100 adult
trees within the mapped area and the secondary population is a continuous block of

forest also containing 100 adult trees from within the Botarrama plot.

There are also fragments of primary forest on hilltops within the area of secondary
forest. Forest in the surrounding valleys was cut during road building and then the
primary forest was clear felled around the roads for timber. Finally, these cleared areas
were used for growing small plantations of commercial crops (V. Herrera pers. comm.).
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Consequently the hilltop primary fragments have persisted throughout the period of
human impact and potentially contain candidates for seeding the mapped secondary
plots. The fragments are small: in the first fragment there were only six living mature V.
ferruginea, in the second hilltop fragment there were four and in the third fragment,
two. Within one of the fragments there were also the remains of two very large V.
ferruginea trees. The secondary forest surrounding the primary forest fragments is a
different type of vegetation to that of the mapped secondary. It is a thick, weedy scrub
containing some non-native crop species, has few tree species, and very few V.

ferruginea.

In the Botarrama plot there was previously a large remnant tree in the area which is now
secondary forest (B. Finegan pers comm.) so there is a potential that a significant
proportion of the current secondary forest was seeded by this single remnant individual.
Adjacent to the secondary forest is an area of land that has been cleared and used as a
plantation for palms. The plantation is usually cut every year but some areas have not
been re-cut after the initial clearance. In the areas that are routinely cut there is very
abundant but patchy regeneration of V. ferruginea, except where there is dense growth
of grass species. In those areas that have not been re-cut V. ferruginea is present but has
largely been outcompeted by woody weed species. Figure 2.4 shows the locations of the
primary forest plot, primary fragments and the secondary plot at the Tirimbina site. See

Table 2.1 for the areas of each sample site and the density of V. ferruginea.
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Figure 2.4: Tirimbina site. Grids show plots from previous ecological surveys. The primary forest plot is
in the upper right of the map using four of the previously mapped primary forest plots, the secondary
forest plot is in the bottom left of the map and the primary fragments are those individuals between the

two plots. Inset shows location of site in Costa Rica.

At Tirimbina, during September 2002, 100 adults were sampled from a block of primary
forest within the mapped plot. In secondary forest 100 adults were sampled from the
mapped plot with a further 15 trees sampled from an unmapped area to extend the plot
to the edge of the plantation. In addition, a further 3 remnant trees were sampled from
plantation neighbouring the secondary forest and 12 adults were sampled from 3

neighbouring fragments of primary forest (Table 2.2).
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La Ladrillera S.A., Costa Rica

La Ladrillera S.A. is a privately owned farmland near Sarapiqui Canton, Heredia
Province, Costa Rica (10° 34’N, 84° 06°W), and is tropical wet forest with mean annual
precipitation of 3864 mm and mean annual temperature of 24.5 °C (Finegan and
Camacho 1999). The site consists of secondary forest with a large primary forest
fragment (Figure 2.6). The V. ferruginea in the primary forest has been mapped as part
of a forest inventory and there is also ecological data from the primary fragment (B.
Finegan, CATIE). There is a low density of V. ferruginea in the primary fragment with
a total of approximately 130 trees: all trees can be considered as ‘natural’ and are not an
artefact of logging. However, within the primary forest there is an area of forest that has
experienced a large degree of extraction and consequently has a greater density of V.

ferruginea.

The primary fragment to the southwest is surrounded by V. ferruginea dominated
secondary forest (where the V. ferruginea is approximately 25 years old) and this
extends into pastureland (secondary forest was not been included in the forest
inventory). In amongst the secondary forest are primary forest fragments that are either
a result of protected zones around watercourses or have been left where the forest is on

steep slopes.

The boundary of secondary forest with pastureland is very convoluted as a consequence
of protection zones and restricted grazing on steep slopes. The majority of the
pastureland is regularly cut to prevent the regeneration of tree species. However, where
there is a sufficient degree of slope, cutting is less frequent and there is the potential for
V. ferruginea to regenerate. In one area where high-density V. ferruginea dominated
secondary forest is adjacent to sloped pastureland, there is a high incidence of
regeneration. These areas of sloping pastureland also had a number of remnant V.
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ferruginea trees, although the majority have been cut for timber. Figure 2.5 shows

remnant trees at the secondary forest boundary with pasture.

Figure 2.5: Vochysia ferruginea trees at the boundary between secondary forest and pasture at the

Ladrillera site.

The primary forest population sampled consisted of all V. ferruginea trees within the
forest fragment. Two secondary forest populations were sampled, secondary A was a
continuous block of 100 adult trees in secondary forest adjacent to the primary fragment
and secondary B was a continuous block of 100 adult trees in secondary forest furthest
from primary forest and adjacent to the pastureland. See Table 2.1 for the areas of each

sample site and the density of V. ferruginea.
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Figure 2.6: The Ladrillera site. Black squares show plots from previous ecological surveys. The
secondary A plot is those trees within the red square and the secondary B plot is those within the blue

square. Insert shows location of site in Costa Rica.

Table 2.1: Summary of sites showing area and density of V. ferruginea

At the Ladrillera site secondary A is near to primary forest and secondary B is further away

Population Area (hectares) | Density (/ha)
Primary 15.57 6.4

Tirimbina | Secondary 2.83 40.6
Seedlings 0.66 1008
Primary 56.74 2.5
Secondary A 0.47 241.5

Ladrillera
Secondary B 243 224.4
Seedlings 0.45 223.1
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At Ladrillera, during April 2003, 140 trees were sampled from primary forest, 113 in
neighbouring secondary forest and 105 from secondary forest adjacent to the area of V.
ferruginea regeneration in pastureland, with an additional sample of the six remnant

trees in this regeneration plot (see Table 2.2).

Table 2.2: Summary of populations showing numbers of adults, seedlings and seeds sampled.
* Numbers of seeds collected are given as (number of seeds) x (number of mother trees)
** At the Ladrillera site secondary A is near to primary forest and secondary B is further away, progeny

are taken from secondary B and seedlings are also adjacent to secondary B

Primary forest Secondary forest Regeneration

Mature trees Seeds* | Mature trees Seeds*

100 +12 20x 12 | 100+ 15 20x 15 130 seedlings
Tirimbina

Plot and fragments | 240 300 2 remnants

20x 16 | 113 secondary A** | 20x 19 100 seedlings
Ladrillera | 140
320 105 secondary B** | 380 (B**) | 6 remnants

2.2 Molecular analysis

All molecular analyses were performed using a suite of microsatellite markers within
nuclear genomic DNA. A set of primers had been previously developed for V.
ferruginea (Lowe et al. 2002) and populations were screened for variation at five of
those loci. The allelic state of microsatellites was scored following amplification of the
microsatellite region using polymerase chain reaction (PCR) analysis. PCR products
were visualised on high resolution polyacrylamide gels and fragment sizes were
calculated by comparison with fragment size standards. The number of repeats and

hence variation in repeat number between alleles was determined.

68




2.2.1 Isolation of microsatellite loci and primer selection

Microsatellite markers are found in most genomes and are composed of tandemly
repeated 2-, 4-, or 6-base repeat units that can be identified by screening genomic
libraries with probes made up of tandemly repeated oligonucleotides (e.g. Schlotterer
and Pemberton 1994, Hamilton 1999). Microsatellite probes can be produced from a
sample of genomic DNA by creating a recombinant DNA library (Ausubel ef al. 1987,
Sambrook et al. 1989, Watson ef al. 1992). DNA fragments are generated by digesting
genomic DNA using restriction enzymes. The fragments are then inserted into the
cloning site of vector DNA, restricted with the same enzymes. Screening these
fragments allows identification of specific regions of interest, in this case for those

regions containing microsatellites.

To amplify a microsatellite region by PCR, it is necessary to develop primers that have
a sequence complementary to the areas flanking the microsatellite. For some species,
details on microsatellite sequences are available in the public realm, e.g. GenBank.
However, for species for which there is no previous data, isolation of microsatellite loci
is required. Lowe et al (2002) generated a genomic library of V. ferruginea enriched for
the repeat motifs AC/TG, AG/TC, GAC/CTG and GCT/CGA following a similar
procedure to that of Edwards et al. (1996), modified according to Butcher et al. (2000).
More than 70% of the cloned inserts were enriched for selected microsatellite repeat
motifs. From this sequence data, primers were developed using the sequences flanking

the repeat region.

Lowe et al. (2002) found that, of the loci tested, ten were polymorphic and amplified a
single locus product without smearing, of these, six were sufficiently polymorphic for
population studies and four were highly polymorphic (see Table 2.3 for details). The

level of polymorphism for these loci was sufficient to provide high resolution for
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assessing fine scale genetic structure and high exclusion probabilities for effective

paternity analysis of open pollinated progeny.

2.2.2 Extraction of DNA

DNA extraction from tissue samples was achieved using either CTAB extraction (leaf
samples) or commercially available kits (cambium and seed samples). In both cases, the
procedure began with mechanical pulverization to separate cells and destroy cell
membranes and/or cell walls, while leaving the nuclear DNA intact. Tissue was then
immersed in a solution containing a detergent that lyses the nuclear membrane, as well
as a proteinase that denatures proteins, especially nucleases, but leaves nucleic acids
intact. Proteins were separated from nucleic acids by extraction with organic
compounds (phenol and chloroform), and the DNA was purified from the reagents in

the extraction buffer by alcohol precipitation.

For the seedlings, leaf material was extracted using a mini-prep protocol modified from
Harris (1995). A 1 ml volume of pre-warmed extraction buffer (100 mM Tris-HCI, pH
8.0 20 mM EDTA, 1.4 M NaCl, 1 % PVP-40T, 2 % CTAB, 0.2 % B-mercaptoethanol)
was added to the powder; the mixture homogenised and incubated at 65 °C for 30
minutes. Samples were cooled and 5 pl RNAse An enzyme (1 mg / ml) was added and
allowed to stand at room temperature for 1 hour. Protein and debris was removed by
two washes with 500 pl 24:1 chloroform:octan-1-ol and centrifugation at 13000 rpm for
2 minutes. DNA was precipitated by addition of ice-cold isopropanol and centrifugation
at 13000 rpm for 5 minutes. The resulting pellet was washed with aqueous ethanol (76
%) then absolute ethanol (96 %). The pellet was air-dried and resuspended in TE buffer

(10 mM Tris-HCL pH 7.6, 1 mM EDTA) and stored at -20 °C.
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Difficulties in extracting good quality DNA from cambium tissue and seeds meant that
these were re-extracted using commercial extraction kits (DNeasy 96 Plant Kit, UK
QIAGEN LTD 2003 —2005). A 1 cm” leaf / cambium disk was ground to a powder by
placing samples in tubes and then inserting tungsten beads and breaking up the material
in a mechanical shaker, the extraction then proceeded as described in the DNeasy kit

protocol.

2.2.3 PCR protocol

The polymerase chain reaction involves replicating target regions of DNA, which are
flanked by regions of known sequence (Ehrlich 1989). Synthetic oligonucleotide
primers (usually 20-30 bases long) that are complementary to the flanking regions are
required for amplification of the target microsatellite region. These are combined with a
small sample, usually nanograms, of genomic DNA, plus free deoxynucleotides, a
reaction buffer, and 7ag DNA polymerase. During a series of heating and cooling
cycles, the DNA is denatured into single-stranded molecules, the primers anneal to their
complementary sequence flanking the target region, and the DNA polymerase replicates
the region downstream from the 5’ end to the 3’ end between each primer. The amount

of target DNA doubles with each cycle, until microgram quantities are present.

The general PCR protocol was as follows: 1-5 ng DNA, polymerase buffer (1x volume,
Promega), 0.2 mM dNTPs, 1.5 mM MgCl, 0.2 uM of each primer, 2 % dimethyl
sulfoxide (DMSO, Anachem), ' unit Taq polymerase (Promega), and made up to a
final reaction volume of 15 ul using dH,0. Amplification of PCR products used a
touchdown protocol on an MJ PTC100 thermocycler, as follows: initial denaturation at
95 °C for 3 minutes; a touchdown program of 95 °C for 15 seconds, 65 °C for 25

seconds, 72 °C for 35 seconds for 11 cycles (where the annealing temperature decreased
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by 1 °C per cycle); followed by a further 25 cycles with the annealing temperature at 55

°C; and a final extension step at 72 °C for 15 minutes.

2.2.4 Sizing PCR products

There may only be a small number of base number differences between microsatellite
alleles, therefore sizing requires precision and high-resolution gels are essential. For
each locus the forward primer of the pair was 5° labelled with infrared dye (IRD
700/800, MWG). Labelled PCR products were then separated using a 6%
polyacrylamide gel (25 cm, MWG Biotech), and visualized using a LI-COR 4800 IR2
automated genotyper. PCR products were run out alongside a sizing ladder (50-350 bp
Sizing Standard, LI-COR Biosciences) and calculation of size was made manually using

SAGA software.

All loci showed the presence of stutter bands. These are thought to be the result of DNA
slippage during PCR and show up on the gel as bands, with lower intensity than the
main product, that differ in length by multiples of repeat units. An additional band
above the allele was also present in some loci, resulting from the terminal transference
activity of Tag polymerase which adds an A to the product. Loci showed consistent

stutter patterns so confidence in manual scoring was possible.
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Table 2.3: List of SSR loci indicating repeat motif, Genbank accession number, sequences and size of product (bp) found in 10-20 individuals. For

screening microsatellite polymorphism, a population close to Volcan, Costa Rica, was used because this population had been shown to be highly

polymorphic by a previous AFLP analysis. Table adapted from Lowe ef al. (2002).

Locus SSR repeat Accession | Forward primer Reverse primer bp
Al-5 (GA)1s6 AF436086 | TCCCCCACTCCTCTTCATATAGT | GAAAATGGAAGCAAATGGAAAAT | 137
Al-10 | (GA)3 AF436082 | CCAAAATAAGCACAAAGTAGCTG | GGGTCCACT CTAATGGCT TGTTA | 194
Al-15 [ (GA)12 AF436083 | ACAGGAGTAGTCACCTTCATCCA | GGACATGCAATACAATCGACACG |92
A1-20 | (GT)sGAGT(GA)2 | AF436079 | TCTTCAGATACATTCCCTCTCCTC | TCTTCAGATACATTCCCTCTCCTC | 109
Al1-35 | (GA)1r AF436087 | GGTCTACTCATATCATGCCGAAC | ATGAATGGATTTACCGTCTACCC | 170
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2.3 Data analysis

Microsatellite allelic variation in adult V. ferruginea populations was used to assess
differences in genetic diversity and structure in primary and secondary forest. Progeny
arrays, taken from both primary and secondary forest, were used to assess mating
system and estimate levels of gene flow via pollen. Genetic information from
microsatellite variation in regenerated seedlings was used to assess differences in

diversity and structure between adult and seedling cohorts.

2.3.1 Genetic diversity

Genetic markers are used to study genetic variation within individuals, and within and
between populations by determining what alleles are present in populations. The genetic
variation revealed by genetic markers can be quantified in a number of ways, e.g. the
proportion of polymorphic loci (P), the proportion of heterozygotes over all loci (H) and
allelic richness. The distribution of genetic variation can be documented at different
hierarchical levels within species, within individuals, within populations, among

populations and among regions.

Genetic diversity within individuals

In diploid organisms, within-individual genetic diversity is an important component of
variability where any particular locus may be heterozygous (with two alleles distinct in
DNA sequence) or homozygous (identical alleles on homologous chromosomes).
Within-individual patterns of genetic diversity are a focus for some aspects of
conservation including the study of mating systems, paternity and inbreeding and
inbreeding depression. Where there is inbreeding (defined as mating with self or
relatives), homozygosity increases genome-wide and may result in inbreeding
depression manifested in possible congenital deformities, reduced fecundity, or reduced

survivorship at any life stage (e.g. Ralls et al. 1988).
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Genetic diversity within populations

Measuring the distribution of genetic diversity within a population makes use of the
Hardy-Weinberg model which describes the genetic content in diploid populations in
terms of allelic frequencies (Crow 1988). The Hardy-Weinberg principle states that
single-locus genotypic frequencies, after one generation of random mating, can be
represented by a binomial (with two alleles) or multinomial (with multiple alleles)
function of the allelic frequencies (Hedrick 2000). In a random mating population, and
in the absence of factors that may change allelic frequencies (e.g. selection, mutation,
drift and gene flow), the Hardy-Weinberg proportions will not change over time. The
Hardy-Weinberg principle allows for the genetic description of a population based on
the allele frequencies at a locus. It states that the frequency of 44 homozygotes is p’, the
frequency of aa homozygotes is ¢° and the frequency of Aa heterozygotes is 2pg, where
p 1s the frequency of the dominant allele in the population and g is the frequency of the

recessive allele in the population.

Under Hardy-Weinberg assumptions allele and genotype frequencies remain the same
across generations and so when the assumptions are met a population is in Hardy-
Weinberg equilibrium (HWE). If the genotypic frequencies within a population are
changed without the allele frequencies being changed then the population will return to
HWE within one generation of random mating. If the genotypic frequencies in a
population depart from HWE, this suggests that one or more of the assumptions of
HWE have been violated. However, because HWE is robust to some degree of violation
of the assumptions, if no departure from HWE is found this does not mean that none of
the assumptions have been violated. A population is likely to deviate from HWE when
there is non-random mating within the population such as assortative mating or
inbreeding. Assortative mating is non-random mating based on a phenotypic trait and
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can be positive when mates are more similar to each other than expected or negative

when mates are more dissimilar to each other than expected (Conner and Hartl 2004).

Positive assortative mating will increase the level of homozygosity at any loci linked to
the phenotypic trait that is affecting that assortative mating, whereas negative
assortative mating will lead to an increase in heterozygosity at those loci linked to the
phenotypic trait. The effect of assortative mating does not have a genetic effect at other
loci and so can be distinguished from the effect of inbreeding, which affects all loci

equally.

Inbreeding does not change the allele frequencies but increases the proportion of
homozygotes. Therefore, inbreeding reduces one measure of genetic variability
(observed heterozygosity) while the other (allelic diversity) remains the same (Keller
and Waller 2002). Evidence for inbreeding within populations is often assessed by
comparing observed and expected heterozygosities across loci. Such evidence requires
using codominant markers where heterozygotes can be distinguished from
homozygotes. By comparing the frequency of heterozygotes in the population to that
expected under random mating the increase in homozygotes can be used to measure the

extent of inbreeding within a population.

Analysis of genetic diversity

For all microsatellite loci gene diversity was calculated using Nei’s F statistics, where
Hs is a measure of within sample gene diversity and Hr is a measure of overall gene
diversity. The dataset was also tested for Hardy-Weinberg equilibrium using the
Markov chain method (Lazzeroni and Lange 1997). This test was carried out for each
locus and each population individually with 1000 permutations. These analyses were
conducted using the program GENEPOP 3.4 (Raymond and Rousset 1995).
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The level of genetic variation within populations was quantified by assessing allelic
richness and genetic diversity for each of the five microsatellite loci and averaged over
all loci. Allelic richness (Rt) is a measure of the number of alleles made independent of
sample size by adaptation of a rarefaction index (Hurlbert 1971, Goudet 2001, El
Mousadik and Petit 1996). The inbreeding co-efficient (Fis) was estimated over all loci
for all populations according to Weir and Cockerham (1984). These analyses were

conducted using the program FSTAT 2.9.3 (Goudet 2001).

2.3.2 Genetic structure

Differentiation among populations

Genetic differentiation between populations indicates how the genetic variation within a
species is partitioned in a landscape and can therefore provide insights into how natural
populations maintain genetic variation. Differentiation among populations may reflect
historical impediments to movement (and thus to relatively ancient population
subdivisions) or may reflect contemporary patterns of gene flow. When indirect
population level estimates are used, such as F statistics, differentiation is at least the

product of multiple generations, so that causes of genetic structure are unknown.

Genetic differentiation among populations is commonly quantified by the use of one of
several statistics, including Wright's measure of genetic differentiation (Fst) and Nei's
equivalent multilocus coefficient of gene variation (Gsr). These indices are functions of
the partitioning of heterozygosity within and among populations, based on differences
in allele frequencies, and indicate whether the majority of genetic variation is
distributed among or within populations (Wright 1965, Wright 1969; Nei 1975; Chai

1976; Wright 1978).
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Wright’s measure of genetic differentiation (Wright 1951, Wright 1965), on which
subsequent statistics are based, uses an approach that measures three different F co-
efficients to allocate genetic variation to the total population level (T), subdivisions (S)

and individuals (I). The relationship between these co-efficients is described below;

1 *F]T: (1 *FST)(I 7F]S)

where Fsr is a measure of genetic differentiation over subpopulations and is always
positive. Fr and Fjs are measures of the deviation from HWE within subpopulations (S)
and the total population (7)), where negative values indicate an excess of heterozygotes

and positive values indicate a deficiency of heterozygotes.

In species with low Fsr (approaching 0), the majority of variation is found within
populations. Where Fsr is high (approaching 1), the majority of variation is found
between populations. Statistics that quantify differentiation among populations vary in
the assumptions they make, for example, some measures of differentiation (e.g. Fgr)
assume that natural populations are at equilibrium with respect to loss and gain of

genetic diversity via the processes of genetic drift and gene flow respectively.

Spatial autocorrelation within populations

F statistics are a measure of the differentiation between populations but are not
informative about the fine scale genetic structuring that can occur within populations. In
estimating fine scale genetic structure, spatial autocorrelation methods can be used to
assess the degree to which genotypes tend to cluster together (positive spatial

autocorrelation) or are over dispersed (negative spatial autocorrelation) (Shimatani and
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Takahashi 2003). There are two different types of spatial autocorrelation statistics that
can be used to characterise and quantify spatial structure, joint count statistics and
Morans I statistics (Epperson 2000; Shimatani and Takahashi 2003). However, all
methods of analysing spatial genetic structure compute pairwise relatedness co-
efficients between individuals and relate this to the spatial distance separating

individuals (Vekemans and Hardy 2004).

In joint count statistics, distance classes are defined then in all distance classes pairs of
individuals are classified (forming a test statistic, SND) according to the mean and
variance of their genotypes under the null hypothesis that the genotypes are randomly
distributed. Then each distance class has a set of SND statistics, which will increase in
size and power with greater sample sizes. If a population has high positive SND
statistics at a given distance class, then this shows positive spatial autocorrelation;
significant negative SND statistics show negative spatial autocorrelation. Typically
there is a distance class where the statistics switch from positive to negative and this

distance measures the size of the patches (Epperson 2000).

Morans I statistics are calculated for variables of numerical values (Cliff and Ord 1981),
typically by computing allele frequencies among individuals within mapped quadrats.
Morans I statistic is the sum of the products of the mean adjusted gene frequencies in
pairs of quadrats separated by distances in distance class &, normalised by dividing by a
measure of the spatial variance in gene frequency. Thus, correlation is measured as a

function of distance (Epperson 2000).

Software packages that use spatial autocorrelation statistics to examine genetic
structuring in populations, and are appropriate for the data generated in this study,
include SGS (Degen 2001) and SpaGeDi (Hardy and Vekemans 2002). All populations
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were analysed for fine scale structuring using the program SpaGeDi as this program
allows manual manipulation of the spatial distance between each distance class,
allowing investigation at a greater detail at smaller distance scales. SpaGeDi estimates
genetic distances between populations or relatedness coefficients between individuals
using data from co-dominant markers. It computes various statistics describing genetic
relatedness or differentiation between individuals or populations by pairwise
comparisons and tests their significance by appropriate numerical resampling (Hardy

and Vekemans 2002).

2.3.3 Mating system

For organisms capable of both self-fertilization and outbreeding with other individuals
(referred to as mixed mating), an important descriptor of the mating system is the
relative proportion of selfed versus outcrossed progeny. For mixed mating species,
comparing multilocus genotypes of a female and her offspring for the same loci can
help to provide estimates of self-fertilization (and across many female-offspring arrays
can establish a mean selfing rate). Analysis of mating system is usually an estimate of
the frequencies of selfing and outcrossing, but can also include other categories, such as
biparental inbreeding (matings between related individuals, e.g. Ritland 1984; Brown

1990).

Estimates of selfing frequency can also be determined at a number of developmental
stages (e.g. seeds, seedlings, adults), as fitness effects on selfed offspring may lead to a
decrease in selfed individuals between cohorts up to the adult stages. Although often
provided as a characteristic of a species, mating system is particular to individuals. This
means that ideally a large number of individuals and progeny should be sampled before

drawing conclusions. Also, the mating system may vary across a species range and with
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environmental conditions. This means that it may be inappropriate to extrapolate from a

study of a single population to all populations across a species range.

Analysis of mating system

A number of mixed mating models (e.g. Brown 1990, Ritland 1990) allow for the
estimation of selfing frequencies within populations. Ritland’s MLTR program (Ritland
1990) generates a number of mating system parameter estimates and uses maximum
likelihood analysis to provide minimal variance estimates of these parameters. This
program uses a mixed mating model that assumes that a portion of the matings
represents selfing events, and that the remaining portion of matings is due to random

non-self mating.

The MLTR program estimates the multilocus outcrossing rate (fm) and the average
single-locus estimate (zs). Using these estimates it can also provide an estimate of
biparental inbreeding, the probability of mating among relatives (¢m - ts), as true selfing
will lead to multilocus similarities between individuals whereas matings between
related individuals will lead to an increase in similarity at individual loci. MLTR also
provides an estimate of correlated paternity (the likelihood that two randomly selected
offspring from a single mother share the same father) (7p), which can be translated into

an estimate of effective number of pollen donors (Nep = 1/rp).

Inbreeding effects on fitness

The effects of inbreeding (selfing and biparental inbreeding) are examined in relation to
a surrogate measure of fitness. Each individual from the mapped plots (Tirimbina
primary and secondary forest, Ladrillera primary forest), for which there were data for 3
or more loci, was given a heterozygosity score (if alleles at one locus were the same it
was given a score of -1, if alleles at one locus were different, a score of +1). Thus,
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heterozygosity at all loci maximised the score and homozygosity minimised it. The
heterozygosity scores were then compared to growth rate, estimated from long term

ecological surveys at both sites (B. Finegan, CATIE).

2.3.4 Paternity analysis

Paternity analysis is the determination of the parentage of an offspring, made when
maternity is known and paternity is decided from candidate male pollen donors. The
aim of paternity analysis is to complete a perfect assignment, that is, every sampled
offspring in the population is assigned its true father. The best current methods use
cumulative information from multiple polymorphic microsatellite loci to best exclude
all non-fathers from assignment. This is not always possible so statistical methods have
been developed to cope with multiple potential fathers. These methods can be
categorised into three basic approaches; exclusion, categorical allocation and fractional

allocation.

Statistical methods of paternity analysis: Exclusion

Exclusion methods of parentage analysis (e.g. Ellstrand 1984), attempt to eliminate all
but the true parents from all candidate individuals using incompatibilities between
parent and offspring to reject particular parent offspring hypotheses (Jones and Arden
2003). Three alternative conclusions are possible after simple exclusion analysis for
paternity analysis. The first outcome is the desired one where only one male cannot be
excluded. However, there may be several males that cannot be excluded and potentially

all males are excluded.

For exclusion methods to be successful all non-parents need to be eliminated and this is
only possible with a large number of highly polymorphic loci, particularly if there are a

large number of candidate parents. One further problem of strict exclusion methods is
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that if there is an error in determining an individual’s genotype, either by mis-scoring or
the presence of null alleles, then the true parent will also be excluded. Exclusion
methods have been successfully employed (e.g. Ellstrand 1984; Ellstrand and Marshall
1985; Adams ef al. 1992) yet due to mis-assignment problems, most parentage analysis

relies on genetic likelihood methods, either categorical or fractional allocation.

Statistical methods of paternity analysis: Categorical allocation

Categorical allocation uses likelihood-based approaches to select the most likely parent
from a pool of non-excluded parents (e.g. Meagher and Thomson 1987; Sanchristobal
and Chevalet 1997; Morgan 1998). This method involves calculating a logarithm of the
likelihood ratio (LOD score) by determining the likelihood of an individual (or pair of
individuals) being the parent (or parents) of a given offspring divided by the likelihood
of these individuals being unrelated. After evaluation of all genetically possible parents,
offspring are assigned to the parent (or parental pair) with the highest LOD score. When
all parent—offspring relationships show zero likelihood, offspring are unassigned.
Parentage remains ambiguous when multiple parent—offspring relationships obtain the
highest nonzero likelihood. Contrary to strict exclusion methods, likelihood-based
allocation methods usually allow for some degree of transmission error due to genotype
misreading or mutation. Using a maximum likelihood method also means that the
addition of an extra locus compensates for larger increases in the number of parents, so
that with a sufficient number of polymorphic loci it is possible to achieve high

allocation success even when there is relatively high number of possible parents.

Statistical methods of paternity analysis: Fractional allocation

The fractional allocation (e.g. Devlin et al. 1988) method assigns some fraction of each
offspring to all non-excluded candidate parents. The portion of an offspring allocated to
a particular candidate parent is proportional to its likelithood of parenting the offspring
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compared to all other non-excluded candidate parents. Single parent and parent pair

likelihoods are calculated in the same way as in the categorical allocation method.

Limitations of likelihood methods

Likelihood methods do not always lead to assignment for all offspring as some progeny
may have an ambiguous likelihood profile (Smouse and Meagher 1994), meaning that
the data set is reduced. Another problem associated with this method is that
homozygotes will always give a higher likelihood score than a heterozygote at any
given locus (as a homozygotic male will carry two copies of the compatible allele) so
that all offspring with an allele will be allocated homozygotic parents (Devlin et al.
1998, Adams et al. 1992). Although a homozygote does have a higher likelihood of
transmitting the allele the net effect of maximum likelihood methods is still a bias in
favour of homozygotes. This can be particularly problematic when assessing inbreeding
depression, since inbred individuals are more homozygous and are therefore favoured
by the analysis. A reduction in fertilisation success resulting from inbreeding depression
may consequently be obscured. The extent of this bias can be reduced using categorical
allocation if the number of markers is increased (Smouse and Meagher 1994).
Alternatively Devlin et al. (1988) show that if offspring are instead fractionally
allocated among all non-excluded parents based on their probability of parentage, the

bias associated with the categorical assignments can be circumvented.

A further shortcoming of many parentage models is that they assume a uniform prior
probability distribution. That is, they assume that each candidate parent is equally likely
to be the true parent of a given offspring regardless of proximity of candidate parents to
the offspring or reproductive successes of candidates. This might be the best assumption
in the absence of any information about the actual distribution of the prior probabilities
(Devlin et al. 1988). However, it leads to an underestimation of the true variance in
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reproductive success as individuals with high reproductive success are underestimated
while those with low reproductive success are overestimated (Adams et al. 1992).
Incorporating biological data into categorical allocation can increase the accuracy of

parentage inference (Adams et al. 1992).

Statistical methods of paternity analysis: TwoGener analysis

Direct methods of measuring pollen mediated gene flow that rely on paternity exclusion
or assignment, require exhaustive sampling of all potential pollen donors in the
population studied. However, if all potential fathers have not been genotyped it is
possible to obtain an estimate of pollen flow using TwoGener analyses even without
having an estimation of adult density (Austerlitz and Smouse 2001a,b, 2002; Smouse et
al. 2001). The TwoGener method allows for quantification of the heterogeneity among
male gamete pools sampled by maternal trees across the landscape and can be used to
estimate mean pollination distance and effective neighbourhood size (Smouse et a/

2001).

Austerlitz et al. (2004) found similarity with the estimation of pollen flow distances
from TwoGener and paternity-based methods. Burczyk and Koralewski (2005) found
that a neighbourhood model (a representative of paternity-based methods) and
TwoGener provided comparable estimates of effective number of pollen parents and
comparable estimates of mean pollen dispersal distance although the neighbourhood
model provided more variances of the parameter estimates. The TwoGener approach
assumes that flowering individuals are homogeneously spread over a two dimensional
landscape larger than the scale of pollen dispersal. When the population studied does
not approximate this, such as when individuals are clumped, then estimates are less

reliable.
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Problems associated with paternity analysis

Null alleles

When one allele has not been successfully amplified during PCR whilst the other allele
has, then the individual will be incorrectly scored as a homozygote at that locus. If the
null allele is inherited by the offspring, it can result in the parent of that offspring being
wrongly excluded. In studies where one parent is known, null alleles are easier to detect
because they result in significant departure from Hardy—Weinberg equilibrium. In
studies in which a known parent is sampled with groups of offspring, null alleles are
even easier to detect because they result in incompatibilities between the known parent

and offspring that invariably involve homozygous genotypes.

Linkage disequilibrium

The effects of linkage disequilibrium and physical linkage between loci are different in
regard to parentage analysis. Using loci that are in linkage disequilibrium decreases the
expected probability of exclusion and the accuracy of parentage assignments
(Chakraborty and Hedrick 1983). This is because non-random associations between loci
reduce the amount of useful genetic variation for discriminating parentage (Devlin et al.
1988). Conversely, if physically linked loci are examined, and the linkage phase and
recombination rate of the candidate parents are known, the accuracy of parentage
assignments can be increased, provided that they do not exhibit severe linkage
disequilibrium (Devlin et al. 1988; Jones et al. 1998c). Most parentage analysis
techniques consider the data one locus at a time and combine the information over all
loci assuming independent assortment. Therefore, it is a requirement that the data is

tested for the presence of linkage disequilibrium prior to analysis.
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Mutations and scoring error

Mutations and scoring errors can cause offspring to appear incompatible. Even with
microsatellite data, mutation rate is slow so that there are unlikely to be many mutations
even in a large data set (Jones and Arden 2003). When offspring have a known parent it
is possible to assess the level of mutation or scoring error by checking transmission of

alleles from parent to offspring.

Family structure

The presence of family members, other than the parents of offspring, in a pool of
candidate parents can present a serious challenge to parentage assessment. If sampled
adults are related to each other, or if candidate parents are siblings of the offspring, then

a higher number of loci are required to determine parentage.

Cryptic gene flow

When there is no genetically compatible parent the parent is assumed to be an un-
sampled adult from outside the sampled population. There is also a possibility of a
parent being outside the sampled area but the offspring is assigned to a parent within the
area, as it is not incompatible with a non-parent within the data set (Burczyk et al.
2004). This undetected gene flow from outside the population is cryptic gene flow and
will be relative to the level of polymorphism in the suite of molecular markers used.
Devlin and Ellstrand (1992) developed a model for estimating total pollen gene flow
into a population that takes into account the contribution of cryptic gene flow (that
which would go undetected in a conventional paternity analysis). The primary
assumption of this model is that gametes can be treated as being drawn at random from
a large source population of known allele frequency. Unbiased estimates of relative

male reproductive success can be adjusted for cryptic pollen gene flow (Roeder et al.
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1989). This approach is useful for generating a pollen dispersion curve as well as for

estimating gene movement from outside the un-sampled area.

Techniques used in paternity analysis software

There are a number of computer programs designed for reconstructing parentage.
Programs that use an exclusion method include PROBMAX (Danzmann 1997),
NEWPAT (Worthington Wilmer et al. 1999) and KINSHIP (Goodnight and Queller
1999). Programs that use categorical allocation include CERVUS (Marshall et al.
1998), PAPA (Duchesne et al.2002), FaMoZ (Gerber et al. 2000) and PARENTE
(Cercuiel et al. 2000). Most computer programs use similar methods for assignment but

differ in the way they deal with errors in the data set.

For paternity analysis NEWPAT, CERVUS, FaMoZ, PARENTE, PATRI or KINSHIP
can be used for exclusion or allocation and are suitable for the data used in this study. In
this study paternity analysis was done using the FaMoZ program (Gerber et al. 2003).
The dataset had a number of missing values and therefore a likelihood method was
required that could provide an assessment of confidence in assignment. As a
consequence of missing data, not all potential fathers were genotyped, therefore, data
was also analysed using the TwoGener method (Smouse et a/ 2001), which is included

in the FaMoz program.

Paternity analysis software: null alleles

The most conservative way to handle a locus with null alleles in parentage analysis is to
recode all homozygous genotypes as heterozygotes possessing the detected allele and
the null allele, thus preventing exclusion on the basis of homozygous genotypes.
However, most programs (including FaMoZ) deal with null alleles by treating them as
any other mutation or genotyping error. This approach is problematic, because these
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programs allow only a single, experiment-wide mistake rate that is constant across loci.
Thus, if one locus has a high frequency null allele, then the program can accommodate
it only by assuming that all loci have a high rate of mistakes or mutations, thus

diminishing the power of the loci that do not display null alleles.

Paternity analysis software: mutation and scoring error

For those data sets in which mutations and scoring errors appear to be an important
concern, algorithms have been developed to overcome such problems (Sancristobal

and Chevalet 1997; Marshall ef al.1998). The details of these algorithms differ among
programs. Sancristobal and Chevalet (1997) developed an algorithm that allows
mistakes and mutations to be drawn from a specified distribution that can range from a
strict stepwise model to an infinite allele model, depending on parameter values
specified by the user. FaMoZ uses a simplified form of this method that restricts its use

to the infinite alleles model.

Paternity analysis software: confidence assessment

Assessing the statistical confidence in parentage estimates is an important component of
parentage analyses (e.g., Pena and Chakraborty 1994; Evett and Weir 1998; Marshall et
al. 1998). Most programs use a simulation-based assessment of confidence in
assignments. FaMoZ simulates data sets and calculates expected distributions of their
test statistic, A, which is usually the difference in likelihood ratios between the two
males most likely to be the father of the offspring. From the distributions of the test
statistic in simulations, FaMoZ can determine a critical value that will produce a desired
level of confidence in assignments of parentage. This algorithm is particularly important
when mutations and mistakes exist in the data set, because under such circumstances all

hypothesised parent—offspring pairings possess a finite probability of being true, and a
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measure of confidence provides an objective means by which the validity of pairings

possessing some apparent genetic incompatibilities can be evaluated.

The simulation-based approach to confidence assessment implemented by FaMoZ has
been criticised by Nielsen ef al. (2001). The major criticism is that the test statistic A
only uses information from the two most likely males, discarding the information from
other compatible males. In addition, the value of A is calculated differently when only
one male is compatible with the offspring than when two or more are compatible,
presumably resulting in two different distributions of A. Statistics developed by Neff et

al. (2001) now allow a calculation of statistical confidence in fractional allocation tests.

Data validation

Prior to analysis all data was tested for linkage disequilibrium using FSTAT 2.9.3,
Goudet (2001). The presence of null alleles, large allele drop-out and mis-scoring was
assessed using Micro-Checker (Oosterhout et al. 2004). Results of these tests can be

found in the appendix. Cryptic gene flow was assessed using FaMoZ (Chapter 5).

2.4 Simulation modelling methods

A simulation modelling component was included in this study to investigate processes
affecting the long term genetics of a colonising species. To investigate factors of direct
interest to sustainable forestry of a secondary forest species it was necessary to develop

both species- and scenario-specific models. The models were written in FORTRAN.

Two distinctly different models were used in this study; one that operated on a
landscape scale and only considered seed dispersal and one that operated on a
population scale and considered both seed and pollen dispersal. The landscape model

assessed cpDNA haplotype structure and used data from a case study of the oak
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recolonisation of Britain. The population model assessed variation in diploid multilocus

genotypes and used data from analysis of V. ferruginea regeneration.

Both models simulated a spatial landscape or array consisting of a grid of cells. Each
cell was allowed to contain a single individual that, upon reaching maturity, could
disperse pollen and potentially seed within a radius around itself dependent on set
dispersal kernels (kernels defined in Chapters 6 and 7). When two or more adult trees
were within pollination distance they could produce offspring, which could be dispersed
around the maternal parent. Offspring were assigned genotypes from its two parents
according to Mendelian inheritance. The spatial array could contain one or more species

but only the genotypes of the species of interest were recorded.

2.4.1 Statistical analysis of model outputs

In the landscape scale model, populations of twenty trees were sampled for analysis.
Diversity was calculated using Nei’s haploid diversity statistics for within and total
population diversity and differentiation (Nei 1975). For the population scale model,
genotypes for all V. ferruginea were recorded and these data were analysed for gene
diversities and differentiation using both Nei (1987) and Weir and Cockerham (1984)
estimators. The estimates were tested using randomisation methods (analysis was

implemented using FSTAT 2.9.3, Goudet (2001)).
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Chapter 3: Genetic Diversity and Differentiation in Vochysia ferruginea

Populations in Primary and Secondary Forest

3.1 Introduction

Attempts to characterise genetic diversity and differentiation in tropical trees within
primary forest, have been performed on a variety of species and spatial scales (e.g. Dick
et al. 2003 Collevatti et al. 2001; Lowe et al. 2003; Lemes et al. 2003, see Table 1.1 in
Chapter 1 for further examples). Most species have been found to maintain more
variation within than among populations (Hamrick et a/ 1992), indicative of the
effective means of gene flow between trees (Schierenbeck et al. 1997; White et al.
1999). Most tropical canopy layer trees occur at a low density in primary forest and so
long distance seed and/or pollen dispersal are expected. As a result, they often show
little population genetic structure (Dutech ef al. 2002; Latouche-Hall¢ et al. 2004; Ward
et al 2005). A high level of gene flow via long distance dispersal of pollen creates
greater genetic connectivity between populations and reduces genetic structuring,
although other factors may also bring about low levels of population genetic structuring,
e.g. random mortality of seedlings (Hamrick et al. 1993); inbreeding depression
eliminating related individuals (Epperson 1992) and disturbances effecting local density

(Knowles et al. 1992).

Previously studies that have investigated genetic variation in tropical tree species within
primary forest populations have predominantly investigated the genetic consequences of
habitat loss and fragmentation, particularly in species of high economic or conservation
value (e.g. Swietenia sp, White et al. 1999; Cespedes et al. 2003; Norvick et al. 2003;
Lowe et al. 2003; Lemes et al. 2003; Lowe et a/ 2005). Unlike the majority of tropical
canopy trees, pioneer species often occur at high density in disturbance gaps, although

the gaps themselves may be spatially distant, and so such species have the potential to
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show local-scale structuring. This isolation of spatially distant populations therefore
leads to genetic differentiation between gap populations However, as pioneer species
require long distance dispersal to utilise gaps in the forest, extensive gene flow may also
lead to low levels of structuring in these tropical species (McCauley 1991, Alvarez-

Buylla and Garay 1994, Slatkin 1985).

Pioneer species in secondary forest may have critically different genetic characteristics
to low density canopy trees as the process of colonisation of abandoned habitat might
affect the genetic diversity and structure of a species creating long term impacts in long
lived tree populations. The few studies of tropical trees in secondary forest that have
been undertaken have suggested that there may be a loss of diversity with colonisation
(e.g. in [Iriartea deltoidea, Sezen et al. 2005), although this may be mediated by
extensive gene flow (e.g. in Swietenia macrophylla, Cespedes et al. 2003 and

Elaecarpis grandis, Rosetto et al. 2004).

Vochysia ferruginea is a fast growing pioneer that also retains a presence in primary
forest as a canopy tree (Flores 1993). Its tolerance to poor soils and aluminium toxicity
mean it can colonise the low fertility conditions of abandoned agricultural land where it
can form dense monodominant stands (Flores 1993; Herrera and Finegan 1997; Herrera
et al. 1999). In fact there is evidence that V. ferruginea becomes more abundant in the
low nutrient/high acidity soils typical of areas of land from which tropical forest has
been removed for agriculture than under more natural situations (Herrera and Finegan
1997; Herrera et al. 1999). These properties combine to make V. ferruginea an excellent
species in which to study genetic diversity and differentiation in primary and secondary

forests.
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The study in this thesis collects genetic information from two sites (Tirimbina,
Ladrillera) in Costa Rica where there is both primary forest and an area of secondary
forest. At Tirimbina the secondary forest is approximately 30 years old and at Ladrillera
it is 25 years old. At both sites the secondary forest boundary at these locations is
adjacent to agricultural land that is either recently abandoned or minimally managed
with seedling regeneration found as secondary forest encroaches. For both sites levels of
genetic diversity were assessed in primary, secondary and seedling populations. These
were compared to progeny arrays, seeds taken from mother trees, in both primary and
secondary forest. This allowed investigation into the genetic variation in seed, seedling
and adult cohorts. Genetic differentiation was also assessed between these populations

allowing comparison of gene flow between populations

This study then evaluated the genetic characteristics of V. ferruginea in two differing
population structures: low density in gaps in primary forest and in high-density, even-
aged secondary forest where it is the dominant tree. By assessing genetic diversity and
differentiation of adult trees, seedling regeneration and seeds taken from mother trees
the population genetic characteristics of different life stages can be compared to give an
insight into the colonisation process from a genetic point of view. For this study, we
assumed that secondary forest is formed by colonisation into open land by seeds from
individuals in primary forest; and subsequent seedling regeneration from secondary
forest represents the next generation of colonisation. Comparison of diversity estimates
from progeny arrays and seedling regeneration allowed investigation of the impact of
(seed-mediated) colonisation processes versus the impact of (pollen-mediated) gene
flow. The genetic characteristics of the progeny array represent the potential genetics of
the next generation, whereas the seedling populations represent the actual genetic

composition of the regenerating population.
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3.2 Methods

3.2.1 Study site and populations

Populations from both Tirimbina and Ladrillera were sampled as described in Chapter
2. At each site, duplicated primary forest, secondary forest tree and seedling
populations, and primary and secondary forest progeny arrays were sampled for study.
The Tirimbina site included a primary fragment population and the Ladrillera site had
two secondary forest populations: one adjacent to primary forest and one at the furthest
extent of the secondary forest. It is the latter area of secondary forest from which seeds

were collected and where the seedling population was situated.

3.2.2 Sampling, DNA isolation and microsatellite analyses

Cambial tissue was taken from adult trees and leaf material was collected from
seedlings. Seeds were collected from randomly selected mother trees in both secondary
and primary forest and DNA was isolated directly from the seeds. DNA was isolated as
described in Chapter 2. Analyses were made using data obtained from screening using 5
microsatellite primers; primer details, PCR and scoring conditions are also indicated in

Chapter 2.

3.2.3 Statistical methods

Locus diversity and Hardy-Weinberg equilibrium

Gene diversity was calculated as Hs, a measure of within sample gene diversity, and Hr,
a measure of overall gene diversity (Nei 1973). Hardy-Weinberg equilibrium over all
samples was tested for using a Markov chain method (Lazzeroni and Lange 1997),
where each locus and each population were sampled individually with 1000

permutations, using the program GENEPOP 3.4 (Raymond and Rousett 1995).
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3.2.4 Genetic diversity

The level of genetic variation within populations was quantified by assessing allelic
richness and genetic diversity for each of the five microsatellite loci and averaged over
all loci. Allelic richness (Rt) is a measure of the number of alleles made independent of
sample size by adaptation of a rarefaction index (Hurlbert 1971; Goudet 2001; EIl
Mousadik and Petit 1996). Estimates of gene diversity per locus and over all loci use an
unbiased estimator (as described in Nei 1987). These analyses were conducted using the
program FSTAT 2.9.3 (Goudet 2001) and tested using bootstrap sampling with 1000

simulations.

3.2.5 Deficit of heterozygotes

The inbreeding co-efficient (Fis) was estimated over all loci for all populations using the
program FSTAT 2.9.3 (Goudet 2001) and calculated according to Weir and Cockerham

(1984).

3.2.6 Genetic differentiation

Genetic differentiation (Fst) between all pairs of populations was estimated following
Weir and Cockerham’s (1984) multilocus weighted analysis of variance using the
program GENEPOP 3.4 (Raymond and Rousett 1995). This analysis was tested using

bootstrap sampling with 1000 simulations.

3.3 Results

3.3.1 Locus diversity and Hardy-Weinberg equilibrium

All five microsatellite loci were highly polymorphic, the mean number of alleles per
locus was 16.2, ranging from 13 to 24 (see Table 3.1). The observed proportion of
heterozygosity ranged from 0.568 to 0.8, loci with higher levels of polymorphism did
not necessarily show higher levels of heterozygosity. Gene diversities within samples

were similar to the overall gene diversity. Diversity within samples ranged from 0.583
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to 0.79 and overall diversity ranged from 0.719 to 0.838 (Table 3.1). Loci differed
greatly in tests for Hardy-Weinberg equilibrium with P ranging from 0.000 to 0.998 and
all loci could be considered as in HWE except A1-10. Further results on data validation
(see appendix) showed that there was no evidence to suggest the presence of null
alleles, large allele drop-out or mis-scoring due to stutter bands. There was some
evidence for linkage disequilibrium; however, this was most likely an artefact of the

data due to similarities in allele dropout in loci and not because of linked loci.

Table 3.1: Characterisation of the five microsatellite loci employed using data from all populations.
N, number of individuals; A4, total number of alleles; Ho, observed heterozygosity; Hg, within sample gene
diversity; Hr, overall gene diversity; P, departure from Hardy-Weinberg among all populations using the

Markov chain method, standard error in brackets.

Locus N A Ho Hs Hr P

Al-5 884 23 0.758 | 0.79 0.838 | 0.000 (0.000)
Al-10 1455 13 0.8 0.746 | 0.838 | 0.998 (0.002)
Al-15 1495 14 0.649 |0.585 |0.751 0.023 (0.005)
Al1-20 1236 16 0.568 | 0.673 |0.719 | 0.000 (0.000)
A1-35 1010 15 0.772 | 0.717 | 0.784 | 0.013 (0.004)
Mean over all loci 16.2 0.709 0.702 0.786 | 0.004

Within populations, the mean sample size per locus (i.e. the number of individuals
scored at any locus) was significantly smaller than the population size, in most cases
mean sample size was halved (see Table 3.2). This was a consequence of difficulties in
successful amplification of loci, particularly A1-5 (see Table 3.1). Table 3.2 also shows
mean number of alleles per locus for each population; however, due to the differing

sample sizes allelic richness is a better measure of the number of alleles per population
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(Table 3.3). Populations differed significantly regarding deviation from Hardy-

Weinberg equilibrium, with P values ranging from 0 to 1.

Table 3.2: Sample size, number of alleles and departure from Hardy-Weinberg in all populations
averaged over loci.

N, population size; S, mean sample size per locus; 4, mean number of alleles per locus; P, departure from

Hardy-Weinberg, standard error in brackets.

Site Population N S A P
Tirimbina | Progeny primary 15x20=300 | 163.8 10.2
0.485 (0.031)
Progeny secondary | 12x20=240 | 180.8 9.6
Seedlings 132 20 5.8 0.204 (0.012)
Adult secondary 120 78 8.6 0.980 (0.006)
Adult primary 100 60.4 9 0.000 (0.000)
Primary fragments | 12 7.6 4.8 0.118 (0.006)
Ladrillera | Progeny primary 20x20=400 | 289 10.2
0.000 (0.000)
Progeny secondary | 20x20=400 |223.2 9.8
Seedlings 100 49.2 3.4 1.000 (0.000)
Secondary A 130 49.6 6.8 0.001 (0.000)
Secondary B 136 37.4 6.4 0.647 (0.019)
Primary 140 57 7.6 0.081 (0.011)

3.3.2 Genetic diversity

The two sites showed similar patterns in the changes of allelic richness between

different populations but varied in the way diversity changed across populations. At

Ladrillera, diversity and allelic richness decreased moving from primary to secondary

A, then to secondary B, then to seedlings. In Tirimbina, across the same gradient,

diversity stayed constant, whilst allelic richness alone dropped from primary forest
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through to secondary forest then to seedlings See Table 3.3 for values of genetic

diversity (Nei 1987) and allelic richness.

Table 3.3: Genetic diversity, allelic richness and Fjs in adult, seedling and progeny arrays, where at the
Ladrillera site, secondary A is adjacent to primary and secondary B is adjacent to seedlings.

N, population size; Hg, average genetic diversity over all loci according to Nei (1987); Ry, allelic
richness; Fig, deficit of heterozygosity. ns = non significant, * = significant at the 95% confidence level,

** = significant at the 99% confidence level.

Site Population N Hg Rt Fis
In secondary | 300 0.78 9.90 -0.01™
Progeny
In primary 240 0.75 9.08 -0.007"™
A Seedlings 132 0.74 4.76 0.11°
Tirimbina
Adult secondary 120 0.72 7.95 -0.136
Adult primary 100 0.75 8.86 -0.026™
Primary fragments 12 0.77 1.82 0.016™
In secondary | 400 0.70 10.07 0.067
Progeny -
Ladrillera In primary 400 0.67 9.44 0.042
Seedlings 100 0.47 3.48 -0.082"
Secondary A 130 0.74 8.20 0.175
Secondary B 136 0.60 4.50 -0.157"
Primary 140 0.68 5.71 -0.069"

At Tirimbina the greatest diversity was found in the primary fragments (Hg =0.77),
although this small population showed very low allelic richness (1.82). The primary
forest population at Tirimbina had both greater diversity (Hg =0.74) and allelic richness
(8.86) than secondary forest (0.72 and 7.95 respectively), although the reduction is
small. There was no significant difference in diversity between both the secondary and
primary forest populations and the seedling population (seedling population diversity =

0.74); however, there were significantly fewer alleles (allelic richness = 4.76). There
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was a high level of diversity and allelic richness found in seeds taken from mother trees
in both the primary and secondary populations, with the number of alleles found in the
progeny arrays exceeding that found in the adult populations. Seeds taken from trees in
primary forest had a diversity of 0.75 and an allelic richness of 9.08, seeds from
secondary forest had a diversity of 0.78 and an allelic richness of 9.90. Therefore, at the
Tirimbina site genetic diversity was similar across all populations but allelic richness
was greatest in primary forest and seeds, decreased in secondary forest and decreased

further in seedlings.

A more complex pattern is observed in Ladrillera populations, here primary forest
showed a lower level of diversity and allelic richness to that found in Tirimbina
(diversity = 0.68 and allelic richness = 5.71). The two secondary forest populations
showed very different patterns of diversity. The secondary forest population adjacent to
primary forest had greater diversity than the primary forest population (0.74) and
showed higher allelic richness (8.2). The other secondary forest population, further from
the primary forest, showed a lower diversity and allelic richness than both the secondary
population A and that of the primary forest (diversity = 0.6 and allelic richness = 4.5).
The seedling population at Ladrillera, adjacent to this lower diversity secondary forest,
exhibited a further decrease in diversity (0.47) and again a loss of alleles (allelic
richness = 3.48). As in the Tirimbina populations, diversity and allelic richness was
high in the progeny arrays with seeds collected from both primary and secondary forest
showing a diversity equivalent to that of primary forest (0.7 in progeny from secondary
forest and 0.67 in progeny from primary). Progeny from both secondary and primary
forest populations also had a greater number of alleles present than in the adult
populations. At Ladrillera, seeds taken from trees in primary forest had a diversity of
0.67 and an allelic richness of 9.44, secondary forest had a diversity of 0.7 and an allelic
richness of 10.07.
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3.3.3 Deficit of heterozygotes (Fs)

Most populations had low or negative levels of Fis (see Table 3.3). There was an excess
of homozygotes found in the seedling population at Tirimbina (Fis = 0.11) but this was
not seen in seedlings at Ladrillera. There was an excess of heterozygotes found in the
secondary forest population in Tirimbina (Fis = -0.136) and also the low diversity
secondary population at Ladrillera (Fis = -0.157). However, the largest deficit of
heterozygotes was also found in secondary forest, at Ladrillera in the forest adjacent to

the primary forest block (Fis = 0.175).

3.3.4 Genetic differentiation

The genetic differentiation statistics are shown in Table 3.4. The Tirimbina populations
all showed some differentiation from each other, Fsr ranged from 0.025 to 0.106. The
Ladrillera populations showed a similar level of differentiation between population
samples, Fsr ranged from 0.009 to 0.112. There were high levels of differentiation
between the populations at Tirimbina and Ladrillera, particularly between the seedling
populations at both sites where Fsr was 0.342. However, the lowest differentiation
between a population at Ladrillera and one at Tirimbina was lower (Fsr was 0.069
between Ladrillera primary and the progeny from Tirimbina primary) than the greatest

within site differentiations at both sites (Fst = 0.106 and 0.112).

At Tirimbina, the primary fragments showed the lowest differentiation from the primary
forest (Fsr = 0.028) and the greatest differentiation from the secondary forest (Fsr =
0.086). The fragments showed a similar level of differentiation from the seedlings (Fst
= 0.043) and the progeny, with the fragments less differentiated from progeny in
primary forest (Fsr = 0.031) than in secondary forest (Fst = 0.069). The primary forest
was most genetically similar to the primary fragments, was not largely differentiated

from the secondary forest (Fsr = 0.036) but showed some differentiation to the
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seedlings (Fst = 0.068) and the progeny, where it was differentiated from progeny taken
from the secondary forest (Fst = 0.059) and showed some differentiation from progeny

taken from within this population (Fsp = 0.034).

The secondary forest population was most differentiated from the primary fragments
(Fst = 0.086) and was most genetically similar to the primary forest population (Fst =
0.036). The secondary forest showed a similar level of differentiation to the progeny
(Fst = 0.04) and seedlings (Fsr = 0.041) as did the primary forest (Fsr = 0.043 and
0.042). However, the secondary forest showed an equal level of differentiation from the

progeny of secondary (Fsy = 0.047) and the progeny of primary forest (Fst = 0.048).
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Table 3.4: Genetic differentiation (Fst) for each pair of populations (using GENEPOP where Fgr is estimated as in Weir and Cockerham 1984). At the Ladrillera site secondary A is

near to primary forest and secondary B is further away, progeny are taken from secondary 2 and seedlings are also adjacent to secondary B.

Site Tirimbina Ladrillera
Population |Progeny |Progeny |Seedlings |Secondary|Primary |Fragments|Progeny |Progeny |Seedlings |SecondaryA |SecondaryB
Progeny 2° [0.025
Tirimbina | Seedlings  [0.087 0.106
Secondary |0.048 0.047 0.041
Primary  |0.034 0.059 0.068 0.036
Fragments |{0.031 0.069 0.043 0.086 0.028
Progeny 1° {0.079 0.127 0.178 0.155 0.135 0.116
Progeny 2° {0.102 0.142 0.214 0.185 0.17 0.154 0.03
Ladrillera Seedlings |0.178 0.221 0.342 0.259 0.262 0.28 0.054 0.089
Secondary |0.077 0.106 0.149 0.133 0.136 0.122 0.026 0.056 0.084
Secondary [0.125 0.161 0.25 0.210 0.175 0.207 0.046 0.01 0.112 0.067
Primary  |0.069 0.117 0.162 0.138 0.128 0.141 0.009 0.058 0.069 0.028 0.089
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The seedling population at Tirimbina showed the highest differentiation to the
progeny arrays, Fst was 0.087 for progeny from primary forest and 0.106 for progeny
from secondary forest, these two populations were the most differentiated at the
Tirimbina site. The progeny array from within the primary forest had similar levels of
differentiation from the other populations, with the progeny slightly more
differentiated from secondary forest populations and more similar to primary forest
and the primary forest fragments, Fst was 0.048 with secondary forest, 0.035 with
primary forest and 0.031 with the primary forest fragments. The progeny array from
secondary forest was similarly differentiated from the adult population from which it
was collected (Fst = 0.047) but showed greater differentiation from the primary forest

populations (Fst = 0.059 in primary forest and 0.069 in the fragments).

At Ladrillera, primary forest trees shared the most genetic similarity with the progeny
from primary forest (Fst = 0.009), and were the two most similar population samples
at this site. The primary forest was moderately differentiated from the secondary B
population, furthest away from the primary forest (Fsr = 0.089), and from the progeny
(Fst = 0.058) and seedling populations (Fst = 0.069) adjacent to that secondary
population. The primary population was more similar genetically to the secondary A
population, adjacent to the primary forest (Fst = 0.028) and the progeny from primary
forest (Fst = 0.026) than to the distant secondary B forest (Fst = 0.067). The
secondary A population adjacent to primary forest was also slightly differentiated
from the progeny (Fst = 0.056) and seedlings (Fst = 0.084) and from the other, distant

secondary forest population (secondary B).

The secondary B population showed a high differentiation to both the primary and the

other secondary population. It also showed a greater similarity to progeny within the
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primary forest (Fsr = 0.046) than it did to the primary forest population itself (Fst =
0.889). This secondary forest population was most similar to the progeny array taken
from adults within it (Fst = 0.01) but surprisingly, was most differentiated from the

seedling population also presumed to have originated from it (Fsy = 0.112).

Seeds from the primary forest progeny array were very similar genetically to the
primary forest tree population, but showed some differentiation from the secondary
forest adjacent to the primary forest and greater differentiation from the adult,
seedling and progeny populations of the further secondary forest. The progeny array
in the secondary forest, although similar to the secondary forest population it derived
from, showed the highest differentiation (Fst = 0.089) from the seedlings from that
site. The progeny array from this secondary forest was equally differentiated from the
other secondary (Fst = 0.056) and the primary forest (Fsr = 0.058) populations. The
seedling population at this site had an unusual pattern of differentiation and was
differentiated from all other populations. It was found to be most similar to the
progeny in primary forest (Fsr = 0.054) and most differentiated from the secondary
forest adjacent to the seedlings (Fsr = 0.112). Moderate levels of differentiation were
also found between the seedlings and primary forest (Fsr = 0.069), the other
secondary forest population (Fst = 0.084) and progeny within the secondary forest

adjacent to the seedlings (Fst = 0.089).

3.4 Discussion

3.4.1 Mature primary and secondary forest diversity, inbreeding and differentiation

Gene diversity in V. ferruginea (Hr = 0.79 and 4 = 16.2) is within the range found in
other tropical pioneer tree species. Average gene diversity for microsatellite loci in the

pioneer Elaeocarpus grandis was found to be 0.62 (Rossetto et al. 2004), in Swietenia
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macrophylla it was found to be 0.66 (Hg) and 13.0 (4) in Central American
populations (Norvick ef al. 2003) and in Brazilian populations 0.78 (Hg) and 18.4 (4)

(Lemes et al. 2003).

Genetic diversity (according to Nei 1987) in V. ferruginea adult populations ranged
from 0.6 to 0.74 in secondary forest and 0.68 to 0.75 in primary forest. This is a
similar level of diversity to that found in other tropical tree species (see Table 1.1 in
Chapter 1). There is a considerable range of diversity found in other pioneer species,
Hg was between 0.42 to 0.64 in different populations of Elaeocarpus grandis
(Rossetto et al. 2004), 0.47 in some populations of Swietenia macrophylla (Céspedes
et al. 2003), 0.81 in other populations of S. macrophylla (Lemes et al. 2003) and 0.37
in populations of Antirhea borbonica (Litrico et al. 2005). The range of diversity
found within pioneer species may be a consequence of the different densities and
colonisation processes that many pioneer species experience. The range of
differentiation found between V. ferruginea populations at both sites was between Fsr
=0.009 and 0.112. These values are within the range of differentiation found in other
tropical tree populations, where low differentiation was found for Dinizia excelsa (Fst
= 0.00167; Dick et al. 2003) and high levels of differentiation have been found for
Caryocar brasiliense (Fsy = 0.29; Collevatti et al. 2001). In all, levels of
differentiation between V. ferruginea populations are similar to other pioneer species
(e.g. Swietenia macrophylla where Fsr was 0.005 to 0.238 in populations (Novick et
al. 2003). Levels of Fis in V. ferruginea populations ranged from

-0.157 to 0.175. Many factors can affect levels of heterozygosity so that tropical trees
can have an excess or deficit of heterozygotes with Fis values found ranging from -

0.22 in Carapa guianensis (Dayanandan et al. 1999) to 0.5 in Swartzia simplex

(Hamrick et al. 1993).

106



At the Tirimbina site, the primary fragments consisted of three small isolated hilltop
populations each containing a very small number of adult trees. That these trees are
remnant from primary forest and are geographically widespread accounts for the high
diversity for this group of adults whilst the small population number accounts for the
low allelic richness. The primary forest population in Tirimbina had a high diversity, a
high allelic richness and no evidence of inbreeding. Although the adjacent secondary
forest has lower diversity and allelic richness, it is not significantly different from the
primary population. The secondary forest at Tirimbina is over 30 years old and
consists of a dense V. ferruginea dominated stand. That there is genetic diversity
within this population on a scale comparable to primary forest, suggests either that the
process of colonisation by V. ferruginea has not, in this instance, significantly
decreased diversity, or that diversity has increased in secondary forest since

colonisation.

A newly colonised population could maintain levels of diversity if, for example, there
is long distance gene flow so that many trees contribute to the colonisation process,
either directly through seed dispersal or secondarily by pollen dispersal. Dispersal,
particularly via pollen from the neighbouring primary forest may also have increased

diversity in the 30 years since the area was recolonised by V. ferruginea.

Other studies of regeneration by pioneer species have found similar resistance to loss
of diversity with colonisation. Investigating the response of regeneration by Swietenia
macrophylla into pastures, Céspedes et al. (2003) found that newly colonised
populations had relatively high levels of diversity, presumably in response to high

levels of gene flow also found in this species (White et al. 1999; Céspedes et al.

107



2003). However, some studies have found significant decreases in diversity due to
bottlenecking in founder populations. For example, Sezen et al. (2005) found that
after colonisation of secondary forest by Iriartea deltoidea the founder populations

showed significantly lower diversity.

At Ladrillera, one of the secondary forests (secondary A) had a higher diversity and
higher allelic richness than the primary forest population. This was unexpected,
principally, as the sampled population of primary forest consists of every tree within
the large primary forest fragment assumed to be the source of the secondary forest. It
also showed higher diversity and allelic richness than the secondary forest at
Tirimbina even though it was younger (25 years). It is likely that gene flow from
unsampled remnant trees of protected primary forest, bordering the two rivers running
through the secondary forest, are responsible for the unusually high diversity of this
secondary block. This population also showed a deficit of heterozygosity (Fis =
0.175), which suggests that the population may have been founded by different
sources and this deficit is more likely due to this Wahlund effect (Crow and Kimura
1970) than inbreeding. High Fis was also found in populations of the highly
outcrossing Antirhea borbonica, where Litrico et al. (2005) also suggested that this
was a result of structure and not inbreeding. The remnant trees that may have
contributed to this population consist of a small number of individuals, so very small
primary fragments may measurably affect the genetics of secondary forest populations

and increase genetic diversity.

The other secondary forest population at Ladrillera (secondary B) also showed
deviation from Hardy-Weinberg but with an excess of heterozygotes (-0.157), as did

the secondary forest at Tirimbina (-0.136). Both of these populations were some
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distance from the most likely primary forest source population. The secondary forest
population at Tirimbina was potentially founded by one very large remnant tree that
was left in the area after clearing and has since died (B. Finegan pers. comm.).
Vochysia ferruginea appears to be predominantly outcrossing even as isolated
remnants. Therefore, it is possible that at Tirimbina this secondary forest may have
been founded by a single, or a few remnant trees. Remnant trees in a cleared area
would most likely be pollinated via long distance pollination, thus bringing together
spatially and potentially genetically differentiated populations. This population was
most highly differentiated from the primary fragment populations and least
differentiated from the primary forest that extends beyond the fragment populations
further from the secondary forest. This also suggests that the fragments are not the
source population and instead the source was the primary forest or remnant, shade

trees that were left in the area after the primary forest was logged and have since died.

Long distance gene flow between genetically differentiated individuals may also
explain the genetic characteristics of secondary forest at the Ladrillera site as this too
has a landscape history of a small number of remnant trees left after clearing with the
pollen source from primary forest or other remnant trees some distance away. The
genetic character of these secondary forest populations suggests that small differences
in the colonisation process, such as distance from source population and presence of
remnant trees, may have important consequences for levels of genetic diversity, allelic

richness and heterozygosity in the resultant secondary forest.

Genetic differences between populations may not always be due to the difference in
population structure and density between primary and secondary forest. At Ladrillera

the secondary population adjacent to the primary forest is more genetically similar to
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its neighbouring primary forest than more distant secondary forest. Genetic
differentiation in populations of the well studied mahogany species show that while
low levels of structuring are common in this species, biological and physical factors
can both significantly increase (e.g. White et al. 1999) or restrict (e.g. Lemes et al.
2003) gene flow resulting in a range of structuring found in this species. As with V.
ferruginea, the tropical pioneer Cecropia obtusifolia also occurs within gaps in
primary forest and also as monodominant stands of secondary forest. Investigating the
genetics of this species in both primary and secondary forest, Alvarez-Buylla and
Garay (1994) found significant fine scale structure in newly founded secondary forest
that decreased as clusters of related individuals suffered progressive mortality aided
by extensive pollen dispersal distances. Sezen et al. (2005) also found clustering of
related individuals of [Iriartea deltoidea in newly founded secondary forest with

patches of similar genotypes greater than in primary forest.

3.4.2 Seedling and outcrossed progeny diversity, inbreeding and differentiation

Vochysia ferruginea seedling populations at the two sites also showed very different
levels of diversity with seedlings in plantation (Tirimbina) showing much higher
diversity than those in the pastureland (Ladrillera), even though both show roughly
equivalent loss of allelic richness. The lower allelic richness in seedling populations is
an expected result of the loss of alleles during colonisation by a minority of seed
donors. There was low allelic richness in seedling populations at Tirimbina and
Ladrillera. However, the allelic richness, particularly at Ladrillera, is not that greatly
diminished from neighbouring secondary forest. The seedling populations were
sampled differently, with a subsample taken of 100 seedlings in the abundant
Tirimbina population, compared to an exhaustive sampling of 100 seedlings at
Ladrillera. However, these populations were sampled over an equivalent spatial area,

so the sampling strategy is unlikely to be the cause of the differing levels of diversity.
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The pastureland at Ladrillera was cut yearly and most seedlings were of similar height
(ranging from 5 to 390 cm in height with the majority under 100 cm), yet in the
abandoned plantation at Tirimbina the area was less regularly cut so more than one
generation of seedlings may have been present with seedling height ranging from 12
to 640 cm. Therefore, it would appear that a loss of allelic richness is consistent with
colonisation, but the loss of diversity in the Ladrillera seedling population is a more
likely a consequence of it consisting of seedlings from a single year. The loss of
diversity may be partially alleviated by colonisation from successive years’

reproductive output.

Colonisation by V. ferruginea appears to lead to a loss of alleles and potentially a loss
of genetic diversity, however, high levels of gene flow, particularly during
colonisation, may counter that effect with time. The differences in diversity found in
V. ferruginea seedling populations with different age structures suggest that
regeneration by successive generations may counter diversity loss in founding
populations over a few years through a replacement diversity effect from post

colonisation seed and pollen mediated gene flow.

Céspedes et al. (2003) found high allelic richness in populations of Swietenia
macrophylla colonising abandoned pasture, however, they found very few uncommon
or rare alleles in the regenerated populations. For V. ferruginea populations at both
Tirimbina and Ladrillera there were losses in allelic richness in regenerated
populations, as expected during colonisation from a limited source (bottlenecking).
However, at both sites, seed set in open-pollinated progeny arrays was uniformly
more diverse and of higher allelic richness than the trees regardless of habitat, so there

appears to be effective sampling of all alleles occurring at reproduction. Therefore,
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the observed diversity changes must be due either to post-recruitment processes or to
a severely limited source (possibly due to edge effects that would not affect the adults

within populations from which the seed was collected).

The progeny arrays at Tirimbina were differentiated from the adults from which they
were derived. In both primary and secondary forest, the progeny population is more
genetically similar to other populations. However, this is not the case at the Ladrillera
site where the progeny arrays from secondary and primary forest are both
differentiated to some extent from the other populations except those adult
populations from which they were derived (0.01 between secondary forest and
progeny, 0.009 between primary forest and progeny). The differentiation between
progeny and adults at Tirimbina could be caused by gene flow via pollen from outside
the sampled populations. This could be from individuals in unsampled primary forest
that adjoins both primary forest and secondary forest. At Ladrillera, the primary forest
sample contained all individuals of the primary forest block present at that site,
therefore there is less potential for unsampled individuals to be contributing pollen to
the progeny. That the progeny from secondary forest at Ladrillera are also genetically
similar to the adult population may be a consequence of the greater distance of this
sampled block from primary forest. Therefore, gene flow via pollen into the
secondary forest block is more likely to be from the adjacent secondary forest, which

is potentially more genetically similar.

At Ladrillera, the progeny from secondary forest and the seedling population were
highly differentiated from each other, and at this site the highest differentiation was
between these populations (0.106). Both the seedling population and the progeny in

the secondary forest are presumably descended from the same parents and yet they are
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not genetically similar. However, secondary adults were equally differentiated from
seedlings and secondary progeny (approximately 0.04) so the strong differentiation
between seedlings and secondary progeny could be due to differences in the
proportions of paternal gene flow contribution rather than to originating from a
different source. A common source for seedlings and secondary progeny would also
explain why seedlings are less differentiated from secondary adults than those in

primary forest.

An unusual relationship between seedlings and the assumed secondary forest source
population was also found at the Ladrillera site. As in Tirimbina the seedlings and the
secondary forest progeny array were differentiated (0.089) even though it would be
assumed that these two populations share the same parents. However, here the
secondary forest showed high differentiation from the seedlings (0.112) but little
differentiation from the progeny array taken from mothers within the secondary forest
(0.01). This further suggests either different sources for progeny and seedlings at this
site or else a dominance of the small subset of remnant trees (6 remnant trees
compared to 100 in secondary forest) as a source of the seedling population. The
process of colonisation from secondary forest into adjacent vacant habitat, at
Tirimbina and Ladrillera, may have led to different genetic consequences than the
recruitment into gaps within a population, or the progeny and seedling populations do
not share the same ancestry. In both sites, all remnant trees found in the area of
regeneration are included as individuals of the secondary population. Therefore, it is
likely that the cause of these high levels of differentiation is the processes of

colonisation or very high dominance of remnant trees as seed and pollen donors.
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3.4.3 Conclusions

Pioneer trees persist in primary forest through the exploitation of gaps in the canopy.
This can lead to a population structure of small populations spatially isolated from one
another. Therefore, to successfully colonise gaps pioneer species must be able to
disperse seeds relatively long distances. Also, maintenance of a genetically viable
population requires mechanisms whereby these isolated gap populations can exchange

genetic material via long distance pollen flow.

Unlike gaps, clearance of large tracts of primary forest allows highly competitive
pioneer species to colonise in very large numbers. As the interest in secondary forest
as a resource increases it is becoming important to determine the genetic effects of
colonisation by pioneer species that exploit primary forest gaps and whether abundant
tree species of secondary forest are sufficiently genetically diverse to be a sustainable

forest resource.

Low diversity in seedling populations in newly colonised abandoned pasture
(Ladrillera) was potentially the result of a small number of maternal donors
contributing to the founding population. In the mature secondary forest, levels of
diversity and allelic richness are comparable to those in primary forest, both in
Tirimbina where the secondary forest is 30 years old and Ladrillera where the forest is
only 25 years old. In both populations diversity and allelic richness were at their
highest in the seed collections: for both secondary and primary forest collections. This
shows that there is a high level of gene flow to adults in primary forest gaps and
secondary forest. It seems likely that it is this high level of gene flow that has
countered the founder effect of reduced allelic richness in the initial colonising

population, so that after thirty years secondary forests show similar levels of diversity
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and allelic richness to those in primary forest. This is most clearly seen in progeny
taken from adults in the least diverse secondary forest plot at Ladrillera. Within this
population adult diversity and allelic richness are low (0.6, 4.5 respectively), yet
progeny from these adults not only show an increase in diversity (0.7) they also show
the highest allelic richness (10.1). Presence of neighbouring primary forest has, over a
relatively short time, proved effective in increasing the allelic richness in what is a

densely populated secondary forest population.

Comparisons of the diversity of seeds collected from secondary forest and primary
forest showed that adults in secondary forest had the potential to produce offspring as
genetically diverse and with the same extent of allelic richness as those in primary
forest. As long as there is the opportunity of gene flow from neighbouring primary
fragments secondary forests appear quick to recover from the loss of allelic richness
associated with colonisation. However, the high differentiation between seedlings
regenerating from secondary forest and progeny taken from adults within the
secondary forest showed that, whilst individuals within secondary forest can capture
the diversity of the population through pollen flow, actual regeneration into
abandoned land may be genetically different as few individuals may founder that
population. An excess and deficit of heterozygosity was found in sampled secondary
forests, showing that small differences in the number of founding individuals and the
genetic distance between them can effect the genetic composition of secondary
forests. Therefore, the effects of colonisation on genetic parameters are sensitive to

small changes in the population dynamics of a species.

Colonisation from a small number of individuals can result in a loss of diversity

within regenerated populations, the extent of which may be unpredictable. However,
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unlike predictions from some previous studies (e.g. Sezen et al. 2005) these results
suggest that in the presence of gene flow from primary forest, genetic diversity in
secondary forest tree populations can be restored to levels equivalent to that found in
primary forest over relatively short time periods. Although initial colonisation results
in a loss of alleles and a dense, closely-related secondary forest, high levels of pollen
dispersal lead to effective gene flow from primary fragments and remnant trees into
the secondary forest population. This implies that if fragments of primary forest can
be maintained as a pollen source, genetic diversity in areas of secondary forest can be
restored to levels found in primary forest, and this recovery is possible over relatively

short time periods in a pioneer tree species such as V. ferruginea.
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Chapter 4: Mating System, Fine Scale Genetic Structure and the
Effects of Inbreeding on Fitness in Primary and Secondary Forest

Populations of Vochysia ferruginea

4.1 Introduction

Plant species show a large variety of breeding systems, but surveys of tropical species
have noted them to be predominantly outcrossing (Doligez and Joly 1997; Nason and
Hamrick 1997; Loveless et al. 1998). However, they are not always self incompatible
and mating systems of tropical trees appear to be flexible for many species, with the
level of outcrossing changing from one flowering event to another (Degen et al.
2004). For example, Cavanillesia platanifolia (Murawaski and Hamrick 1992), a
neotropical canopy tree, and Shorea trapezifolia (Murawaski et al. 1994) demonstrate
a variation in mating system, between individuals and seasons, from completely
outcrossing to completely selfing. Flexible mating systems are an advantage in low
density tropical populations, this is also true for pioneer species and has been found in

the Brazilian pioneer Senna multijuga (Ribeiro and Lovato 2004).

Mating system can have a major impact on the genetic structuring and level of genetic
variation within populations. Typically, predominantly outcrossing species partition
most variation within populations and show little differentiation between populations,
whilst predominantly selfing species show higher levels of variation between
populations (Brown 1989; Ritland 1989). Biparental inbreeding (matings between
related individuals) may reflect spatial structuring within populations (Ennos and
Clegg 1982), which can result in genetic similarity among neighbouring individuals,
particularly where there is limited seed or pollen dispersal (Vekemans and Hardy

2004). Such characteristics will generate spatial genetic structuring within populations
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of a species and clustering of related individuals will lead to increased matings

between them.

By sampling individuals of a species at high and low densities, Lebois et al. (2004)
showed that the occurrence of spatial genetic structure is largely dependent on the
density of individuals. Spatial genetic structure is also linked to life stage, particularly
in tree species. In many tree species, seedlings are found in much higher densities
than adults resulting in a typical L-shaped age distribution with strong spatial genetic
structuring often found in seedling populations as these may form clusters of related
individuals around the mother tree: this structure decreases in adults due to self

thinning (Hamrick et al. 1993; Chung et al. 2003).

The mating system and spatial genetic structure of pioneer canopy trees in primary
forest may differ from that of individuals of the same species in disturbed forest or in
dense secondary forest. For example, Murawski et al. (1994) noted that for Shorea
species sampled from logged and unlogged stands, self-fertilization and kin mating
were high in the disturbed forest. Murawski and Hamrick (1991, 1992b) also detected
a density effect for three Bombacaceae species in Panama (Cavanillesia platanifolia,
Ceiba pentandra, and Quararibea asterolepis). Lim et al. (2002) found that
outcrossing rates in Dryobalanops aromatica were greatest in primary forest (0.86 —
0.92) and lower in logged (0.77-0.79) or artificial forest (0.55 — 0.67) with high
correlated mating and biparental mating also detected. However, in their study of
Dryobalanops aromatica, Kitamura et al. (1994) found no significant difference for
outcrossing rates in secondary (harvested 20 yr ago, density of flowering trees 6.7
individuals/ha; outcrossing (tm) = 0.79) and primary forest stands (density 14.0

individuals/ha; outcrossing (tm) = 0.86). For Carapa procera, (Doligez and Joly
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1997) the outcrossing rate and level of biparental inbreeding was lower in logged
plots compared to unlogged plots. This study also showed that the differences in the
amount of selfing between logged and unlogged sites could not be accounted for by
density alone, since densities of C. procera were not always significantly different in
logged vs. unlogged sites. Therefore, density alone may not be an adequate predictor
of changes in outcrossing rates between primary forest and disturbed or secondary

forest.

Conservation of intraspecific diversity within tropical forest requires information on
genetic structure and reproductive biology of species. However, to devise effective
management strategies requires some understanding of species responses to change;
therefore, these characteristics must be assessed in different landscape contexts.
Responses to logging, for example, should be evaluated by calculating estimates of
genetic structure and mating system in both primary and secondary forest (Doligez
and Joly 1997). This study investigates the mating system and fine scale genetic
structure of Vochysia ferruginea, in both low density populations in primary forest
and high density populations in secondary forest. Vochysia ferruginea is a gap pioneer
and will colonise land after disturbance (e.g. anthropogenic or natural, such as
hurricanes, Boucher et al. 1997, Boucher and Mallona 1997). The colonisation
process leads to high density, even aged stands and as a result the density of V.

ferruginea can be widely different in primary and secondary forest populations.

The process of colonisation involving a restricted number of individuals that establish
a highly dense population can lead to aggregation of genotypes and potentially
increase matings between related individuals. As genetic structuring increases, so too

can the incidence of biparental inbreeding which may in turn, increase the potential
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for inbreeding depression within populations. This chapter looks at local genetic
structuring within primary, secondary and seedling populations at two sites. The data
are used to investigate the process of post-disturbance colonisation on genetic
structure within populations and contrast it with an assumed natural state of gap
colonisation. In addition, two temporal scales are compared, by analysis of both a
seedling population and adult populations after 20 or 35 years of colonisation. The
study also investigates the effect of biparental inbreeding on fitness, using long term
growth rate data (Finegan and Camacho 1999). The growth data was compared with
levels of heterozygosity to determine whether there is an observable fitness effect on

growth.

4.2 Methods

4.2.1 Species

Vochysia ferruginea is hermaphrodite and flowers between April and June (Arniez
and Moreira 1995) with an occasional second flowering event in September and
October. Stands of V. ferruginea may flower monosynchronously and flowers are
visited by hummingbirds and insect pollinators, mainly large bees and butterflies
(Oliveira and Gibbs 1994). In a study of six Vochysia sp. pollination was mediated by
a great variety of pollinators: primarily bees, with occasional visits by moths,

butterflies and hummingbirds (Flores 1993).

In controlled pollinations Bawa et al. (1985b) reported V. ferruginea as largely self-
compatible and self-pollinated flowers had only marginally reduced fruit set relative
to cross-pollinated flowers (proportion of flowers that set fruit was 0.16 and 0.17
respectively, Bawa et al.1985a). However, flowering in forest populations tends to be

synchronous and, as pollinators include large bees capable of dispersing pollen over
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long distances, there is a high potential for outcrossing (Oliveira and Gibbs 1994).
The fruit of V. ferruginea are mainly dispersed by wind and occasionally birds (Lowe

et al. 2002).

4.2.2 Study site and populations

The mating system analysis described in this chapter used the progeny arrays from
adjacent secondary and primary forest at both Tirimbina and Ladrillera and included a
limited progeny array from two remnant pasture trees situated in abandoned plantation
adjacent to the Tirimbina site. 20 mother trees were randomly selected in each
population and 20 seeds per mother tree were collected and analysed. Analyses of fine
scale genetic structure used primary forest, secondary forest and seedling populations
from Tirimbina and Ladrillera. See Chapter 2, Figures 2.4 and 2.6 for detail of each

site.

4.2.3 Sampling, DNA isolation and microsatellite analyses

Cambial tissue was taken from adult trees and leaf material was collected from
seedlings. Seeds were collected from randomly selected mother trees in both
secondary and primary forest and DNA was isolated directly from the seeds. DNA
was isolated as described in Chapter 2. Analyses were made using data obtained from
screening using 5 microsatellite primers; primer details, PCR and scoring conditions

are also indicated in Chapter 2.

4.2 .4 Statistical methods

Mating system

Plant mating systems have traditionally been described by a mixed-mating model,
which assumes that plants self-fertilize at rate s, and the remaining fraction of progeny
is derived from outcrosses. Mating system parameters were estimated using maximum

likelihood procedures based on the mixed mating model proposed by Ritland and Jain
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(1981) and using the multilocus mating system analysis program MLTR (Ritland
1996, Ritland 2002). The MLTR program estimates the fraction of progeny derived
from outcrosses from multilocus information (tm) and as the average of all the single
locus estimates (ts). The parameters estimated from the progeny array data were the
multilocus outcrossing rate (tm), the average singlelocus outcrossing rate (ts), the
biparental inbreeding rate (tm-ts), the multilocus correlation of paternity (rp(m)), the
single locus correlation of paternity (rp(s)) and the correlation of selfing (rs). These

parameters are described in more detail below.

Biparental inbreeding and selfing

Biparental inbreeding or mating between relatives causes apparent selfing or
increased homozygosity, relative to random mating. When biparental inbreeding
occurs, the multilocus pattern of outcrossing in a progeny array is different from that
expected under pure selfing or outcrossing: effective selfing occurs at some loci and
apparent outcrossing occurs at others (Ritland 1984). When true selfing is present the
difference between multilocus and single locus estimates of outcrossing (tm — ts), can
be used to characterize the level of biparental inbreeding. This difference is positive
because single locus estimates include all apparent selfing by biparental inbreeding,
whereas the multilocus estimate will more often eliminate biparental inbreeding as
any difference in one locus will not be categorized as selfed. However, this difference
is always an underestimation unless a large number of loci can be used (Ritland
2002). The MTLR program estimates the amount of true selfing by determining the
among locus correlation of selfing (rs). This directly approximates the fraction of
selfing due to uniparental selfing and is not biased by the number of loci used (Ritland

2002).
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Multilocus correlated matings model

In addition to the outcrossing rate, a mating system can be characterised by the degree
to which siblings share the same male parent. Correlation can be the outcome of either
pollination syndrome or population structure. To characterize this sharing of
parentage, Ritland (1988) introduced the ‘correlated-matings model’, which describes
the extent to which siblings share the same father, and the extent of variation among
arrays for selfing rate. For any pair of progeny in a mixed mating population, the
model allows estimation of the correlation of outcrossed paternity, which is the
probability that the two are outcrossed full siblings rather than half-siblings.
Multilocus probabilities allow for both greater statistical power and the comparison of
single and multilocus estimates of correlated matings, which provides a measure of

population substructure (Ritland 2002).

Correlation of paternity

The multilocus correlation of paternity (rp(m)) is the proportion of full sibs among
outcrossed progeny. In a randomly distributed population, the greater the correlation
of paternity, the lower the number of fathers contributing to the progeny array,
however, if population substructure is present this relationship is more complex. By
comparing multilocus (rp(m)) and single locus (rp(s)) estimates of the correlation of
paternity, it is possible to estimate the degree of population substructuring. If the
single locus estimate of correlation of paternity is greater than the multilocus estimate
(rp(s)) > rp(m)) then there is an effect of population substructure on male similarity:
i.e. although different males are contributing to the progeny array (low rp(m)) they are

closely related (high rp(s)).

Spatial genetic structure
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Fine scale spatial genetic structure within mapped populations was analysed by
relating pairwise genetic distance to geographical distance. The relatedness between a
pair of individuals is a continuous quantity defined in terms of probabilities of
identity-by-descent and can be estimated using the following relationship co-efficient.
A pair of individuals (x and y) in such a population can be genetically correlated in
two ways: a single gene at a locus in x is identical by descent with one in y, or both
genes in x are identical by descent with those in y. If the probabilities of occurrences
of the first and second events are denoted as ¢ and A, respectively, the relatedness, r,
between individuals x and y can be expressed as
r=¢/2+A

(Lynch and Ritland 1999). In an outbreeding population, ¢, A, and r are 1, 0, and 0.5,
respectively, for parents and offspring; 0.5, 0.25, and 0.5, respectively, for full-sibs;
and 0.25, 0, and 0.125, respectively, for half-sibs (Wang 2002). Genetic structure was
assessed using a multi-locus pairwise relationship co-efficient (), which jointly
estimates two-gene and four-gene coefficients of relatedness between individuals from
an outbreeding population (Wang 2002, Hardy and Vekemans 2002). Computation of
the statistics was done using SpaGeDi (Hardy and Vekemans 2002). In each site
individual locations (populations) were randomised among all individuals with 1000

permutations.

Level of heterozygosity versus growth rate

Level of heterozygosity in individual trees was compared to ecological data on growth
rate within the Tirimbina primary and secondary forest plots using data from a long
term study undertaken by CATIE (Centro Agronémico Tropical de Investigacion y
Ensefianza, B. Finegan, unpublished data). Tree condition and mortality did not vary

in the sample sets used and so were ignored. Individuals were given a score based on
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the level of heterozygosity found at 3 to 5 microsatellite loci. At each locus a score of
+1 was given if the alleles differed and -1 if the alleles were the same. Thus, an
individual that was homozygote at each of 5 loci would score -5, whereas if it was
heterozygous at each locus it would score +5. The sample was split into two groups;
trees with high heterozygosity (a score of +3 or greater) and those with low
heterozygosity (a score of +2 or less). Sample means of these two groups were tested
for a significant difference in growth rate. The difference in the means was calculated
as the high heterozygosity mean minus the low heterozygosity mean. The standard

€Iror was

2 2
cy/ 01
ny ng

where ng and np were the number in the high and low heterozygosity samples

respectively.

For secondary forest, growth rate was compared over eight consecutive years. For
primary forest, the most complete data was between years 1998 and 2003 so total
growth over this period was compared. Other ecological factors that could affect
growth rate (light incidence and initial DBH) were tested for their effect on growth
rate and whether there was any difference in the effect of these ecological factors

between the two groups of high and low heterozygosity trees.

4.3 Results

4.3.1 Mating system

Results from all populations showed that V. ferruginea was largely outcrossing in
both primary and secondary forest populations and also when found as isolated

remnant trees in abandoned plantation (outcrossing rate ranged from 0.85 to 1, see
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Table 4.1). The approximate measure of uniparental selfing (the correlation of selfing
among loci, rs) showed that there was very little selfing in most of the populations, (rs
ranges from 0.001 to 0.217) although estimates suggested that some of the seeds
collected from mother trees in the Ladrillera primary forest (rs = 0.217) and the two
remnant trees in pasture at Tirimbina (rs = 0.104) may have been a result of true

uniparental selfing.

In Tirimbina primary forest, seeds were completely outcrossed (tm = 1) with very
little biparental inbreeding found (tm — ts = 0.036). The multilocus correlation of
paternity was estimated as 0.281, with an estimated 2.74 pollen donors contributing to
the progeny array. In the secondary forest, progeny were predominantly outcrossed,
with an increase in the amount of biparental inbreeding (tm — ts = 0.101) and a higher
proportion of siblings sharing the same father (rp(m) = 0.425) compared to primary
forest. The progeny from the two remnant pasture trees in abandoned plantation at the
Tirimbina site showed complete outcrossing (tm = 1.143) but with a high degree of
biparental inbreeding (tm — ts = 0.196). An outcrossing rate above 1 may be a
consequence of small population size leading to high standard deviations. Most
siblings did not share the same father (rp (m) = 0.206) and these trees had a higher
number of pollen donors contributing to the progeny arrays (an estimated 4.854

donors) than all other populations.
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Table 4.1: Estimates of mating system parameters using the MTLR program. Standard deviation in

brackets.
Remnant
Tirimbina | Tirimbina Ladrillera | Ladrillera
pasture
primary secondary primary secondary
trees
20 seeds x | 20 seedsx | 20 seedsx | 20 seeds x | 20 seeds x
Progeny sample size
12 trees 15 trees 2 trees 16 trees 19 trees
Multilocus outcrossing 1.000 0.951 1.143 0.930 0.853
tm
rate (0.014) (0.030) (0.424) (0.027) (0.057)
Singlelocus outcrossing 0.964 0.850 0.947 0.845 0.744
ts
rate (0.034) (0.050) (0.347) (0.043) (0.058)
Level of biparental 0.036 0.101 0.196 0.085 0.109
tm-ts
inbreeding (0.032) (0.028) (0.096) (0.026) (0.031)
Multilocus correlation 0.281 0.425 0.206 0.299 0.365
rp(m)
of paternity (0.165) (0.208) (0.057) (0.081) (0.127)
Singlelocus correlation 0.286 0.339 0.238 0.201 0.175
1p(s)
of paternity (0.148) (0.211) (0.063) (0.088) (0.088)
Number of pollen
1/rp(m) 3.559 2.353 4.854 3.344 2.74
donors
Measure of population rp(m)- -0.005 0.087 -0.032 0.099 0.190
substructure p(s) (0.044) (0.090) (0.006) (0.039) (0.064)
0.001 0.042 0.104 0.217 0.001
Correlation of selfing rs
(0.312) (0.024) 0.212) (0.085) (0.040)

A similar pattern was found in the Ladrillera populations. In the primary forest V.

ferruginea was highly outcrossing (tm = 0.930) with little biparental inbreeding (tm —

ts = 0.085) and a small proportion of siblings shared the same father (rp(m) = 0.299).

However, there was a higher correlation of selfing in this population suggesting that

inbreeding in the progeny array was more likely to be from selfing than biparental

inbreeding. Progeny from the Ladrillera secondary forest also showed an increased
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level of selfing compared to Tirimbina (tm = 0.853) and a higher difference between
multi and single locus measures of outcrossing (tm — ts = 0.109) also suggesting a
large component of biparental inbreeding. The proportion of siblings sharing the same
father (rp(m) = 0.365) was larger than in the primary forest but not as high as in the

secondary forest at Tirimbina.

In general, primary forest showed a greater level of outcrossing, reduced biparental
inbreeding and a larger number of pollen donors than secondary forest, and overall
Tirimbina trees showed higher outcrossing and lower inbreeding than those at

Ladrillera.

4.3.2 Spatial genetic structure

Primary forest

At Tirimbina spatial genetic structuring was evident from 8 m to 30 m (see Figure
4.1), with the observed pairwise relationship coefficient not exceeding the 95 %
confidence interval at any other distance. At Ladrillera, no significant spatial genetic
structure was found at the smallest spatial scales but there were two small peaks at 50
m and 90 m showing a significant positive relationship, where, for this distance class,
individuals were more genetically similar to each other than would be expected at

random distribution.
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Figure 4.1: Spatial genetic structure of primary forest populations from assessment of the multi-locus
pairwise relationship co-efficient, » (Wang 2000), dotted lines show the 95% confidence limits. The log

scale illustrates detail in the smaller distance classes.
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Figure 4.2: Spatial genetic structure of Tirimbina secondary forests from assessment of the multi-locus
pairwise relationship co-efficient, r (Wang 2000), dotted lines show the 95% confidence limits. The log

scale illustrates detail in the smaller distance classes.

Secondary forest

At Tirimbina there was some structuring found at 8 m, a smaller scale than the two
primary forest populations (see Figure 4.2). There was also significant structuring
found at 30 m and 50 m. At distances of 90 m and 190 m there was also significant
negative relatedness between individuals, where individuals were less genetically

similar than would be expected in a random distribution.

At Ladrillera in the secondary forest site A, adjacent to primary forest, strong spatial
structure was present at small scales; from 4 m up to 8 m individuals were more
genetically similar than would be expected at random (see Figure 4.3). Spatial

structure decreased beyond this distance but at 50 m individuals were significantly
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less related than would be expected at random. There was a slight second peak of

positive relatedness at 70 m.

In the secondary forest site B at Ladrillera, furthest from the primary forest, spatial
structuring at the smaller scales was also strong, with the population showing
significant relatedness from 4 m up to 30 m (see Figure 4.3). After this the spatial
structure decreased. In this population there was no secondary peak of structuring, but

after 90 m, continuing to 190 m, individuals showed significant negative relatedness.
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Figure 4.3: Spatial genetic structure of Ladrillera secondary forest populations from assessment of the
multi-locus pairwise relationship co-efficient, » (Wang 2000), dotted lines show the 95% confidence

limits. The log scale illustrates detail in the smaller distance classes.
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Seedlings

Seedling populations were sampled at a smaller scale compared to adults. At both
sites the values of » were higher than in primary and secondary forest populations,
showing that seedlings in both populations were more genetically similar than adults.
At Tirimbina there was weak structure found at the smallest distance class of 4 m, but
with no further structuring found within this population. At Ladrillera the seedling
population showed a peak of genetic structuring at 8 m, but after this spatial
distribution was not different from that expected at random. At 70 m individuals were

significantly less related than expected.
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Figure 4.4: Spatial genetic structure of seedling populations from assessment of the multi-locus pair

wise relationship co-efficient, » (Wang 2000), dotted lines show the 95% confidence limits.
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4.3.3 Level of heterozygosity versus growth rate

At Tirimbina, the average growth rate between 1998 and 2003 in the primary forest
population was 79.1 cm (standard deviation 28.8) for the sample with low
heterozygosity and 64.6 cm (36.3) for high heterozygosity. A statistical test
comparing these means showed that the difference was only significant at the 7%
level. In Tirimbina secondary forest, high heterozygotic trees had higher growth in all
years except between years 1 and 2 with the difference in growth rate increasing from
year 2 to year 8 (see Table 4.2 and Figure 4.5). However, even the most significant
result (that for years 8-9) showed that the difference between the means was not
significant. Thus, although primary and secondary forest display different trends for
growth rate against heterozygosity there is no significant evidence to suggest that
heterozygosity influences growth rate, at least at the life stage at which adults were

analysed in this study.
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Figure 4.5: Mean growth rate for trees with low and high levels of heterozygosity in secondary forest

over eight years.
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Table 4.2: The mean growth rate for the high and low heterozygosity samples. The high heterozygosity
sample contained 35 individuals and the low heterozygosity sample contained 33 individuals. The first
year measurements were taken is 1988. The final column represents the total growth over the nine year
period. The % significant row indicated the value at which these samples were significant under the
null hypothesis that the samples had the same mean and the alternative hypothesis that the means were
different. We would accept the alternative hypothesis if the results were significant at the 5% level (a

value of less than 5% in this row).

Year Year Year Year Year Year Year Year Year
1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 1-9
High heterozygosity
Mean growth (cm) 11.8 8.9 9.9 11.3 9.7 25.8 239 26.0 127.3
Standard deviation 6.6 4.9 5.3 59 4.6 14.6 15.1 18.6 69.7
Low heterozygosity
Mean growth (cm) 12.0 8.3 8.9 10.9 8.6 21.9 20.5 19.8 110.9
Standard deviation 5.8 38 4.5 7.7 44 11.0 12.6 16.9 59.7
Difference in means -0.2 0.6 1.0 0.4 1.1 39 34 6.2 16.4
Standard Error 1.5 1.1 1.2 1.6 1.1 3.1 34 4.3 15.2
% at which significant 91 56 43 79 29 22 32 15 28

Tests were undertaken to see if the results were biased by other environmental factors,
in particular, crown illumination and the initial DBH. In the secondary forest there
was minimal variation in crown illumination between individuals. There was more
variation in the primary forest and Figure 4.6 plots the growth rate over the 5 year
period against crown illumination for the high and low heterozygosity samples. There
was little correlation between crown illumination and growth rate although the trend
of low heterozygosity trees displaying increased growth rate can be seen across all

illumination values.
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Figure 4.6: The effect of crown illumination on growth rate for trees with low and high levels of
heterozygosity in primary forest. Here a crown illumination score of 1 means the crown is fully
illuminated and a score of 5 means the crown receives no direct sunlight. Growth rate is calculated for

the five year period, between 1998 and 2003, and is measured in cm.

In both primary and secondary forest there was no real difference in initial DBH
between individuals with low and high levels of heterozygosity (see Figure 4.7). In
secondary forest mean initial DBH was 378.41 for individuals with low levels and
343.69 for those with high levels. In primary forest mean initial DBH in trees with
low levels was 269.21 and 296.58 in those with high levels. There was no effect of
initial DBH on growth rate found in the primary forest population although there was
a positive effect of larger initial DBH on growth rate found in the secondary forest

population.
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Figure 4.7: The effect of initial DBH on growth rate for trees with low and high levels of

heterozygosity in primary and secondary forest.

4.4 Discussion

4.4.1 Mating system

Bawa et al. (1985b) reported V. ferruginea as largely self-compatible under controlled

pollination, showing only minor reduction in fruit set with selfing. However, the data

from Tirimbina and Ladrillera showed that in all populations from secondary and

primary forest and also in isolated trees, V. ferruginea is predominantly outcrossing.

However, selfing was observed in the Ladrillera primary forest and in progeny from

the two remnant trees (rs = 0.217 and 0.104 respectively).
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In primary forest at Tirimbina V. ferruginea was exclusively outcrossing, suggesting
that there must be extensive pollen flow between spatially separated adult trees. There
was also little biparental inbreeding in these primary populations: both Tirimbina and
Ladrillera primary forest populations showed very small differences between single
and multilocus estimates of outcrossing. In combination, these results suggest that, in
primary populations, sparsely distributed adults encounter extensive gene flow via
pollen from other unrelated adults within the primary forest. Comparison of rp(m) and
rp(s) and analysis of spatial genetic structure indicated little population substructuring,
suggesting that those pollen donors nearest to a seed tree were mostly unrelated. With
an average of three to four adult trees contributing pollen to each seed tree, it appears
that primary populations maintain extensive gene flow within a large effective

population of spatially distant adults.

The density of V. ferruginea in secondary forest was considerably higher than in the
primary forest plots surveyed and therefore there was a greater potential for
outcrossing in these populations, yet at both Tirimbina and Ladrillera outcrossing
rates were lower. However, estimates of selfing (uniparental inbreeding) were very
low at both secondary forest sites so it can be assumed that inbreeding may be
accounted for by biparental inbreeding between closely related founder populations.
In young, dense secondary forest adjacent trees are likely to be half siblings: a founder
effect resulting from the initial colonisation event. In a dense population of
synchronously flowering trees insects may fly shorter distances, so are more
commonly travelling between related individuals (e.g. in Symphonia globulifera,
Degen et al. (2004) found low selfing rates but high biparental inbreeding (tm — ts =
0.156) in dense secondary populations). This may account for the slightly greater

proportion of siblings that shared the same father (36.5-42.5%, compared to 28-30%
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in primary forest) and lower average number of pollen donors (between 2 and 3 trees)

contributing to the progeny arrays in secondary forest.

The stand of adult trees in secondary forest at both Tirimbina and Ladrillera are
predominantly even aged individuals from the initial founding population. It is
assumed that this population is composed of patches of siblings from a small number
of seed donors. Under these conditions, it could be expected that the majority of
progeny would be the result of outcrossing between related individuals. Although
biparental inbreeding was found in both secondary populations there was also
evidence for outcrossing between unrelated individuals suggesting that pollen flow

can limit biparental inbreeding and break down genetic structure.

Despite their isolation, both remnant pasture trees at Tirimbina were also
predominantly outcrossing (although values for this and other mating system
parameters are less accurate due to a limited sample size of only two adults). These
two trees also showed the highest degree of biparental inbreeding (0.196). However,
this later value depends on the tm value, which is greater than one and should
therefore be viewed with caution. The abandoned plantation is the sample site located
the furthest from the primary forest, so pollination events are is more likely to be
sourced from the more proximate secondary forest. The two remnant pasture trees are
potentially related to the adult trees in the secondary forest and regeneration found in
the plantation (either as siblings or parents). Therefore, pollen contributed by possible
offspring to those adults may account for the increased level of biparental inbreeding
observed. The progeny array of the remnant pasture trees is also the only sample to
show evidence of structuring in the pollen donors (the difference between Rp(s) and

Rp(m) is negative, -0.032). Therefore, much of the biparental inbreeding may be
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accounted for by relatedness between the pollen donors of the more recently colonised
adjacent secondary forest. The progeny from these trees had an estimated 4.814 pollen
donors, higher than progeny from both primary and secondary forest. This is
potentially due to higher frequency of pollinator visits to isolated trees in an open

landscape (e.g. as shown in S. humilis, White et al. 2002).

4.4.2 Spatial genetic structure

In primary forest there was no spatial structure found at the smallest spatial scales at
Ladrillera and little at Tirimbina, although there was relatedness between individuals
throughout the primary forest. There were however, peaks of positive spatial
autocorrelation showing some degree of spatial genetic structuring, at relatively large
spatial scales (30 m at Tirimbina and 50 m to 90 m at Ladrillera). This may be a
consequence of repeated gap colonisation events, with small-scale structure removed
as density declines through competition but with each small gap population showing

some similarities in genetic composition to other gap populations.

In secondary forests, a greater amount of spatial structuring was found than in primary
forest, with individuals in close proximity being more similar genetically than
expected under random distribution. Significant positive spatial autocorrelation at the
lower distance scales (1-15 m) suggests a structure of family clusters (Solkan and
Oldan 1978). This is consistent with the concept of plant populations being
subdivided into neighbourhoods of interbreeding, related individuals (Levin and
Kerster 1974). The family clusters were at approximately 8 m at Tirimbina and at 4 m
to 8 m in one Ladrillera population and 4 m to 30 m in the other, beyond these spatial
scales the structure breaks down. The seedling populations also showed family
clustering at the smallest distances (4 m to 8 m), with both seedling populations

showing higher within population genetic similarity.
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There was little incidence of positive spatial autocorrelation at shorter distances in the
primary forest populations of V. ferruginea; therefore the strong spatial structure
found in the secondary forest populations must be a product of factors relevant only to
those populations. The difference is probably either a consequence of the higher
population densities found in secondary forest or the structure was established during

colonisation.

This contrast, where populations of V. ferruginea in primary forest showed little or no
spatial genetic structure and those in secondary forest showed structuring that
increases with density, was also found using AFLP data (Lowe et al. in press). This
pattern was similar to those obtained under simulations using an isolation-by-distance
model (Sokal and Wartenberg 1983; Sokal and Jacquez 1991), which is based on the
expectation that the probability of mating depends on the distance between individuals

or the variance in the dispersion of their propagules.

In primary forest there was some structuring at greater distances (30 m to 90 m), yet
all secondary forest populations also showed negative spatial autocorrelation at these
distances (50 m to 90 m). In dense patchy populations, as pollinators mainly move
between nearby plants, mean flight distance decreases and thus pollen flow among
patches also diminishes, favouring population subdivision in small patches. Low
density has the opposite effect, facilitating pollen dispersal events at longer distances
and decreasing the probability of geographical differentiation (Levin et al. 1971). The
genetic structuring found in populations of V. ferruginea suggests that there are
different patterns of genetic structure found in primary and secondary forest.
Secondary forests may show small scale structuring due to a founder effect with

patches of related individuals from limited seed donors or different densities of V.
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ferruginea in secondary and primary forest may be impacting on the pollinator
behaviour. Vochysia ferruginea over 50 m apart are genetically similar in primary
forest and differentiated in secondary forest, suggesting that in the low density
primary forest, pollinators may move a greater distance between trees than they do in

secondary forest.

One possible consequence of the spatial genetic structure found at short distances in
secondary forest is an increase in matings between spatially proximate individuals,
and this may account for the increased biparental inbreeding found in secondary forest
populations (as discussed above). The increased incidence of biparental inbreeding
may have a detrimental effect on offspring fitness. Several examples of reduced
fitness of progeny with decreasing interparental distance have been reported in self-
incompatible plants (Heywood 1991; Waser and Price 1994). In contrast, other studies
have shown no effect of parental distance on the fitness of self incompatible plants

(Newport 1989; Mora n-Palma and Snow 1997).

4.4.3 Level of heterozygosity versus growth rate

In V. ferruginea populations from both primary and secondary forest no significant
effect of heterozygosity on growth rate was observed. This suggests that any negative
fitness effects suffered by inbred individuals, from selfing or biparental inbreeding,
may have already acted at earlier life history stages (pollination, seed set, germination,
seedling survival). Thus inbred individuals may already have been purged from the
population by the time individuals were surveyed as adults in this study. However,
there appeared to be a trend for better growth rate over time for individuals with
higher levels of heterozygosity in secondary forest. The secondary forest blocks
sampled in this study were dense monospecific stands of regenerated trees of equal

age, and individuals can be considered as adults from the original colonisation event.
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Therefore, the slight trend for increased growth with increased heterozygosity over
time can be directly related to the increasing age of the adults sampled. After
colonisation, those individuals with a higher heterozygosity levels may have a growth
advantage that is only apparent years after colonisation and may be a response to
increased competition from other species. For each year, the mean difference between
low and highly heterozygous individuals was not significant, however, the trend of
increasing fitness for more heterozygous individuals over time was found throughout
all eight years. In contrast, primary forest trees with a lower level of heterozygosity
had a higher growth rate over 5 years. However, these primary forest trees had a much
lower mean initial DBH and so may be from recent gap colonisation where
individuals with greater heterozygosity may prove to be fitter with increasing age.
Detrimental recessive genes in the homozygotic state may have a large or small effect
on an individual. Genes of a large effect are more likely to be lethal and act at an
earlier stage; however, genes of smaller effect are more likely to build up over the life
time of an individual and have a progressively detrimental effect over time. The
possible post recruitment fitness effects of heterozygosity should be further
investigated with greater sample sizes, at different life stages and with a more
thorough method of determining within individual heterozygosity to determine
whether the trends showed by these results are real. It would also be useful to
investigate how other fitness measures, e.g. the fecundity of individuals, might be

related to individual heterozygosity.
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Chapter 5: Gene Flow in Vochysia ferruginea Populations within

Primary and Secondary Forest

5.1 Introduction

Assessment of contemporary gene flow in plants is important for understanding
various aspects of plant population biology and genetic conservation as gene flow is
an important factor determining patterns of variation of both neutral and selected
genes. A good estimation of contemporary gene flow also allows evaluation of the
genetic impact of recent processes such as fragmentation, re-colonisation and
extinction of local populations and prediction of likely future changes within

populations (Sork et al. 1999).

Tree populations have the potential to disperse genes over a wide area via pollen
(Nason et al.1998) and recent studies, using microsatellites to directly estimate gene
flow, have found evidence of very large pollen flow distances (Collevatti et al. 2001;
Dick 2001; White et al. 2002). Most tropical canopy trees occur in low density and
are therefore presumed to be adapted to achieve high levels of gene dispersal. High
levels of gene flow are also expected for pioneer trees colonising gaps as these gaps

are potentially spatially dispersed (Kaufman et al. 1998).

The gene dispersal of tropical trees has been found to be sensitive to ecological
factors (Franceschinelli and Bawa 2000) and pollination distances may not be
consistent for a species between different populations or flowering events (Degen et
al. 2004; Kenta et al. 2004). Vochysia ferruginea is a pioneer tree that occurs in both
low and high density populations, previous chapters showing genetic diversity and

differentiation have suggested that gene flow may be different in primary and
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secondary forest. Increasing density has been found to decrease pollen flow distances
in other tropical tree species (Degen et al. 2004) and, where populations are
fragmented or low density, pollen flow distances may be very large (Dick et al. 2003.

White et al. 1999).

This study uses a likelihood method of paternity analysis to investigate pollen flow in
V. ferruginea populations in primary and secondary forest with very different
densities of reproducing adults. Direct methods of measuring pollen mediated gene
flow using paternity assignment require sampling of all potential pollen donors in the
population studied and in this study all populations were exhaustively sampled within
study plots. However, there was a high level of allelic dropout and so a subset of
adults with complete genotypes was used to estimate gene flow using a TwoGener
analysis. The TwoGener approach (Smouse ef al. 2001) estimates the extent of pollen
movement based on levels of genetic differentiation among pools of pollen gametes
effectively fertilizing ovules of different mother plants. TwoGener analysis allows for
the estimation of pollen flow without genotyping all potential fathers in the population
and even without having an estimation of adult density (Austerlitz and Smouse 2002).
Austerlitz et al. (2004) found similarity with the estimation of pollen flow distances

from TwoGener and paternity-based methods.

5.2 Methods

5.2.1 Study site and populations

Populations from both Tirimbina and Ladrillera were sampled as described in Chapter
2. For analysis of gene flow, progeny arrays were collected from 20 mother trees in
low density primary forest populations and 20 mother trees in high density secondary

forest populations. The secondary forest selected at the Ladrillera site was the
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secondary plot B, adjacent to pasture land (see Chapter 2, Figures 2.4 and 2.6 for

maps).

5.2.2 Paternity analysis

Gene flow via pollen was estimated by a using a likelihood method of paternity
analysis. Adults and offspring were genotyped then the most probable fathers were
identified by the calculation of LOD scores (log-likelihood ratio). The ratios compare
the likelihood of an individual being the parent of a given offspring divided by the
likelihood of these two individuals being unrelated (Gerber et al. 2000). This was
carried out using FaMoz software (Gerber et al. 2003). FaMoz estimates: expected
gene flow (total reproducing population size — number of genotyped parents)/ total
reproducing population size; true gene flow (actual number of times a parent different
from the genotyped parents produced one of the offspring); apparent gene flow
(number of times no genotyped parent was detected for the simulated offspring
according to statistical tests) and cryptic gene flow (number of times a parent had
been detected among the genotyped parents according to the statistical tests when the
true parent was not one of them). FaMoz determines confidence for assigning
paternity by carrying out analyses based on the genotyped dataset versus simulated
datasets (comparison of distributions of LOD scores). So that estimates of true gene
flow from outside the stand are determined by comparing estimates of paternity drawn
from fathers in the simulated population whose genotypes are determined from a pool

derived from the allele frequencies based on the genotyped adults.

Gene flow was estimated in all populations with populations assumed to be in Hardy-
Weinberg equilibrium and also with a departure from Hardy-Weinberg proportions
where homozygous genotypes at any locus were more likely to be obtained by chance.

The range for departure from Hardy-Weinberg proportions in FaMoz was from 0 to 1
146



and gene flow estimates were done at 1 and 0.1 (this reflects the range of Fis values
found in primary and secondary populations, see Chapter 3). The effect of scoring
errors was assessed by including a probability of error in genotyping into the LOD
score calculation where, when microsatellites are used, an allele is arbitrarily replaced
with another one. The range for LOD score calculation was also from 0 to 1 and gene
flow estimates were done at 1 and 0.5. The effect of simulation error was also tested,
at 1 only. The dataset had missing data and so a paternity analysis with replaced
alleles based on allele frequencies was made using one population to test the effect of

missing data.

5.2.3 TwoGener analysis

In this study a TwoGener analysis (Smouse et al. 2001) was used to estimate pollen
dispersal. TwoGener uses the difference in allele frequencies among progeny arrays to
calculate the parameter ®pr, which is analogous to Wright’s Fst, giving the level of
differentiation among pollen clouds. Combined with an estimate of local population
density, an estimate of the average distance of pollen flow and the shape of the
dispersal curve can be obtained. The principle of this method is to estimate the
differentiation of allelic frequencies among the pollen pools sampled by several
females in the population. The relationship between ®pr and dispersal distance has
been derived for given dispersal curves allowing for the development of several

estimates of pollen dispersal (Austerlitz and Smouse 2002).

5.3 Results

5.3.1 Exclusion probabilities and LOD distribution

Differing levels of polymorphism in the five loci meant that exclusion probabilities
varied between loci, from 0.363 to 0.781 (see Table 5.1). However, for all four

populations the cumulative exclusion probability exceeded 0.95. There was little
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discrimination between the LOD score distribution of genotyped individuals and
simulated individuals in all populations (see Figure 5.1). The LOD score distribution
for simulated individuals was within the curve of the LOD score distribution for
genotyped individuals in all but the primary forest population at Ladrillera, where
there was a slight separation of the two distribution curves. Including a LOD scoring

error did not effect the LOD score distribution.

Table 5.1: Exclusion probabilities at each locus and cumulative over all loci for all populations.

Population Al-5 Al1-10 | Al-15 | A1-20 | A1-35 | Cumulative

Tirimbina primary 0.781 0.713 0.543 0.318 0.601 0.992

Tirimbina secondary | 0.595 0.743 0.446 | 0.404 | 0.577 0.985

Ladrillera primary 0.628 0.390 0.363 0.404 0.519 0.959

Ladrillera secondary | 0.609 0.480 0.219 0.504 0.500 0.961

5.3.2 Paternity analysis and gene flow estimates

At Tirimbina the percentage of correct father choice was low, 22.3% in primary forest
and 21% in secondary (see Table 5.2a). At Ladrillera the percentage of correct father
choice was higher but still quite low, 33.9% in primary forest and 53% in secondary.
The number of progeny for which paternity could be correctly assigned was 36 in
primary forest and 39 in secondary at Tirimbina, 13 in the Ladrillera primary forest
population and 2 in secondary forest. The percentage of paternity correctly assigned
ranged from 0.52% in the secondary forest population at Ladrillera to 4.98% in the

secondary forest population at Tirimbina.
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Figure 5.1: LOD score distribution for genotyped individuals (red) and simulated individuals (blue).
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Table 5.2a: Percentage and number of paternity correctly assigned. Percentage of correct father choice,

Fathers (%); number of paternity correctly assigned, Paternity (N); percentage of paternity correctly

assigned among the assigned paternity, Paternity (%).

Population Fathers (%) Paternity (N) Paternity (%)
Tirimbina primary 223 36 4.57
Tirimbina secondary 21 39 4.98
Ladrillera primary 33.9 13 2.14
Ladrillera secondary 53 2 0.52

In all populations the expected gene flow (the proportion of gametes not derived from
the genotyped individuals) was very high, ranging from 872 to 899 out of 1000
offspring (see Table 5.2b). The true gene flow (the actual number of times a gamete
generated according to allele frequencies (from ‘outside the study stand’) produced
one of the offspring) was also high, therefore simulated individuals outside the
population accounted for the gene flow with little difference between expected and
true gene flow in all populations. There was no observable difference in expected or
true gene flow estimates between both primary and secondary forest and between the

two sites.
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Table 5.2b Estimates of gene flow from paternity analysis. 20 mothers with 50 offspring, with 1000
reproducing individuals. Simulation error 0, LOD score calculation error 0, Heterozygote deficit 0. Test

threshold to choose father as the true one = 2.

Population Parents | Expected | True | Apparent | Cryptic | % t/a | % c/a
Tirimbina
101 899 898 212 711 | 423.58 | 335.38
primary
Tirimbina
128 872 861 217 690 | 396.77 | 317.97
secondary
Ladrillera
120 880 878 392 552 | 223.98 | 140.82
primary
Ladrillera
105 895 886 617 358 143.6 | 58.02
secondary

In both Tirimbina populations, levels of apparent and cryptic gene flow were similar
in primary and secondary forest. Apparent gene flow (the number of times no parent
from ‘inside the study stand’ was detected for the simulated offspring according to
statistical tests) was 212 in primary forest and 217 in secondary forest. Cryptic gene
flow (the number of times a parent was detected among the genotyped parents
according to the statistical tests, whereas the true parent was ‘outside the study stand”)
was high in these populations, 711 in primary forest and 690 in secondary forest. In
the two Ladrillera populations there was a difference between primary and secondary
forest. In the primary forest population apparent gene flow was 392 and cryptic gene
flow was 552; in secondary forest apparent gene flow was greater at 617 and so

cryptic gene flow was lower at 358.
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Deviation from Hardy-Weinberg equilibrium

With a heterozygote deficit of 0.1 the percentage of correct father choice increased in
all populations except Ladrillera secondary forest where it decreased from 53% to
51.4%. The greatest increases were in both primary forest populations; it rose from
22.3% to 40.3% at Tirimbina and from 33.9% to 40.7% at Ladrillera (see Table 5.3a).
The number of paternity correctly assigned increased in all populations, ranging from
an increase of 48 in Ladrillera primary forest to an increase of 114 in primary forest at
Tirimbina. The percentage of paternity correctly assigned among the assigned
paternity also increased in all populations; from 4.57% to 21.68% in Tirimbina
primary forest, 4.98% to 16.23 in Tirimbina secondary forest, 2.14% to 12.06% in

Ladrillera primary forest, 0.52% to 18.81% in Ladrillera secondary forest.

Table 5.3a: Percentage and number of paternity correctly assigned, testing the effect of a heterozygote
deficit (heterozygosity = 0.1). Percentage of correct father choice, Fathers (%); number of paternity
correctly assigned, Paternity (N); percentage of paternity correctly assigned among the assigned

paternity, Paternity (%).

Population Fathers (%) Paternity (N) Paternity (%)
Tirimbina primary 40.3 150 21.68
Tirimbina secondary 25.1 136 16.23
Ladrillera primary 40.7 61 12.06
Ladrillera secondary 514 79 18.81

In all populations, the estimate for true gene flow decreased when heterozygote deficit
was 0.1 (see Table 5.3b). This decrease was uniform over all populations; at
Tirimbina it decreased by 162 in the primary forest population and by 161 in
secondary; at Ladrillera it decreased by 157 in primary forest and by 175 in secondary

forest. Increasing the heterozygote deficit also led to differences in apparent gene flow
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between primary and secondary forest populations. The number of times no possible
father could be found amongst the genotyped individuals increased by 96 in the
Tirimbina primary forest population, decreased by 55 in Tirimbina secondary forest
population, increased by 102 in Ladrillera primary forest population and decreased by
37 Ladrillera secondary forest population. All populations showed a decrease in the
level of cryptic gene flow. Where the number of possible fathers increased in
secondary forest; these were more often assigned as parents than when there was no

heterozygote deficit due to lower gene flow from outside the population.

Table 5.3b: Estimates of gene flow from paternity analysis, testing the effect of a heterozygote deficit
(heterozygosity = 0.1). 20 mothers with 50 offspring, with 1000 reproducing individuals. Simulation

error 0, LOD score calculation error 0, Heterozygote deficit 0.1. Test threshold to choose father as the

true one = 2.

Population Parents | Expected | True | Apparent | Cryptic | % t/a | %c/a

Tirimbina
101 899 736 308 483 | 238.96 | 156.82

primary

Tirimbina
128 872 700 162 585 432.1 | 361.11

secondary

Ladrillera
120 880 723 494 377 | 146.36 | 76.32

primary

Ladrillera
105 895 720 580 285 124.14 | 49.14

secondary

With a heterozygote deficit of 1, percentage of correct father choice, number of
paternity correctly assigned and percentage of paternity correctly assigned among the

assigned paternity were all 0 in all populations. No possible father could be found
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within the population, or from outside the population so true gene flow was also 0 in

all populations.

Effect of scoring and simulation errors

The effect of miscoring was tested with a LOD score calculation error of 0.5 (range is
0-1). In all populations the percentage of correct father choice increased significantly
ranging from 86.1% in the Tirimbina secondary forest population to 91.5% in the
Ladrillera secondary forest population. There was no difference when the LOD score

calculation error was increased to 1.

Table 5.4a: Percentage and number of paternity correctly assigned, testing the effect of LOD score
calculation error (0.5). Percentage of correct father choice, Fathers (%); number of paternity correctly

assigned, Paternity (N); percentage of paternity correctly assigned among the assigned paternity,

Paternity (%).
Population Fathers (%) Paternity (N) Paternity (%)
Tirimbina primary 90.8 0 NaN
Tirimbina secondary 86.1 0 NaN
Ladrillera primary 88.2 0 NaN
Ladrillera secondary 91.5 0 NaN

When a simulation error was tested the percentage of correct father choice also
increased (see Table 5.4b), ranging from 77.1% in the Tirimbina secondary forest
population to 83.2% in the Ladrillera secondary forest population. However, in all
populations, for either a LOD score calculation error of 1 or a simulation error of 1,

the number of paternity correctly assigned dropped to 0 (see Table 5.4a, b).
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Table 5.4b: Percentage and number of paternity correctly assigned, testing the effect of simulation
error. Percentage of correct father choice, Fathers (%); number of paternity correctly assigned,

Paternity (V); percentage of paternity correctly assigned among the assigned paternity, Paternity (%).

Population Fathers (%) Paternity (V) Paternity (%)
Tirimbina primary 79.6 0 0
Tirimbina secondary 77.1 0 0
Ladrillera primary 78.4 0 0
Ladrillera secondary 83.2 0 0

With a LOD score calculation error of 0.5 to simulate miscoring, levels of true gene
flow are not significantly different and remain high. The most significant difference is
in apparent gene flow, where no possible father could be found within any of the
populations (see Table 5.4c). There was no significant difference when the LOD score

calculation error was increased to 1.

Table 5.4c: Estimates of gene flow from paternity analysis, testing the effect of LOD score calculation
error (0.5). 20 mothers with 50 offspring, with 1000 reproducing individuals. Simulation error 0, LOD

score calculation error 0.5, Heterozygote deficit 0. Test threshold to choose father as the true one = 2.

Population Parents | Expected | True | Apparent | Cryptic | % t/a | %c/a
Tirimbina
101 899 908 1000 0 90.8 0
primary
Tirimbina
128 872 861 1000 0 86.1 0
secondary
Ladrillera
120 880 882 1000 0 88.2 0
primary
Ladrillera
105 895 915 1000 0 91.5 0
secondary
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With a simulation error of 1, levels of true gene flow are further increased in all but
the Ladrillera primary population. Apparent gene flow is again significantly different,
and is higher in all populations (see Table 5.4d). The few instances of there being a
potential father found within the population are assumed to be less likely than fathers

outside the stand with cryptic gene flow found in all populations.

Table 5.4d: Estimates of gene flow from paternity analysis, testing the effect of simulation error. 20
mothers with 50 offspring, with 1000 reproducing individuals. Simulation error 1, LOD score

calculation error 0, Heterozygote deficit 0. Test threshold to choose father as the true one = 2.

Population Parents | Expected | True | Apparent | Cryptic | % t/a | % c/a
Tirimbina
101 899 904 881 108 | 102.61 | 12.26
primary
Tirimbina
128 872 875 892 104 98.09 | 11.66
secondary
Ladrillera
120 880 876 896 92 97.77 | 10.27
primary
Ladrillera
105 895 915 910 83 100.55 | 9.12
secondary

Effect of missing data
Conducting a paternity analysis with a complete dataset with missing values replaced

with randomly selected alleles based on allele frequencies increased the percentage of

correct father choice from 33.9% to 61.1% (see Table 5.5a).
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Table 5.5a: Percentage and number of paternity correctly assigned, testing the effect of missing data.

Percentage of correct father choice, Fathers (%); number of paternity correctly assigned, Paternity (V);

percentage of paternity correctly assigned among the assigned paternity, Paternity (%).

Population Fathers (%) | Paternity (N) | Paternity (%)
Ladrillera primary with missing data 339 13 2.14
Ladrillera primary with complete data 61.1 9 2.8

Greater accuracy in determining the correct father meant there was a lower ratio of

cryptic to apparent gene flow (41.89 with complete data and 140.82 with missing

data). However, levels of true gene flow were approximately equal, with 886 out of

1000 parents estimated to be from outside the stand with complete data and 878 out of

1000 with missing data (see Table 5.5b).

Table 5.5b: Estimates of gene flow from paternity analysis, testing the effect of missing data. 20

mothers with 50 offspring, with 1000 reproducing individuals. Simulation error 0, LOD score

calculation error 0, Heterozygote deficit 0. Test threshold to choose father as the true one = 2.

Population

Parents

Expected

True

Apparent

Cryptic

% t/a % c/a

Ladrillera
primary with

missing data

120

880

878

392

552

223.98 | 140.82

Ladrillera
primary with

complete data

105

880

886

678

284

130.68 | 41.89
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5.3.3 TwoGener analysis

In Tirimbina the global estimate of @ was 0.11 in both primary and secondary forest
using a normal distribution (see Table 5.6). The average distance between mothers
was 215.01 m in primary forest and 74.7 m in secondary forest. Mean pollen dispersal
was estimated as between 10.4 m and 29.4 m in primary forest and between 0.9m and
4.4 m in secondary forest. At Ladrillera the global estimate of @y was 0.08 in primary
forest and 0.09 in secondary forest with the average distance between mothers was
421.37 m in primary forest and 67.56 m in secondary forest. Mean pollen dispersal
was between 5.1 m and 35.8 m in primary forest and between 4.8 m and 7.9 m in

secondary forest.

Table 5.6: Estimates of gene flow from TwoGener analysis using a normal dispersal function, where M
(m) is the average distance between mothers in meters and @y is analogous to Fgr, and ¢ is an estimate
of the pollen dispersal distance assuming a dispersal curve and a density of reproducing adults (d) in

the landscape. The joint estimate uses both the density of reproducing adults and the dispersal distance.

Global Global | o joint | Global |d joint
Population | Error M (m)
(O o estimate | d estimate
Tirimbina
0.2 0.11 215.01 |294 10.4 36.8 13
primary
Tirimbina
0.44 0.11 74.8 4.4 0.9 5.6 1.1
secondary
Ladrillera
0.53 0.08 421.37 | 358 5.1 44.8 6.4
primary
Ladrillera
1.41 0.09 67.56 4.8 7.9 6.1 9.9
secondary
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5.4 Discussion

5.4.1 Problems associated with the analysis

The loci used were sufficiently polymorphic for a high cumulative exclusion
probability; however, all genotyped individuals had a high number of drop-outs,
spread across all loci, which affected the strength of the paternity analysis. Analysis of
the LOD score distribution of genotyped individuals and simulated individuals
showed that the two distributions could not be discriminated from each other and
there was no clear intercept between them. Inclusion of scoring and simulation error
altered the LOD score distribution but still failed to separate the two curves. This
means there was little differentiation between the genotyped individuals and the
simulated individuals so the most likely father would be chosen based on small
differences in the LOD score. Therefore, there is little confidence in the father chosen
and this is reflected in the low percentage of correct father choice found in most
populations (lower than 35% in all populations except Ladrillera secondary). In
testing the effect of missing data it would appear that missing data reduces the
accuracy of the paternity analysis: the percentage of correct father choice increased
from 33.9 % to 61.1% in the tested population. This primarily affects estimates of the
level of cryptic gene flow (gene flow from outside the stand incorrectly assumed to be
from a possible father inside the stand) compared to apparent gene flow (the number
of times no parent could be found inside the stand). However, there was no real
difference between estimates of true gene flow (gene flow from outside the stand)
with missing values added. Therefore, incomplete data does not necessarily, in itself,
constitute a problem in estimating gene flow. However, when FaMoz replaces missing
values with randomly chosen alleles based on allele frequencies, it does not decrease
the similarity between the genotyped individuals and the simulated population and

may actually increase it. Therefore, the input of assumed alleles will not decrease the
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error caused by insufficient discrimination between the LOD score distribution of the
genotyped population and the simulated population. The dataset is therefore
inadequate for accurate paternity assignment using these methods and so results are

reported with caution.

Simulating scoring errors with a LOD score calculation error did not alter estimates of
gene flow from outside the population. Gerber ef al. (2000) found that cryptic gene
flow was smaller for microsatellites and decreased for nonzero mistyping with a
systematic overestimation of true gene flow and apparent gene flow. Without a LOD
score calculation error many of the trees in the stand are possible fathers but not the
most likely. With a LOD score calculation error of 0.5 no individual in the genotyped
population is a potential father and so there is no gene flow within the population. A
simulation error of 1 leads to a similar situation, the number of possible fathers is
largely decreased. There remain some possible fathers in all populations with most

fathers assumed to be from outside the stand.

TwoGener analysis does not require the precise determination of the pollen donor and
although greater polymorphic loci yields better estimations it has been shown to
reliably estimate genetic structure with low genetic resolution (Smouse et al. 2001).
The V. ferruginea dataset is therefore more amenable to TwoGener analysis.
However, in all populations there was a high level of error so results from this

analysis should also be treated with caution.

5.4.2 Gene flow in Vochysia ferruginea populations

In all populations of V. ferruginea paternity assignment using a maximum likelihood
approach estimated high levels of gene flow, with over 80% of gametes assumed to

originate from outside the sampled population. Estimates of gene flow from outside
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the population ranged from 72%, in Ladrillera secondary (with a heterozygote deficit
of 0.1) to 89.8% in Tirimbina primary forest. Assuming a scoring or simulation error
increased the accuracy of the tests. However, this meant that there were little or no
fathers found for offspring, according to statistical tests, and so this was not useful for

estimating gene flow.

In both Tirimbina populations there were few instances where there was no possible
father among the genotyped individuals; however, the LOD scores indicated that these
possible fathers were less likely to have produced the offspring than other trees from
outside the stand. Therefore, there was a high incidence of cryptic gene flow predicted
for these populations, with high ratios of both true to apparent and cryptic to apparent
gene flow. In the two Ladrillera populations there was an equivalent estimation of
high gene flow from outside the sampled population. In contrast to the Tirimbina
populations and the Ladrillera primary forest population, the offspring from the
secondary forest showed a high level of apparent gene flow and lower cryptic gene
flow. In this case there were few possible fathers amongst the genotyped individuals
and so cryptic gene flow was less; this was also seen when there was no missing data
and reflects a lower number of dropouts and a higher accuracy that excludes more
fathers. Although the Ladrillera secondary forest population had significantly fewer
possible fathers than the other populations, the level of gene flow from outside the

population was estimated as equivalent to the other populations.

With a heterozygote deficit of 0.1, gene flow from outside the population decreased in
all populations. The number of possible fathers found within the populations
decreased in both primary forest populations and increased in the two secondary

populations. With a maximum heterozygote deficit no father could be found for
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offspring from within the population or amongst simulated individuals outside the
population. In both Tirimbina populations and the Ladrillera primary forest population
there was no heterozygote deficit found, however, the Ladrillera secondary forest
population had a Fis of 0.175 (see Chapter 3) and may be better analysed by assuming

a heterozygotic deficit.

Mean pollen dispersal estimates from TwoGener analysis ranged from 0.9 m to 35.8
m, with a ®Opr of 0.11 in populations at Tirimbina and lower in Ladrillera (0.08 in
primary forest and 0.09 in secondary forest). Differences in distance between mothers
reflect the densities of the populations, mothers in primary forest populations were
over 200 m apart, whilst mothers in secondary populations were less than 75 m apart.
The mean pollen flow estimates differ between primary and secondary forest
populations, with very low estimates for secondary forest, 1.92 m and 2.47 m
increasing to 67.56 m and 47.76 m in the two primary forest populations. The low
estimates of mean pollen dispersal contrast with the estimates from paternity analysis;
however, dispersal estimates in TwoGener are confounded with adult population
structure, and the normal (short-tailed) dispersal function may inadequately represent
long-distance gene flow (Lewis 1997; Higgins and Richardson 1999; Burczyk ef al.

2004; Burczyk et al. 2005).

Estimated mean pollen dispersal distances were lower than those found in other
tropical trees, particularly in the secondary forest populations. However, it would
appear that there is potentially a high level of gene flow from outside the populations.
Vochysia ferruginea is pollinated by insects, primarily large bees and butterflies
(Flores 1983a). Large insects are able to forage large distances. High levels of gene

flow are typical for tropical forest trees and can be expected for pioneer species that

162



exploit gaps in the canopy as they tend to occur in low density in natural forest. The
genetic diversity found in these populations and high allelic richness in progeny
(Chapter 3) also suggests greater pollen dispersal than estimated by the TwoGener

analysis.

5.4.3 Conclusions

The combined results from paternity analysis and TwoGener suggest that whilst there
is potentially long distance pollen flow from outside these populations, most
pollination events are between nearest neighbours. That mean pollen flow estimates
differ between primary and secondary forest is most likely a reflection of the
difference in distances between nearest neighbours in high and low density

populations.

Other studies of gene flow in tropical trees show higher gene flow estimates than
those found in the TwoGener analysis of V. ferruginea populations (although
TwoGener estimates mean pollen dispersal distance and maximum dispersal distance
may be greater). For Dinizia excelsa, pollinated by stingless bees, ®pr was 0.104 with
an estimate of the pollen dispersal distance of 188 m assuming a normal dispersal
distribution (Dick ef al. 2003). In fragmented populations pollinated by African bees,
Apis mellifera scutellata, ®pr was 0.00167 with an estimate of the pollen dispersal
distance of 1264 m assuming a normal dispersal distribution (Dick et al. 2003).
Studies of Swietenia macrophylla in fragmented populations have also shown high
levels of gene flow with estimates of 200 m (e.g. Cespedes et al. 2003; White and
Powell; Novick et al. 2003; Lowe et al. 2003; Lemes et al. 2003). Sezen et al. (2005)
measured pollen mediated gene flow in the pioneer [riartea deltoidea, a palm
pollinated by bees and detected a maximum pollen movement of 220 m during

colonisation. Most tropical trees occur in very low densities with density decreasing
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as habitats become fragmented. Even in primary forest habitats, increased disturbance
had led to increased numbers of V. ferruginea and insect pollinators may be able to
forage between individuals over short distances in both primary and secondary forest

habitats.

The secondary forest populations of V. ferruginea had a much higher density of
individuals, primary forest populations were approximately 4.1 individuals/ha and
secondary forest populations were approximately 192 individuals/ha (C. Navarro pers.
comm.). In other species that occur in different densities a density effect has been
found on pollinator behaviour and thus, gene flow estimates. In populations of
Symphonia globulifera, Degen et al. (2004) found that dense plots led to less
expansive foraging by insect pollinators. Paternity analysis of gene flow in V.
ferruginea populations in both primary and secondary plots showed an equivalent
estimate of extensive gene flow. Populations in primary and secondary forest differed
greatly in the density of adult V. ferruginea yet this did not appear to affect the
amount of pollen coming in from outside the stand. However, gene flow estimates
show that the mean pollen dispersal distance significantly decreased in secondary
forest populations of V. ferruginea, inferring that, within populations, pollinators may

respond differently to V. ferruginea in secondary and primary forest.
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Chapter 6: Using Seed Dispersal Modelling to Investigate the

Potential Genetic Consequences of Recolonisation

6.1 Introduction

As illustrated in previous chapters, the processes involved in dispersal and recruitment
of a plant species can have a significant impact on the genetic structure of resultant
populations, which will be a persistent feature of tree populations where individuals
are long lived. For example, small differences in the number and spatial distribution
of founding individuals may lead to population level differences, as illustrated by the
difference in Fig for secondary forest populations of Vochysia ferruginea (Chapter 3).
The preceding chapters also show that information from molecular markers can be
used to infer the dynamics of founding processes. Another method that can aid such
understanding is the use of simulation modelling, where gene flow of a regenerating
population can be modelled over a simulated landscape using input parameters that

are both known and controlled.

The following two chapters use a modelling approach to investigate the genetic
consequences of recolonisation and regeneration on forest tree populations. This
chapter focuses on the gene flow via seed dispersal. A simulation model was
developed to investigate the recolonisation of a tree species and the effects of gene
flow via seed dispersal on maternally inherited, organelle population genetic structure.
By simulating the seed dispersal component of gene flow alone the model was
simplified and could be more thoroughly tested. This model can be applied at large
spatial scales and was used to examine the post-glacial recolonisation of oak across
Britain. Although this is a temperate species, access to data on the cpDNA structure of

oak populations provided the opportunity to compare model outputs to a real genetic
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system. In the next chapter the model was extended to investigate the genetic
consequences of combining both pollen and seed dispersal, but was limited to the

population and meta-population scale.

Plant species exhibit a variety of mechanisms of seed dispersal. The majority of seeds
are dispersed locally around the maternal parent and further secondary dispersal
occurs in relation to the speed and direction of wind for wind-dispersed seeds, the
crown size for gravity-dispersed seeds and disperser behaviour for animal dispersed
seeds (Howe and Smallwood 1982). There is also potential for long distance dispersal
through a variety of mechanisms. These include rare climatic events (e.g. hurricanes),
long distance animal-dispersal (e.g. migratory birds) or long distance river transport

(Janzen 1984; Sorensen 1986; Sauer 1988; Chambers and MacMahon 1994).

Long distance events are not normally measured in empirical studies of seed dispersal.
Even with the recent increase in molecular studies targeting maternally inherited, and
therefore seed-dispersed, genomes (e.g. chloroplast DNA (cpDNA) in Angiosperms),
sample sizes are usually too small to reveal detailed information (i.e. a direct estimate
of dispersal) on the dynamics of these potentially very rare events. However, the
importance of rare long distance dispersal events to the colonising ability of a species
has been highlighted by a number of studies, and has been influential in determining
colonisation patterns following glacial periods (Skellam 1951; Hewitt 1996; Ibrahim
et al.1996; Le Corre et al. 1997; Cain et al.1998; Clarke 1998;Clarke ef al. 1999; Cain
et al. 2000; Petit et al. 2001). For forest trees, the timing and direction of postglacial
colonisation have been investigated using analysis of fossil pollen data and simulation

studies (e.g. Le Corre et al. 1997; Birks 1989; Hewitt 1996; Hewitt 1999). These
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studies indicate that expansion from refugial centres following glacial retreat is often

rapid and must have involved some component of long distance dispersal.

The postglacial colonisation of oaks across Britain provides a good case study to
examine the influence of long distance dispersal on migration rates. Within the British
Isles there are no recorded refugial oak populations and there is a very good pollen
record against which the timing of events can be set (Brewer et al. 2002).
Colonisation speed has been determined from pollen core analysis and shows that the
spread of oak was particularly rapid, reaching speeds up to 500 m yr ' (Huntley and
Birks 1983; Birks 1989; Bennett 1997). Oaks, like other forest trees, are long-lived
and therefore their present genetic variability is likely to reflect ancient population
and colonisation events (Petit ef al. 2000). Thus the colonisation history of oak can be
uncovered by examining cpDNA variation, since this organelle genome is maternally
inherited and non-recombinant (Ferris et al. 1993; Dumolin et al. 1995; Ferris et al.
1995). Recent studies have provided detailed spatial information on the distribution of
cpDNA variability in European oak populations (e.g. Ferris et al. 1993; Ferris et al.
1995; Petit et al. 2002a; Cottrell et al. 2002). The results of phylogeographical
analysis of 2613 European populations screened for cpDNA variation show a strong
phylogeographic structure with several East-West disjunctions in variation and
multiple clines relating to colonisation routes from three refugial populations in the
southern peninsulas of Iberia, Italy and the Balkans (Hewitt 1999; Brewer et al. 2002;
Petit et al. 2002b). In addition, most mutations appear to have been generated prior to
postglacial expansion (Ferris et al. 1993, Ferris et al. 1995; Hewitt 1999; Petit et al.
2002b) so present cpDNA structure is most probably a consequence of dispersal of
pre-existing variation, not mutation. Such detail on the spread of oak makes it a

system amenable to mathematical modelling.
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Models for the range expansion of oak, and other plant species, historically used
normal or short tailed dispersal functions fitted to local data on seed dispersal
(Skellam 1951; Cain et al. 1988; Birks 1989; Higgins and Richardson 1999).
However, these studies fail to capture the rate of postglacial expansion observed in
plant populations. More recently, simulation models have been used to evaluate the
importance of long distance dispersal in the spread of plants. Comparisons of different
dispersal kernels show that leptokurtic dispersal kernels (where the tail of the
distribution is positive at large distances) are required to produce the colonisation
speeds seen during postglacial expansion of many plant species (Shigesda 1995;
Hewitt 1996; Ibrahim ef al.1996; Le Corre et al. 1997; Clarke 1998; Cain et al.1998;
Clarke et al. 1999; Cain et al. 2000; Austerlitz and Garnier-Géré 2003). Stratified
dispersal kernels use two components to describe dispersal, one represents the
distribution of the majority of seed around the maternal parent and the second
component represents rare long distance dispersal. It is argued that it is better to
represent dispersal by two different mechanisms so that the central tendency and tail
can be varied independently (Clarke 1998; Clark et al. 1999; Pakeman 2001).
Stratified dispersal kernels have been used to realistically simulate the
ecto/endozoochorous dispersal of woodland herbaceous species (Pakeman 2001); the
rapid colonisation of the forest herb Asarum canadense (Cain et al. 1998); the
behaviour of Hieracium pilosella (Winker and Stocklin 2002) and the dispersal of
Calluna vulgaris and Erica cinerea by wind (Bullock and Clarke 2000). Simulation
models based on the oak system concluded that long distance dispersal events not
only allow for rapid expansion but they are also the most important factor determining
the spatial genetic structure of maternally inherited genes (Le Corre ef al. 1997; Petit

et al. 2000). What is now required is an understanding of how the dynamics produced
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by leptokurtic seed dispersal interact with other physical and environmental factors to

influence the genetic structure within populations.

6.1.1 The study and model system

This study uses a spatial simulation model to investigate the effect of long distance
dispersal on the spread and genetic structure of plant populations under different
dispersal and landscape scenarios. These scenarios have been developed with
particular reference to the colonisation of oak in the British Isles, but will also be
relevant to other species with leptokurtic seed dispersal patterns. A key difference
between this study and previous simulations of plant dispersal (Hewitt 1996; Ibrahim
et al. 1996; Le Corre et al. 1997; Petit et al. 2000) is the spatial scale employed.
Utilization of spatial models in previous studies simulated large grid areas (100 km by
300 km in Le Corre ef al. 1997, 100 km by 1320 km in Petit ez al. 2000), but the
number of cells within the study area, chosen for computational efficiency, was
relatively small and thus simulated cells represent demes rather than individual trees.
These studies therefore made a priori assumptions about genetic dynamics within
each deme. This study considers a similar landscape area (300 km by 500 km) but
divides this area into patches that are 50 m by 50 m in size, and typically occupied by
a single tree (Cottrell et al. 2003), and so the genetic dynamics and patterning
produced by individuals can be modelled directly. Such fine-scale modelling is now
possible due to the increased processor power available and by approximating one of

the spatial dimensions by using rolled transects (see discussion of Figure 6.1 later).

This study also investigates a number of other potentially important influences on
dispersal (and resulting colonisation speed and genetic structure), which remain
untested by previous work (e.g. catastrophic climatic events, barriers to dispersal and

environmental effects on fecundity and survivorship).
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The model is parameterised to approximate the dynamics for oak populations in
Britain and a number of scenarios are considered and assessed for genetic structure

and colonisation rate, as follows:

1. Default: continuous long distance dispersal occurring at low probability.

2. Hurricanes: long distance dispersal operates in certain years only, but with the
same average probability of long distance dispersal over time as in the default run.
This represents freak climatic events that may be capable of dispersal over long
distances (e.g. rare storms, hurricanes) and can be used to test the robustness of

genetic structure and colonisation rate to the period of long distance dispersal events.

3. Staggered start: where a time lag operates between the initial seeding of different
haplotypes. Analysis of the pollen core record (Birks 1989; Brewer et al. 2002) and
current cpDNA distribution (Cottrell et al. 2002) indicate that oak with a single
haplotype first entered south west Britain around 9500 BP, with the other two

haplotypes colonising the south east later.

4. Barrier: part of the landscape is made uncolonisable. Many of the mountainous
areas in Britain are likely to have presented significant barriers to the dispersal of oak;
e.g. those greater than 350m in height such as the Welsh mountains, Pennines,
Borders and Grampians. Today the British Isles is a series of islands off the European
continent, however, for much of the post-glacial period Britain and Ireland were part
of the mainland. It is probable sea-bed depths which are currently less than 100 m

were land and could support oak populations during the major wave of colonisation
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(between 10 000 and 8000 YBP). However some significant marine dispersal barriers

remained, especially the northern and central Irish Seas.

5. Latitudinal climate change: to model the effects of climate on fitness, fecundity
and/or seed survival is reduced as latitude increases. This simulates a decrease in
fitness as environmental conditions become less favourable as a species reaches its
range limits. This will allow us to test whether latitudinal climate effects on fitness
can account for the lower diversity and lower differentiation observed in the more
northerly, slower colonised populations (Cottrell et al. 2002). It is acknowledged that
climatic conditions may have varied at all latitudes during the colonisations of oak
and that this may have impacted on the genetic composition currently observed. This
is not considered here; instead the focus is on how the difference in climatic

conditions between northerly and southerly latitudes affects fitness.

These experiments allow us the unique opportunity to test the effects of different
mechanisms on colonisation speed and population diversity and differentiation. By
conducting these tests at a scale roughly equivalent to the size of England, and with
dispersal attributes approximating those of oak it will be possible to hypothesize
which mechanisms were most influential in producing the distribution of cpDNA
diversity observed in British oak populations. However, the results should only be
considered qualitatively, to assess trends in the effects of different mechanisms and

should not be considered a wholly accurate representation of the oak system.
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6. 2 Methods

6.2.1 Population and dispersal parameters

Seed dispersal was assumed to occur annually and was represented by a stratified two-
component dispersal kernel (Clarke 1998; Le Corre et al. 1997), to approximate local
and long distance dispersal. The proportion of local dispersal (p) to long distance
dispersal (1-p) can be altered as can the maximum distance for dispersal (d,,..). Local
dispersal was assumed to occur within a 150 m radius and is represented by a linear
(decreasing) probability generating function (see equation (6.1)). It is difficult to find
estimates for dispersal parameters for colonising oak populations and so the estimates
for local dispersal are derived from cpDNA data from established populations
(Cottrell et al. 2002, J. Cottrell and S. Gerber pers. comm.). Long distance dispersal is
represented by a uniform probability generating function between 150 m and d,,., (see
equation (6.1)). There was no data on the maximum distance that an acorn may be
dispersed, and so d,,, 1s estimated around a maximum of 25-130 km (Petit ef al. 1997,
2000) and accounts for various mechanisms that may be responsible for rare seed
dispersal up to this distance. The probability generating function, y, with distance, x,

from the parental plant is represented as follows.

2p _1-p _«x (2p_ 2(1—p)} <150

150 d._—150 150{150 4, —150

y(x) = (6.1)

_1=p 150<x<d__
d_ —150

Maturity of trees was set at 15 years with an average lifespan of 200 years and a
maximum life span of 400 years. Each mature tree was assumed to have a mean total
number of offspring (Ny) each year (seeds that will successfully germinate), if

unaffected by competition from other individuals for free grid cells. The proportion of
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seeds dispersed locally was p, therefore the mean number of local offspring was pN,
and the mean number of long distance offspring was (1-p)Ny. The dispersal kernel
then determined the distance an offspring was located from its parent, and this, when
combined with the dispersal direction (chosen at random between 0 and 360°),
determined the grid cell where the offspring potentially grew. If the selected grid cell
was vacant then the seed became a tree. If more than one successful seed was
predicted to reach an empty cell then the resulting offspring was chosen at random,
based on proportions of the seeds present. All offspring had the same chloroplast

haplotype as their mother.

6.2.2 Spatial set-up

An individual based, spatial simulation model with a spatial scale relevant to the scale
of England (300 km by 500 km) was used. This scale was too large to cover with grid
cells so instead cells were modelled along three 10 km wide by 500 km long
‘latitudinal transects’ (see Figure 6.1), divided into 50 m square grid cells that can be

colonised by a single tree.
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Figure 6.1: Spatial set up and positioning of the three latitudinal transects. The figure shows the effect
of rolling the edge of the latitudinal transects on dispersal, the regions used for data extraction (region
1-6) and position of the barrier to colonisation (see later). Rolling the transects allows for
representation of dispersal from trees within the 100 km x 500 km sections but outside of the 10 km x
500 km latitudinal transects. For example, if a seed is dispersed to point a, it will be dispersed into the
latitudinal transect at point al (similarly for b to bl). If a seed is dispersed sufficiently far that it
reaches the adjacent section such as point ¢ it will be dispersed to the latitudinal transect in that section
at point cl. Seeds that disperse outside of the 300km x 500 km arena are assumed lost. The left hand

side of the figure represents south and the right hand side north, thus latitude increases from left to

right.

The three latitudinal transects were positioned horizontally in the centre of three

adjacent 100 km x 500 km sections. If a dispersal event moves a seed outside of a
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latitudinal transect, but not out of the section along which the transect runs, the seed is
repositioned into the original latitudinal transect (Figure 6.1, seeds a, b). If a long
distance dispersal event occurred that was sufficient to cross the boundary into the
adjacent section, the seed was re-positioned into the latitudinal transect in that section
(see seed c in Figure. 1). This spatial set up allowed a representation of a very large
area while still retaining the detail of an individual based model. The level of
competition experienced by individuals when using this method compares favourably
to tests undertaken using a ‘full’ version of the model (where the whole area contains
grid cells). This is expected since while migrants are not considered from individuals
outside of the three transects, there is a counterbalancing effect by reinserting
migrants which leave a transect (i.e. the rolling process). The transect method
described here has been compared with a ‘full’ version of the model (albeit over a
smaller 300 km by 150 km scale) and the results for the genetic statistics and
colonisation speed in the full model fall within the range of the five replicates using
the rolled transect method (with the default parameters) and close to the average

values over the five replicates (data not shown).

6.2.3 Initial conditions

In a nationwide study of British oaks (Cottrell et al. 2002), 98% of all trees sampled
had one of three haplotypes of Iberian origin with the remaining 2% consisting of two
different haplotypes of possibly non-natural origin; therefore, three haplotypes were
used in the model to simulate the natural oak cpDNA diversity in England. Each
latitudinal transect was seeded with one haplotype to randomly fill 2% of the first 10
km approximating the clinal chloroplast distribution in the north of France/south of
England prior to colonisation (Cottrell et al. 2002; Petit et al. 2002b). These trees
were assigned a random age up to the maximum of 400 years (see section 6.2.1) and

Ny (number of offspring) was chosen to be 1.
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The following terms are used throughout the analysis and are defined below for
clarity.

Region: Haplotypes were sampled in six regions as outlined in Figure 6.1.

Population: 20 populations were sampled from different parts of each region.
Latitudinal transect: The three, rolled 10 km by 500 km transects (see Figure 6.1).
Column 1 (Column 2): The combination of regions 1, 3, 5 (2, 4, 6) (see Figure 6.1).
Statistics were either averaged over these regions or the populations from these

regions were pooled and statistics determined for the combined populations.

6.3 Preliminary study

Initial tests were performed on the default set-up of the model to determine the values
of d . and p that result in colonisation speed and genetic structure that best represents
British oak populations. Many dispersal factors will have influenced the current
genetic structuring of oak populations (not just those in the default set-up) and so it
was more important to focus this study on understanding how the results compare
with the default scenario rather than how the different scenarios compare to current
data. For the initial tests a single run of the model for 2000 years was used with three
different lengths for maximum long-distance dispersal (d,.,, = 60, 80 and 100 km) in
combination with two different probabilities for long distance dispersal ((1-p) =
0.0001 and 0.001). The speed of colonisation was calculated by determining how long
it takes for a column in the grid to become 10% colonised, which approximately
corresponds to the likelihood of a pollen grain being present in a pollen core sample.
Diversity statistics were determined according to Nei 1973 (see also Pons and Petit
1995) for average population (Hs) and total (Ht) genetic diversity and differentiation
(Gst) at a number of patch sizes to determine which was the most appropriate sample

scale. Model data were extracted from regions 2, 4 and 6 (Figure 6.1), with 20
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populations of 10 individuals randomly sampled for 10 different patch sizes in each

region.

0.8

—o— e = 60 km, (1-p) = 0.001
o iy = 60 km, (1-p) = 0.0001
—t— e = 80 km, (1-p) = 0.001
—a— e = 80 km, (1-p) = 0.0001
== dyax = 100 km, (1-p) = 0.001
—a— e = 100 km, (1-p) = 0.0001

patch size in km

Figure 6.2: Changes in Ggr with patch size at different lengths of long distance dispersal (dmax = 60,

80 or 100km) and with a probability of 0.001 or 0.0001.

Changes in differentiation for varying patch size indicate the scale of haplotype
aggregation. An ideal sampling strategy is one that picks up the differences between
the diversity and differentiation measures, by sampling on a scale within haplotype
patches and comparing samples on a scale that is greater than the distance between
haplotype patches (an area containing trees of a single haplotype). Changes in Ggr for
different d,,, and p values (Figure 6.2) show that Ggt was still increasing at the
smallest patch size in all runs, therefore haplotype patch size was approximately 0.5
km? or below (sampling from a population in a patch size smaller than this would

have been problematic due to the small number of trees) and differentiation levelled
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out for a patch size greater than 3 km. Therefore, results were sampled using a patch
size of 0.5 x 0.5 km with greater than 3 km between populations sampled. This is also

roughly equivalent to the scale on which experimental populations were sampled

(Cottrell et al. 2002).
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Table 6.1: Speed, diversity and differentiation for different probabilities of long distance dispersal and
at different lengths of maximum dispersal. Populations sampled at regions 2, 4 and 6 (between 400 —
450 km) after 2000 years. Colonisation to Britain had an average speed of approximately 500m/year

and current oak populations have an average Ht of 0.6 with a Ggr of 0.75 (Cottrell ez al. 2002).

Maximum Probability of long distance dispersal (1-p)
length of 0.001 0.0001
dispersal Average | Pooled Average Pooled
60 km Speed (m/year) | 523 278
Hs 0.18 0.18 0.05 0.05
Hr 0.27 0.65 0.14 0.65
Gsr 0.27 0.71 0.22 0.92
80 km Speed (m/year) | 713 348
Hsg 0.24 0.24 0.13 0.13
Hr 0.41 0.65 0.39 0.65
Gsr 0.40 0.63 0.69 0.80
100 km Speed (m/year) | 937 450
Hs 0.32 0.32 0.20 0.20
Hr 0.55 0.63 0.58 0.61
Gsr 0.41 0.49 0.65 0.67

Comparing the results in Table 6.1 to those for the British oak population (Cottrell et
al. 2002), values of dy,,, = 100 km and (1-p) = 0.0001 provide the most concordance
for colonisation speed and diversity measures between experimental and modelled
populations, and the parameters were used for the remaining simulations (unless

otherwise stated).

6.4 Results

For each scenario detailed below, five replicates of the model were ran for 2000 years.
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6.4.1 Default scenario

Figure 6.3a shows that the haplotypes form a patchy structure with dominance of the
initially seeded haplotype decreasing with latitude (over the five runs the average Hs
= 0.16 in column 1 and 0.17 in column 2, with the range over the five replicates
around these average values is shown in Figure 6.4a). Within-population diversity is
low, indicating that a single haplotype dominates within each 0.5 km x 0.5 km sample
patch. Average regional diversity is relatively high indicating that the regions
themselves contain a mixture of the three haplotypes. There is a slight trend of
increasing within-population and average regional diversity with latitude (average

regional diversity in column 1 is 0.5 and 0.56 in column 2, Figure 6.4a).
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Figure 6.3: The spatial arrangement of the three haplotypes in the latitudinal transects after 2000 years.
The relative scale of the transects (10 km x 500 km) gives a compressed appearance and so a small area
is enlarged with the true scale on each axis showing the patchy genetic structure. Here (a): default
scenario; (b): 100 year staggered start scenario; (c): barrier scenario; (d): decreased seed survival with

latitude.
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Figure 6.4: Hs, Hr, and Ggr values for the average within-region and pooled populations from all three
regions in column 1 and column 2. The regional average results for each of the five replicated
simulations are represented by a point () and the average is shown by a solid line (—). The average of
the five pooled statistics is shown by a dotted line (--). Here (a): default; (b): hurricane; (c): 100 year
stagger; (d): barrier; (e): decreased fecundity with latitude; (f): increased seed mortality with latitude.

In (b) to (f) the default results are added in grey for comparison. The sidebars show the range of
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variation in the default runs. For each individual replicate (in all scenarios) the 95% confidence range

was small (and within £ 0.01 for Hg, £ 0.005 for Hy and + 0.02 for Ggr).

Total diversity for the pooled populations in columns 1 and 2 is close to its maximum
value indicating a near equal proportion of the three haplotypes over the three
transects. The individual regions and pooled populations both show genetic structure
due to the spatially patchy nature of the populations with the average within-region
Gst = 0.68 and pooled Ggr = 0.75. The sample populations in each region are
dominated by one haplotype but the regions themselves contain a mixture of all

haplotypes, so differentiation remains high within regions.

6.4.2 Hurricane scenario

The hurricane scenario uses the same parameters as the default scenario except that
the proportion of long distance dispersal (1-p) = 0 for 99 years and 0.01 for 1 year in
every 100. Thus, the amount of long distance dispersal over a 100-year period is the
same as in the default scenario but the actual event occurs at periodicity of 100 years.
The diversity and differentiation statistics for runs with this hurricane effect were in
close agreement with those of the default scenario (Figure 6.4b). This indicates that
rare, periodic instances of long distance dispersal of the same additive total magnitude
have a similar effect on genetic structure as the continuous low-probability of long

distance dispersal events of the default scenario.

6.4.3 Staggered start scenario

The set-up is the same as in the default runs except that, in the first year only the
uppermost latitudinal transect is seeded (2% of the first 10 km of the transect are
randomly seeded with haplotype 1, as in the default run). After 100 years the central
latitudinal transect is seeded with haplotype 2 and after a further 100 years the bottom

latitudinal transect is seeded with haplotype 3. Figure 6.3b shows the spatial
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arrangement of the three haplotypes with this 100-year stagger. Clearly, the first
haplotype given a ‘head start’ can dominate in all transects and the last haplotype to
be seeded exists only in a few isolated patches. A staggered start results in a reduction
of within-population and total diversity well below that exhibited in the default runs
(Figure 6.4c). There is also a trend of decreasing diversity with latitude (a reversal of
the default scenario trend), as the haplotype seeded first becomes more dominant with
latitude (Figure 6.4c). Tests were also undertaken with a reduced stagger time of 50
years. As the stagger was reduced the dominance of the initially seeded haplotype was

also reduced and genetic structure tends to that of the default runs.

6.4.4 Barrier scenario

A barrier to dispersal was simulated by making one area in the array uncolonisable
(the central third of the central transect, see Figure 6.1). In this area trees could not
grow but if seeds were dispersed far enough and could pass over the barrier they could
establish on the other side (i.e. similar to mountain ranges, seas). This scenario shows
genetic structure similar to the default runs up until the barrier (Figure 6.3c). The
barrier then greatly reduced the dispersal of haplotype 2 (blue) and prevented
colonisation of haplotype 1 into transect 3 (and vice versa) so that transects 1 and 3
were largely dominated by the original seeded haplotype. Haplotype 2 was
maintained, in isolated patches, in transects 1 and 3. After the barrier, the central
transect was dominated by a mixture of haplotypes 1 and 3. The statistics highlight
this with greatly reduced diversity in column 1 (since populations were sampled from
transects 1 and 3 and both were dominated by a single haplotype), with an increase in
diversity in column 2, due to the mixing of haplotypes in the central transect after the
barrier (Ht in column 1 was 0.28 and 0.38 in column 2). Throughout, the diversity is
greatly reduced from the default scenario (Figure 6.4c, in default runs Hy was 0.5 in

column 1 and 0.56 in column 2).
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6.4.5 Latitudinal scenarios

Two potential effects of climate change with latitude are modelled. In the first,
fecundity decreases with latitude, with average number of offspring decreasing
linearly from 1 to 0.1 over the latitude range. In the second effect, survival of seeds
decreases with latitude. Here an additional survival probability for successfully
dispersed seeds was applied and varied linearly from 1 to 0.1 over the latitude range.
Genetic diversity and structure for these scenarios are in close agreement with each
other and the default scenario (Figure 6.3d, Figures 6.4e and 6.4f). There is however,
a key difference for within-population diversity; the two scenarios compare closely
with the default run in column 1 (Hs in default runs was 0.16 and was 0.16 with the
fecundity effect and 0.17 with the seed survival effect) but both show a clear
decreasing trend with latitude and a reduction of diversity in column 2 (in default runs
within-population diversity increased to 0.17 but decreased to 0.13 with the fecundity

effect and to 0.10 with the seed survival effect).

6.4.6 Speed of colonisation

Figure 6.5 shows the position of the leading edge of the dispersing tree population
over time. Dispersal speed is similar for the default, hurricane, staggered start and
barrier scenarios, and in all of these scenarios speed of advancement is constant and
approximately 500 m yr''. Thus these factors do not affect the rate of spread. The rate
of population spread is reduced in the scenarios where latitude affects fecundity and
seed survival. Here the colonisation speed decreases with latitude. The decrease in

speed is most severe when latitude affects seed survival.
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Figure 6.5: Position of the leading edge of the dispersing tree population over time for the different

scenarios.

6.5 Discussion

6.5.1 Changes in colonisation speed and genetic structure with varying long

distance dispersal parameters

The individual based model allowed assessment of how rare long distance dispersal
events affect genetic structure and colonisation rates in plant populations. This study
showed that increasing the maximum length of dispersal and the probability of a long
distance dispersal event substantially increased colonisation speed (Table 6.1). These
effects allow more dispersal between latitudinal transects and so also increase average
diversity within a population (Hg) and the diversity of the region (Hr) (Table 6.1).
When within-population diversity is low and differentiation within a region is high it

indicates that the genetic structure of the region contains patches dominated by a

186



single haplotype and this patch size is greater than the area of the population sampled.
Le Corre et al. (1997) proposed that patch size is indicative of the distance of long
distance dispersal and Ibrahim et al. (1996) proposed that this was a result of a greater
lag between populations formed by longer dispersed migrants and the advancing front
of colonisation. Our results confirm this but also suggest that patch size is most
sensitive to the proportion of long distance dispersal. A lower proportion of long
distance dispersal generated a cpDNA structure with larger scale patchiness since
successful long distance migrants will dominate local populations with less chance of

competition from other long distance dispersers.

6.5.2 Scenario effects on colonisation speed

The analysis in this study shows that long distance dispersal is critical for producing
speeds of colonisation on the same scale of oak recolonisation to Britain (see Table
6.1). The speed of colonisation remains constant and is determined by the frequency
and length of rare long distance dispersal events. This is in agreement with other
models of seed dispersal (Hewitt 1996, Ibrahim et al.1996, Le Corre et al. 1997,
Clarke 1998, Clarke et al. 1999, Bullock and Clark 2000, Clarke et al. 2001, Pakeman
2001, Petit ef al. 2001). The results from this study additionally show that the speed of
colonisation is robust to changes in the periodicity of dispersal, to a barrier of seedling
establishment and to a staggered start of colonisation. Colonisation speed is also
reduced when a latitudinal gradient of decreasing fecundity or decreasing seedling
survival is applied. Both decreased fecundity and decreased seedling survival
effectively reduce the number of successful long distance dispersal events and further
demonstrate the strong relationship of rare long distance dispersal to colonisation
speed. The pollen core data shows a slowing in the speed of recolonisation of oak to

Britain (Birks 1989). Such a pattern could result from climate conditions that become
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less favourable with latitude or due to climate change slowing during the period of

colonisation.

6.5.3 Scenario effects on genetic structure

In model populations, the genetic structure resulting from long distance dispersal
consists of mosaics of patches of a single haplotype. This occurs as long distance
dispersal allows the establishment of individuals ahead of the main colonisation front,
followed by secondary local dispersal resulting in permanent patches of migrant
haplotypes. Other simulated populations show patches of highly inbred demes that
persist for hundreds of generations in spite of gene flow into patches (Ibrahim et
al.1996, Le Corre et al. 1997, Petit et al. 2002). The stability of these migrant patches
results in highly differentiated populations. High levels of differentiation are observed
in oak populations (Petit et al. 2002b) and are therefore in agreement with a genetic

structure dominated by the successive founder events of long distance dispersal.

At more northerly latitudes there was less dominance of the initially seeded haplotype
and the genetic structure of the array became more influenced by long distance
dispersal, either directly or secondarily from the stable patches of migrant haplotypes.
Therefore, distance between refugial populations and established colonised
populations may be important in determining genetic characteristics in post
colonisation populations. Cottrell et al. (2002) found notable clumping of British
populations with 66% of mixed species woods fixed for a single haplotype. This
clumped pattern of haplotypes has also been found in populations in western France
where areas of up to 50 km across are fixed for a single haplotype (Petit et al. 1997,
Petit et al. 2002b). The genetic structure in model populations also remained stable
over time, where populations in southerly latitudes maintain significant differentiation

between transects after 2000 years (Figure 6.4).
188



Simulations changing the periodicity of long distance dispersal showed no real change
in genetic structure. This implies that the genetic structuring resulting from long
distance dispersal is robust to the frequency of dispersal events, providing the overall
amount of dispersal remains the same, and allows a greater number of vectors of long
distance dispersal: birds, animal and also rare events such as hurricanes, to be

considered as important for rapid colonisation.

Staggering the start time of different haplotypes colonising the arena caused a
dramatic change in genetic composition, with a decrease in population diversity as the
earliest colonising haplotype dominated in all transects. The haplotype given a ‘head
start’ will usually remain dominant in it’s transect and had a greater opportunity to
disperse to, and dominate, free colonisable space in the neighbouring latitudinal
transect. However, late colonisers still maintained a presence after 2000 years through
formation of stable fixed patches occurring from long distance dispersal events, even
with a 200-year lag after initial colonisation. Haplotype structure in Britain shows a
dominance of one haplotype along the western edge and in patches across the country
increasing its dominance in northern England and Scotland (Cottrell et al. 2002). It
may be that this haplotype, which dominates Cornish populations, may be that of the

initial colonisation to Britain and has had an advantage during colonisation.

A barrier to colonisation restricted the spread of the haplotype seeded in that transect
(Figure 6.1), but individuals possessing that haplotype managed to establish small
stable patches through long distance dispersal (Figure 6.3c). Haplotypes seeded in the
transects at either side of the barrier were also more restricted to their own transects

than the default runs, as dispersal across the barrier is limited. In British populations,
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one haplotype is more abundant in English populations than in Scottish populations.
In the area around the Pennines the other two haplotypes dominate with one haplotype
to the west and one to the east (Cottrell et al. 2002). It is possible that this land barrier
also acts as a significant barrier to establishment and may partially account for the
decrease in one haplotype in northerly populations and the predominantly east/west

division of the two other haplotypes.

In model populations with a latitudinal climate effect, lower diversity resulted. Two
potential reasons for this are that, either lower fecundity lessened the frequency of
long distance dispersal, or the extra mortality means that long distance seed dispersal
was less successful. Haplotype patch size was also larger, which is probably an effect
of lower long distance dispersal success but maintenance of limited local dispersal. It
was notable that patches of a single haplotype tend to become larger, particularly in
northerly regions where the mortality effect is most severe. The average and pooled
regional diversity is similar to the default runs reflecting the fact that although the
local haplotype patch sizes has increased there is still a mixture of the three
haplotypes across the transects. Therefore, latitudinal effects on seed fecundity or
mortality do not alter regional diversity but do affect within-population diversity
through the increased size of local patches. This could explain the results for British
oak populations, which show that all haplotypes are present in Scottish populations,
but there is a lowering of genetic diversity within populations with increasing latitude

(Cottrell et al. 2002).

6.5.4 Leptokurtic seed dispersal effects on genetic diversity

During colonisation it is predicted that multiple founding events, a characteristic of
leptokurtic dispersal, will show a strong decrease in allelic richness with distance

from source that may not be mitigated by pollen dispersal in dense, fixed populations
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(Nei et al. 1975, Hewitt 1996). These founder effects may be particularly severe in
oak, as after the successful establishment of a colonising individual, most acorns
dispersed by the tree germinate within its neighbourhood (Konig ef al. 2002). In our
model, population genetic structure was the product of multiple founder events from
long distance dispersal with local dispersal confined to those cells surrounding the
mother tree, yet within-population diversity increased as the proportion of long
distance seeds dispersal increased (in contrast to other studies, e.g. Austerlitz and
Garnier-Géré 2003). This study indicates that the creation of a patch structure from
long distance dispersal of individual trees can maintain genetic diversity of
populations because although the founder events of long distance colonisation may
result in low within-population diversity, the stability of these patches allows
maintenance of migrant haplotypes within the total population. Presence of long
distance dispersal in model populations allowed all haplotypes to be present to some
degree in the most northerly regions, even when there was some disadvantage to a
haplotype due to late colonisation or a landscape barrier. European oak populations
also show this maintenance of cpDNA diversity where haplotypes are not lost during
spread of a few thousand km (Petit ez al. 2002b) and all three haplotypes found in
Britain are present to some degree in the most northerly populations (Cottrell et al.

2002).

Decreases in haplotype diversity have however, been reported for populations of
forest trees following postglacial colonisation. For oaks, whilst 3 haplotypes of
Iberian origin are found in Britain, there are 12 haplotypes in the potential source area
(Cottrell et al. 2002, Petit et al. 2002a). The phylogeographic work on oaks (Cottrell
et al. 2002, Petit et al. 2002) indicates that there has been relatively little loss of

genetic diversity with northward migration of oaks. Most diversity is lost within the
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first stages of colonisation, which coincides with negotiation of large physical barriers
(Pyrenees, Alps, Carpathians) but once past these, almost all cpDNA types are then
transferred to northern latitudes. Studies of cpDNA variation in other European trees
have found 13 haplotypes in refugial populations of Alnus glutinosa with only 2 found
in northern Europe (King and Ferris 1998), and samples from Fagus sylvatica
consisted of 11 haplotypes in refugia but only 1 in northern populations (Demesure et
al. 1996). Therefore, long distance dispersal may not be able to mitigate loss of alleles
and diversity in certain circumstances. For instance, if environmental factors that can
decrease diversity, such as a staggered start or a barrier, are severe (e.g. the Pyrenean
mountain range, Petit et al. 2002b). Alternatively if southern populations are not able
to spread beyond the northern leading edge (Hewitt 1999), as may be the case for
Fagus sylvatica, then there is less opportunity for these long distance dispersal effects
(Birks 1989; Hewitt 1999). There could also potentially be decreased diversity as a
species colonises new habitat due to differences in colonisation ability or fitness
differences associated with certain haplotypes. Therefore, the dispersal of oak to
Britain illustrates that long distance dispersal has the potential to alleviate loss of
alleles and therefore loss of diversity during colonisation; however, this is not evident
in all postglacial colonising species so must be considered in the context of biological,

physical and environmental factors relevant to any given species.

In summary, this study has confirmed findings of previous studies that long distance
seed dispersal is crucial for producing the colonisation rates and the genetic structure
observed in postglacial populations of European deciduous oaks. However, in
addition, it is clear how combinations of physical and environmental mechanisms may

explain the patterns of genetic diversity and haplotype structuring found in oak
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populations in Britain. The results can be generalised to other plant systems in which

rare long distance dispersal may be a feature.
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Chapter 7: Using Seed and Pollen Dispersal Modelling to Investigate
Genetic Consequences of Secondary Forest Regeneration - A

Preliminary Investigation

7.1 Introduction

The value of secondary and logged forests as a conservation resource is becoming
increasingly recognised, following a recent expansion in area of this habitat (Cannon
et al. 1998; Chokkalingam and Jong 2001; Aide & Grau 2004). Secondary forests
provide habitat for a range of native species, have proven to be important in reducing
soil erosion and floods (Aide & Grau 2004), and are increasingly being recognised for
their commercial potential, as a source of valuable timber products (Finegan 1992;
Baluarte-Vasquez et al. 2000). However, for these forests to continue to perform their
ecological functions whilst realizing their economic potential, they must be managed
appropriately (FAO, FLD, IPGRI 2004). Thus, developing sustainable forestry
techniques for tropical tree species in regenerated forest is an important consideration

for forestry decision makers (Wright 2005; Montagnini & Jordan 2005).

One important aspect of successful sustainable forestry is consideration of genetic
resources. To maintain species for long term commercial or conservation purposes, it
is necessary to consider population genetics, since the level of genetic variation within
populations is critical to how well that species will respond to environmental stress,
competitors and diseases (Sherwin & Moritz 2000; FAO, FLD, IPGRI 2004).
Management strategies to aid the maintenance of sufficient levels of variation within
populations also require a consideration of the biological processes (e.g. survivorship,
reproduction and dispersal) that determine the partitioning of diversity within

populations (Loveless & Hamrick 1984; Loveless 2002; FAO, FLD, IPGRI 2004).
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In Costa Rica, conservation is already an important part of forestry management, with
about 25% of its land area protected, most of it covered by forest (Kleinn ez al. 2005).
However, further conservation of forest resources requires initiatives that are
profitable and desirable to landowners. FUNDECOR (Foundation for the
Development of the Central Volcanic Mountain Range), a non-profit foundation
working with MIRENEM (Ministerio de Recursos Naturales, Energia y Minas) and
the National Parks Service, develops regional forest management plans that aim to
regenerate damaged forests and reforest areas that have previously been clear-cut.
These management plans include selective harvest and natural regeneration as a
means of sustainable and profitable forestry. In a recent report (Church et al. 1994),
FUNDECOR selected eight native species, including Vochysia ferruginea, as

effective species for reforestation of humid tropical areas of the central valley.

The increased interest in sustainable forestry is recent and little is known about the
impacts of proposed sustainable forestry techniques on the demography and genetic
resources of target species. There are a number of factors (e.g. level of inbreeding,
fluctuations in gene flow) that may impact on the genetic characteristics of a
population, but are difficult to determine and isolate in real systems. It is in such
circumstances that mathematical modelling can be a useful tool (Alvarez-Buylla and
Garcia-Barrios 1993). Models can be readily manipulated to determine the most
important factors relating to genetic diversity and allow different scenarios to be

tested.

In this chapter a preliminary model investigation is conducted to assess genetic
diversity and structure, under different management strategies. By comparing results

for different management strategies, we can assess their genetic resource impact and
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determine the sensitivity of populations to different management regimes. By using V.
ferruginea as a test species, the results will also be relevant for assessing genetic

impacts in Costa Rican forest restoration schemes.

7.2 Modelling overview

The model considered here extends the seed dispersal model framework described in
Chapter 6 to include pollen flow, and represents population and genetic dynamics at
an individual scale. Similar individual-based approaches of seed and pollen dispersal
are rare, most probably because the computational power required for such
simulations has only recently become available. An exception is the spatial model
ECO-GENE (Degen 1996) that investigates the impact of selective logging
management alternatives on the genetics of tree populations over specified timescales.
The ECO-GENE model combines population genetic processes and a population
dynamic forest growth model. It has been validated using empirical observations
(Degen 1996) and used to assess, for example, the effect of insect behaviour on pollen
dispersal (Degen 2004) and the effect of selective logging on seed cohorts (Degen
2002). The ECO-GENE model has been developed to produce specific predictions
when provided with detailed information about spatial location and age-structure for

particular tree species.

This study is focused on understanding how forest management strategies affect
genetic dynamics and specifically for secondary forest regeneration. The approach
taken will be considerably simpler than that used in the ECO-GENE model (Degen
1996). In particular the model will not include a complex, species-specific population
level framework, and neither population level dynamics nor comparison with
empirical spatial observations will be attempted. The main benefit of this approach is

that it does not require knowledge of the biological characteristics of a species, which
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are largely unknown. This approach is also more flexible, allowing manipulation of
specific initial conditions and is therefore more appropriate for the investigation of the
population genetics of regenerating cohorts.

The strategy in this study will be to conduct a preliminary investigation into the
‘natural” dynamics of forest systems and then compare the consequences of including
different mechanisms, such as small scale natural disturbance and long distance
components to seed and pollen dispersal. Using the model, the impact of different
management scenarios on the population genetics of a regenerating species will also

be investigated.

Initially the differences in genetic diversity and species composition in primary forest
and naturally regenerating secondary forest with and without long distance dispersal
via seeds and pollen are assessed. The results from the initial investigations will be
used to inform the development of a default forest system to be used to test different
management scenarios. The first management scenario represents clear-cutting a
region of primary forest and regularly harvesting from naturally regenerated forest.
The second management scenario is as the first but considers leaving remnant seed
trees from which to regenerate the region. The patterns of genetic structure of the
regenerated population when different numbers of seed trees are left after clear cutting
will be compared. The third management scenario represents the regeneration of a
region from seeds taken from trees within primary forest. The genetic structure of the
naturally regenerated population will be assessed when seeds are taken from different
numbers of seed trees. This will uncover the key effects of different management
scenarios on genetic dynamics and allow for hypotheses testing about the most
effective way to maintain diversity in natural systems. By using five replications for

each scenario the model will also assess the variability of the outcome.
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In this investigation the potential use of a modelling approach in considering the long
term genetic resource effects that can arise from the management of long lived tree
species is highlighted. Such models may ultimately be used to guide sustainable

forestry techniques to maximise yield and genetic diversity.

7.3 Methods

7.3.1 Spatial set-up

The spatial set-up of the model consisted of a 1 km x 1 km array containing cells (10
m x 10 m) that could be occupied by a single tree. Initially the array was assumed to
contain primary forest; this was then harvested or cleared and the array was allowed
to regenerate. Scenarios were tested in which the array regenerated in isolation or with
a second spatial 1 km x 1 km array of adjacent primary forest. The boundary
conditions were set such that any seed attempting to disperse beyond the 1 km x 1 km

array would be unsuccessful, unless it dispersed into the defined neighbouring array.

7.3.2 Population dynamics and dispersal

The model had two categorisations of tree, light demanding pioneers (LD) and shade
tolerant species (ST). In this study we considered twenty species of tree — two LD
species (one ‘target LD’ species which we considered to be representative of the
dynamics of V. ferruginea, and a non-target LD species which had similar dynamics
but for which genetic data was not recorded) and eighteen ST species. This gave an
initial primary forest composed of 10% pioneer species and 90% shade tolerant
species with each species at an equal starting density of approximately 5%. Tropical
forests have a higher number of shade tolerant species than pioneer species (Wright
2003) and the abundance, and number, of pioneer species can vary due to ecological

differences between sites (Condit et al. 1999; Hubbell et al. 1999). Estimates of the
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density of V. ferruginea in primary forest were from Costa Rican sites in this study
(C. Navarro pers. com.); where only two pioneer tree species dominated plots. The
number of ST species was determined so that each species initially had equal density

so there was no advantage to any species.

Each Vochysia ferruginea tree had a multilocus genotype of 5 codominant loci. There
was no genetic information included for the non-target LD species or the ST species.
All species had the same dispersal dynamics. In each generation (2 generations per
year due to two fruiting seasons), mature adults could potentially disperse seed into all
surrounding empty cells up to a seed dispersal maximum. In each empty cell the
maternal parent was chosen based on a linear decreasing seed dispersal kernel, so that
an adult mature tree near to an empty cell had a greater probability of becoming the
maternal parent than one further away. Local dispersal decreased linearly up to 30 m.
It was also possible to enforce a long distance component to seed dispersal. When
long distance dispersal was included there was a probability of 0.01 that the maternal
parent was chosen from a uniform distribution of 30m-100m from an empty cell (local
dispersal as described above occurred with a probability of 0.99). The probability of
becoming a maternal parent was also scaled for the competitive advantage of either
LD or ST species and was based on the number of trees surrounding an empty cell
(high numbers represented high shading from the canopy of surrounding trees/cells).
A non-linear functional response represented shading such that when an empty cell
was surrounded by 6 trees (out of a possible 8) there was no advantage to either type,
therefore, light demanding trees had a colonisation advantage when there was lower
numbers of surrounding trees and shade tolerant trees had an advantage when the

number of surrounding trees increased.
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If the maternal parent was a V. ferruginea tree then the paternal parent was
determined based on a decreasing linear pollen dispersal curve up to 100m centred on
the mother tree. If there were no target LD trees within this dispersal kernel then the
mature V. ferruginea tree that was nearest to the maternal tree, within a distance of 1
km, was located with the probability of this tree becoming the paternal parent
decreasing with distance from the maternal tree. Vochysia ferruginea is self
compatible (Bawa 1985; Bawa & Beach 1985) although predominantly outcrossing
(see Chapter 4), therefore, the model included the possibility of selfing, but only when
there were no possible pollen donors within a 1 km radius. Thus, if no paternal tree
was selected then the maternal tree was assumed to ‘self” (i.e. provided both maternal
and paternal genes). Selfed trees also had an initial 50 % chance of mortality (but if
they survived they were treated as ‘normal’ target LD trees). Therefore, if there was a
potential pollen donor within a 100 m radius, pollen movement was restricted to local
dispersal. However, if there was no potential donor there was a decreasing possibility
of long distance dispersal up to 1 km. The model was also developed to allow
enforcement of a long distance dispersal component. When included, there was a
probability of 0.01 for long distance dispersal from a randomly chosen parent in a

radius of 100 to 1000m.

For V. ferruginea trees, once both parents have been assigned then, at each locus there
was a 50 % probability that offspring would inherit one of 2 maternal alleles and also
a 50 % probability of inheriting one of 2 paternal alleles. The genotype for each V.
ferruginea tree in the array was recorded at intervals throughout the model run. If the
maternal parent was not V. ferruginea (i.e. another LD or ST) then the paternal parent

was assessed using the same pollen dispersal dynamics as for V. ferruginea. If mature
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maternal and paternal parents were successfully selected, an offspring of that tree type

was created but genetic information was not recorded.

After two generations each tree in the array became a year older. Each tree had an
associated probability of mortality which was equal to the reciprocal of half the
maximum age (hence trees survived, on average, for half their maximum age). If an
individual tree reached its maximum age it was assumed to die, leaving an empty cell.
Light demanding pioneers are fast growing with relatively short life spans, whilst
shade tolerant species are typically slower growing, reaching maturity later with
longer life spans (Hubbell ef al. 1999). Therefore, in the model, light demanders had a
maximum age of 200 generations and shade tolerant species a maximum age of 400
generations. However, light demanders will reproduce earlier: V. ferruginea has a
mean age at first reproduction of just 7 years (Boucher and Mallona 1997). In the
model, light demanders reached maturity at 20 generations and shade tolerant species
reached maturity at 43 generations. Thus, light demanders could dominate in gaps and
clear felled areas but eventually would be replaced by the long lived shade tolerant

species once the canopy closed.

7.3.3 Initial conditions

The 1 km x 1 km array was randomly seeded with a 5% representation of each tree
species. Each tree was given an initial age chosen at random up to the maximum age.
For V. ferruginea trees, the genetic composition was chosen randomly (for each allele
at each locus). Each individual was assigned a genotype at five codominant loci, with
alleles at each locus selected randomly. Each locus was given 10 possible alleles with

even initial frequencies.
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7.3.4 Natural disturbance

When the model ran with the above dynamics to represent a closed primary forest, the
shade tolerant species outcompete the two pioneer species. To maintain the presence
of these species a natural disturbance factor was added, all primary forests will
encounter disturbance due to tree falls, but hurricanes and fire are also broader scale
disturbance factors in Costa Rican forests. Thus in the model, disturbance events
ranged from removing a single tree up to removing a block of 25 trees (5 x 5 array of
cells). The probability of a disturbance event was set to 20% per year for each 1 km x

1 km area.

7.3.5 Model scenarios

Initial study- Primary forest and regeneration dynamics
Initial tests were made using five replications of the following four scenarios (A-D),

each of which were simulated for 2000 generations.

Scenario A. Primary forest with and without natural disturbance: Genetic data and

number of individuals was recorded for the primary forest block. This scenario was

assessed with and without the natural disturbance regime as outlined above.

The following scenarios all included a disturbance regime.

Scenario B. Effects of long distance dispersal in primary forest: The primary forest

set-up of scenario A with a long distance component of seed and pollen dispersal

included.
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Scenario C. Natural regeneration following pasture abandonment (without long
distance dispersal): A 1 km x 1 km primary forest block was clear felled and left to

regenerate from individuals in an adjacent primary forest block.

Scenario D. Natural regeneration following pasture abandonment (with long
distance dispersal): Scenario C but with the inclusion of the long distance

component of seed and pollen dispersal.

Management study - Harvest of natural, regenerated and planted systems

Scenario B and D from these initial studies (i.e. with the natural disturbance regime
and the long distance component of seed and pollen dispersal) was used to test a
variety of management scenarios that examined, for a regenerating pioneer tree
species, the genetic consequences of timber harvesting. Each scenario had five

replications and was simulated for 960 generations.

Management Scenario 1. Natural regeneration following pasture abandonment:
After initial set-up of primary forest (as in scenario B) a 1 km x 1 km forest block
was felled and allowed to regenerate from an adjacent 1 km x 1 km primary forest
block. Unlike scenario D above, this scenario included the harvest of all V.
ferruginea over 40 generations of age every 30 years. This harvest period is typical
of that in the field, with the current minimum felling cycle set at 25 years (GFC
2002). In the model it was assumed that 40 generations was equivalent to 60 cm
DBH, which is a typical harvestable size in the field and recommended for
sustainable timber harvest (GFC 2002). All non V. ferruginea tree types were

removed at harvest regardless of size.
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Management Scenario 2. Natural regeneration from remnant V. ferruginea trees:
After initial primary forest set-up (as in scenario B), a 1 km x 1 km forest block
was felled but with 1, 5, 50 or 200 mature V. ferruginea left as remnant seed trees.
Thereafter the 30 year harvest of all V. ferruginea over 40 generations was
included. All non-V. ferruginea tree types were removed at harvest regardless of

size. This scenario was modelled with and without an adjacent primary forest block

Management Scenario 3. Planting V. ferruginea from collected seed: A clear
felled 1 km x 1 km block was randomly and completely seeded with progeny
sampled from either 1, 5, 50 or 200 mother trees in primary forest. The 30 year
harvest of all V. ferruginea over 40 generations in age was included. All non V.
ferruginea tree types were removed at the harvest regardless of their size. This

scenario was modelled with and without an adjacent primary forest block.

7.2.6 Statistical analysis

Genotypes for all V. ferruginea trees in the regeneration area (or primary area for the
initial primary forest scenarios) were recorded. For primary forest study blocks, data
was collected at 60, 200 and 2000 generations (30, 100 and 1000 years). Here, 30
years is a realistic timescale for harvesting timber, 1000 years shows the long-term
behaviour of the model and 100 years is an intermediate value relevant to long term
conservation. In the management scenarios study, data was collected at 60, 120, 180,
240 and 960 generations (30, 60, 90, 120 and 480 years), representing the first four
harvests and long term state of the model system. Data was analysed using the
software package FSTAT 2.9.3 (Goudet 2001), which estimates gene diversities and
differentiation statistics for co-dominant genetic markers. The level of genetic

variation within populations was quantified by using an unbiased estimator of genetic
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diversity (according to Nei 1987) for each of the five microsatellite loci and averaged

over all loci.

7.3 Results

7.3.1 Initial study-Primary forest and regeneration dynamics

Scenario A. Primary forest with and without natural disturbance
When there was no natural disturbance, numbers of V. ferruginea severely decreased
during the first 500 generations and V. ferruginea was largely out-competed by shade

tolerant species by 2000 generations (Figure 7.1a).

205



Number of V. ferruginea

700

600

8 B g

Number of V. ferruginea

100

Number of V. ferruginea

0 500 1000 1500
Generations

Scenario A. Primary forest with disturbance

9000

8000
o

7000 _-
© e
Q et )
£ 6000 ==
=] ~ -
2 Py,
= Fo—_—

: - <

z == =
S 4000 -
@ =
: &

3000 =
= ==
z =

2000 )

-—
1000
0
0 500 1000 1500

Generations

Scenario C. Regeneration following pasture

abandonment (without long distance dispersal)

0 500 1000 1500
Generations

2000

9000

5000

&

3000

Number of V. ferrugine a

2000

1000

8000
7000 //

6000 i
H
j ‘P—_\w‘\\
H
1

o
0 500 1000 1500

Generations

2000

Scenario D. Regeneration following pasture

abandonment (with long distance dispersal)

500 1000 1500 2000

Generations

Scenario A. Primary forest without natural disturbance Scenario B. Primary forest with long distance dispersal

Figure7.1. Numbers of V. ferruginea for all preliminary scenarios. Results from each replicated run are shown in grey with average values in black.



With natural disturbance the number of pioneer species also decreased but V. ferruginea

retained a presence after 2000 generations in all replicated runs (Figure 7.1b).

In general, as numbers decreased so did genetic diversity. However, this decrease was not
severe when adequate numbers of V. ferruginea were retained in the population. In the
model runs including natural disturbance, average population numbers decreased from
487.6 to 154.6 and diversity only decreased from 0.9 to 0.827 (Table 7.1). Without
disturbance, numbers of V. ferruginea in primary forest fell to levels that were too low to

produce useful genetic estimates.

The very low numbers of V. ferruginea after 2000 generations in primary forest without
disturbance are not sufficient to produce reliable estimates of inbreeding. However, after
only 100 generations, average Fig increased from 0.0004 to 0.0196. In primary forest with
disturbance, average Fis also increased over time, from -0.0028 at 30 generations to
0.4092 after 2000 generations. However, in this scenario Fis was unchanged after 100
generations. Since the long-term viability of V. ferruginea is only possible with a natural

disturbance regime it was included in all further model simulations.

Scenario B. Effects of long distance dispersal in primary forest

Figure 7.1 shows the numbers of V. ferruginea when a long distance seed and pollen
component is assumed to occur with a 1% probability. The number of V. ferruginea over
time is similar to that in scenario A, although there is a greater range of values (Figure
7.1c) over the replicate simulations. In scenario B there was a slight decrease in genetic
diversity (average diversity was 0.9 at 30 generations and 0.848 at 2000 generations) and

an increase in inbreeding (average Fis was -0.0016 at 30 generations and 0.229 at 2000
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generations) over time, but these effects were not as severe as scenario A, above (see

Table 7.1).

Scenario C. Natural regeneration following pasture abandonment (without long
distance dispersal)

Numbers of V. ferruginea in forest regenerated after pasture abandonment were much
greater than those found in primary forest. In scenario C there was a large range in the
numbers of V. ferruginea at the end of the simulations (Figure 7.1d). This resulted from
small differences in the initial invasion success of V. ferruginea into the regeneration
area. Although there were a great many V. ferruginea in the regeneration area the
populations showed less average diversity than in scenario A (but with similar decrease
over time). Here genetic diversity was 0.861 at 30 generations, compared to 0.9 in
primary forest and 0.789 at 2000 generations, compared to 0.8268 in primary forest
(Table 7.1). In regenerated populations, there was initially a higher level of inbreeding
than in scenario A (0.0232 in the regenerated population and -0.0028 in primary forest).
However, the level of inbreeding did not increase over time and was lower than scenario
A by the end of the simulation (0.1022 in the regenerated population and 0.4092 in

primary forest after 2000 generations).

Scenario D. Natural regeneration following pasture abandonment (with long
distance dispersal)

When a long distance dispersal component was included, numbers of V. ferruginea
increased more rapidly in the regeneration area than was observed in scenario C (Figure
7.1). However, there were fewer V. ferruginea present after 2000 generations and there

was a higher level of variability between runs.
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The genetic diversity found in scenario D was slightly lower than that in scenario C and
showed a similar trend of decrease over time (0.869 at 30 generations and 0.735 at 2000
generations, Table 7.1). Levels of inbreeding were slightly higher than in scenario C
(average Fis was 0.048 at 30 generations and 0.141 at 2000 generations) but still showed
a similar trend of an initially moderate level of Fis after 30 generations, which remained

approximately constant over time.

7.3.2 Management study - Harvest of natural, regenerated and planted systems

Management Scenario 1. Natural regeneration following pasture abandonment

Numbers of V. ferruginea trees were low at first harvest. After the first harvest numbers
increased rapidly, since competing individuals were removed at harvest. Full coverage of
the regeneration area occurred by the fourth harvest (Figure 7.2a). Genetic diversity was
high at first harvest (0.866) and declined gradually to 0.829 by generation 960 (Figure
7.2a). There was a deficit of heterozygotes found in the regenerated population. Initially
average Fis was 0.1 and this increased to a maximum of 0.150 at the third harvest and

then gradually declined to 0.115 after 480 years (Figure 7.2a).
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Table 7.1: Average genetic diversity (according to Nei 1987) and inbreeding (Fis) in V. ferruginea populations for 5 replicated runs for all preliminary scenarios after

30, 100 and 2000 generations. Numbers in brackets show the range of values in replicated runs.

30 generations

100 generations

2000 generations

Diversity Fis Diversity Fis Diversity Fis
A. Primary forest without natural disturbance 0.899 0.0004 0.899 0.0196 n/a n/a

(0.899 - 0.9) (-0.01 — 0.0006) (0.899 - 0.9) (-0.005-0.1)
A. Primary forest with natural disturbance 0.9 -0.0028 0.899 0.003 0.827 0.4092

(0.899 - 0.9) (-0.008 — 0) (0.898 - 0.9) (-0.001 —0.021) | (0.802 - 0.85) (0.362 — 0.493)
B. Primary forest with long distance dispersal 0.9 -0.0016 0.899 0.0094 0.848 0.299

(0.899 - 0.9) (-0.009 — 0.016) | (0.898 - 0.899) (0.002 - 0.017) (0.842 - 0.856) (0.268 — 0.364)
C. Regeneration following pasture abandonment | 0.861 0.0232 0.848 0.0894 0.789 0.1022

(without long distance dispersal)

(0.837 - 0.878)

(-0.007 — 0.051)

(0.816 - 0.866)

(0.075 — 0.124)

(0.743 - 0.835)

(0.064 — 0.134)

D. Regeneration following pasture abandonment

(with long distance dispersal)

0.869

(0.862 - 0.875)

0.048

(0.032-0.07)

0.835

(0.81 - 0.857)

0.1088

(0.09 - 0.127)

0.735

(0.69 - 0.806)

0.141

(0.114 - 0.169)
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Figure 7.2: Management 1; natural regeneration from primary forest with no remnant trees after harvest at 30,
60, 90, 120 and 480 years. Number of trees, diversity (according to Nei 1987) and heterozygosity deficit (Fis).
Points represent the five replicated runs and the line shows the average values. There is no data at year 0 as

there are no trees of harvestable age.

Management Scenario 2. Natural regeneration with remnant V. ferruginea trees

Natural regeneration from a single remnant tree, with no neighbouring primary forest, led to
very low diversity at 30 years (average = 0.41) with high variance between runs, and reflects
the level and range of genetic variation typically observed in single remnant trees (Figure
7.3a). The number of trees at harvest increased approximately linearly from low numbers at
first harvest to full colonisation of the regeneration area by the fourth harvest. When there

was adjacent primary forest, seed dispersal from this area increased diversity after 30 years
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(average = 0.78) and the regeneration area became fully colonised by the third harvest

(Figure 7.3a).
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Figure 7.3a: Management 2; natural regeneration from remnant trees with a harvest at 30, 60, 90, 120 and 480
years. Number of trees. Points represent the five replicated runs and the line shows the average values. There is

no data at year 0 as there are no trees of harvestable age.

When natural regeneration was from 5 seed trees genetic diversity was higher at 30 years
(average = 0.79) than the single remnant tree scenarios, and the regeneration area was fully
colonised after approximately 60 years (Figure 7.3a). With adjacent primary forest, diversity
was slightly increased at 30 years (average = 0.83), but there was a comparable speed of
regeneration to the non-adjacent forest scenarios (Figure7.3a). When regeneration was from
50 seed trees the regeneration area was completely colonised by first harvest. Simulations of

this scenario showed high levels of diversity and low variation between simulations. Results,
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with and without adjacent primary forest, were comparable (Figure 7.3b) and adding further

seed trees (200 trees) did not change the results.
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In all runs where regeneration was from remnant trees, there was some degree of inbreeding
(see Figure 7.3c), where positive values of Fig show there were a greater number of
homozygotes than expected under random mating. When regeneration was from a single

remnant tree there was a low level of inbreeding found in trees at the first harvest (since
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most offspring are derived (randomly) from the single remnant tree). The level of inbreeding
then increased reaching a maximum at the fourth harvest and gradually decreased until the
end of the simulation. The level of inbreeding followed a similar trend when there was
adjacent primary forest. When regeneration was from 5 trees, average Fis was 0.15 at the
first harvest, increased to a maximum of 0.18 at the second harvest and declined to 0.14 after
480 years. The results were similar with adjacent primary forest. Natural regeneration from
50 or 200 trees (with and without adjacent primary forest) displayed a similar trend to that of
5 remnant trees but the level of inbreeding was slightly reduced for 50 trees and reduced

further for 200 trees.
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Management Scenario 3: Planting V. ferruginea from collected seed

For scenario 3 runs, average genetic diversity remained approximately constant over time.
Therefore the diversity numbers quoted are the values at the first harvest (30 years). There
was also little difference between model runs using different numbers of seed trees (see
Figure 7.4a). The regeneration area was completely planted so that all cells in the array
contained offspring, so there was a maximum number of V. ferruginea at first and all

subsequent harvests.

When seed was collected from 1 mother tree, average diversity was 0.78 and similar to
results with adjacent primary forest (average = 0.76; Figure 7.4b).There was an increase in
diversity with seeds taken from 5 mother trees (average = 0.87), again results were similar to
those with adjacent primary forest (average = 0.87). Diversity was maximised when seeds
were collected from 50 trees (average = 0.9; Figure 7.4b) and there was no difference
between these runs and those with seeds taken from 200 mother trees (data not shown). In

both cases adjacent forest had no effect on average genetic diversity.
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Figure 7.4c: Management 3; regeneration from collected seeds with a harvest at 30, 60, 90, 120 and 480 years.

Heterozygosity deficit (Fis). Points represent the five replicated runs and the line shows the average values.

There is no data at year 0 as there are no trees of harvestable age.

In scenario 3 simulations (see Figure 7.4c), where 1 or 5 mother trees were used there was

an excess of heterozygotes found in trees at the first harvest. For all simulations

(regeneration from collected seeds from 1 to 200 trees) the average level of inbreeding was
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approximately zero at the second harvest and increased to approximately 0.06 by the end of
the 960 generation runs. Thus, the level of inbreeding did not appear to be significantly
affected by increasing the number of mothers that seeds were collected from or whether

there was an adjacent primary forest.

7.4 Discussion

7.4.1 Initial study: Primary forest

When disturbance was included in the primary forest model, light demanding species could
maintain population numbers as they were able to quickly colonise the gaps in the array
brought about by disturbance. Without disturbance, succession led to elimination of the two
pioneer species over the time period modelled. In an established forest, including a long
distance dispersal component did not lead to an appreciable increase in numbers of V.
ferruginea, showing that the pioneer species were able to colonise the gaps left by

disturbance even when they are restricted by limited pollen and seed dispersal

When natural disturbance was included there was a slight decrease of diversity with time and
an increase in inbreeding due to changes in number of trees. With long distance dispersal,
diversity within the array was not affected, however, this increased dispersal led to a
decrease in inbreeding over the long term. As V. ferruginea trees were relatively sparse in
the primary forest there may be few individuals contributing to any disturbance gap (which
can be 1 to 25 cells area) and so individual patches of V. ferruginea may be derived from
few parents. However, gaps created by disturbance occurred randomly throughout the array
and so individual patches may consist of seedlings descended from different parents leading
to an array-wide population that retains diversity. Long distance dispersal did not appear to
alter the diversity in the whole array but may allow for gene flow from more parents into
disturbance gaps. When there was only local dispersal subsequent generations in gap

populations are likely to be offspring from individuals that initially colonised the gap,
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thereby leading to inbreeding. However, when long distance dispersal is allowed, trees from
surrounding areas may also contribute to successive generations and therefore the level of

inbreeding may be mediated.

7.4.2 Initial study, natural regeneration in a cleared area

After clear felling, trees from adjacent primary forest colonised into the empty array through
seed dispersal. In these open areas, V. ferruginea and the other pioneer species had a
competitive advantage over the shade tolerant species. The light demanding species also
reached maturity sooner, so were able to quickly establish populations following
colonisation. This resulted in very high numbers of both pioneer species in the regeneration
area. If there was regular harvesting, with all non-target species being removed, there was a
long term, array-wide domination by the single target pioneer species. Zagt et al. (2005)
using models of logging scenarios, found that altering the minimum cutting diameter will
affect yields in relation to the reproductive age of the species. Early maturing species such as

V. ferruginea will have a greater opportunity to set seed in-between logging cycles

When there was long distance dispersal present, the clear felled area was colonised more
rapidly. Any seed dispersed via long distance dispersal into the empty array will be free from
competition as illustrated in the landscape model of oak colonisation (Chapter 6). In this
scenario, long distance dispersal by shade tolerant species also occurred, which created
greater opportunity for abundant shade tolerant species in the primary forest to colonise the
array. However, any empty cells around the dispersed individual may become colonised by
neighbouring pioneer species due to faster maturity in the pioneer species. Thus, the number
of V. ferruginea that have an advantage due to long distance dispersal varies between runs
and may account for the greater variation in numbers (Figure 7.1). Without long distance
dispersal, it was possible for the pioneer species to expand in numbers into the colonisable

space and effectively form a barrier to colonisation by locally dispersed seed from shade
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tolerant species. Long distance dispersal from shade tolerant species also resulted in quicker
succession in the regenerated area as these species were present in high density in the
primary forest and could invade single cell gaps left by pioneer trees dying or small
disturbances. All runs with long distance dispersal showed succession towards a forest
containing more shade tolerant species occurring more rapidly, with declining numbers of
the two pioneer species. However, there is evidence that pioneer species tend to have greater
dispersal ability than shade tolerant species (Hubbell and Foster 1992). A future
investigation could examine a scenario with long distance seed and pollen dispersal

restricted to pioneer species.

Although there was a much higher number of V. ferruginea after clear felling, these
populations showed slightly lower diversity than those in primary forest (Table 7.1).
Colonisation into the cleared area was only possible from trees from one primary forest
edge. This limited the number of V. ferruginea that could contribute seed to the regenerating
area. Although gene flow via pollen from V. ferruginea in the adjacent primary forest will
have mediated the loss of diversity after this population bottleneck, there was still less
diversity than within primary forest. Long distance dispersal potentially increased the
number of V. ferruginea that could contribute seed to the regenerating area and also allowed
for greater gene flow via pollen dispersal to V. ferruginea in the clear felled area. With long
distance dispersal, there was slightly more diversity after 30 years and slightly less diversity
at 100 years and 1000 years. Long distance dispersal allowed for a more rapid colonisation,
with the array largely colonised by 200 generations as opposed to 700 generations without it.
However, long distance dispersal also provided an advantage for shade tolerant trees and so
numbers of V. ferruginea started to decline earlier than without long distance dispersal. This
population decline could lead to a reduction of diversity. The rapid colonisation also means
that in runs with long distance dispersal the array will be completely colonised by
individuals from fewer generations thereby potentially experiencing less gene flow from
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primary forest before numbers decline. Long distance dispersal is expected to increase
diversity as there is greater gene flow to populations; however, these results show that this
must be considered in context with other, potentially complex, demographic and genetic

changes affected by long distance dispersal.

In regenerating populations the level of inbreeding initially increased but then stabilised
(Table 7.1). Initial populations in the clear cut area were from very few individuals and the
subsequent populations are all likely to show biparental inbreeding. Later populations will
have experienced some gene flow from less related pollen donors and the increased
succession will break down the sibling cohorts so there is less pollen swamping from
neighbouring siblings. The long-term level of inbreeding in regenerating populations was
lower than in primary forest, probably caused by the much higher numbers of V. ferruginea.
Long distance dispersal increases gene flow from unrelated trees so leads to less inbreeding
even when there are fewer individuals present. Therefore, regenerated forest from
neighbouring primary forest can lead to highly variable numbers of dominant pioneer

species that show a lower diversity than primary forest but with less inbreeding.

In all runs more expansive pollen and seed dispersal did not appear to increase diversity but
decreased inbreeding. The level of extra dispersal in the model did not counter any genetic
drift that may be occurring in either the primary forest or the regenerated population.
Increased seed dispersal did not create a significant advantage for colonisation by V.
ferruginea; however, where long distance dispersal was present it had a large effect on the
colonisation speed from primary forest into an empty array. The succession of shade tolerant

species into the pioneer dominated forest was also more rapid.
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7.4.3 Management study, natural regeneration with V. ferruginea as a remnant tree

Results from the runs testing different management strategies with a 30 year harvest showed
that when natural regeneration was from a low number of remnant trees there was
consequently lower genetic diversity. Where there was no gene flow from adjacent forest the
diversity in seedling populations was limited to the maternal alleles of the parent(s) of the
remnant trees. When regeneration was from 1 remnant tree without adjacent primary forest
the tree was forced to revert to selfing and all genotypes in the population in the regenerated
area were composed of alleles present in the original remnant tree. However, in populations
regenerated from a small number of remnant trees (1 to 5), gene flow from adjacent primary

forest increased genetic diversity over time.

When the regeneration was from 5 trees or less, the number of trees at first harvest was
restricted by the colonisation speed from these trees. In these instances, adjacent primary
forest increased the number of V. ferruginea at harvest as any V. ferruginea in primary forest
able to disperse into the regeneration area contributed to numbers. The pioneer trees also had
a competitive advantage in the initial stages of regeneration. When regeneration was from a
larger number of remnant trees (e.g. over 50) then the regeneration area could be completely
colonised rapidly. Here adjacent primary forest had little influence on the regeneration

dynamics.

It is worth noting that the results for management scenario 2 with 5 remnant trees (with and
without adjacent primary forest) and for 1 remnant tree with adjacent primary forest are
similar in terms of average genetic diversity and level of inbreeding (although more
variation was observed for 1 remnant tree). However, the level of diversity in these
simulations is lower than for regeneration from adjacent primary forest only (management
scenario 1). Thus, although a small number of remnant trees may speed up regeneration,

they appear to reduce genetic diversity within the regenerating area. Possibly through
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domination of the founding population by seeds from the remnant trees as opposed to

gradual colonisation from a higher number of trees in adjacent forest.

In the regenerated forest, all populations showed a deficit of heterozygotes, which decreased
with increasing numbers of remnant trees. However, there was less inbreeding found with
regeneration from a single tree after the first and second harvest. Beyond this, inbreeding
increased as in the other model runs (although with adjacent forest this pattern was not as
evident). When there was a single tree left the initial selfed populations were within pollen
dispersal distance of the single remnant tree and were then, once mature, a single, randomly
mating population. After harvest the population can contain individuals increasingly isolated
from each other and so inbreeding may increase. Inbreeding slowly declined in all runs and
this decline may be related to colonisation time. When the array is completely colonised,

patches of homozygotic individuals can experience greater gene flow.

7.4.4 Management study, planting V. ferruginea from collected seed

The levels of diversity were high in planted populations, even when the seed for planting
was collected from only one individual (average diversity is 0.77). This contrasted with the
low diversity experienced when regeneration was from one remnant tree. Collecting seed for
planting from 5 primary forest trees led to high levels of diversity similar to those found
when seed was collected from 50 or 200 mother trees. The increase in diversity observed
when the population was regenerating from seed rather than remnant trees occurred because
a single mother tree samples the diversity from a large number of fathers within the
pollination distance to the mother tree. Therefore, although seeds are only taken from one
mother tree, the genetic diversity of all trees within the pollen dispersal kernel was
effectively sampled. This shows that the spatial distribution of individuals, and the genetic
structure of the population, may have a significant impact on the levels of variation found in
a large seed sample taken from a single individual. Consequently, when collecting seed
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material the extent of the reproductive population contributing pollen to a seed tree will
determine the extent of variation sampled. This ability to sample a large proportion of
population diversity is therefore dependent on the number of pollen donors. Collecting seed
from isolated trees will sample a significantly lower amount of diversity than seeds collected
from within continuous forest. The extent of the reproductively effective population is
largely determined by the extent of pollen flow, with restricted pollen dispersal expected to
severely decrease the possibility of sampling a majority of the population variation by

collecting seed from one individual.

Although diversity was high when seed was collected from a single tree it still increased
when more mother trees were sampled. All 10 alleles were present in the seedling population
when seeds were collected from a single tree, however, this may be a consequence of even
allele frequencies in the initial primary forest population. If a population shows genetic
structuring then sampling from a single individual is less likely to sample a population’s
genetic diversity. Degen et al. (1996) found that clustered populations decreased the
effective population size as did limiting wind direction and decreasing the number of seed
trees from 20 to 10. From these results they suggested that both the spatial distribution of a
population and the number of seed trees were important in estimating the extent of the
reproductively effective population and therefore the potential for increased genetic drift.
The model of regeneration from V. ferruginea did not contain rare alleles and these are most
likely to be lost in natural regeneration from a low number of individuals and would then
constitute a decrease in variation not shown in these results. Rare alleles are also more likely

to be unsampled when collecting seed from a low number of individuals.

When the population originated from planted seeds, there was a pronounced deficit of
homozygotes in those runs where seeds were taken from 1 or 5 mother trees. This was
because the allele frequencies in the planted populations were dominated by the maternal
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alleles yet as there was little selfing these common alleles were only found in the
homozygotic state when the paternal allele matches that of the maternal allele. This effect is
most evident when seeds were collected from one maternal tree as the population allele

frequencies were dominated by very high frequencies of the two maternal alleles.

7.5 Conclusion

In conclusion, to utilize a pioneer tree for timber the model results suggest that natural
regeneration from primary forest into a cleared area of the magnitude of 1 km?, may not be
the most efficient use of the available land. In model populations, natural regeneration led to
colonisation of only approximately 2.5% of the model array after 30 years. If the area to be
used for secondary forest utilisation has remnant trees then these effectively increase the
colonisation rate. However, natural regeneration does not adequately utilise the available
space unless the number of remnant trees is large. As large numbers of remnant trees
decrease the utility of the initial clearance, colonisation rates can best be maximised by
supplementing natural regeneration with planting. When collecting seed for planting it is
best to collect from trees within continuous primary forest and where there is pollination
from a number of fathers so as to maximise the genetic variation sampled. When the number
of pollen donors is unknown, the population is at a low density or the species shows
restricted pollen dispersal it would be most prudent to collect seed from a high number of
mother trees. If seedlings are to be generated by cloning then a much higher number of trees
should be sampled as in this case the genetic diversity of only one individual and not the

pollen cloud, is sampled.

This chapter illustrates how a simple model of forest dynamics with seed and pollen
dispersal can provide useful insight into the colonisation rate and genetic structure of pioneer
tree species. However, the results should be viewed as highlighting important trends and not

as quantitative predictions. The quantitative results depend critically on the model

228



composition, the parameter values and functional relationships chosen. Thus, qualitative
trends have been highlighted but it should be recognised that the quantitative behaviour will
depend on the characteristics of individual species. Natural regeneration of secondary forest
can lead to losses in genetic diversity and so a species’ genetic response to management
should be a consideration for sustainable forestry. Effective sustainable management of a
timber species may best be achieved by the integration of standard forest inventories,

molecular analysis of gene flow and spatial modelling results.
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Chapter 8: Discussion

8.1 Principal findings

8.1.1 Molecular analysis of secondary forest regeneration by Vochysia ferruginea

Deforestation, timber extraction and rural-urban migration in neotropical forest habitats have
caused a recent increase in the area of secondary forest, arising largely from colonisation of
abandoned pasture by pioneer tree species, to the extent that regenerated forest is becoming
important as an economic and environmental resource. The conservation of genetic diversity
is an important component in maintaining the long term fitness and evolutionary potential of
tropical forest tree species. This study investigates some of the genetic characteristics
pertinent to the establishment of secondary forest through colonisation by a pioneer species.
Pioneer trees need light to germinate and so persist in primary forest through the exploitation
of gaps in the canopy. They can also form dense stands of secondary forest after either
human mediated or natural major disturbance. Using two different sites this study assessed
mating system, genetic diversity and structure in populations of the pioneer tree Vochysia

ferruginea in primary forest gaps and dense secondary forest.

Populations of V. ferruginea in both primary and secondary forest were found to be
predominantly outcrossing. The progeny from two isolated remnant trees were also
predominantly outcrossed and it was estimated that these progeny were from a greater
number of pollen donors. V. ferruginea is self-compatible and there appeared to be some true
uniparental selfing occurring in one primary forest population and in progeny from the two
remnant trees. As these were results from seed collections it is unknown whether these
selfed seeds would have been less able to survive to maturity than non-selfed progeny. These

results suggest V. ferruginea has a mixed mating system but selfed progeny are rare as gene
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flow is effective in V. ferruginea populations, thus, primary forest and remnant trees

experience extensive gene flow within a large effective population of spatially distant adults.

Primary forest populations of V. ferruginea populations had lower density, higher diversity
and greater allelic richness than secondary forest populations. Primary forest fragments, of
only a small number of trees, also had high diversity but had lower allelic richness.
Although the secondary forest populations had lower diversity, the difference was small
(range: 0.60 to 0.74 in secondary forest and 0.68 to 0.75 in primary forest). Seedling
populations varied in levels of diversity compared to adult secondary forest, but consistently
showed a loss of alleles. Progeny taken from seed trees within both primary and secondary

forest showed the highest levels of diversity and the highest levels of allelic richness.

The loss of alleles in the seedling populations is an expected result of colonisation by a low
number of seed donors. The differences in diversity between the two seedling populations
are most likely due to the differences in their age structure. The low diversity population was
composed of seedlings from a single year and the high diversity population was composed of
seedlings from several years. Progeny from trees within mature forest adjacent to seedling
populations were highly differentiated from the seedling populations and also showed high
diversity and high allelic richness. Therefore, whilst the initial colonisation event led to
reduced genetic diversity and allelic richness in the first seedling population, gene flow into
regenerated populations from subsequent seed dispersal effectively mediated this loss, with
increased diversity in seedling populations derived from several years of colonisation. Thus,
mature secondary forest showed higher diversity and higher allelic richness than seedling
populations. The high allelic richness in progeny from trees in secondary forest also shows
that there is gene flow into these dense stands from outside the population and, provided
there are high diversity populations within the pollen flow distance, the genetic diversity of
secondary forests can increase.
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Secondary forests tended to show an excess of heterozygosity, this suggests that these
regenerated populations are derived from a small number of outcrossing seed trees that have
experienced gene flow from a high number of pollen donors. Thus, the maternal alleles are
very common in the population but will be in the homozygotic state less than expected under

random mating.

Of the three secondary forest populations one was found to be unusual in that it had a
significant deficit of heterozygotes and a higher diversity than the primary forest population
it was assumed to derive from (in this case the primary forest population sampled comprised
all of the primary forest at that site). The deficit of heterozygosity in this population may be
due to population structuring giving rise to a Wahlund effect. The Wahlund effect causes
reduced heterozygosity in populations due to subpopulation structure, if two or more
subpopulations that are in Hardy-Weinberg equilibrium have different allele frequencies
then overall the heterozygosity in the population is reduced (Crow and Kimura 1970). In
combination, the heterozygote deficit and higher than expected diversity suggested that
additional unsampled donor trees must have contributed to the establishment of this
population. Potential candidate donor trees were present as remnant trees bordering rivers at
this site. The genetic diversity of this regenerated population suggests that small fragments
of differentiated primary forest may play an important role as sources of diversity for

regenerating populations.

In secondary forest populations there were higher levels of inbreeding, however, as estimates
of uniparental inbreeding were very low, this increase can be accounted for by increased
biparental inbreeding. Whether biparental inbreeding has a measurable effect on fitness after
recruitment has not been resolved by this study. However, there was some evidence that,
over time, trees with high heterozygosity may outperform trees with lower heterozygosity.
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Increased biparental inbreeding in these dense populations led to a clustering of interrelated
groups of trees and all secondary forest populations showed significant positive spatial
autocorrelation at small scales (4 m to 30 m). In primary forest there was little or no
structure at short distances but there was some structuring at greater distances (30 m to 90
m). In contrast, all secondary forest populations showed negative spatial autocorrelation at
larger distances (50 m to 90 m). One possible explanation for this effect is that the density of
V. ferruginea populations significantly alters pollinator behaviour. In dense patchy
populations, pollinators mainly move between nearby plants, mean flight distance decreases
and structure is brought about on short scales. Low density has the opposite effect,
facilitating pollen dispersal events at longer distances and decreasing structuring at shorter
scales. Inadequacies in the level of discrimination possible with the dataset made it difficult
to perform a direct analysis of gene flow. However, there was some evidence that, whilst
gene flow may be extensive, mean pollen dispersal distances are significantly shorter in
dense secondary forest. Lower gene flow in secondary forests may then also compound the

small scale structuring that is brought about by colonisation.

The genetic characteristics of these secondary forest populations suggest that small
differences in the colonisation process, such as distance from source population and
presence of remnant trees, may have important consequences for levels of genetic diversity,
allelic richness and heterozygosity in regenerated populations. Although levels of diversity
may not be appreciably lower in regenerated populations the differences in density can have

consequences for gene flow and thus, the levels of biparental inbreeding.
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8.1.2 Modelling regeneration at a landscape and population scale

The landscape-scale, spatial model of gene flow via seeds showed that determining the seed
dispersal kernel, particularly the long distance component, is vital in predicting the genetic
response of a tree species to colonisation. Even very rare long distance dispersal

significantly influenced colonisation speed and genetic structure.

It is predicted that the multiple founding events that characterise colonisation will lead to a
decrease in allelic richness with distance from source that may not be mitigated by pollen
dispersal in dense, fixed populations. In the seed dispersal model, population genetic
structure was the product of multiple founder events from long distance dispersal with local
dispersal confined to those cells surrounding the mother tree, yet within-population diversity
increased as the proportion of long distance seed dispersal increased. This indicates that the
creation of a patch structure from long distance dispersal of individual trees can maintain
genetic diversity of populations because, although the founder events of long distance
colonisation may result in low within-population diversity, the stability of these patches

allows maintenance of migrant haplotypes within the total population.

Modelling colonisation at a population scale also illustrated an increase in the speed of
colonisation by pioneer species with long distance dispersal. If there was long distance
dispersal in shade tolerant species there was also much faster succession in the regeneration
area, from a forest dominated by pioneer species to one dominated by shade tolerant species.
However, if there was regular harvesting, with all non-target species being removed, there

was long term, array-wide domination by the single target pioneer species.

Long distance dispersal may not be as important in established populations. In the
population scale model with both seed and pollen dispersal, pioneer trees in established

primary forest were able to colonise disturbance gaps equally well when seed and pollen
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dispersal was limited. With long distance dispersal, diversity within the array was not
affected, although limited dispersal led to lower diversity within gap populations, the whole
forest population retained a high diversity. However, this increased dispersal led to a
decrease in inbreeding over the long term. Thus, long distance dispersal may mitigate

biparental inbreeding by allowing gene flow between spatially distant gap populations.

8.2 Suggestions for management and conservation

Fragments and primary forest do impact the genetic diversity of secondary populations. The
effectiveness of gene flow via long distance seed dispersal, as seen in the simulations, means
that primary forest populations form important sources of genetic diversity. The impact of
this gene flow was evident in mature secondary populations, where one population had a
higher diversity than the whole adjacent primary forest fragment, and could also be seen in
seedling populations, where a multi-generation seedling population showed much higher
diversity than a population from a single year. In the mature secondary forest population,
gene flow was most likely to have come from both primary forest blocks and very small
fragments of primary forest, e.g. along protected river courses. Hence, even very small
fragments can be influential as they may be differentiated from primary forest blocks and

can form a significant genetic resource.

A model of gene flow from a pioneer species was used to test a number of management
strategies appropriate for the maintenance of genetic resources in secondary forest. The
results suggest that, in terms of promoting the rate of colonisation, allowing natural dispersal
alone is not the most efficient means to regenerate forest on abandoned land unless a large
number of remnant trees are present within the area to be regenerated. To increase
regeneration rates where there are few remnant trees, it is much more effective to plant trees
either from collected seed or from nurseries. However, in this case, a careful selection of

seed tree must be made to ensure maintenance of genetic diversity levels. Modelling showed
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that when there is adequate gene flow from pollen, collecting a large number of seeds, even
from a very small number of trees, can effectively sample the majority of the diversity
within a population. However, this will only be the case when the seed trees are in
continuous forest with high levels of gene flow from a number of fathers. It is current
practice in some nurseries in Costa Rica to generate seedlings by cloning as this can be
achieved outside of the fruiting season (FUNDECOR pers. comm.). Cloning will only
sample the genetic diversity of one individual and not the population, therefore, if cloning is
used, a much greater number of spatially distant trees will be required to sample a significant

proportion of the diversity of a population.

8.3 Criticism of study and suggestions for future work

Initial assessment of possible study sites included a potential third site at Florencia, Costa
Rica, although sampled, individuals from this site could not be analysed due to time
constraints. This site consisted of a fragment of primary forest and a number of V. ferruginea
dense mapped secondary plots (Finegan and Camacho 1999). If this site could have been
included in the analysis then there would have been a replicated site of separate secondary
forest populations at different distances from primary forest. Inclusion of a third site would

also have given more statistical weight to all results.

The direct analysis of gene flow via pollen illustrated the difficulties in getting reliable
estimates from paternity analysis when there is insufficient data. There were a high number
of allele drop-outs within the dataset and whilst this in itself may not be a problem for some
analyses, it rapidly decreases the power of statistical assignment of paternity. To
successfully apply paternity assignment approaches, allelic dropout must be minimised, but
it is also important to use as many loci as possible. Using maximum likelihood methods of
paternity, increasing the number of loci in the dataset provides the best means to increase the

power to identify real paternity. In this study the number of loci analysed was too low to
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provide strong estimates of pollen flow, therefore if these are to be obtained for V.

ferruginea, it is recommended that additional loci are examined.

The population model was developed with the aim to include dispersal curves derived from
molecular analysis; however, the difficulties in obtaining a reliable direct analysis of gene
flow meant that dispersal dynamics could only be estimated. Therefore, the pollen model
was not as species specific as proposed, lessening its power as a management tool for

sustainable forestry of V. ferruginea regeneration.

This study also attempted to find whether inbreeding had a notable effect on fitness by
comparison of individual heterozygosity and long term growth rate (using data collected by
CATIE). There was no statistically significant evidence for a fitness effect on growth;
however, there was some evidence that, over time, trees with high heterozygosity may
outperform trees with lower heterozygosity. The effect of inbreeding on fitness either as
reproductive output or growth is very relevant to forestry so it would be valid to investigate
this further with a greater extent of informative molecular data. This study assessed fitness
effects in adults; however, the detrimental effects of inbreeding may be more important
during recruitment and to the survival of seedlings. Therefore, the correlation of

homozygosity with fitness in seedlings would also be a consideration for further study.

8.4 Conclusions

There are two main factors affecting genetic characteristics in secondary forest populations:
the process of colonisation and the density of individuals. Regenerated populations are
usually founded by a small number of individuals, leading to a loss of alleles. Therefore, the
number of adults contributing to the regenerated forest will affect the levels of genetic

diversity and the relatedness of individuals. In complex landscapes a regenerated population
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may be founded by individuals from different populations and resultant populations can
show high levels of heterozygosity and also diversity. The density of individuals in
secondary forest can decrease the gene flow from pollen and so impacts on the fine scale

structure of populations and the extent of biparental inbreeding.

Both the molecular and modelling studies show that while colonisation appears to lead to a
loss of alleles and potentially a loss of genetic diversity, the high levels of gene flow found
in pioneer species, particularly during colonisation, may counter that effect with time. The
differences in diversity found in V. ferruginea seedling populations with different age
structures show regeneration by successive generations may counter diversity loss of
founding populations by a replacement effect through seed dispersal over multiple
generations. Diversity can be further increased in mature secondary populations as they
experience continued gene flow via post-colonisation pollen-mediated gene flow. The
different genetic characteristics found in the three populations of V. ferruginea dominated
secondary forest also show that the process of colonisation and differences in the diversity
and differentiation of adults contributing to founding populations, markedly affect
regenerated populations and can dominant the genetic characteristics of long lived tree

species.

This study also highlights the potential use of modelling for the management of genetic

resources and demonstrates that it could be an important tool for informing sustainable forest

management.
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APPENDIX

Data validation

Linkage disequilibrium estimate

Each locus was tested for linkage disequilibrium. The P-value for genotypic disequilibrium

was based on 200 permutations. Adjusted P-value for 5% nominal level is: 0.005000. Tests

using FSTAT

Loci combination P-value
Al-5 X AIl-10 0.025
Al-5 X AIl-15 0.005
Al-5 X A1-20 0.02
Al-5 X AI1-35 0.17
Al-10 X Al-15 0.055
Al1-10 X A1-20 0.07
Al-10 X A1-35 0.07
Al-15 X A1-20 0.01
Al-15 X A1-35 0.25
Al1-20 X A1-35 0.005
Al-5 X AIl-10 0.025

The tests estimated a significant linkage disequilibrium for some loci combinations, notably
Al-5 x A1-35 (P =0.17) and A1-15 x A1-35 (P = 0.25). However, this is less likely to be

because of linked loci and more a consequence of a similar pattern of allelic drop out.

286



Genotyping error estimate

Each locus was tested for the identification of genotyping errors due to non-amplified alleles
(null alleles), short allele dominance (large allele dropout) and the scoring of stutter peaks.

Tests performed using MICROCHEKER (Oosterhout et al. 2004). All loci showed no

evidence of genotyping errors.

Locus Presence of null alleles | Large allele drop-out Mis-scoring of stutters
Al-5 No evidence No evidence No evidence
Al-10 No evidence No evidence No evidence
Al-15 No evidence No evidence No evidence
Al1-20 No evidence No evidence No evidence
A1-35 No evidence No evidence No evidence
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