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ABSTRACT

This dissertation describes the reproductive biology and patterns of genetic diversity of the
endangered tropical tree Guaiacum sanctum (Zygophyllaceae). First, I analyzed the abundance
and spatial distribution of different size classes of G. sanctum within Palo Verde National Park
(PVNP). Results showed a large proportion of individuals in the smaller size categories, suggesting
population growth. All size classes were spatially aggregated and associated with canopy openings;
seedlings occurred in shaded areas and saplings and juveniles were found in open areas.

Allozyme analyses were used to examine patterns of fine-scale genetic structure (FSGS) in three
plots within PVINP. A lack of fine-scale genetic structure was observed for all size classes, suggesting
the mixing of seeds from several different adults. A parent-pair analysis indicated that populations
of G. sanctum populations were probably established by bird mediated long-distance seed dispersal.

To broaden the spatial scale, I quantified genetic diversity within and among seven G. sanctum
populations in Costa Rica. I compared genetic diversity differs between populations in continuous
habitats and trees in fragmented sites. Results indicated that G. sanctum maintains high levels
of genetic diversity. Trees in fragmented habitats did not have less genetic diversity than trees in
protected habitats. We concluded that the observed patterns of genetic structure in this species
are probably caused by the historic separation of populations in different geographic regions, and

extensive historical rates of gene flow among populations within regions.



To determine if fragmentation has affected gene-movement, I estimated the mating system and
pollen flow patterns of G. sanctum. A fractional paternity analysis was used to estimate average
gene flow distances. Our results showed that G. sanctum is a mixed-mating species with the ability
to transport pollen over large distances. Isolated trees function as stepping-stones between clusters
of individuals, assisting long-distance pollen movement. These individuals also sired a dispropor-
tionate number of seeds, and are thus important components of the reproductive success of the pop-
ulation.The high levels of genetic diversity maintained as a consequence of long-distance gene-flow
suggest that this endangered species may have the potential for future adaptation and population
expansion.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Tropical forests are disappearing at alarming rates, with deforestation and urban expansion being
identified as the proximate causes for habitat reduction (Geist and Lambin, 2002). It’s been esti-
mated that between 1990 and 1997, yearly deforestation rates for Latin America averaged 2.5 x 108
haxyr~! (Achard et al., 2002). Within the tropics, some forest types are more threatened than
others. Sader and Joyce (1988) estimated that by 1961 tropical dry forests in Costa Rica were com-
pletely deforested, while more than 70% of tropical rain forest remained intact. Deforestation leads
to a reduction in habitat area, which in turn has two direct impacts on species’ populations: frag-
mentation of continuous habitat and reduction in population sizes (Bissonette and Storch, 2002).
Fragmentation transforms continuous forest into a collection of isolated forest patches, surrounded
by disturbed habitats. Secondly, a reduction in forest cover generally reduces natural population
sizes, mainly due to a lack of suitable habitat for reproduction and recruitment, or as a conse-
quence of increased human extraction. In plants, separation into discontinuous forest patches may
affect reproductive success by separating conspecifics over distances larger than those supported
by their pollen vectors, thus modifying their mating systems and their abillity to reproduce ade-
quately (Murawski and Hamrick, 1991). Additionally, a reduction in population size may increase
the probability of population extinction by the interaction of ecological and genetic factors (Young
et al., 1996).

Fragmentation and small population size can contribute to reductions in genetic diversity by
altering gene flow (Hamrick et al., 1993a) and increasing the combined effects of genetic drift
and inbreeding (Hedrick and Miller, 1992). Small finite populations lose genetic diversity through
genetic drift, as a consequence of random changes in allele frequencies. The loss of genetic diversity
is directly related to population size, with smaller populations maintaining less genetic diversity

(Frankham, 1996). A reduction in genetic diversity may curtail the ability of the population to
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adapt to a changing environment. Lower levels of genetic diversity in small populations have been
associated with a decrease in fitness (Reed et al., 2003), probably due to an increase in inbreeding
and the resulting inbreeding depression (Husband and Schemske, 1996). In small populations with
relatively little gene-flow, the average relatedness of individuals increases gradually, which leads to
consanguineous matings (Wang et al., 1999). Such matings increase the frequency of recessive dele-
terious homozygotes in the population (Ellstrand and Elam, 1993; Charlesworth and Charlesworth,
1999). Almost all organisms have been observed to display some form of inbreeding depression in
small populations (Falconer and Mackay, 1996; Lynch and Walsh, 1998; Hedrick and Kalinowski,
2000) and inbreeding has been shown to increase the probability of extinction (Brook et al., 2002).
Tropical trees are more vulnerable to the effects of fragmentation caused by anthropogenic
intervention, due to their sessile life forms, low densities, and high economic value (Cascante et al.,
2001). Additionally, many tropical tree species require a critical number of conspecifics for adequate
reproduction, due to their predominantly outcrossing mating system (Bawa, 1974; Bawa et al.,
1985a). Fragmentation may reduce the reproductive success of trees, as well as impact the viability
of the progeny produced. Current research in the conservation genetics of tropical trees is primarily
interested in determining current levels of genetic diversity within and among populations, as well
as patterns of gene movement. Since trees are so long-lived, it is difficult to determine the direct
effects of fragmentation, as they may become obvious over much longer periods of time. Therefore,
indirect estimates such as changes in genetic diversity, or patterns of gene movement, may allow
predictions of the sustainability of populations of these tropical tree species (Hamilton, 1999).
Genetic and ecological information is even more important for endangered species. Species are
generally categorized as threatened or endangered, based on their abundances, spatial distribu-
tion and economic value (CITES, 2000). Guaiacum sanctum (Zygophyllaceae) is an endangered,
slow growing, dry forest tree, distributed from southern Central America to Northern Mexico and
Florida, and throughout the Greater Antilles (Holdrige and Poveda, 1975). Due to severe reductions
in population sizes caused by over exploitation, this species has recently been included in Appendix
I of the CITES convention (CITES, 2000) and is also recognized as “Endangered” in the World List
of Threatened Trees (Oldfield et al., 1998). G. sanctum has been predominantly harvested for its

hard wood and medicinal value. Its extremely dense wood was popularly used for the construction



of propeller shafts on steamships. Additionally, for over five centuries, the decoction of Guaiacum
sanctum was believed to cure syphilis (Voeks, 2004). Therefore, most populations of G. sanctum
were decimated by the end of the 19th century with a few populations remaining in Mexico, Central
America, and the Florida Keys (Quirico, 1993). In Costa Rica, G. sanctum is only found in the dry
forests of the northwest Pacific coast, an area with the highest levels of deforestation within the
country (Janzen, 1988).

The main objectives of this dissertation are to characterize ecological and genetic parameters
of extant populations of Guaiacum sanctum in Costa Rica. Presently, very little information exists
on the population ecology and genetics of this species, and most published contributions have
focused on its medicinal value (Gariepy, 1981). Nonetheless, this species continues to be threatened
by commercial and artesanal use of its wood. To develop proper conservation and management
strategies, information on a species’ life history and habitat requirements are needed (Soul and
Orians, 2001). For most endangered species, knowledge of their abundance and distribution are
lacking, which makes conservation strategies harder to implement, since habitat requirements are
not known.

Spatial distribution and abundance of individuals are fundamental components of the reproduc-
tive biology of a species. These estimates provide information about a species habitat requirements
and interspecific interactions. Research conducted on tropical forest trees have determined that
most tropical trees are generally spatially aggregated (Condit et al., 2000; Hubbell, 1979). Spatial
aggregation may arise in two ways, localized (i.e. clumped) seed dispersal, or heterogeneity in the
distribution of microenvironmental requirements for recruitment or growth (Hamill and Wright,
1986). For tropical dry forest species, such as G. sanctum, the presence of a marked dry season
may influence the spatial distribution of different size classes. Increased mortality during the dry
period has been associated with differential recruitment under specific canopy environments which
reduce the chance of desiccation. Research conducted in tropical dry forests in Ghana (Lieberman
and Li, 1992) and Costa Rica (Gerhardt, 1996) showed that a large proportion of seedlings die due
to moisture stress. Seedling mortality was higher in areas with high irradiance or within canopy
gaps. Similar results were reported by McLaren and McDonald (2003) for tropical dry forest trees

in Jamaica. They showed that seedling establishment and survival was higher in heavily shaded



environments, which conserved moisture during the dry season. The effects were more marked for
evergreen shade-tolerant species, such as G. sanctum. These habitat requirements may promote spa-
tial aggregation in areas that promote survival and recruitment. Finally, abundance of different size
classes or life stages has been identified as an important initial assessment of population resilience.
The current stage structure of a population may allow the identification of populations in danger
of extinction, distinguished by a lack of individuals in the early size classes. Conversely, a large
proportion of seedlings may suggest ample reproduction and population expansion (Odum, 1983a).

In the second chapter, I determined the abundance and spatial distribution of different size
classes of G. sanctum located within Palo Verde National Park in northwestern Costa Rica. We
also determined whether canopy cover had a direct impact on the abundance and distribution
of this species. In this chapter we looked at the abundance of different size categories to infer
indirectly whether the proportion of individuals in the younger size categories suggests an expanding
population. The results demonstrated that G. sanctum populations within PVNP are expanding,
due to a large proportion of individuals in the smaller size classes. Additionally, we showed that all
size classes are highly spatially aggregated. Seedlings, saplings and juveniles of G. sanctum prefer
different canopy environments with the smaller size categories being more likely to recruit in areas
with closed canopy. Conversely, juveniles were more common in open canopy areas. These results
suggest that the spatial distribution in this species is mediated by the patchy distribution of suitable
habitats for recruitment. Nonetheless, clumped distributions may arise by localized seed dispersal,
directly impacting patterns of genetic diversity within populations (Epperson, 2000)

The distribution of genetic diversity within populations is often patchily distributed, and is
greatly influenced by gene dispersal patterns both within and among populations (Hamrick et al.,
1993a). Localized seed dispersal, low levels of pollen flow, high adult densities, vegetative growth
and the non-homogeneous distribution of suitable habitats for germination can all influence the
non-random distribution of genetic diversity within populations, and may cause fine-scale genetic
structure (FSGS) to arise (Epperson, 1993; Tonsor et al., 1993; Epperson, 2000; Chung et al., 2000;
Kalisz et al., 2001). Most studies of FSGS in tropical trees have found a strong signature of family
structure in seedlings (Loveless et al., 1998), and have attributed those patterns to localized seed

dispersal patterns (Hamrick et al., 1993b). In trees with clumped seed dispersal patterns and little



overlap among seed shadows, progeny from a single maternal tree will germinate in close proximity
to each other, creating patches of related individuals. In the absence of density-dependent mortality,
family groups will be formed within populations, and if near-neighbor mating occurs, inbreeding
may increase in the population (Turner et al., 1982). This in turn may lead to a reduction in the
population’s fitness (Reed et al., 2003). Conversely, species with long distance or scatter dispersed
seeds (sensu Howe, 1989), will have a mixture of progeny from different maternal trees germinating
close to each other. In these cases, family structure will not develop. It has been shown for tropical
trees that differ in dispersal syndromes that animal dispersed species are generally less likely to
produce family structure because propagules are dispersed away from maternal trees, reducing
the probability of sib-ships being dispersed simultaneously. Most studies of FSGS have focused on
reproductive individuals and only a handful have included different age or size classes (Hamrick
et al., 1993a; Tonsor et al., 1993; Hamrick and Nason, 1996; Epperson and Alvarez-Buylla, 1997;
Kalisz et al., 2001). Studies that fail to analyze the spatial genetic structure across size classes
may not detect structure due to combining cohorts with different levels of FSGS. Additionally,
changes in the magnitude of structure in different age categories may provide information on how
ecological processes such as demographic thinning impact FSGS. If FSGS disappears in the older
size categories, this may be caused by only one or a few trees representing the previous seed shadow.
Most endangered species lack a proper description of the spatial distribution of genetic diversity
within populations or FSGS. This is of vital importance for conservation genetics, because FSGS
may reduce effective population size, increase inbreeding and the loss of genetic diversity through
drift (Epperson, 1993). Low genetic diversity and effective number of individuals may increase the
extinction probability of populations and may reduce long-term species survival (Frankham, 1995;
Newman and Pilson, 1997; Brook et al., 2002; Henle et al., 2004).

In the third chapter, I looked at changes in spatial patterns of genetic diversity among size
classes within a continuous population of Guaiacum sanctum. The study was conducted in PVNP,
on the plots used to estimate spatial distribution patterns. The main objectives were to determine
and compare patterns of genetic diversity and FSGS across different size classes. Additionally, to
determine if the presence or absence of FSGS was attributable to patterns of seed dispersal, 1

conducted a parent-pair analysis on the younger size categories within each plot. This analysis



allowed us to assess what proportion of these individuals could be attributed to matings and seed
dispersal events occurring within plots. The results of this project indicated a lack of FSGS across
all size classes within PVNP populations. Parent-pair analysis revealed that extensive levels of seed
flow by birds, may produce a mixture of progeny from several individuals, effectively eliminating
family structure. Our results also showed that G. sanctum within PVNP had high levels of genetic
diversity, which was unexpected for an endangered species.

It has been suggested that populations of rare or endangered Neotropical tree species should have
low levels of genetic diversity (Hamrick and Murawski, 1991). Lower genetic diversity may increase
extinction probability, by reducing the population’s ability to track evolutionary changes (Ellstrand
and Elam, 1993). Additionally, forest fragmentation may alter patterns of gene movement within
and among fragments, reducing genetic diversity (Murawski and Hamrick, 1991; Dayanandan et al.,
1999). If gene-flow is low, fragmented populations will gradually accumulate differences in allele fre-
quencies through the effects of genetic drift. High levels of gene flow, in contrast, will transfer genetic
diversity across populations, homogenizing allele frequencies among populations (Bohonak, 1999).
Therefore, genetic structure estimates allow indirect measures of historical patterns of gene-flow
among populations (Wright, 1969). Secondarily, a description of the magnitude of genetic diversity
within and among populations of endangered species has direct implications for the development
of conservation or management practices. High levels of genetic structure suggest that in situ con-
servation strategies should be implemented to preserve genetic variation at all sites (Lemes et al.,
2003). Additionally, populations with low-levels of genetic diversity, may warrant the introduction
of novel genetic diversity by transplantation or artificial pollinations. Conversely, populations with
high levels of genetic diversity may serve as sources of seedlings or vegetative clones which may be
grown in nurseries or forestry plantations to preserve highly diverse germoplasm. Studies conducted
on tropical trees have generally found that most of the genetic diversity is partitioned within rather
than among populations (e.g. Hamrick et al. 1992; Hall et al. 1996; Dayanandan et al. 1999; Colle-
vatti et al. 2001; Pither et al. 2003; Rossetto et al. 2004). These studies have shown, that generally
gene flow among extant populations is frequent enough to sustain high levels of genetic diversity
and to elude the deleterious effects of fragmentation (Rossetto et al., 2004 but see Pither et al.,
2003).



The fourth chapter of my dissertation is aimed at studying patterns of genetic diversity within
and among extant populations of G. sanctum in Costa Rica. In this study, I located all populations
of G. sanctum and conducted allozyme analyses to determine patterns of genetic structure. Many
G. sanctum trees are located in disturbed habitats such as roadsides, or as ornamental plants
in gardens, pastures or as part of living-fences. Therefore, we also analyzed differences in genetic
diversity among populations located within continuous habitats, such as National Parks or Forest
Reserves; and trees in fragmented populations. The results of this study showed that populations
of G. sanctum in Costa Rica have unexpectedly high levels of genetic diversity for an endangered
species. Our findings indicate that trees located in fragmented or disturbed habitats do not show
evidence of a reduction in genetic diversity relative to trees in continuous forests. Our results
suggest that observed patterns of genetic structure in this species are probably caused by historic
separation of populations in different geographic regions, and extensive historical rates of gene flow
among populations within a region.

Conservation strategies for tropical trees rely on accurate estimates of the mating system and
pollen flow distances as functions of population density, to accurately estimate minimum population
sizes needed to maintain the reproductive success of the population (Sork et al., 2002; Degen
and Roubik, 2004). Pollen flow distances directly impact the magnitude and structure of genetic
diversity, but will also affect the reproductive success of outcrossing species by reducing inbreeding.
Recent studies have shown that pollen flow in tropical trees is higher than previously expected
(Eguiarte et al., 1993; Nason et al., 1996), with many examples showing pollen flow over several
hundred of meters (reviewed in Nason and Hamrick, 1997). Forest fragmentation reduces population
densities and increases the distance between reproductive conspecifics. These factors may lower
pollinator densities (Bawa, 1990) and increase selfing rates (Murawski and Hamrick, 1991; Fuchs
et al., 2003), consequences which have generally been attributed to lower levels of pollen flow.
Nonetheless, recent work has shown that in fragmented habitats, pollen may travel larger distances
due to changes in pollinator abundances or behaviour (Sork and Smouse, 2006). For example,
Dick et al. (2003) showed that in fragmented populations of Dinizia excelsa pollen moved larger
distances than in continuous forests, primarily because of long-distance movement by Africanized

bees. Similarly, in discontinuous populations of Swietenia humilis, White et al. (2002) determined



that pollen flow commonly occurred between individuals separated by more than 2 km. Our genetic
structure analyses, suggest that G. sanctum has the ability for long-distance gene flow, at least for
distances within a few kilometers. Nonetheless, direct estimates of pollen flow distances will enhance
our understanding of gene movement for this species.

In my fifth chapter I estimated the mating system and pollen flow patterns in continuous and
fragmented populations of G. sanctum (Zygophyllaceae). I collected seeds from reproductive adults
in two populations that differ in habitat quality. Fractional paternity analysis was used to estimate
pollen flow distances, and the reproductive success of different pollen donors. I also analyzed the
role of isolated trees in patterns of pollen movement across groups of adults. My results show that
G. sanctum is a predominantly outcrossing species with which can transport pollen over large
distances. Isolated trees function as stepping-stones between clusters of individuals in fragmented
landscapes, assisting pollen movement over distances of at least 3.5 km. Isolated individuals also
sire a large proportion of the progeny and are thus important components of the reproductive
success of populations.

Even though Guaiacum sanctum is an endangered species, currently very little knowledge exists
on the reproductive biology of this species. The results of this dissertation, may be used to develop
effective management and conservation strategies for this species, since they provide information
on habitat requirements and patterns of gene movement both within and among populations. Our
results will enable future researchers to identify populations with high levels of genetic diversity, as
targets for conservation efforts. Additionally, our pollen flow data shows that isolated individuals
are an integral part of gene movement and hence should receive a higher priority in conservation
strategies. Finally, within continuous populations seed dispersers promote the admixture of genetic
diversity preventing the formation of family structure. Therefore, forested areas should be preserved
to maintain large populations of birds, which mostly live in continuous forests (Boswell et al., 1998;

Bleher and Bohning-Gaese, 2001; Graham et al., 2002).



CHAPTER 2

SPATIAL DISTRIBUTION OF Guaiacum sanctum (ZYGOPHYLLACEAE) SEEDLINGS AND SAPLINGS

RELATIVE TO CANOPY COVER!

'Fuchs, E.J. and Hamrick, J.L. To be submitted to Journal of Plant Sciences.
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2.1 INTRODUCTION

Spatial distribution and patterning of plants is an important characteristic of communities and is a
fundamental property of most species. Hutchinson (1953) determined that at least five causal factors
shape the spatial pattern of species: 1) environmental factors such as nutrients or light availability, 2)
reproductive factors including propagule dispersal and seasonality, 3) interspecific or social factors
such as territoriality, predation and competition, 4) intraspecific components such as competition
and density dependent factors and 5) stochastic variation in any of these causal factors. Evidence
for micro-environmental heterogeneity (Forget et al., 1999; Palmiotto et al., 2004), localized seed
dispersal (Russo and Augspurger, 2004) and density-dependent factors affecting spatial distribution
have been previously determined for many tree species (Schupp, 1992; Gilbert et al., 1994; Grau,
2000; John et al., 2002; Lambers et al., 2002), with some authors supporting a combination of
multiple factors (Itoh et al., 1997). Many authors have shown that most tropical tree species have
aggregated spatial distributions (Hubbell, 1979; Armesto et al., 1986; He et al., 1997; Okuda et al.,
1997; Condit et al., 2000), generally attributed to a combination of dispersal limitation and micro-
site variation. Light availability and gap-phase dynamics have also been described as important
factors shaping the spatial distribution and regeneration patterns of tropical trees (Denslow, 1987).
In tropical dry forests, light availability is directly related to seedling mortality and recruitment
patterns. Areas with low canopy cover generally have few seedlings due to increased desiccation
(Gerhardt, 1996). Therefore, light availability should be taken into account when studying the
spatial distribution and regeneration of tropical dry forest tree species. Condit et al. (2000) showed
that rare species are generally more aggregated than common species, and Hubbell and Foster (1986)
proposed that light availability was the main proximal factor shaping aggregated distributions,
with a significant proportion of rare or endangered species in the heliophyle category. For many
endangered species information on their spatial distribution and the effect of abiotic factors on
spatial patterns is lacking. This will be the focus of our investigation.

Guaiacum sanctum (Zygophyllaceae) is a slow growing tropical and subtropical dry forest tree,
distributed from southern Central America to Northern Mexico and Florida, and throughout the
Greater Antilles (Holdrige and Poveda, 1975). This species, also known as Lignumvitae or the

tree of life, has been heavily exploited for its hard wood and medicinal value. Its extremely dense
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wood was popularly used for the construction of propeller shafts on steamships, gears, and for
mallets. Additionally, for over five centuries, the decoction of Guaiacum sanctum was believed to
cure syphilis (Voeks, 2004). Therefore, most populations of G. sanctum were decimated by the
end of the 19th century with a few remnant populations remaining in Mexico, Central America,
and the Florida Keys. In Costa Rica, G. sanctum is distributed throughout the dry forests of the
northwest Pacific coast. Tropical dry forests are the most endangered biome in the Neotropics with
less than 0.1 % of its original cover remaining (Janzen, 1988), and currently many sites suitable for
G. sanctum populations have been transformed to agricultural fields or pastures. Therefore, extant
populations of G. sanctum in Costa Rica are rare, and generally restricted to National Parks or
reserves which continue to be menaced by habitat loss, fire or exploitation (Oldfield et al., 1998).
Because of its restricted distribution and reduced population sizes, Guaiacum sanctum is now
included in Appendix I of the CITES convention (CITES, 2000) and is also termed “Endangered”
in the World List of Threatened Trees (Oldfield et al., 1998).

The ratio of different age classes in a population (i.e. demographic structure) can be used
to infer its current reproductive status (Odum, 1983b but see Condit et al., 1998). Species with
declining numbers or local demographic instability generally display a large proportion of adults
and few seedlings (Sagar and Singh, 2004). Conversely, species with large seedling to adult ratios
generally indicate growing populations. It has been argued that demographic stochasticity is an
important extinction factor associated with small, fragmented populations (Soul and Orians, 2001).
Dry forests are continuously threatened by fire, deforestation and forest fragmentation (Murphy
and Lugo, 1986; Janzen, 1988). The demographic status of Guaiacum sanctum populations is
currently unknown, and a description of their demographic structure may allow us to determine
the susceptibility of this species to future fragmentation or habitat reduction.

Presently, little information exists on the biology of G. sanctum and most published contribu-
tions have focused on its medicinal value (Gariepy, 1981, and citations therein). Nonetheless, most
available information agrees that this is a slow-growing species with restricted distributions, lim-
ited reproduction and declining populations (Quirico, 1993; CITES, 2000). Soul and Orians (2001)
emphasize that restoration and management of endangered species are only possible when detailed

descriptions of a species’ life history and habitat requirements are available. Currently, life history
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traits such as age or size structure, patterns of spatial distribution and micro-habitat selection are
not available for G. sanctum.

In this study we test whether G. sanctum is spatially aggregated and examine the role of canopy
cover on recruitment. Additionally, differences in spatial patterns between size classes may be used
to obtain important information on the regeneration requirements of this species (Okuda et al.,
1997; Yamada and Suzuki, 1997; Nichols et al., 1999). Differences in spatial distribution across size
classes may allow us to infer if factors such as density or distance dependent mortality (Janzen,
1970; Connell, 1971) or different micro-environmental requirements (Hamill and Wright, 1986)
are shaping the spatial distribution of G. sanctum. Therefore, detailed descriptions of the spatial
distribution of different size classes of G. sanctum, as well as a description of light availability may

provide insights into the regeneration of this endangered tropical species.

2.2 METHODS

2.2.1 STUDY SITE

This study was conducted within Palo Verde National Park (PVNP) in the lower Tempisque River
basin on the Pacific lowlands of northwestern Costa Rica (10 21’ N, 85 21’ W). Upland portions
of the 19,000-hectare park are mainly composed of dry tropical forest on limestone outcrops, with
a mean annual rainfall below 1500 mm and a mean annual temperature of 30C. The area is char-
acterized by an extended dry season from December through April and a rainy season from May
to November. Palo Verde National Park has areas of continuous forest, which have been preserved
from forest fires or logging for the last 25-30 years. On its dry limestone slopes, there occurs one

of the last remaining populations of Guaiacum sanctum in Costa Rica.

2.2.2 SPATIAL DISTRIBUTION

In 2003, a 50 ha plot (i.e. 1 km x 500 m) was created on the southwestern slope of “Guayacan” hill
in Palo Verde National Park (Figure 3.1). All adult G. sanctum within this 50 ha plot were marked
and mapped using GPS technology and densities and spatial distribution of G. sanctum adults
were determined. To determine the density and spatial distribution of seedlings and juvenile G.

sanctum, three permanent 50 x 50 m subplots were established in areas of high G. sanctum density
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within the 50 ha plot (Figgure 3.1). The three sub-plots have recent tree-falls (i.e. within 5-10
years) and hence vary in canopy structure. Within these subplots all G. sanctum were mapped to
the nearest centimeter using tape meassures and were marked with permanent aluminum or plastic
tags. Height (h) and diameter at ground level (DGL) were determined for all individuals within the
subplots; DBH was also measured for individuals with DBH; 5 cm. All data were collected during
the wet season, between June and December 2004.

Individuals within all three subplots were grouped into five height classes or life stages: seedlings
(h < 15 cm), saplings (15 j h j 30 cm), juveniles (30 cm | h | 2 m), sub-adults (2 j h | 5 m) and adults
(h ; 5 m). Height is used as a proxy for age, since no prior information exists on growth rates for
this species. Size and height will be used interchangably. Spatial patterns for each size class were
tested using Ripley’s K (t) function (Ripley, 1977). This function describes two-dimensional spatial
distribution patterns. The K(¢) function tallies the expected number of points that fall within a
circle of radius ¢t at any point in two-dimensional space based on the Poisson distribution. That
is, K (t) shows the proportion of points that fall within each ¢ distance class. The L(t) square-root

transformation of K (t):

is generally preferred since it linearizes the function and homogenizes the width of the confidence
intervals, which allows easier interpretation (Besag 1977). Graphical representation of the L(t)
function may be interpreted as follows: complete random distribution of points if L(t) does not
deviate from zero; aggregated spatial distribution L(¢) > 0; and L(t) < 0 suggests a regular
distribution. For each subplot, we analyzed the spatial distribution of the three youngest size
classes (juveniles and sub-adults were lumped together due to a low number of individuals in the
latter category) at 1 meter intervals, for ¢ distances ranging from 1 to 25 meters (i.e. half the length
of the subplot). Due to their low densities, the spatial pattern of adult trees was analyzed by means
of Ripley’s K function using data for the entire 50 ha plot.

To determine the spatial distribution between different life stages, we performed Ripley’s second
order analysis (Ripley, 1976). This function describes the spatial relationship between two size

classes (i.e. aggregated, random or repulsion). Different categories are aggregated when individuals
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from different groups are found at closer distances than expected by random dispersion. Repulsion
is the contrary effect, when individuals from different size classes are rarely found in close proximity.
If no pattern is observed, the distribution of the two size classes relative to one another is considered
random. We examined the spatial relationship between all pairwise comparisons of different size
classes by means of the L(t) function. A 95% confidence envelope was created for all L(t) functions
by means of 1000 Monte Carlo simulations, where the position of individuals is randomly shifted in
a toroidal plane. All calculations were performed using the SPATSTAT library in R (R Development
Core Team, 2005). To determine if the average distance to an adult varies with size, we measured
the Euclidean distance of every individual within a sub-plot to every adult within the subplot.
Average distances to the nearest adult were calculated for each size class and averaged across plots.

We also estimated the average distance to the second and third nearest adult.

2.2.3 CANOPY COVER

To determine the effect of canopy cover on seedling and sapling abundance, we created a two-
dimensional map of canopy cover for each subplot. A 5 x 5m grid was created for each subplot
and canopy opening estimates were taken at each grid node. Canopy cover was measured using a
spherical convex densiometer. We took four readings in orthogonal directions for each node and
three measurements were conducted during the day: 07:00, 12:00 and 17:00. Densiometer readings
were transformed to percent canopy opening. The average of all node measurements was used for
further analysis. To estimate the canopy opening of each marked individual, a canopy cover map
was created using an Ordinary Kriging spatial interpolation technique implemented by the GEOR
library (Ribeiro and Diggle, 2001) in R (R Development Core Team, 2005). A canopy opening index
(COI: % canopy opening) was estimated for each marked G. sanctum individual in each subplot
using the canopy cover map.

To determine if the average canopy opening index of different size classes varied from random, a
null distribution was created by re-sampling random points from each sub-plot. Random points (i.e.
random locations) from each subplot where drawn based on a uniform probability distribution and
their canopy opening index were determined using the Kriging estimates. For each size category the

number of random points drawn was equivalent to the number of observed individuals. An average
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canopy opening index was estimated for the simulated points and compared to the average canopy
opening index of observed individuals. This process was repeated 10000 times for each size category
and 95% confidence intervals were built around the mean of simulated values using the PopTools

add-in for Excel. All central statistics are presented =+ their standard error, unless otherwise stated.

2.3 RESULTS

Thirty-five adults were marked within the 50 ha plot (i.e. 0.7 adults per hectare, Figure 3.1). Adults
had an average DBH of 35 cm (£8.2) with a skewed distribution towards lower diameters. Adults
were spatially aggregated forming clumps of 2 to 4 individuals within ~ 20 meters of one another.

A total of 2155 G. sanctum individuals were marked in the three sub-plots. Over 65% of these
individuals belonged to the seedling category: saplings and juveniles represent 16.7% and 17.6% of
the entire sample, respectively. Adults (11 individuals) and sub-adults (7 individuals) comprised
less than 1% of the total sample. The percentage of individuals in different size classes varied among
subplots (G[QS} = 445.606; p < 0.001; Figure 2.2), with juveniles being the most common size class
in subplot 3. Overall, the average seedling to adult ratio was 106.33 (4-49.38). Sapling and juvenile
to adult ratios were 35.5 (+6.22) and 43.9 (£ 20.56), respectively. We observed a two-fold decline
in the number of juveniles relative to seedlings.

Seedlings, saplings and juveniles have distinct clumped distribution (i.e. L(¢) > 0, Figure 2.3).
Seedlings have the highest aggregation across all distances, and juveniles are more aggregated than
saplings. The spatial distribution of saplings becomes random at higher spatial distances for all
three subplots, a trend not generally observed for the other size categories (Figure 2.3). Across all
subplots, seedlings, saplings and juveniles are always aggregated with each other (data not shown).
Seedlings, saplings and juveniles are generally randomly distributed relative to adults (Figure 2.4),
with seedlings showing sporadic departures from random (Figure 2.4). Nonetheless, deviations are
usually only found at a single distance point, and the L(¢) function quickly returns within the
confidence intervals (Figure 2.4), therefore the spatial distribution of seedlings relative to adults is
effectively random. Average distance to the nearest adult increases significantly with size (Figure

2.5; F = 159.73, p < 0.001; box-cox transformation A = 0.2). The average distance of seedlings to
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the nearest adult is 7.75 m (£ 0.144), while for saplings and juveniles, it is 13.28 m (£ 0.484) and
14.50 (£0.470) meters, respectively.

Seedlings tend to be found in areas with dense canopy cover with an average canopy opening
index (COI) of 39.7% (+£0.25). Conversely, juveniles occur in canopy openings (Figure 2.6). On
average, the COI for juveniles is 58.2% (£ 0.63). The distribution of saplings in reference to light
availability does not differ from random expectations (Figure 2.6). Overall, a positive relationship
between size class and light availability is observed (Spearmans r = 0.76, p < 0.001), with larger

size classes more common in areas with higher light availability.

2.4 DISCUSSION

Populations of G. sanctum in PVNP are characterized by a highly skewed size distribtions, with
disproportionate numbers of small individuals and few representatives in the sub-adult and adult
categories (Figure 2.2). This distribution is typical of expanding populations of species with long
life spans and slow growth rates (Korning and Balslev, 1994; Clark and Clark, 1996; Zuidema
and Boot, 2002; Sagar and Singh, 2004). A preliminary study with a similar plot system (0.7 ha
vs. 0.75 ha) conducted by Ribbens (1990 Tropical Biology course, OTS 90-1), showed a size class
distribution skewed towards seedlings and saplings, but lacked individuals in the juvenile category.
Although it was previously suggested that the regeneration of G. sanctum in PVNP is almost
negligible (Quirico, 1993), both studies (OTS course and ours) are consistent with the possibility
of population expansion. PVNP forests have only in the last several decades (post 1975) been
protected from harvesting and fires. During the first half of the 20th century, timber extraction
occurred in most of PVNP and fires were relatively common. It is likely that during this time,
many adult and sub-adult G. sanctum were removed by logging. This could have impacted the
reproductive success of the population, by reducing the number of individuals recruiting into the
younger size categories. Seedlings, saplings and juveniles are also sensitive to fire, while adults
and subadults are more resistant (Otterstrom et al., 2006). Seasonal fires have tend to reduce the
density of individuals in the younger cohorts of climax tropical tree species, and repeated fires (i.e.
within 15 years) increase the probability of local extinction of many climax trees species (Slik and

Eichhorn, 2003). Fires in Palo Verde are generally anthropogenic in origin, although lightning strikes
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occur infrequently. Most adults in our plots have large fire-scars (E.J.F. personal observation),
suggesting that this site experienced fires in the relatively recent past. After PVNP was established
(1978), reproduction from the remaining adults began to generate a pool of seedlings and saplings.
Otterstrom et al. (2006) has shown that regeneration of G. sanctum is greatly increased in post-
fire treatments. Additionally, sub-adults spared during logging may have become reproductive,
increasing the number of progeny produced. Insufficient time had passed for the new recruits to
contribute significantly to the juvenile size class by the time of Ribbens’ (1990) study. However,
nearly two decades later, we do not see a noticeble gap of individuals between the sapling and
juvenile size classes, but still see a significant lack of sub-adults and adults. Judging from the
changes in age distribtuion seen in this population since PVNP was created, we believe that these
populations are actively growing, and that over the course of the next several decades, subadults
and adults will increase as individuals in the population grow.

Individuals of G. sanctum are spatially aggregated at all size classes (Figure 2.3), with more
aggregation in the seedling category. Spatial aggregation may occur due to two non-mutually exclu-
sive processes: localized seed dispersal (Howe and Smallwood, 1982; Barot et al., 1999; Bleher et al.,
2002; Russo and Augspurger, 2004) and heterogeneity in the distribution of microhabitats suitable
for germination, establishment and growth (Forget et al., 1999; Silla et al., 2002; Souza and Martins,
2004). Localized seed dispersal has been proposed as a major factor contributing to aggregated dis-
tributions, with evidence in animal and wind dispersed species (Nathan and Muller-Landau, 2000;
Greene et al., 2004). Howe (1989) defined bird dispersed species as ’scatter-dispersed’ (sensu Howe,
1989) meaning they recruit as isolated individuals with random or over-dispersed distributions.
Although G. sanctum has ornithochorous fruits (Wendelken and Martin, 1987), random distribu-
tion is clearly not the case for this species, where spatial aggregation is the norm. G. sanctum seeds
are dispersed by a large array of frugivorous birds, with: Trogon melanocephalus, Trogon elegans,
Tityra semifasciata, Eumomotus momota, Pitangus sulphuratus and Calocitta formosa having been
observed actively foraging on seeds. These birds generally swallow the entire seed, either during
flight (i.e. Trogons) or while foraging at the tree (i.e. Tityras and Magpie-jay’s), suggesting that
most consumed seeds are dispersed away from maternal trees. A clumped or aggregated distribu-

tion of G. sanctum seedlings may be produced by spatially contagious seed dispersal. Birds may
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become ’clumped dispersers’ (sensu Howe, 1989) if they defecate or regurgitate seeds in specific
areas such as seed processing sites, display roosts, along foraging routes or in sites where predation
is minimized (Howe and Smallwood, 1982). Our results show that seedlings are more commonly
found in areas with ample canopy cover (Figure 2.6). If contagious seed dispersal is the predominant
factor associated with the spatial distribution of younger G. sanctum cohorts, this would suggest
that seeds are more likely to be defecated in specific areas under dense canopy cover. Wheelwright
(1991) has shown that birds minimize their time in foraging trees and digest in other trees to
reduce predation. Most species feeding on G. sanctum have conspicuous coloration and may move
to areas with dense canopy cover to reduce predation risk, thus depositing seeds in closed canopy
environments.

It is also possible that birds disperse seeds randomly and spatial microhabitat heterogeneity
may cause an aggregated distribution of seedlings by increasing the frequency of recruitment in
areas with suitable abiotic conditions. It has been suggested that seed germination and seedling
establishment in tropical dry forests is regulated by moisture and light (Ray and Brown, 1995;
Gerhardt, 1996). Research conducted in tropical dry forests in Ghana (Lieberman and Li, 1992)
and Costa Rica (Gerhardt, 1996) showed that a large proportion of seedlings die during the extended
dry season, due to moisture stress, with mortality increasing in areas with high irradiance or within
canopy gaps. Palo Verde has a marked dry season between November and May. Establishment in
open canopy areas may increase the desiccation of seedlings during the dry season, therefore there is
probably an advantage for G. sanctum seedlings to germinate or recruit in shaded environments to
overcome dessication and mortality. Our results agree with this argument. Seedlings of G. sanctum
are more often found in areas with significantly higher canopy cover. Similar results were reported
by McLaren and McDonald (2003) for tropical dry forest trees in Jamaica. They showed that
seedling establishment and survival was higher in heavily shaded environments, which conserved
moisture. The effects were more marked for evergreen shade-tolerant species, such as G. sanctum.
Although their results show that plants in high light environments produced more above ground
biomass, this advantage could not overcome the increase in mortality caused by dehydration in
these environments. Therefore we conclude that the high proportion of G. sanctum seedlings in

shaded environments, which results in an aggregated distribution, is the result of a combination of
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the deposition of seeds in heavy canopy sites coupled with greater recruitment in areas with less
desiccation. Clumped distributions arise through the combined effects of non-random seed dispersal
and site specific mortality during the dry season. Plants located in gaps or high radiance sites, are
less likely to survive the dry months, and therefore would not occur in our censuses, which were
conducted in the rainy season.

Juvenile and adult Guaiacum sanctum are randomly distributed relative to each other (Figure
2.4); nonetheless, the average distance between adults and juveniles is significantly higher than
between adults and other size categories. This trend has been shown for other tropical tree species
(Clark and Clark, 1984; Sterner et al., 1986; Condit et al., 1992; Itoh et al., 1997; Okuda et al.,
1997). Density dependent mortality (Grau, 2000) and selection for specific environments (Itoh et al.,
2003) have been proposed as the predominant explanations for repulsion between these two size
categories. A large proportion of young individuals in close proximity to adults may increase the
affluence of pathogens and herbivores, thus increasing mortality near adults (Janzen, 1970; Connell,
1971). Thus, the large proportion of saplings and juveniles found at greater distances from adults
may reflect the effects of density dependent mortality i.e. the Janzen-Connell effect. However, we
have not observed significant signs of herbivory or pathogen infections on G. sanctum seedlings
or juveniles. Also, our spatial analysis shows that seedlings, saplings and juveniles are randomly
distributed relative to adults with no signs of repulsion (Figure 2.4), suggesting that areas suitable
for germination, establishment and growth are randomly dispersed relative to adults. Increase in
average distance between juveniles and adults, relative to that of seedlings and adults, could be
caused by population thinning. Therefore, biotic factors are probably not the predominant factor
shaping the spatial distribution of this species.

The distribution of juveniles indicates that light availability may be a predominant factor
shaping the spatial distribution of seedlings and juveniles. Juvenile plants were predominantly
found in areas with higher light availability (Figure 2.6), while seedlings were commonly found
in closed canopy environments. The environmental requirements of a species may change during
development, and conditions advantageous for one life stage may be disadvantageous for another.
While seedlings may require low levels of light or dense canopy cover for recruitment, juveniles may

require increased light availability to grow into larger size classes (Denslow, 1987; Schupp, 1995).
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Sites located near adults lack enough light for juveniles to grow, due to the dense evergreen canopy
of the adults. Therefore, suitable sites for growth may only become available during gap formation,
away from adults. Delayed gap-phase dynamics, where saplings and juveniles experience increased
growth following gap formation, has been shown for many tropical rainforest trees (Denslow, 1987).
Gerhardt (1996) showed for the tropical dry forest evergreen species, Hymenaea courbaril and Swi-
etenta macrophylla, that increased light availability was negatively correlated with survival during
the dry season. Nonetheless, higher irradiance associated with canopy openings were positively cor-
related with high growth rates. She also showed that seedling vulnerability decreased with plant
height. Therefore it is likely that once G. sanctum seedlings are established in shaded areas, they
develop root systems that access moisture in deeper soil strata, making them more desiccation
resistant. Canopy openings caused by tree falls provide juveniles with increased light regimes which
translate into higher growth rates. These gaps not only allow increased photosynthetic activity,
but also signal the availability of space, which should promote recruitment of younger size classes
into the sub-adult and adult categories. As mentioned previously, all subplots have had minor to
large gaps formed by tree falls within the last five to ten years, creating the necessary environments
for juvenile and sapling growth. Therefore, the larger proportion of G. sanctum juveniles found
in canopy openings is likely caused by micro-environmental selection for areas which allow greater
growth rates.

In conclusion, populations of G. sanctum in PVNP, are probably expanding due to the large
number of seedlings, saplings and juveniles observed. The spatial patterns observed demonstrate
that light availability due to canopy openings is an important factor determining the spatial distri-
bution of small plants. We have shown that the demographic structure of G. sanctum is dependent
on forest gap dynamics which has direct implications for the conservation of tropical dry forests.
Endangered species require detailed descriptions of life history traits in order to develop well suited

management and conservation strategies, which may insure the future survival of these species.
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Figure 2.1: Diagram of adult G. sanctum individuals within the 50 ha plot. Adults are depicted
as black dots, subplots are shown as squares. A rectangle within Costa Rica’s map, depicts the
approximate location of the 50 ha plot.
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Figure 2.2: Number of Guaiacum sanctum individuals found in each of the 50 x 50 m sub-plots in
Palo Verde National Park, Costa Rica.
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Figure 2.3: Ripley’s L(t) function for seedlings (S), saplings (A) and juveniles (J). Solid line depicts
the L(t) function, 95% confidence intervals are shown as dotted lines. Results for all three plots are
shown in consecutive lines.
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Figure 2.4: Ripley’s second order function for seedlings (S), saplings (A) and juveniles (J) relative
to adults. Solid line depicts the Li2(t) function, 95% confidence intervals are shown as dotted lines.
Results for all three plots are shown in consecutive lines.
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Figure 2.5: Histograms of the distance between seedlings (S), saplings (A) and juveniles (J) and the
nearest adult Guaiacum sanctum tree. Results for all three plots are shown in consecutive lines.
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Figure 2.6: Results of the Monte Carlo simulation for light availability (Canopy Opening Index,
COI) and presence of different size classes of G. sanctum. Average canopy opening (%) is depicted
by a solid triangle. The average of Monte Carlo simulations are shown with an “x” with surrounding

95% confidence intervals.
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CHAPTER 3

FINE-SCALE GENETIC STRUCTURE IN DIFFERENT SIZE CATEGORIES OF THE ENDANGERED

TROPICAL TREE Guaiacum sanctum (ZYGOPHYLLACEAE)!

'Fuchs, E.J. and Hamrick, J.L. To be submitted to Molecular Ecology.
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3.1 INTRODUCTION

Successful conservation strategies depend, in part, on detailed knowledge of the levels and distri-
bution of genetic diversity within and among populations (Holsinger and Gottlieb, 1991). Highly
structured plant populations are more vulnerable to the loss of genetic variability due to stochastic
processes and small effective population sizes (N.) (Wright, 1946). In plant populations, gene flow
via seed and pollen increases IV, and maintains genetic diversity within populations. In contrast, lim-
ited seed dispersal may create patches of related individuals or fine-scale genetic structure (FSGS),
may reduce effective population size and promote the loss of genetic diversity through genetic drift
(Schnabel et al., 1998; Epperson, 2000). Thus, the magnitude and patterns of gene movement play
a central role in the maintenance and structure of genetic diversity within plant populations.

The spatial distribution of genetic diversity within populations is influenced by seed dispersal
patterns (Berg and Hamrick, 1995), mating system (Vekemans and Hardy, 2004), adult density
(Hamrick and Nason, 1996), colonization events (Parker et al., 2001; Premoli and Kitzberger,
2005), competition, demographic structure (Chung et al., 2003b) and micro-habitat heterogeneity
(Epperson, 1993). FSGS within populations occurs primarily through localized seed dispersal, either
to specific locations (i.e. multiseeded fruits dispersed simultaneously) or around maternal plants
(i.e. seed shadows). Pollen movement only affects the level of genetic relatedness between indi-
viduals, and thus cannot eliminate family structure created by limited seed dispersal. Therefore,
patterns of FSGS structure provide an indirect look into gene dispersal processes and their possible
influence on effective population size.

The study of spatial genetic structure is greatly enhanced by incorporating comparisons among
different age classes (Tonsor et al., 1993; Kalisz et al., 2001; Chung et al., 2003a), allowing one
to detect changes in genetic composition across various life stages. This information may be used
to elucidate potential ecological and evolutionary processes shaping the genetic composition of the
population. A reduction in intrapopulation genetic structure in adult cohorts is expected if juvenile
populations are thinned by demographic processes coupled with a reduction in adult densities to the
point that one or a few adults represent a previous seed shadow (Hamrick et al., 1993a; Epperson
and Alvarez-Buylla, 1997; Parker et al., 2001). In contrast, when several individuals within a seed

shadow survive to larger size classes the FSGS found in seedlings should remain (Chung et al.,
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2003a), or increase due to factors such as founder effect and local or post dispersal selection (Tonsor
et al., 1993; Kalisz et al., 2001). If FSGS occurs in adults, this may affect mating patterns and
increase inbreeding in progeny produced by these adults. Therefore, FSGS studies across different
life stages provide indirect information on the demographic structure of the population, as well as
predictions on the inbreeding coefficients of future generations.

Most FSGS studies are conducted on a single population or plot (but see Gehring and Delph,
1999). These studies implicitly assume that proximate causes of within population structure are
homogeneous across populations. Even if different plots are located within the same habitat type,
differences in ecological conditions, adult densities, reproductive success of adults, community
assemblages of dispersers and micro habitat availability may lead to different patterns of family
structure (Gehring and Delph, 1999). For example, variation in abundance or diversity of seed dis-
persers may lead to changes in mean seed dispersal distances and deposition patterns, leading to
variation in the strength of family structure (Pacheco and Simonetti, 2000). For animal dispersed
plants, disperser abundances may fluctuate among habitats due to the availability of roosting
or nesting sites, and the repertoire of food resources. This, in turn, may cause fine-scale genetic
structure patterns to vary across different habitat conditions. Therefore, FSGS analyses should
include replications that confirm the effect of ecological processes shaping patterns of intrapopula-
tion genetic structure.

Guaiacum sanctum (Zygophyllaceae) is an endangered tree species, found mainly on limestone
outcrops of dry tropical or sub-tropical forests. Populations of this species have been heavily deci-
mated due to its hard wood and medicinal value. Lignumvitae, as it is commonly known, has one
of the densest known woods, and the resins produced by the bark possess antibiotic properties.
Currently, most populations of G. sanctum are restricted to National Parks or Forest Reserves due
to past exploitation (Holdrige and Poveda, 1975; Oldfield et al., 1998). Previous work conducted
in Palo Verde National Park (PVNP), Costa Rica (Fuchs and Hamrick in prep), showed that
G. sanctum populations are characterized by a large number of young individuals (i.e. seedlings,
saplings and juveniles), with few sub-adults and adults. This previous study also showed that size
classes are highly spatially aggregated, probably due to increased survival in microhabitats based

on light availability and gap-phase dynamics (Denslow and Spies, 1990). Species with spatially
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clumped distributions are predicted to display FSGS in younger size classes due to localized seed
dispersal (Doligez et al., 1998; Hamrick et al., 1993a). Therefore, given the spatial distribution of G.
sanctum, we expect high levels of spatial genetic structure in younger cohorts. The lower densities
of older individuals may have been caused by mortality due to competition or by the harvesting of
adults. In Palo Verde, adults were harvested during the first half of the twentieth century, but since
the creation of the National Park in 1978, this population has experienced an increase in reproduc-
tion and recruitment (Fuchs and Hamrick in prep). We predict that if genetic structure is present
in the smaller size classes (seedlings), the magnitude of FSGS will decline in subsequent stages,
mainly due to reduced tree density. Here we examine the spatio-temporal distribution of genetic
diversity within populations of Guaiacum sanctum (Zygophyllaceae). We used allozyme analysis to
address the following questions: 1) Are there differences in genetic diversity among size-classes? 2)
Does the clumped distribution of individuals produce significant FSGS in younger cohorts? 3) Are
patterns of FSGS stable through different size classes? 4) Are there differences in genetic diversity

and FSGS between different plots located within Palo Verde National Park?

3.2 MATERIALS AND METHODS

3.2.1 STUDY SPECIES

Guaiacum sanctum L. (Sapindales: Zygophyllaceae) is a slow growing tropical and subtropical
dry forest tree, distributed from southern Central America to Northern Mexico and Florida, and
throughout the Greater Antilles (Holdrige and Poveda, 1975). Trees grow up to 10-15 meters in
height, and are usually found as part of the canopy and sub-canopy of certain tropical dry forests
(Gonzalez-Rivas et al., 2006). Trees have opposite, compound leaves about 7-12 cm long, with
oblong to lanceolate leaflets. G. sanctum is a non-deciduous tree, with perfect, conspicuous blue-
purple flowers, that open between March and July. Only a few individuals flower each year, with
most adults displaying a supra-annual phenology (Fuchs and Hamrick, in prep). In Costa Rica the
current main pollinator is Africanized bees, but wasps and solitary bees have also been observed
visiting flowers (Quirico, 1993) and were probably the main pollinators before the introduction of
Africanized bees. Fruiting occurs from May to November, fruits are 5-lobed ovoid capsules, with

one arilloid seed per locule. Seeds are dark brown to black, oblong and measure 1-2 cm in length.
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During fruit maturation seeds are covered by a bright red arill, which attracts birds, the main

dispersers.

3.2.2 STUDY SITE:

The study was conducted in Palo Verde National Park (PVNP), in northwestern Costa Rica (10
21’ N, 85 21’ W). The 19,000 hectare park is mainly composed of dry tropical forest on limestone
outcrops, with a mean annual rainfall of 1500 mm. This area is characterized by an extended dry
season from December through April and a rainy season from May to November. PVNP contains
one of the largest populations of Guaiacum sanctum in Costa Rica.

Forests in PVNP have been preserved from human intervention and forest fires for the last 30
years. Before that, this area was subject to regular burning and wood extraction. Populations of
commercially important trees such as G. sanctum; were heavily decimated by logging. After the
creation of PVNP in 1978, natural regeneration of seedlings and juveniles has increased, as sub-
adult individuals spared during harvesting have become adults and are reproducing. This practice
led to an increase in the proportion of individuals in the smaller size classes, and not enough time
has passed since anthropogenic intervention for the younger cohorts to reach adult sizes, therefore,
adults are not common in Palo Verde (0.7 individuals per hectare). Populations of G. sanctum

outside the protection of National Parks or Forest reserves do not show evidence of recruitment.

3.2.3 SAMPLING

In the summer of 2003, three 50 x 50 m plots were placed in mature undisturbed forests on a
southwestern slope of the limestone hills of PVINP. We placed the plots in areas with high densities
of G. sanctum and care was taken that at least one adult was located within each plot. Plots are
separated by an average distance of 315 meters (Figure 3.1). All G. sanctum within each plot were
permanently marked and mapped to the nearest centimeter. The height of each individual was
recorded and diameter at soil-height was measured using calipers.

All individuals were classified into four size categories, depending on height (h): seedlings (h j
15 em ), saplings ( 15 cm | h j 30 cm), juveniles (30cm | h | 200 cm), sub-adults (200 cm | h | 5

m) and adults (h ; 5 m). Individuals were classified as adults if flowering or fruiting was observed,
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regardless of height. Due to a very low number of individuals in the sub-adult category (n < 10),
these trees were lumped into the juvenile size class. Flower and fruit production of adults was

recorded yearly between 2003 and 2006.

3.2.4 SAMPLE COLLECTION AND ALLOZYME ANALYSIS

Due to the large number of seedlings per plot, 10% of the seedlings within a plot were randomly
selected for genetic analysis, while all saplings, juveniles and adults were collected from each plot,
for a total of 884 samples. Two mature leaves were collected in the summer of 2004 from each
sampled individual, placed in liquid nitrogen and transported to the University of Georgia in an
ultra-cold shipper for allozyme analysis. Leaves were crushed in chilled mortars and pestles with
liquid nitrogen to release cell content. Enzymes were extracted with a phosphate buffer according
to Soltis et al. (1983). Protein extracts were absorbed onto 4 x 6 mm paper wicks (Whatmann 3
chromatography paper). Electrophoresis was conducted on 10% starch gels, with five buffer systems.

Thirteen polymorphic loci were resolved from 10 enzyme systems. Buffer and stain recipes fol-
lowed Soltis et al. (1983) except UTP-glucose-1-phosphate and diaphorase, which were adapted
from Manchenko (1994). We resolved triosephosphate isomerase (TPI1, TPI2) on system 8. Malate
dehydrogenase (MDH1, MDH2), phosphoglucomutase (PGM), and shikimic acid dehydrogenase
(SKDH) were scored on buffer system 4. Aspartate aminotransferase (AAT1, AAT2) and diaphorase
(DIA1, DIA2) were stained in buffer system 7, while UTP-glucose-1-phosphate (UGPP) and isoc-
itric acid dehydrogenase (IDH) were scored in a morpholine-citrate buffer. System 6 was used to
score phosphoglucoisomerase (PGI). Banding patterns were consistent with expectations based on

Mendelian inheritance (Wendell and Weeden, 1989).

3.2.5 GENETIC DIVERSITY

Genetic diversity parameters were calculated between size classes within plots. Genetic diversity
was characterized by four parameters: mean number of alleles per locus (A), effective number of
alleles (A¢), mean observed heterozygosity (H,) and expected heterozygosity (H,). Standard errors
were estimated based on 1000 permutations across loci. All calculations were performed using GDA

and ARLEQUIN (Excoffier et al., 2005) software packages.



33

Wright’s fixation index (f,,) was estimated for each locus in each size category, as the deviation
between observed and expected heterozygosities (Wright, 1969). Significance of f,, was assessed by
means of 10000 permutations among loci, and p-values were adjusted according to the Bonferroni
correction. A fixation index for the entire population (F') was calculated by pooling individuals
from all size classes. Genetic structure among size classes and among plots was determined in terms
of hierarchical F-statistics (Weir and Cockerham, 1984) using ARLEQUIN (Excoffier et al., 2005).
Differences in gene frequencies were assessed among plots, and among age classes within plots. A
null distribution for all F-statistics was obtained by 30,000 permutations of individuals among size
classes. Pairwise Fgp values were used to compare differences in gene frequencies among different
size classes, a Bonferroni correction was used to adjust observed p-values for multiple comparisons.

Unless otherwise stated, all statistics are presented 4 their standard error.

3.2.6 SPATIAL AUTOCORRELATION

Fine-scale genetic structure was assessed with autocorrelation analyses. A multilocus genetic cor-
relation coefficient (r;) was calculated for all pairs of individuals within a size class, separated
by a specific j-th distance. A positive r; value indicates that pairs of individuals separated by
a j—distance, have more alleles in common than expected by chance. The r; statistic is closely
related to Moran’s I coefficient (Peakall and Smouse, 2001), where an r; = 0.5 is expected for
full-sibs. Statistical significance of genetic correlation was assessed by comparing observed r; values
with 95% confidence envelopes generated under the null hypothesis of no spatial genetic structure.
Confidence intervals are created by randomly permuting individuals among geographic locations
(10,000 permutations). All calculations were performed with the GenAlEx V6 program created by
Peakall and Smouse (2001).

Correlograms were created for all size classes on each of the three plots (Adults were excluded
from the analysis due to insufficient sample size). Five meter distance classes were chosen for all
analyses, to insure that the first category would include seedlings that fall under the crown of
adult G. sanctum trees. Genetic correlation was computed for each size class in separate plots and
95% confidence intervals generated by 10,000 permutations of individuals across different distance

classes. Correlograms were compared among plots using a modification of a t-test suggested by
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P. E. Smouse (pers. comm). One thousand genetic correlation coefficients (r;;) were generated

1,

by bootstrap within each j-th distance class in each of the ¢ plots. Correlation coefficients were

Tij

standardized with the standard deviation of the bootstrap values (Uj; =

). A t-test was performed
to compare the mean of the standardized bootstrapped values between plots (Hy : Ui’j = Ui/k))' The
calculated student ¢ was compared to the null distribution of t-statistics, estimated by performing
a t-test on each of the 1000 bootstrap values. Significant differences for a specific distance class
was inferred, if the calculated t-value was higher than the 99% confidence interval for the null
distribution (i.e. after Bonferroni correction).

Correlogram analyses were also performed over the combined set of plots for each size class,
using the “Multiple populations” option in GenAlEx. This analysis assumes similar biological pro-
cesses are responsible for the observed patterns of spatial genetic structure. The calculation of

autocorrelation over multiple populations allows an increase in sample size and statistical power,

enabling the analysis to clearly detect signatures of genetic spatial structuring within populations.

3.2.7 PARENTAGE ANALYSIS

To determine what proportion of seedlings, saplings and juveniles resulted from seed dispersal
events originating outside the plots, we conducted a parentage analysis on these size-classes. For
each individual the most likely parents were chosen based on LOD ratios (Likelihood Odds ratio)
as implemented on the FaMoZ software (Gerber et al., 2000, 2003). LOD ratios determine the
likelihood that two adults are the parents of any progeny, based on their multilocus genotypes
and Mendelian segregation ratios. For each individual within a plot, four parentage scenarios are
possible: i) both parents are within the plot; ii) pollen donor is within the plot, but seed parent is
not; iii) maternal plant is within the plot, but pollen donor is outside; iv) both parents are outside
the plot. Given our data, we are not able to determine if a likely parent is the pollen donor or the
maternal tree. Therefore to obtain a minimum estimate of seed dispersal we assume that if only one
parent is within the plot, it is the maternal plant. We estimated the proportion of individuals with
no-likely parent in each plot, and considered those seed dispersal events. Analyses were performed
in each plot, and all adults within a surrounding 50ha (500m x 1000m Figure 3.1) plot were assumed

to be candidate parents.
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Parentage was assigned to candidate trees if they had the highest LOD-score above a threshold
value estimated using simulations. We simulated 30,000 progeny by random mating of all candidate
parents. Separately, 30,000 offspring were created with parents whose transition probabilities are
based on population-wide allele frequencies. LOD values were calculated for all parent-progeny
combinations. The intersection between the distribution curves of LOD values for both simulations,
was used as the threshold value as suggested by Gerber et al. (2000). The proportion of seed dispersal
events was determined as the proportion of plants with no likely parent within each plot. In some
cases, multiple parents (i.e. likely parents) could be assigned to a single individual. In these cases,
if one of the possible parents was within the plot, even if it did not have the highest LOD-score, we
scored it as a non-immigration event. Using this procedure, we obtain a minimum estimate of seed
dispersal from individuals outside the plots. Cryptic gene-flow, gene flow events falsely assigned to
an individual within the plot, was estimated using the simulation procedure implemented in FaMoZ

(for details see Gerber et al., 2000, 2003).

3.3 RESULTS

A total of 884 individuals were analyzed across four size classes and three 0.25 ha plots. All 13
analyzed loci were polymorphic and displayed similar levels of polymorphism in each plot. For the
pooled population, the average number of alleles for each locus was A = 2.71 (+0.166), and the
effective number of alleles was Ap = 1.543 (£0.02). The pooled genetic diversity of G. sanctum
depicted by observed and expected heterozygosities are Hp = 0.233 (£0.01) and Hr = 0.302
(£0.02); respectively (Table 3.1).

Mean inbreeding coeflicients calculated for each size class within each plot, in general, suggest a
deficit of heterozygotes for all individuals (Table 3.1). A regression analysis on inbreeding coefficients
versus size class —pooled for all plots— suggests a decrease in the inbreeding coefficient with an
increase in size class (4 = —0.06; F = 7.235; p = 0.007). Similar regression analyses performed
within each plot were not significant. Seedlings generally have lower levels of genetic diversity
and higher inbreeding coefficients than the other size classes (Table 3.1). Inbreeding coefficients

averaged over loci, plots and size classes; suggest a significant deficit of heterozygotes (F' = 0.185+
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0.05). Expected heterozygosity varies less across size classes and different plots than observed
heterozygosities.

A hierarchical analysis of molecular variance (AMOVA) revealed that the majority of the genetic
diversity is partitioned within size classes, nested within plots (96.4%, p < 0.001). Only three
percent (3.3%, p < 0.001) is partitioned among plots, with the remaining 0.3% (p = 0.088) of
the variation due to differences among size classes within plots. Pairwise Fgr values revealed,
after Bonferroni corrections (o« = 0.0042), that allele frequencies in adult populations are not
statistically significant from other size classes regardless of plot locality. Pairwise Fgp’s show that
allele frequencies are also homogeneous among all age classes within every plot. There are significant

differences between similar size categories across the three plots.

3.3.1 SPATIAL GENETIC STRUCTURE

Pairwise genetic correlations between individuals were used to assess the spatial genetic structure of
different size classes of G. sanctum. Our results indicate a significant, but low correlation coefficient
for seedlings in the first distance class ( 5 m) in all plots (Appendix). Correlograms for different
plots were compared with a modified t-test, based on 1000 bootstrap rgj values. No significant
differences were observed in autocorrelograms of any size class among plots, across all distances.
Therefore, pooled samples were used for subsequent analyses.

Our results indicate significant fine-scale genetic structure for seedlings separated by less than 5
meters (r; = 0.02, Figure 3.2). Saplings have significant family structure for the 10 meter distance
class (r; = 0.02), while juveniles show substructure of genetic diversity at 30 meter intervals (Figure
3.2). Although significant, the magnitude of genetic correlations is very low (r; < 0.02), suggesting
that there is little fine-scale genetic structure in this G. sanctum population. The significant cor-
relations observed may be caused by large sample sizes obtained when individuals are combined

across plots.

3.3.2 PARENTAGE ANALYSIS

We estimated parent-pair exclusion probabilities for each plot, since the progeny (i.e. seedlings,

saplings and juveniles) under scrutiny are different in each case. Nonetheless, values were very
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Table 3.1: Summary of genetic diversity estimates for each size class within three plots of Guaiacum
sanctum in Palo Verde National Park, Costa Rica. N: number of individuals, A: average number of
alleles per locus, A.: effective number of alleles, H,: observed heterozygosity, H.: HWE expected
heterozygosity, f,: inbreeding coefficient. Values in parenthesis are standard errors.

Plot Age Class N A A, Ho Hg fw
Plot 1

Seedlings 64  3.083  1.528  0.184  0.283  0.253
(0.358) (0.147) (0.037) (0.061) (0.065)
Saplings 85  2.667 1575 0244 0309  0.194
(0.256) (0.145) (0.047) (0.058) (0.062)
Juveniles 96  3.000 1.619 0258  0.336  0.227
(0.213)  (0.134) (0.046) (0.053) (0.058)
Adults 4 1750 1439 0167 0245  0.219
(0.179)  (0.133) (0.047) (0.061) (0.136)

Plot 2
Seedlings 104  3.000 1.593 0.196 0.315 0.281
(0.174)  (0.142) (0.032) (0.059) (0.063)
Saplings 85 2.750 1.591 0.232 0.321 0.191
(0.279) (0.135) (0.035) (0.056) (0.058)
Juveniles 114  3.167 1.582 0.243 0.325 0.217
(0.386) (0.127) (0.037) (0.049) (0.051)
Adults 5 2.000 1.504 0.250 0.283 0.089
(0.174)  (0.13) (0.07)  (0.056) (0.132)
Plot 3

Seedlings 75 2.833 1470 0218 0285  0.173
(0.271)  (0.109) (0.029) (0.044) (0.059)
Saplings 88  3.250 1584  0.250  0.337  0.232
(0.305)  (0.11)  (0.034) (0.043) (0.044)
Juveniles 162 3.250  1.597  0.266  0.343  0.210
(0.25)  (0.109) (0.038) (0.043)  (0.06)
Adults 2 1.667 1439 0292 0240  -0.257
(0.188)  (0.141) (0.074) (0.064) (0.058)
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similar with P = 0.89 for plot 1, P = 0.94 for plot 2, and Pg = 0.92 for plot 3. We could assign
at least one parent to 45.3%, 46.8%, 46.7% of the progeny, respectively for each plot. A parent-pair
was resolved for only 20.4%, 8.8%, and 2.1% off the progeny in each plot. Apparent gene-flow into
the plots was high, with an average across plots of 43.3 percent. The proportions of individuals
without a likely parent within the plots are: 34.3%, 44.4% and 51.2%, respectively for each plot.
Cryptic gene-flow is estimated to be 5.8%, 4.3% and 2.5%, with an average across plots of Z = 4.2%
+0.95. Therefore, at a minimum, we can say that at least 48% of the progeny within a plot is the
product of seed dispersal events from outside the plot. The nearest adult to a plot is /<150 meters

away, suggesting that the minimum distance for seed dispersal is 150 meters.

3.4 DISCUSSION

3.4.1 GENETIC DIVERSITY

Allozyme analyses of different size categories of G. sanctum in PVNP revealed high levels of genetic
diversity (Table 3.1). At the population level, observed and expected heterozygosities are Hp =
0.222 and Hg = 0.353; respectively. All analyzed loci were polymorphic and allele numbers ranged
from three to six, per locus. Life history characteristics are probably responsible for the relatively
high levels of genetic diversity observed in this species. G. sanctum is a long lived, woody species,
with mixed-mating system and animal ingested seeds. Even though Lignumvitae is an endangered
species with reduced local populations, its geographical distribution encompasses Central America,
Mexico, and southern Florida; as well as the Caribbean. Hamrick et al. (1992) in their review show
that long-lived woody species with large geographic ranges and animal dispersed seeds generally
maintain higher levels of genetic diversity within their populations than species with other life
history traits. Other long-lived, widespread species from the Zygophyllaceae have been reported
to posses high levels of genetic diversity. A study on diploid creosote bush (Larrea divaricata:
Zygophyllaceae) (Cortes and Hunziker, 1997) reported heterozygosity values of Hr = 0.290, and
a similar study on Kallostremia grandiflora reported Hg values of 0.267. In both cases, their wide
distribution is considered the proximate cause of high levels of genetic diversity.

Populations of G. sanctum in Costa Rica have likely suffered substantial reductions in number

and size due to over exploitation, deforestation and the advancement of the agricultural frontier
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during the 1960’s and 1970’s. Guaiacum sanctum in PVNP were actively harvested during the first
half of the 20th century, and regular burning of these areas until the mid 1970s probably reduced
recruitment on this site. It is likely that during this time, many adult G. sanctum individuals were
logged, reducing population sizes, which could have caused a bottleneck effect on genetic diversity.
Nonetheless, many sub-adults and small adult trees were probably spared, mainly due to their
low economic value relative to large adults. The current high levels of genetic diversity at PVNP
sites suggest that enough individuals escaped logging to retain a high degree of genetic diversity,
suggesting that only rare, low frequency alleles were lost due to logging. Additionally, since the
creation of the National Park in 1978, many sub-adults have grown into large reproductive adults,
leading to an increase in the reproductive success of the population (Fuchs and Hamrick in prep.
Chapter 2). A reduction of genetic diversity caused by a decline in population number can recover
fairly quickly if populations quickly reattain their original size (Nei, 1975).

Our results indicate a general deficit of heterozygotes relative to Hardy-Weinberg expectations,
with more pronounced differences in the seedling category (Table 3.1). An excess of homozygotes in
plant populations has generally been explained as being caused by two related factors: bi-parental
inbreeding and selfing (Hedrick and Miller, 1992). Guaiacum sanctum has a mixed-mating breeding
system. Estimates of outcrossing rates in PVNP average t,,, = 0.74 (Fuchs and Hamrick in prep,
Chapter 5). These results agree with breeding system estimates for a related species. Through hand
pollinations, Bullock (1985) estimated a 30% selfing rate in G. officinalis —a congener from Mexico.
Additionally, our observations of flowering indicate that G. sanctum in PVNP do not flower every
year. In 2003, only two out of five adults were reproductive in plot 2. And during 2004, only a single
individual reproduced within this plot. The low number of reproductive adults will usually lead to
an increase in the distance between reproductive conspecifics, causing phenological isolation which
has been shown to increase the proportion of geitenogamous progeny (Fuchs et al., 2003). Lower
levels of observed heterozygosity may also be caused by bi-parental inbreeding. Using Queller and
Goodnight (1989) multilocus relatedness estimator (r,), we determined that some adults have
relatedness values over r;, > 0.25, suggesting half-sib lineages. Thus some of the progeny produced
may be the result of consanguineous matings. In fact, during the 2003 reproductive season, the

only two reproducing adults in sub-plot 2, had a relatedness value of r;, = 0.205, suggesting that a
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proportion of the progeny produced during that year could have been the result of consanguineous
matings. Finally, a temporal Wahlund effect may increase estimated inbreeding coefficients. Given
the slow-growth rates of G. sanctum individuals, our size-classes may group individuals from dif-
ferent reproductive events into the same size category. This indiscernible sub-structuring of the
population may contribute to the observed reduction in heterozygosity. In conclusion, a deficiency
of heterozygotes is likely to be caused by moderate amounts of selfing, with correlated matings and
Wahlund effects as contributing factors shaping the genetic structure of this population. Our results
show a low structuring of genetic diversity among plots separated by relatively short distances (&
300 meters). Although significant, genetic differences are small suggesting ample gene movement
among plots. The significance of these differences could be attributed to an artifact of large sample
sizes (N=884) and we conclude that plots are effectively panmictic.

Seedlings generally had higher levels of inbreeding than older size classes (Table 3.1). This
reduction in homozygosity may be caused by selection acting against inbred individuals in early
life stages favouring higher heterozygosity in older size classes. Husband and Schemske (1996),
determined that predominantly outcrossing species exhibited stronger inbreeding depression in early
and late life stages. Purging of deleterious homozygotes during the seedling stage, may account for
the observed reduction in inbreeding coefficients in larger Guaiacum sanctum. Similar results were
found by Mandk et al. (2006) in Atriplex tartarica, where heterozygote deficits were greater in early
stages than in older categories, due to strong selection and a reduction in seedling density through
mortality and competition. Hufford and Hamrick (2003), working on the tropical tree Platypodium
elegans (Fabaceae), demonstrated dramatic changes in outcrossing rates between germinated seeds
and established seedlings, suggesting that strong inbreeding depression acted in these early stages,
rapidly changing the frequency of homozygous individuals. These results indicate that selection
against inbred progeny may act in early developmental stages of G. sanctum, to reduce the frequency

of homozygosity.

3.4.2 FINE-SCALE GENETIC STRUCTURE

This study demonstrates an overall lack of spatial genetic structure in different size classes of the

endangered tropical tree G. sanctum. Significant family structure was observed for seedlings at the
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five meter distance class (Figure 3.2.a); however, the magnitude of the genetic correlation is too low
(rij = 0.02) to establish any family relationship between individuals. This effectively means that
seedling genotypes are randomly distributed in space. These conclusions contradict our original
prediction of clusters of related individuals caused by localized seed dispersal. Previous empirical
and theoretical work has demonstrated that consanguineous matings and low levels of gene flow
should increase genetic relatedness between progeny, and coupled with short distance seed dispersal,
should produce spatially aggregated individuals with strong family structure (Turner et al., 1982).
This does not seem to be the case in Lignumvitae. Two non-mutually exclusive processes may
explain this observation: long-distance seed dispersal and spatial-temporal overlap in seed shadows.

At least five species of birds were observed feeding on G. sanctum seeds in PVNP: Trogon
melanocephalus, Trogon elegans, Tityra semifasciata, Pitangus sulphuratus and Calocitta formosa.
These birds normally have long feeding bouts or territories, and generally swallow the entire seed
either during flight (i.e. Trogons) or perching at the tree (i.e. Tityras and Magpie-jays). For most
species, evidence suggests that most ingested seeds are dispersed away from maternal trees (Howe,
1977; Jordano, 1983). A study conducted on G. sanctum trees in Guatemala (Wendelken and
Martin, 1987) listed 19 species of birds as regular foragers of Lignumvitae, which typically ingested
seeds and flew from the tree. No regurgitation was observed in any of the cases, suggesting that these
birds are probably dispersing seeds over relatively long distances. Twelve of the nineteen species
reported by Wendelken and Martin are present in PVNP and may be potential long-distance seed
dispersers. Given variation in the number of G. sanctum trees fruiting within a year, birds may
travel significant distances to feed on different reproductive adults. This effectively creates multiple
seed migration events, which should decrease any local family structure within populations. The
absence of FSGS (even with strong clustering of individuals) may be the consequence of these
repeated dispersal events (Chung et al., 2003a). Our paternity data confirms this interpretation.
As we have shown, on any given plot, approximately 48 percent of the progeny cannot be assigned
to adult trees within the plot, suggesting seeds are being dispersed over distances larger than 150
meters. Additionally, birds may mix the progeny of different maternal trees by feeding on multiple
G. sanctum adults before regurgitating or defecating. A mixtures of seeds from multiple maternal

trees will eliminate any signature of FSGS in the progeny. These results are consistent with those
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of other bird-dispersed tropical trees. Hamrick et al. (1993a) showed that Swartzia simplex, a bird
dispersed treelet, had less spatial genetic structure than a co-occurring wind dispersed species.
Degen et al. (2001) in an analysis of the FSGS of eight tropical trees, also determined that animal
dispersed trees had less family structure than wind dispersed species. Although long-distance seed
dispersal seems the most likely explanation for the lack of spatial structure in different cohorts of
Guaiacum sanctum, specific data on seed dispersal are needed to complement and support this
hypothesis. Nonetheless, by integrating paternity assignment strategies with FSGS estimations, we
can more accurately interpret patterns of seed dispersal and the resulting levels of intra-population
structure.

Alternatively, family structure may be eliminated by local seed shadow overlap (Chung et al.,
2004; Sato et al., 2006; Ueno et al., 2006). Seeds dispersed around adults, as a seed shadow, will
create family structure when sibs germinate in close proximity to each other (Epperson, 1993). If
adults are separated by distances smaller than the diameter of a seed shadow, overlap will occur,
and family structure will be attenuated. Seed shadow overlap may also occur on a temporal basis.
When seed dispersal patterns vary among years, or there is variation in the number of reproductive
individuals across years, the magnitude of seed shadow overlap may vary across years. Additionally,
seed dormancy or slow seedling growth rates may mix multiple reproductive cohorts, effectively
eliminating FSGS. G. sanctum has always been categorized as a slow growing species (Schaffer and
Mason, 1990; Quirico, 1993; CITES, 2000). If adults contribute differently to the seedling pool in
different years, this would indicate that multiple annual cohorts may be lumped together into our
size categories, creating temporal overlap which may reduce any signature of fine-scale structure.
These processes may explain the low significant relatedness values observed in the 5 meter category
(Figure 3.2). Nonetheless, given the large number of pairwise comparisons, one would expect some
values to land outside the 95% confidence intervals by chance alone.

We conclude that the absence of family structure in different size categories of G. sanctum in
PVNP, is probably caused by long-distance seed dispersal and the mixing of progeny from multiple

maternal trees in space or time.
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3.4.3 CONCLUSION

In conclusion, Guaiacum sanctum has high levels of genetic diversity at the intrapopulation level,
even in the presence of apparent inbreeding due to moderate amounts of selfing. Long-distance seed
dispersal likely inhibits the formation of fine-scale genetic structure within PVNP. Long distance
seed dispersal coupled with estimates of high genetic diversity, suggest a potential for regener-
ation and restoration of this species through colonization and expansion of extant populations
into suitable habitats. Nonetheless, seed dispersal is dependent on bird species which generally are
more abundant in undisturbed habitats (Boswell et al., 1998; Laurance et al., 1998). The contin-
uing threat of deforestation and habitat fragmentation, may have detrimental consequences for
G. sanctum, by reducing disperser abundances and seed dispersal into suitable microhabitats for
germination and establishment. Continuous inbreeding with localized seed dispersal, will rapidly
create family patches with reduced genetic diversity and effective population sizes, which increase
the probability of extinction (Brook et al., 2002). Therefore, maintaining natural populations and
supporting habitat conservation, may result in larger population sizes of this endangered tropical

tree.
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Figure 3.1: Diagram of adult G. sanctum individuals within a 50 ha plot. Adults are depicted as
black dots, study plots are shown as squares. A rectangle within Costa Rica’s map, depicts the
approximate location of the 50 ha plot.




45

Figure 3.2: Correlograms for estimated genetic correlation r; for three size classes: a) Seedlings, b)
Saplings, ¢) Juveniles. The solid line represents calculated r; values for each distance class. Dashed
lines represent upper and lower 95% confidence envelopes for the null hypothesis of r; = 0. Sample
size for each distance class is represented on the top margin of each graph.
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CHAPTER 4

GENETIC DIVERSITY IN THE ENDANGERED TROPICAL TREE Guaiacum sanctum

(ZYGOPHYLLACEAE). THE EFFECTS OF FOREST FRAGMENTATION.

'Fuchs, E.J. and Hamrick, J.L. To be submitted to Journal of Heredity.
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4.1 INTRODUCTION

Endangered species are often characterized by small population sizes, limited geographic distribu-
tions or specific habitat requirements (Soulé, 1986). Many such species have suffered reductions in
their population sizes due to exploitation and/or habitat reduction and fragmentation. One of the
main objectives of conservation genetics is to quantify and describe the spatial distribution of genetic
diversity in extant populations of threatened or endangered species (Hedrick and Miller, 1992). A
species’ evolutionary potential depends primarily on the amount of genetic diversity present within
its populations, allowing adaptation to changing environmental conditions (Huenneke, 1991). For
endangered species, a detailed analysis of the levels and spatial distribution of genetic diversity
is important for the development of effective conservation strategies and management practices.
Populations with high levels of genetic diversity could serve as potential sources of propagules
and reservoirs of genetic variation and, thus, are important targets for conservation. Conversely,
populations with little genetic variability may be candidates for the introduction of novel genetic
variation (Lande and Barrowclough, 1987; Holsinger and Gottlieb, 1991).

Fragmentation of tropical forests due to deforestation and human expansion has changed once
continuous tropical landscapes into a network of poorly connected fragments surrounded by agri-
cultural fields, urban settlements or abandoned sites. The immediate effects of fragmentation are a
reduction of population sizes, extinction of local populations, and increased genetic isolation (Ell-
strand and Elam, 1993; Young et al., 1996). Fragmentation of continuous populations may also lead
to a reduction of genetic diversity and the eventual loss of alleles through genetic drift. Addition-
ally, individuals in populations located in small forest patches may become increasingly homozygous
for deleterious alleles due to increased inbreeding (Alvarez-Buylla et al., 1996; Hedrick and Kali-
nowski, 2000). In combination, these effects may increase the risk of extinction from stochastic and
catastrophic events.

Tropical dry forests are specially threatened by deforestation and fragmentation, and are con-
sidered among the most endangered ecosystems (Janzen, 1988). Tropical tree species are often more
susceptible to forest fragmentation due to their long generation times, low densities and commercial
importance (Cascante et al., 2001). Despite their significance, only a few studies have quantified

the effects of forest fragmentation on the genetic diversity of these species (Lowe et al., 2005, and
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references therein). Studies conducted on fragmented populations of ecologically important tree
species such as Pachira quinata, Samanea saman and Symphonia globulifera (Aldrich et al., 1998;
Cascante et al., 2001; Fuchs et al., 2003) have shown that fragmentation alters pollinator visitation
rates, and the genetic composition of progeny.

Guaiacum sanctum L. (Zygophyllaceae) has a wide geographic distribution, but is often locally
scarce and is considered endangered due to the overexplotiation of its valuable wood. G. sanctum,
also known as Lignumvitae, has one of the densest woods known and was commonly harvested to
manufacture propeller shafts for steam ships. Currently, even under the protection of the CITES
convention (CITES, 2000), G. sanctum is still used as an ornamental wood and for handicrafts.
Additionally, the bark of G. sanctum produces a resin called guaiacin, that possesses antibiotic
properties, and has been used since the 1500’s to cure sexually transmitted diseases, such as gon-
orrhea and syphilis (Voeks, 2004). This extensive use has led to a significant reduction in its pop-
ulation sizes, and large continuous populations are presently almost only found within protected
areas. Currently, there is little knowledge of the status of G. sanctum populations throughout its
distribution. The continuous exploitation of this species requires a proper description of genetic
parameters to classify populations into conservation and restoration priorities.

In Costa Rica, G. sanctum is locally rare and is only found in the tropical dry forests of Gua-
nacaste province. To our knowledge, there are only a few remnant populations, some of which are
protected within national parks; others are located within fragmented or disturbed habitats under
private ownership. These populations are of special interest, since they comprise the southernmost
distribution of the species (Quirico, 1993). It is generally accepted that these peripheral populations
are at greater risk due to smaller population sizes and reduced gene flow, making them more prone
to extinction through stochastic processes (Lesica and Allendorf, 1995).

This study quantifies genetic diversity within G. sanctum populations in Costa Rica, and
describes how this diversity is structured among populations. We also describe how genetic diversity
differs between populations located within continuous habitats in national parks and populations
located in fragmented sites or within agricultural/urban settings. Given that populations of G.
sanctum in Costa Rica are at the southern extreme of the species’ range and deforestation has

fragmented its populations, we expected to observe relatively low levels of genetic diversity within
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its remaining populations. We also hypothesized that due to restricted gene flow, genetic differenti-
ation among populations will be correlated with geographic distance as suggested by the isolation-
by-distance model (Rousset, 1997). Finally, we expected that trees within fragmented habitats
have less genetic diversity and higher inbreeding values than populations in the more continuous

protected habitats, as a direct consequence of smaller population sizes and reduced gene flow.

4.2 MATERIALS AND METHODS

4.2.1 STUDY SPECIES

Guaiacum sanctum L. (Sapindales: Zygophyllaceae) is a slow growing tropical and subtropical
dry forest tree, distributed from southern Central America to Northern Mexico and Florida, and
throughout the Greater Antilles (Holdrige and Poveda, 1975). Trees grow to 1015 meters in height,
and are usually found as part of the sub-canopy of tropical dry forests (Gonzélez-Rivas et al., 2006).
Trees have opposite, compound leaves about 7-12 cm long, with oblong to lanceolate leaflets.
Guayacan, as it is known throughout the tropics, is an evergreen tree, with conspicuous perfect
blue-purple flowers that open between March and July. In Costa Rica the main pollinators are
africanized bees, but wasps and solitary bees have also been observed visiting flowers (Quirico,
1993). Fruiting occurs from May to November; fruits are 5-lobed ovoid capsules, with one arilloid
seed per locule. Seeds are dark brown to black, oblong and measure 1-2 cm in length. Mature seeds

are covered by a bright red aril which attracts birds, the main dispersers.

4.2.2 STUDY SITES

We located and mapped all extant populations of Guaiacum sanctum in northwestern Costa Rica
(Figure 4.1 and Table 4.1). Populations were separated into two regional groups: Northern and
Southern populations. Sta. Rosa, Cuajiniquil and RaboMico are located in the northern part of
Guanacaste province, and are separated by at least 70 km from the four southern populations
(Figure 4.1). Populations may also be categorized into continuous and disturbed (fragmented)
habitats. Palo Verde, Catalina, Sta. Rosa and Rosario, are all located within national parks or
forest reserves and have been protected from anthropogenic disturbance since the late 1960’s. The

remaining populations are located within pastures, fields, or are part of living fences or gardens.
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Table 4.1: Geographic location, sample size and habitat type for seven populations of G. sanctum
in Costa Rica

Site Code N Latitude (N) Longitude (W) Region Habitat type

Cuajiniquil CU 32 11°00 85°41 North  Fragmented
RaboMico RM 30 10°55 85°38' North  Fragmented
Sta. Rosa SR 40 10°16’ 85°39’ North  Continuous
Rosario RO 35 10°16’ 85°23/ South  Continuous
PozoAgua  PA 27 10°17 85°20’ South  Fragmented
Palo Verde PV 30 10°21’ 85°20/ South  Continuous
Catalina CA 47 10020/ 85°15/ South  Continuous

Within each population we located, marked and mapped all adults using GPS technology. During
Spring, 2006, two mature leaves were collected for each adult, placed in liquid nitrogen and trans-
ported to the University of Georgia for allozyme analysis. Between 27 and 47 individuals were

sampled from each population (Table 4.1).

4.2.3 ALLOZYME ELECTROPHORESIS

Leaves were crushed in chilled mortars and pestles with liquid nitrogen in a phosphate buffer
according to Weeden and Wendell (1989). Protein extracts were absorbed onto 4 x 6 mm paper wicks
(Whatmann 3 chromatography paper), and stored at —70°C until needed for electrophoretic anal-
yses. We performed starch gel electrophoresis (10%) on five buffer systems. We scored a total of fif-
teen polymorphic loci from 11 enzyme systems. Buffer and stain recipes followed Soltis et al. (1983)
except UTP-glucose-1-phosphate and diaphorase, which were adapted from Manchenko (1994).
We resolved triosephosphate isomerase (TPI1, TPI2) in system 8; malate dehydrogenase (MDHI,
MDH2), phosphoglucomutase (PGM) and shikimik acid dehydrogenase (SKDH) on buffer system
4; aspartate aminotransferase (AAT1, AAT2), diaphorase (DIA1, DIA2) and superoxid dismutase
(SOD) were stained in buffer system 7; and UTP-glucose-1-phosphate (UGPP) and isocitric acid
dehydrogenase (IDH) were scored in a morpholine-citrate buffer. System 6 was used to score phos-

phoglucoisomerase (PGI) and colorimetric esterase (CE). Banding patterns were consistent with
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expectations based on Wendell and Weeden (1989), and we considered a locus polymorphic if at

least two alleles were observed.

4.2.4 GENETIC ANALYSIS

Genetic diversity parameters and allele frequencies were calculated within populations (subscript
p), at the regional level (subscript ‘r’) and pooled over all populations (subscript ‘s’). Genetic
diversity was also analyzed by averaging across populations belonging to either the “Continuous” or
“Fragmented” habitats (subscript ‘h’). Standard measures of genetic diversity were characterized:
proportion of polymorphic loci (%P), mean number of alleles per locus (A), number of alleles
for polymorphic loci (AP), effective number of alleles (A¢), mean observed heterozygosity (H,)
and expected heterozygosity (H.). These statistics were calculated separately for each locus and
averaged over loci. To estimate diversity parameters for the different regions (i.e. North and South)
and for the different habitat types (i.e. Continuous and Fragmented), we used two methods: pooled
estimates and averages across populations. For pooled estimates, we grouped individuals within
a category regardless of population relationship. For mean estimates (referred to as ‘Mean’) we
averaged the diversity estimates from populations belonging to similar categories. All calculations
were performed using the LYNSPROG program created by Loveless and Schnabel (University of
Georgia, unpublished program), and GenAlEx (Peakall and Smouse, 2001).

We used Wright’s fixation index (f) to measure the deviation of observed heterozygosities from
expectations under Hardy-Weinberg equilibrium (Wright, 1969). Significance of inbreeding coeffi-
cients were assessed by 10,000 permutations among loci, using the F-stat program. A mean fixation
index for the entire species (fs) was calculated by averaging inbreeding coefficients across loci and
populations. We estimated Nei’s Ggr statistic to determine genetic structure among populations.

To assess differences in the pooled estimates of genetic diversity (H.) between regions and
between habitat types, we performed a permutation test conducted in R (R Development Core
Team, 2005). Differences in genetic diversity between regions or habitats, was calculated for 10,000
permutations of individuals among categories. The proportion of values smaller than the calculated
difference was used as an estimate of «. Average estimates were compared with a Mann-Whitney

test due to small sample sizes.
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Genetic structure was also analyzed by means of hierarchical F-statistics (Weir and Cockerham,
1984) using an Analysis of Molecular Variance (AMOVA) to test for differences in allelic frequen-
cies among regions, among populations within regions, and within populations. These analyses
were performed using ARLEQUIN version 3.1 software (Excoffier et al., 2005). Differences in gene
frequencies were also assessed by means of AMOVA between fragmented and continuous popula-
tions. Statistical significance of F-statistics was attained by 30000 permutations of individuals or

populations depending on the level of the analysis.

4.2.5 SPATIAL ANALYSIS OF GENETIC DIVERSITY

To test whether population differentiation is caused by dispersal limitation (i.e. isolation by distance
IBD), we estimated the correlation between geographic distance and genetic differentiation between
populations as suggested by Rousset (1997). Pairwise Fy; values were calculated for all population
pairs, using ARLEQUIN software. Geographic distances were log transformed, while genetic differen-
tiation was transformed to Fs; /(1 — Fy) as suggested by Rousset (1997). A Mantel correlation was
performed between the geographic and genetic distance matrices and its significance was assessed
by 10,000 permutations in R (R Development Core Team, 2005).

Given the geographic distances between northern and southern populations, we analyzed the
effect of region on IBD. A partial Mantel test was performed by creating a third binary distance
matrix, where populations belonging to the same region were given the value 1.0, and pairs of pop-
ulations in different regions received a zero value. A partial Mantel test determines the correlation
between two distance matrices (i.e. geographic distance, and genetic differentiation) removing the
effect of a third distance matrix (i.e. region). Significance was attained by 10000 permutations using
the VEGAN package in the R statistical language.

To determine if genetic differences between populations correspond to geographic distribution
patterns, Nei’s (1972) genetic distance (D) and genetic identity (I) were calculated between all pairs
of populations and a clustering algorithm was used to graphically represent genetic dissimilarities.
Genetic distances (D) were used to construct an unrooted phenogram with the neighbour-joining
algorithm. Calculations and graphics were produced using the APE (Analysis in Phylogenetics and

Evolution) library in R.
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4.3 RESULTS

We resolved a total of 50 alleles at fifteen loci, seven of which were private alleles to specific
populations. Three loci (TPI2, CE and IDH) were monomorphic in at least one population. Two
loci were highly polymorphic (CE, UGPP) with a total of five alleles each, and AAT1 and PGI had
four alleles. On average, most loci in the sample had at least three alleles (z= 3.33; SD = 0.211).
Genetic diversity statistics for each population are given in Table 4.2.

Pooling across populations resulted in all loci being polymorphic (%P = 100). Across popula-
tions the percent of polymorphic loci ranged between 87% and 100%, with an average of 94.3%.
Two populations (RO and PA) located in the southern region had 100% polymorphism; while the
other two southern populations (CA and PV) had the lowest %P values. At the regional level,
the average percentage of polymorphic loci was slightly higher in the northern populations than in
southern populations. Pooled estimates show no difference among regions, with both having 100
% polymorphism. On average, individuals located in fragmented populations had a slightly higher
proportion of polymorphic loci compared to trees in relatively undisturbed populations.

Across populations, allele number per locus ranged between 2.47 and 2.85. On average the
number of alleles did not differ significantly (Mann-Whitney’s U=7, p = 0.685) between regions, nor
did the pooled estimates. A similar pattern was observed for the number of alleles at polymorphic
loci and the effective number of alleles. All pooled estimates of allelic diversity were slightly higher
in fragmented than in continuous populations (permutation test, p = 0.057). Trees in fragmented
habitats have on average two private alleles, contrasted to three in continuous habitats. The average
across populations in fragmented and continuous habitats echo the results for the pooled samples.

Observed heterozygosity values (H,,) across loci ranged between 0.033 (polymorphic loci) and
0.760. The highest average for a population was found in PozoAgua (H,, = 0.299) and the lowest
in Catalina (H,, = 0.204), both populations located in the southern region. Average observed
heterozygosity values for populations within regions, were not significantly different (U = 5; p =
0.85). Although populations in fragmented habitats had higher observed H, values, no statistical
differences were found for mean observed heterozygosity across habitat types (U = 2; p = 0.23).

Genetic diversity (H,.) estimates for each locus ranged between 0.033 (polymorphic loci) and

0.716, the pooled value was H.s = 0.329 and the mean genetic diversity across populations was
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Table 4.2: Guaiacum sanctum genetic diversity estimates at the species, region and population
levels. Diversity statistics were also computed for populations in fragmented and continuous habi-
tats. %P: percent polymorphic loci. A: average number of alleles. AP: alleles per polymorphic loci.
Ag:effective number of alleles. H,: observed heterozygosity. H.: HWE expected heterozygosity. f:
inbreeding coefficient. (Standard errors are shown in parenthesis).

%P A AP A, H,t H, f1
Overall 100 3.40 3.40 1.63 — 0.329 (0.057) —
Regions

North 100 293 293 1.58 — 0.296 (0.053) —
Mean 95.6 270 262 1.55 0.253 0.287 (0.024) 0.094 (0.028)

South 100 3.00 3.00 1.61 — 0.327 (0.049) —
Mean 93.3 264 274 159 0.254 0.311 (0.020) 0.174 (0.051)

Populations
Cuaginiquil 93.3 267 285 1.69 0.284 0.332 (0.056) 0.137 (0.147)
RaboMico 100 273 2.73 149 0.247 0.280 (0.048) 0.084 (0.107)
Sta. Rosa 93.3 247 257 147 0.227 0.249 (0.054) 0.060 (0.185)
Rosario 100 2.67 2.67 1.65 0.264 0.335 (0.053) 0.180 (0.382)
PozoAgua 100 2.80 2.80 1.69 0.299 0.356 (0.047) 0.230 (0.386)
Palo Verde 86.7 247 269 1.49 0.250 0.286 (0.045) 0.085 (0.162)
Catalina 86.7 2.60 2.85 1.52 0.204 0.268 (0.060) 0.201 (0.242)
Mean 94.3 2.63 2.74 1.57 0.254 (0.012) 0.301 (0.015) 0.139 (0.025)
Fragmentation

Continuous 100 2.87 2.87 1.57 — 0.302 (0.051) —
Mean 91.7 2,55 270 1.53 0.236 (0.013) 0.285 (0.018) 0.132 (0.084)

Fragmented 100  3.27 3.27 1.68 — 0.348 (0.051) —
Mean 97.8 2.73 2.77 1.62 0.277 (0.015) 0.322 (0.022) 0.156 (0.132)

1: Pooled estimates include Wahlund effect and are thus omitted
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H., = 0.301. The population with the highest average was PozoAgua, and Sta. Rosa had the
lowest estimate of genetic diversity (Table 4.2). Across regions, southern populations exhibited
higher expected heterozygosity values than populations in the northern sites (U = 1; p = 0.042).
No differences were found in expected heterozygosity values between fragmented and continuous
populations nor for pooled estimates (permutation test; p = 0.42), or averages across populations
(U=3;p=04).

The mean inbreeding coefficient, estimated as an average across loci and populations, showed a
significant deficit of heterozygotes (fs = 0.142; p < 0.05). Across loci, inbreeding coefficients ranged
between —0.114 and 0.650, with most loci displaying an excess of homozygotes. In both fragmented
and continuous habitats, heterozygote deficiency was not significantly different from zero.

Significant heterogeneity in allele frequencies was found across populations (Ggp = 0.101).
Ggr values across loci ranged between 0.016 (CE) and 0.252 (AAT1), and loci with low values
were characterized by very skewed allele frequencies (frequency of most common allele ; 0.90). A
hierarchical analysis of molecular variance revealed significant structure among regions (6, = 0.070;
p = 0.022) and among populations within regions (6, = 0.064; p < 0.001). Nonetheless, the largest
proportion of genetic variation (87%) was found within populations, and the remaining variation
is partitioned nearly equally between regions and, among populations within regions. The effect
of fragmentation on allele frequencies was also tested with an AMOVA. Our results showed no
significant effect of habitat type (0, = —0.014; p = 0.7725).

Populations within regions were separated by an average distance of 11.5 km, but separation
in northern populations (16.7 km) was significantly higher than inter-population distances among
southern populations (7.2 km, U = 2; p = 0.033). A significant pattern of isolation-by-distance was
observed for all populations when genetic differentiation (i.e. Fg /(1 — Fy)) was correlated with
the natural logarithm of pairwise spatial distances among populations (r = 0.653; p = 0.0061).
The correlation ceased to be significant however, when region was taken into account (r = 0.035;
p = 0.437); within regions there is no correlation between genetic differentiation and geographic
separation (i.e. no IBD).

The unrooted neighbour joining phenogram created with Nei’s distances clearly depicts two

clades separated by a large distance, corresponding to the northern and southern regions (Figure
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4.2). Within the southern region, two smaller clusters correspond to the PaloVerde-Catalina pop-
ulations, both located within 10 km of each other in Palo Verde National Park. The second group
consists of the Rosario and PozoAgua populations, located on the Nicoya Peninsula west of the
Tempisque River (Figure 4.1). A comparison of the phenogram (Figure 4.2) and the geographic
position of populations (Figure 4.1) shows a marked correspondence (with the exception of the
RaboMico population) between geographic location and genetic differences. Average genetic iden-
tity for populations within a region (I = 0.963) was significantly higher than the average identity

among populations in different regions (I = 0.929; t = 5.94, p < 0.001).

4.4 DISCUSSION

4.4.1 GENETIC DIVERSITY

We observed high levels of genetic diversity for G. sanctum, even though these populations were
located at the southern margin of its range. All loci were polymorphic in the pooled sample,
with only two loci monomorphic in some populations. Heterozygosity for the pooled populations
(Hes = 0.329) were higher than the mean for species with similar life history characteristics. Even
though our populations represent a restricted geographic area, G. sanctum exceeds the mean values
for long-lived tropical woody species (Hes = 0.191; Hamrick et al. 1992), and for long-lived species
with animal-dispersed seeds (Hs = 0.225; Hamrick and Godt, 1996). Although no genetic studies
have been conducted on other Guaiacum species, genetic diversity estimates are consistent with
values observed for other Zygophyllaceae; values range from 0.322 for Larrea tridentata (2x)(Duran
et al., 2005), to 0.098 for Larrea nitidia (Lia et al., 1999), with an average of 0.234 (£0.032) for
six Zygophyllaceae species (Cortes and Hunziker, 1997; Lia et al., 1999; Ge et al., 2003; Duran
et al., 2005; Cuevas et al., 2006). These results are not consistent with our initial expectation, that
this endangered, uncommon tree should have low levels of genetic diversity. It has been suggested
that trees with wide geographic distributions with predominantly outcrossing mating systems and
capable of long-distance seed dispersal are generally characterized by high levels of genetic diversity
(Hamrick et al., 1992, 1993a; Hamrick and Godt, 1996; Duran et al., 2005). Although G. sanctum
is locally scarce, its geographic distribution encompasses North and Central America, as well as

the Caribbean Islands (Holdrige and Poveda, 1975). Seed dispersal is by birds, animals with large
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potential dispersal abilities (Wendelken and Martin, 1987). These characteristics are associated with
higher levels of genetic diversity; therefore, we conclude that these life-history traits may explain
the high levels of genetic diversity in G. sanctum.

There is a consistent deficiency of heterozygotes across populations and habitat types, which
is usually indicative of some form of inbreeding. Allozyme analyses conducted on the progeny of
G. sanctum from two of the populations (PV and CU), show that outcrossing rates vary between
tm = 0.72 to 0.94, suggesting that G. sanctum is a mixed-mating species. Some adult trees in our
populations may be inbred, which would increase the deviation from random mating. Additionally,
a temporal Wahlund effect may contribute to the observed excess of homozygotes. Previous results
show that G. sanctum has a supra-annual flowering phenology, with few individuals reproducing
each year (Fuchs and Hamrick in prep. Chapter 3). By using all adults within a population, different
reproductive cohorts may be grouped together. Ignoring this temporal subdivision may result in a
slight increase in homozygosity.

Higher estimates of genetic diversity in the more southern populations could be due to higher
levels of gene flow among these sites. On average, populations located within the southern region are
separated by smaller distances than populations located in northern Guanacaste province (Figure
4.1). The shorter inter-population distances in the southern region probably allow pollinators and
seed dispersers to move freely across the landscape. This opportunity for gene exchange may reduce
the loss of genetic variation through drift, allowing higher levels of genetic diversity to be main-
tained. Proximity across different landscapes might even ameliorate the effects of fragmentation.
PozoAgua (Table 4.1) is a fragmented population located between continuous sites, and may serve
as a stepping stone for gene transfer among basins of the Tempisque river. Similarly, Hall et al.
(1996) found that genetic diversity measures in populations of Pithecellobium elegans, a tropical
rainforest tree, were negatively correlated with distance from continuous forest. This decrease in
genetic diversity was probably caused by a reduction in gene flow and effective population size.
These results suggest that gene dispersal distances may influence genetic diversity parameters for

this tropical endangerd species.
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4.4.2 GENETIC STRUCTURE

Calculated Ggr values suggest a low but significant structuring of genetic diversity among popu-
lations (Ggr = 0.101; p < 0.001). This value is slightly lower than that observed for 26 long-lived
tropical woody species (Ggr = 0.119; Hamrick et al. 1992) and somewhat higher than the mean
value for 28 long-lived perennial species with animal dispersed seeds (Ggr = 0.099; Hamrick and
Godt 1996). Several studies of other tropical tree species have also observed high levels of genetic
diversity within populations, and moderate to low amounts of genetic structure among populations
(Hamrick and Murawski, 1990; Hamrick et al., 1993a). Since statistics such as Ggr and AMOVA’s ¢
measure the results of historical levels of gene flow, these results suggest that prior to fragmentation
G. sanctum experienced high to moderate levels of gene flow.

However, although tropical dry forests in Costa Rica have been recently fragmented (see below),
it is not likely that G. sanctum was continuously distributed throughout its range in Costa Rica.
Currently, populations of this species occur in areas characterized by thin, xeric soils located on
lime-stone hills. Additionally, G. sanctum populations are found in geologically similar areas, arising
in the early Pleistocene later than the majority of Guanacaste province (Burnham and Graham,
1999). Based on data from Costa Rica’s digital Atlas (Provided by Costa Rica’s National Geographic
Institute, www.mopt .go.cr/ign) only two areas in the country have these conditions: the Tempisque
River basin, where Palo Verde National Park is located; and northwestern Guanacaste province
(populations in the northern region). We recognize that these analyses are conducted a posteriori,
and extinct G. sanctum populations which were located in other habitats could clearly modify
these conclusions. Nonetheless, herbaria collections suggest that these seven populations are the
only known sites for G. sanctum in Costa Rica.

High levels of historical gene flow between populations within regions seems to be a better
explanation for the current patterns of genetic structure in G. sanctum. We found evidence for
isolation-by-distance only when populations belonging to different regions were included in the
analysis. No correlation was found when populations within a region were analyzed, suggesting
that gene flow is not restricted between adjacent populations. Pollination of G. sanctum is per-
formed mostly by bees and wasps; all of which can transport pollen over large distances (Janzen,

1971; Frankie et al., 1976). Seed dispersal is mostly performed by birds belonging to the Momotidae,
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Trogonidae and Tyranidae (Wendelken and Martin, 1987 and Fuchs and Hamrick in prep). Popu-
lations within regions are typically separated by less than 20 km, well within the flying capabilities
of pollen and seed dispersers. Previous work conducted on a population of G. sanctum within Palo
Verde National Park, has shown that seed dispersal over distances of 150 m is commonplace (Fuchs
and Hamrick in prep). Pairwise Fy; values among populations within a region (x™=0.04) suggest that
inter-population migrations may frequently occur. Other studies conducted in tropical dry forest
tree species have shown similar results, with high rates of gene movement between populations
located in fragmented habitats (Apsit et al., 2001; White et al., 2002).

More than 50% of the variation among populations is due to regional differences in allele fre-
quencies, indicating that gene flow between regions is more limited than gene flow within regions.
Even if continuous suitable habitat between northern and southern populations had once existed,
these regions are separated by 70 kilometers, probably beyond the range of pollinators and seed
dispersers. Alternatively, differences between regions may be explained by historical vicariance
events. Populations in the northern and southern regions may have been separated since the late
Pliocene (Burnham and Graham, 1999). This separation, coupled with limited contemporary gene
dispersal among regions, may have produced the genetic differences observed. The neighbour joining
phenogram (Figure 4.2) corroborates these findings, by clustering populations in almost perfect
association with their geographic locations. The most evident separation is between northern and
southern clades, indicating that although gene flow occurs frequently enough to minimize genetic
drift (Nm > 1), gene exchange occurs predominantly among populations located within a few

kilometers (~10 km) of each other.

4.4.3 EFFECTS OF FRAGMENTATION

Theory predicts that small isolated populations in fragmented habitats should have less genetic
diversity due to the combined effects of genetic drift and inbreeding (Young et al., 1996; Hedrick
and Kalinowski, 2000). These effects are most evident when populations undergo rapid declines
caused by anthropogenic disturbances such as habitat degradation or extraction. Tropical trees may
be more vulnerable to fragmentation and population declines due to their low densities, outcrossed

breeding systems and dependence on animals for pollen and/or seed dispersal (Cascante et al.,
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2001). Nonetheless, a recent review by Lowe et al. (2005) contradicts this conclusion. Most tropical
tree populations located in fragmented habitats do not have reduced genetic diversity compared to
trees in continuous habitats. Our results are consistent with these observations. Guaiacum sanctum
trees located in disturbed or fragmented habitats had very similar levels of genetic diversity, when
compared to trees in national parks or forest reserves (Table 4.2).

The lack of differences in genetic diversity between populations in altered or pristine habi-
tats should not be surprising since fragmentation has usually occurred within the lifetime of the
remaining trees (Lowe et al., 2005, and references therein). Although G. sanctum has been actively
used and extracted due to its precious wood and medicinal values since the 1500’s (Voeks, 2004),
fragmentation of tropical dry forests in Costa Rica has primarily occurred in the last 100 years with
a drastic increase in the second half of the twentieth century (Quesada and Stoner, 2003). Since G.
sanctum is a long-lived species with individuals surviving up to a 1000 years (Wilson and Eisner,
1968), is possible that trees analyzed in this study may have been alive before habitat fragmentation
occurred. Therefore, factors such as genetic drift and inbreeding would not have had enough time
since European intervention to exert changes in genetic diversity. Habitat fragmentation influences
genetic diversity by reducing effective population sizes within populations and reducing gene flow
into populations (Frankham, 1996). Our results have shown that historically gene flow was prob-
ably not limited between populations separated by less than 20 km. The elimination of continuous
habitat between populations may alter the behaviour of pollen or seed vectors and, thus, modify
gene movement between fragments. Thus, the impacts of forest discontinuity may become more
obvious in the progeny produced by trees found in low densities in disturbed habitats (Fuchs et al.,
2003; but see Cespedes et al., 2003) . Finally, many national parks and forest reserves in Costa Rica
previously existed as ranches, or were logged prior to protection. PVNP populations, for example,
were subject to selective logging until the 1970s when the park was created. Although harvesting
may have occured, forest cover was not eliminated. Nevertheless, selective logging in these sites
may have reduced allelic diversity somewhat, perharps explaining the lack of observed difference

between continuous and fragmented populations.
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4.4.4 IMPLICATIONS FOR CONSERVATION

The results of the present study can be used directly to infer conservation strategies for Guaiacum
sanctum. Two populations located in the southern region display somewhat higher levels of genetic
diversity than northern populations, making them appropriate candidates for in situ conservation.
Additionally, trees in fragmented habitats within this region are commonly found next to gravel
roads, in gardens, agricultural fields or as part of living-fences (pers.obs), areas susceptible to further
perturbation. Guanacaste province has the only remaining areas of tropical dry forest in Costa
Rica, currently estimated to represent less than 0.01% of its original cover (Janzen, 1988). This
area continues to be threatened due to tourism related developments and agriculture. Guanacaste
has the second largest rural population growth rate (Estado de la Nacion, 2005) and one of the
highest rates of urbanization of rural areas relative to the rest of Costa Rica. Therefore extant
populations of G. sanctum in Guanacaste province are threatened and should receive a high priority
for conservation.

We determined that G. sanctum populations have low levels of genetic differentiation. This
has direct implications for ex situ conservation strategies. A large number of individuals may be
collected from fewer populations, properly representing the species’ genetic diversity. Since popu-
lations such as as CU and PA have high levels of genetic diversity and are threatened by human
intervention, seedlings and vegetative clones should be collected from these sites and grown in nurs-
eries or plantations. This may insure the preservation of important allelic diversity found in these
populations.

Finally, our results indicate that gene exchange may occur between populations within a region.
Most fragmented populations are located within 10 km of continuous habitats, allowing seed and
pollen dispersal (Dick, 2001; Dick et al., 2003). Ample gene exchange may occur between trees
in continuous and fragmented habitats, allowing the maintenance of genetic diversity (Chapter
5). Trees in fragments and isolated trees may also function as stepping stones between larger
populations and, thus, are important components of the population dynamics of these endangered
tropical trees. Conservation strategies should provide sufficient protection for these trees to insure

their continued presence in disturbed landscapes.
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Figure 4.1: Location of sampled Guaiacum sanctum populations in Costa Rica. Population codes
are shown in Table 4.1.
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Figure 4.2: Neighbour joining phenogram based on Nei’s genetic distance, depicting populations of
Guaiacum sanctum in Costa Rica. Population codes are shown in Table 4.1.
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CHAPTER 5

MATING SYSTEM AND POLLEN FLOW AMONG POPULATIONS OF THE ENDANGERED TROPICAL

TREE, Guaiacum sanctum (ZYGOPHYLLACEAE). THE IMPORTANCE OF ISOLATED TREES.!

'Fuchs, E.J. and Hamrick, J.L. To be submitted to Molecular Ecology.
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5.1 INTRODUCTION

Tropical forests have suffered drastic reductions in extent and continuity due to deforestation and
urbanization (Geist and Lambin, 2002). Fragmentation of once continuous populations has created
a mosaic landscape of cleared areas and forest fragments. Populations of tropical trees are in greater
peril of fragmentation due to their generally lower densities relative to temperate tree species. Frag-
mentation and overexploitation usually reduce population sizes and increase the distance between
conspecifics. This reduction in effective population size (N.) may lead to the random loss of rare
alleles, and if isolation persists, alleles may become fixed by genetic drift. Inbreeding within frag-
ments should increase and leads to the loss of heterozygosity and a possible reduction in overall
fitness. Gene flow, in contrast, ameliorates the effects of drift by increasing effective population
sizes and introducing novel variation from adjacent fragments or isolated trees (Young et al., 1996).
Tropical trees are generally long-lived, which makes it difficult to assess the long-term effects
of fragmentation on levels of genetic diversity. However, gene flow estimates may provide indirect
information on the probability of conserving genetic diversity in extant forest fragments (Hamilton,
1999). In plants, gene flow occurs via seed and pollen dispersal but recent work has determined
that the major contribution to gene movement is usually via pollen (Loveless and Hamrick, 1984;
Trapnell and Hamrick, 2004; Sork and Smouse, 2006). Thus, predicting the impact of fragmentation
on the maintenance of genetic diversity is largely dependent on the availability of direct estimates
of pollen flow. To this end, marker assisted paternity analyses can provide accurate measures of
pollen flow patterns and distances (Streiff et al., 1999; Konuma et al., 2000; Dick et al., 2003).
Although originally it was believed that pollen flow did not have a significant impact on the
genetic makeup of populations (Ehrlich and Raven, 1969), recent work using molecular markers
has shown that pollen flow into tropical tree populations can occur over large distances and is
frequent enough to directly impact the genetic structure of populations (Hamrick and Nason, 1996;
Apsit et al., 2001). Nason et al. (1996) determined that wasp pollinators of tropical figs could
routinely disperse pollen over distances greater than 10 km, and pollen movement over distances
larger than 500 meters has been documented for a number of tropical trees (Chase et al., 1996;
Hamrick and Nason, 1996; Loveless et al., 1998). Additionally, recent work has shown that pollinator

communities, abundance and behaviour may change in fragmented habitats promoting long-distance
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pollen flow (Aldrich and Hamrick, 1998; Dick, 2001; White et al., 2002). In fragmented habitats,
pollinators may increase their foraging ranges in search of food and may be able to move pollen
over several kilometers.

At the extreme of fragmentation, tropical trees may be left as isolated individuals surrounded
by a matrix of disturbed habitats. These individuals may be separated by large distances from any
conspecifics, or continuous populations. The role of these trees in respect to gene flow has led to
contradictory hypotheses. Janzen (1986) proposed that isolated individuals were unlikely to receive
or donate pollen to trees in adjacent populations, and hence were excluded from the gene-pool. This
reasoning led Janzen to call them the “living dead”. In contrast, Hamrick (1994) proposed that
isolated trees could serve as “stepping stones” between groups of individuals and, as a result, could
play a critical role in determining gene movement within fragmented tropical landscapes. In this
latter view, isolated individuals would facilitate the transfer of genetic diversity between populations
and would be, therefore, an integral part of the mechanisms that allow the maintenance of genetic
diversity in fragmented landscapes. The two arguments have direct and opposite consequences for
the management of isolated trees. The former implies that isolated individuals could be safely
removed without significant effects on the genetic composition of the landscape. Conversely, the
latter hypothesis suggests that these individuals should be preserved to maintain higher effective
levels of gene movement and to retard the loss of genetic diversity in remnant populations.

Plant mating systems directly influence patterns of pollen movement between individuals, which
in turn, affect the genetic composition of the progeny produced. Although tropical trees exist
at low densities (less than one individual per hectare), most studies conducted with molecular
markers indicate high rates of outcrossing (Lowe et al., 2005, and citations therein), suggesting the
movement of pollen between individuals. Outcrossing rates are often susceptible to reductions in
the density of reproductive individuals as a result of habitat alteration or fragmentation. Generally,
isolation has been associated with an increase in the proportion of selfed progeny (Murawski and
Hamrick, 1991, 1992; Fuchs et al., 2003) and the reduced performance of outcrossed progeny (Rocha
and Aguilar, 2001). Pollinators spend more time foraging in isolated trees, and are more likely to
cross barriers among fragments (Quesada et al. 2003 but see Apsit et al., 2001; White et al., 2002).

Hence, pollen movement and outcrossing rates may have correlated responses to fragmentation.



67

Pollen dispersal distances and mating system estimates are vital for the development of effective
conservation and management strategies of endangered species. These parameters may be directly
translated into information about the minimum density of individuals or the minimum area required
to avoid reproductive isolation (Nason et al., 1998). Pollen flow studies involving isolated individ-
uals are also important to assess the role of these individuals in pollen movement dynamics within
fragmented landscapes. In this study, we estimate the mating system and pollen flow patterns in
continuous and fragmented populations of the endangered tropical tree Guaiacum sanctum (Zygo-
phyllaceae). Specifically, we address the following questions: 1. What is the mating system of G.
sanctum? 2. Is the mating system affected by habitat type and the number of reproductive individ-
uals? 3. What are the patterns of pollen movement within and between populations? 4. Do isolated

individuals play a significant role determining mating patterns within fragmented landscapes?

5.2 MATERIALS AND METHODS

5.2.1 STUDY SPECIES

Guaiacum sanctum L. (Sapindales: Zygophyllaceae) is a slow growing tropical and subtropical tree
distributed from southern Central America to Northern Mexico and Florida, and throughout the
Greater Antilles (Holdrige and Poveda, 1975). Trees grow up to 10-15 meters in height, and are
usually found on limestone outcrops in tropical dry forests (Gonzalez-Rivas et al., 2006). Trees
have opposite, compound leaves about 7-12 cm long, with oblong to lanceolate leaflets. G. sanctum
is evergreen, with perfect conspicuous blue-purple flowers. Flowering occurs between March and
July, and although some trees flower every year, the species’ phenology may be characterized as
supra-annual. In Costa Rica the main pollinators are africanized bees, but wasps and solitary bees
have also been observed visiting flowers (Quirico, 1993). Fruiting occurs from May to November,
fruits are 5-lobed ovoid capsules, with one arilloid seed per locule. Seeds are dark brown to black,
oblong and measure 1-2 cm in length. During fruit maturation seeds are covered by a bright red
arill, which attracts frugivorous birds, the main dispersers.

Guaiacum sanctum has been heavily exploited because of its extremely dense wood and medic-

inal value. The decoction of Guaiacum sanctum is believed to cure syphilis, and reports of its use
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date back to the 16th century (Voeks, 2004). Currently, most populations of G. sanctum have suf-
fered drastic reductions due to logging and habitat loss. In Costa Rica, G. sanctum is distributed
throughout the dry forests of the northwest Pacific coast, but many sites suitable for G. sanctum
populations have been converted to agricultural fields or pastures (Janzen, 1988). Continuous pop-
ulations of G. sanctum in Costa Rica are rare, and generally restricted to national parks or reserves
which continue to be threatened by habitat loss, fire or exploitation (Oldfield et al., 1998). Because
of its restricted distribution and reduced population sizes, Guaiacum sanctum is now included in
Appendix I of the CITES convention (CITES, 2000) and is also termed “Endangered” in the World

List of Threatened Trees (Oldfield et al., 1998).

5.2.2 STUDY SITES AND SAMPLING SCHEME

Guaiacum sanctum trees were located in Palo Verde National Park (PVNP, 10°21’ N, 85°20" W)
and Cuajiniquil (11°00" N, 85°41" W), both populations located in Northwest Costa Rica. Both sites
are tropical dry forests, and differ mostly in habitat use. PVNP is a 19,000 ha continuous habitat,
which has been preserved from forest fires or logging for the last ~30 years. Upland portions of the
park are mainly composed of dry tropical forest on limestone outcrops, with a mean annual rainfall
below 1500 mm and a mean annual temperature of 30 C. The area is characterized by an extended
dry season from December through April and a rainy season from May to November. On its dry
limestone slopes, there occurs one of the densest remaining populations of Guaiacum sanctum in
Costa Rica. Within PVNP a permanent 50 ha plot was established and all G. sanctum within the
plot (see Chapter 2) were located and mapped using corrected GPS technology and permanently
marked with aluminum tags. A total of 35 adults occurred within the 50 ha plot, but only six
individuals reproduced during the 2005 reproductive season.

Cuajiniquil is a disturbed habitat mainly comprised of small patches of forest embedded in an
agricultural matrix. Forest cover in this area has been reduced by the creation of extensive pastures
and sugar cane plantations. Forest patches remain in the vicinity of rivers and private reserves.
As in PVNP, vegetation type corresponds to tropical dry forest with a marked dry season in the
Spring. During 2005, 21 reproductive G. sanctum adults were located within pastures, plantations

or as part of living fences, in an 8 km? area (Figure 5.1). Trees in Cuajiniquil have a disjunct



69

distribution with 9 adults grouped in a northern cluster, 11 trees found in a southern cluster and
an intermediate tree between the two clusters (#18, Figure 5.1). Great effort was taken to locate
and map all adults within Cuajiniquil; nonetheless a few inaccessible areas could not be surveyed.
Although G. sanctum may be located in these sites, they are generally separated by at least 6 km
from the sampled individuals.

We monitored flowering and fruiting phenology on a bi-weekly basis for all adults between
March 2005 and July 2006. Trees were classified as either non-reproductive, flowering or fruiting,
and there was no overlap between phenological categories within a tree. To estimate pollen flow
distances and mating system parameters for G. sanctum, we collected a random sample of 18 seeds
from each reproductive individual in both populations. Seeds were cleaned, air dried and placed in
individual paper envelopes. During Spring, 2006, two mature leaves were collected from each adult
and snap-frozen in liquid nitrogen. Leaves were stored at —70° until used for electrophoresis. Seeds
and leaf samples were transported to the University of Georgia (Athens, GA. USA) for allozyme

analysis.

5.2.3 ALLOZYME ELECTROPHORESIS

Guaiacum sanctum seeds have very poor germination under greenhouse conditions. Therefore,
the embryo was manually removed from the seed coat by cutting seeds longitudinally with a razor
blade. To soften the tissue we soaked seeds in warm water for 24-48 hours before embryo extraction.
Embryos were crushed in chilled mortars and pestles in a phosphate buffer according to Wendell and
Weeden (1989). Liquid nitrogen was used to crush leaves from adult individuals. Protein extracts
from embryos or leaves were absorbed onto 4 x 6 mm paper wicks (Whatmann 3 chromatography
paper), and stored at —70°C until needed for electrophoretic analyses. We used 10% starch gel
electrophoresis on five buffer systems to score a total of thirteen polymorphic loci from eight enzyme
systems. Buffer and stain recipes are based on Soltis et al. (1983), except UTP-glucose-1-phosphate
and diaphorase which were adapted from Manchenko (1994). We resolved triosephosphate isomerase
(TPI1, TPI2) in system 8; malate dehydrogenase (MDH1, MDH2) and phosphoglucomutase (PGM)
on buffer system 4; aspartate aminotransferase (AAT1, AAT2) and diaphorase (DIA1, DIA2) were

stained in buffer system 7; and UTP-glucose-1-phosphate (UGPP) and isocitric acid dehydrogenase
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(IDH) were scored in a morpholine-citrate buffer. System 6 was used to score phosphoglucoisomerase
(PGI1, PGI2). Banding patterns were consistent with expectations based on Wendell and Weeden

(1989), and we considered a locus polymorphic if two alleles were observed.

5.2.4 STATISTICAL ANALYSIS
MATING SYSTEM

The mating system of G. sanctum was estimated from progeny arrays using the procedure developed
by Ritland (1989b, 2002). Maternal genotypes were available for all loci with the exception of
the PGI2 locus, which does not express in adult tissue. We estimated single (¢5) and multilocus
outcrossing rates (t,;) by means of maximum likelihood using the Newton-Rapson maximization
algorithm implemented in the MLTR program (Ritland, 2002). We also estimated the paternity
correlation index (7,), which determines the proportion of full siblings among outcrossed progeny.
This index may be interpreted as the probability that any two randomly chosen outcrossed seeds are
sired by the same pollen donor (Ritland, 1989a). Pollen and ovule allele frequencies were estimated
separately, using the same maximization algorithm as above. Standard errors for all estimated

parameters were determined by 10,000 bootstrap replicates, using families as the sampling unit.

PATERNITY ASSIGNMENT AND GENE FLOW

A fractional paternity analysis was used to determine mating patterns and average gene flow dis-
tances for the progeny of G. sanctum (Devlin et al., 1988). We determined potential pollen donors
for each seed based on the calculation of LOD ratios (i.e. Likelihood Odds ratio). LOD ratios
determine the likelihood that an individual is the father of a seed, relative to the likelihood that
the two individuals are unrelated. The LOD ratios are calculated based on transition probabilities
for different genotypes and allele frequencies in the population (Meagher and Thompson, 1986).
Fractional paternity analysis performs better than single paternity assignment, especially in cases
where multiple adults cannot be unambiguously assigned to a progeny. Additionally, single pater-
nity assignment based on LOD ratios tends to assign higher likelihoods to homozygous genotypes
given that their transition probabilities for a given allele are higher than those for heterozygotes.

Fractional paternity assignment (Devlin et al., 1988), in contrast, does not always assign a single
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father to each offspring, but instead divides paternity proportionally among all possible fathers.
Each potential father receives a fraction of a seed’s paternity, proportional to its likelihood of being
a father (i.e. the LOD score). We will refer to this proportion as the fractional score. Fractional
paternity reduces bias toward homozygotes. Even though homozygous individuals will always have
a higher LOD score, and hence be assigned a larger proportion of the progeny, heterozygote indi-
viduals produce a larger array of gametes and thus are more likely to be potential fathers for more
seeds than homozygous individuals. Therefore the contribution of heterozygote individuals to the
overall progeny array is increased.

Fractional paternity assignments were conducted using the FAMOZ computer program (Gerber
et al., 2003). Allele frequencies were estimated using all adult individuals and the progeny of repro-
ductive adults. We assumed scoring errors were less than 1% (a confident estimate for allozymes).
All possible pollen donors were chosen for each progeny array and for each potential father, the
LOD scores were used to assign fractional paternity (i.e. fractional score). Average pollen movement
distances were calculated for each seed using the average distance between all possible fathers and
the maternal tree, weighted by the pollen donor’s fractional score. Additionally, we estimated the
proportion of progeny sired by each adult by averaging fractional scores for each pollen donor across
all progeny. To determine the proportion of pollen flow events between the northern and southern
clusters, we estimated the proportion of seeds sired by each father, depending on the location of the
maternal tree (i.e. northern cluster, southern cluster or isolated individual). Given that the isolated
tree does not belong to any cluster, we also estimated the proportion of progeny sired by this tree
for each cluster. Seeds with no possible fathers were assumed to represent gene flow from unsam-
pled trees. Cryptic gene flow (i.e. gene flow event falsely assigned to a father within the stand) was
calculated using the FAMOZ test option, by simulating 30,000 offspring from trees within the sam-
pled individuals, and 30,000 offspring originating from a father outside the stand with transition
probabilities equal to the allele frequencies of the population. Unless otherwise stated, all statistics

are presented + their standard errors.
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5.3 RESULTS

There were 35 adults within the 50 ha plot in PVNP and 32 in Cuajiniquil. For both populations
flowering occurred during June and July, and fruits bore mature seeds between July and September,
with peak fruit production in August. Only six individuals in PVNP flowered and produced fruits
during the 2005 reproductive season, and a large proportion of seeds aborted before fruit matura-
tion. Twenty-one individuals reproduced in Cuajiniquil, with all trees producing an ample amount
of seed.

We scored 13 polymorphic loci from the embryos. Average heterozygosity in these loci is H, =
0.446 + 0.04, and the effective number of alleles is A, = 1.932 + 0.15. The cumulative paternity
exclusion probability was Pr = 0.81 for Cuajiniquil, suggesting that for each seed we can correctly
exclude 81% of the potential fathers (Chakraborty et al., 1988). For PVNP, the exclusion probability
was lower (Pg = 0.64).

Mating system estimates (Table 5.1) suggest that the breeding system of G. sanctum ranges
from mixed-mating to predominantly outcrossing. Multilocus outcrossing rates were lower in PVNP
(tm, = 0.719 £ 0.145) than in the progeny from Cuajiniquil (¢, = 0.948 £ 0.019), nonetheless
estimates were not significantly different from each other (t-test, p = 0.082). Single and multilocus
outcrossing estimates differed significantly in Cuajiniquil (¢,, — ts = 0.101; p < 0.001), suggesting
that bi-parental inbreeding was occurring. No significant differences were found between multilocus
and single locus estimates in PVNP (¢, — t; = 0.099; p = 0.132).

Correlation of paternity estimates indicate that the probability of fullsibship ranges from 51%
to 78%. This may be interpreted as the probability of randomly drawing two full-sibs from the
outcrossed progeny of a single mother. The effective number of outcross pollen donors for Cuajiniquil
is N, =~ % = 1.96, suggesting that on average each mother samples pollen from approximately two
effective pollen donors. In Palo Verde N, & i = 1.27, implying that reproductive trees on average
sample pollen from about one individual.

Given the low number of seeds and reproductive individuals in PVNP, exclusion probabilities
were too low to perform an accurate paternity analysis. Therefore, pollen flow estimates were only
performed on progeny from Cuajiniquil. A single pollen donor was assigned to 153 of the 378 (40.5%)

seeds analyzed in Cuajiniquil. Sixty-one seeds (16.1%) had no potential pollen donor within the
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Table 5.1: Mating system parameters estimated from the progeny of 21 trees in Cuajiniquil, and six
adults in PVNP, Guanacaste, Costa Rica. t,,: multilocus outcrossing rate; ts: average single locus
outcrossing rate; 7,: paternity correlation index; f: paternal inbreeding coefficient; SE: standard
error.

Cuajiniquil Palo Verde
Parameter Estimate SE Estimate  SE
tm 0.948 0.019 0.719 0.145
ts 0.847 0.034 0.619 0.211
tm — ts 0.101 0.026 0.099 0.088
Tp 0.510 0.073 0.785 0.246
f —0.070  0.052 0.101 0.075

sampled population, and hence where considered as pollen-flow events from outside the sampled
areas. Cryptic gene flow was determined as 3.1%, based on 30,000 simulations, giving a total gene
flow rate of 19.2%. Fractional paternity was assigned to the remaining (44.4%) seeds. Each seed
had between 2 and 9 possible fathers with an average of 2.54 (SE=0.16). Adult fecundity was not
homogeneously distributed. Three adults were responsible for over 40% of progeny assignments:
18 (13.9%), 14 (10.2%) and 2201 (11.1%); while tree 19 did not sire any progeny (Figures 5.1,
5.2). In Cuajiniquil, the average distance between reproductive individuals is 1864 m (£+101.4).
The distribution of inter-adult distances is bimodal (Figure 5.3), with a large proportion of trees
separated by less than 500 meters (i.e. intra cluster), few individuals occurred at the intermediate
categories (between 1000 and 2500 m), and a large proportion of individuals were separated by
30004000 meters (i.e. inter cluster). Average pollen movement distance between each maternal
and paternal individual, weighted by the fractional score, is 1276 & 91.8 meters, 32% less than
the average among randomly selected adults. The distribution shows that pollen flow distances
occur almost uniformly across all possible distances (Figure 5.4), with a slightly higher proportion

of pollen flow events from the 3000 meter category. Twenty-three percent of pollen flow events
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originate with distances below 1000 m, with the majority of pollinations occurring at distances
over 2000 m (Figure 5.4). A weighted average of pollen flow distances by the fractional paternity
may underestimate pollen movement by increasing the proportion of intermediate distances. This
averaging effect provides an inaccurate estimation of the pollen movement distribution. Therefore,
a more accurate description of pollen movement is attained by analyzing the 153 seeds with a
single pollen donor (shaded bars in Figure 5.4). This analysis revealed that over half of the pollen
flow events occur at distances over 2000 meters, with the largest proportion of matings originating
at 3500 meters. The average pollen flow distance estimated from single-sire seeds is 2085 + 148.4
meters, 63% higher than estimated from fractional paternity. These results show that long-distance
pollen flow in G. sanctum is commonplace, and also indicate that pollinations commonly occur
among clusters. However, given that the distribution of inter-adult distances is bimodal (Figure
5.3), we estimated the difference between the observed pollen flow events (fractional and single-
sire) and the proportion expected based on inter-adult distances as suggested by Kenta et al.
(2004). By performing this calculation we can determine how pollen flow distances deviate from
values expected if adults mate at random. The resulting distribution shows that observed values
deviate significantly from expectations under random amting ( x? = 295.7, df=8, p < 0.001), with
significant deficits of pollen flow events at the tails of the distribution and an excess of pollinations
from distances between 1000-3000 meters (Figure 5.5). Deviations calculated using seeds with a
single pollen donor, show a large excess of pollinations coming from distances betwee 1500-2000
meters (shaded bars in Figure 5.5). Only tree #18 (See Figure 5.1), is separated by a distance
between 1.5 km and 2.0 km from other reproductive individuals, suggesting that this tree fathered
a disproportionally large proportion of seeds, relative to the number expected based on the spatial
distribution of adults.

Analyzing the proportion of sired seeds, taking into account the cluster location of the pollen
donor and the maternal tree, shows that pollen flow among clusters occurs asymmetrically (Table
5.2). Pollen donors located in the north sired a larger proportion of seeds in southern trees (21.7%),
relative to seed sired within the same cluster (8.2%). Conversely, within-cluster pollinations were
slightly higher in the south (20.5%), relative to among-cluster pollinations (16.7%). Likewise, tree

18 (Isolated individual) sired a slightly larger proportion (7.8%) of seed in the southern mothers,
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Table 5.2: Percentage of seeds sired by fathers in different clusters or as isolated individuals,
depending on the position of the maternal tree. Unknown: proportion of seeds with no likely father
(i.e. gene-flow).

Location of: Maternal Tree
Pollen Donor North South Isolated Total
North 8.2 21.7 1.6 31.5
South 16.7 20.5 1.3 38.5
Isolated 5.4 7.8 0.7 13.9
Unknown 9.7 4.6 1.8 16.1
Total 40 54.6 5.4 100.0

Table 5.3: Proportion of pollen flow into the clusters and isolated individual, partitioned among
different sources. Unknown: proportion of seeds with no likely father.

Pollen source
Cluster North South Isolated Unknown

North 20.5 41.8 13.5 24.2
South 39.7 37.5 14.3 8.4
Isolated  29.6 24.1 13.0 33.3

than in the northern trees (5.4%). The directionality of pollen flow is geared towards the southern
cluster with a significantly higher number of seeds sired in this area (x? = 8.45, d.f.=2, p = 0.015).
Similarly, the proportion of unexplained pollen flow events is larger for northern trees, suggesting
that pollen from unsampled trees is probably moving south.

The amount of gene flow each cluster received indicates that most pollinations are the result
of inter-cluster pollen movement (Table 5.3). Forty-two percent of successful pollinations in the
northern trees originated from pollen donors in the southern cluster. Similarly, in the southern
cluster, the proportion of seeds sired by northern pollen donors is slightly higher than the pro-
portion of seeds produced by intra-cluster pollinations. Both clusters received a similar amount

of pollinations from the isolated individual (i.e. tree 18); however, the northern cluster received
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a significantly higher proportion of pollen flow events from unknown pollinators (x? = 7.4, df=1,
p = 0.001; Table 5.3). The origin of pollen flow is not homogeneous across clusters (x> = 25.1,

df=3, p < 0.001), with inter-cluster pollinations representing a higher proportion in each cluster.

5.4 DISCUSSION

5.4.1 MATING SYSTEM

The mating system of G. sanctum varies from mixed-mating (70%) to predominantly outcrossing
(95%), depending on location. Bawa et al. (1985b) suggested that self fertilization is uncommon in
tropical tree species, due mainly to widespread self incompatibility systems. Nonetheless, selfing in
G. sanctum is probably not avoided altogether, since in PVNP 30% of the progeny are the products
of self fertilization. A higher proportion of selfing in PVNP is consistent with previous results, which
show that there is a significant deficit of heterozygosity at all life stages in this location (F = 0.185;
SE=0.05, Fuchs and Hamrick in prep, Chapter 3). If PVNP were at equilibrium, the observed
outcrossing rate would produce an inbreeding coefficient (F,) of F. = (1 —t,,,)/(1 + t,,,) = 0.163;
which is very similar to the observed value. This suggests that the observed inbreeding values in
PVNP are caused primarily by self-fertilization.

When the density of reproductive individuals decreases, selfing may become more prominent
due to a reduction in the availability of outcross pollen (Murawski and Hamrick, 1991; Fuchs et al.,
2003). A lower density of reproductive adults reduces outcrossing rates by increasing the distance
between reproductive individuals, and the proportion of geitonogamous pollinations. Additionally,
tropical trees tend to favor outcross pollen tube growth under microgametophytic competition
(Quesada et al., 2001), but may allow self pollen to reach the ovaries when outcrossed pollen loads
are low. Murawski and Hamrick (1991) showed for nine tropical tree species that a reduction in the
density of flowering individuals among years negatively impacted outcrossing rates. Our results are
consistent with these conclusions by showing lower outcrossing rates in PVNP, which had only six
reproductive individuals in 2005 (i.e. 0.12 flowering individuals/ha). Although most studies suggest
that fragmentation is an important factor shaping the breeding dynamics of tropical trees (Lowe
et al., 2005), the proximate cause is generally identified as a reduction of adults and an increase

in inter-mate distances. Only 20% of the adults flowered in PVNP in 2005, while 65% flowered
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at Cuajiniquil. It is likely that this reduction promoted geitonogamous matings, which decreased
outcrossing in PVNP. As this study shows, habitat type (i.e. continuous versus fragmented forest)
may not be the most important factor shaping the mating patterns of tropical trees, but rather, it

is the number and/or density of pollen producing adults.

5.4.2 PATERNITY ANALYSIS AND GENE FLOW

Inter-adult distances at Cuajiniquil (Figure 5.3) are bimodally distributed with around 50% of
the distances below 1000 meters (within cluster distances), few intermediate distances (1500-2500
meters) and the other half at distances greater than 3000 meters (among cluster distances). The
average distance between trees within a cluster is 560 meters, among clusters is 3274 meters, and
the isolated individual is separated by an average of 1704 meters from each cluster. Our estimates of
pollen flow distance based on fractional paternity indicate in contrast, that successful pollinations
occur roughly uniformly over all distances (Figure 5.4), with 49% of the pollinations occurring
between individuals separated by distances over 2 km and only 23% of the pollen flow distances
occurring within 1000 meters. However, a more accurate description of pollen flow based on single-
sired seeds shows that the distribution of pollen flow distances has three peaks at: 500 (9%),
1500 (7%) and 3500 (10%) meters, respectively (shaded bars in Figure 5.4). Additionally, 56% of
the single sire pollinations occur at distances higher than 2000 meters; therefore, we conclude that
pollinations occur predominantly between clusters and that pollinators are capable of long-distance
pollen flow in this disturbed habitat. G. sanctum is pollinated by a large array of solitary, stingless
and Africanized bees (pers. obs.); most of which are capable of long distance pollen flow (Frankie
et al., 1976). Our results support previous studies that show that insect pollinators travel long
distances across disturbed landscapes (Apsit et al., 2001; White et al., 2002; Dick et al., 2003).
The long-distance pollen movement observed in Cuajiniquil maybe an artifact of fragmenta-
tion. Although some studies have shown that fragmentation may have detrimental effects on the
mating system, pollen flow distances and pollinator abundances (Quesada et al., 2003; Lowe et al.,
2005), recent work on entomophyllous tropical tree species indicate that fragmentation may actu-
ally increase pollen flow distances (e.g. Apsit et al. 2001). Dick et al. (2003) showed that pollen

moved larger distances in fragmented populations than in continuous forests, primarily because



78

of the long-distance movement of Africanized bees. Similarly, White et al. (2002) determined in a
tropical dry forest tree, Swietenia humilis, that in fragmented landscapes pollen flow is common
between individuals separated by more than 2 km. Insects, and especially bees, can move large
distances (Janzen, 1971; Frankie et al., 1976), and their foraging behaviour —trap-lining and pollen
caching— may promote pollen carryover and, thus, long distance pollen flow. In our case, though,
pollen movement over distances larger than 2 km may be mediated, at least in part, by the presence
of individuals at intermediate distances that serve as stepping stones between larger groups of trees.

We found that the largest proportion of seeds are sired by three adults: 18 (13.9%), 14 (10.2%)
and 2201 (11.1%), with 18 being the most prolific pollen donor (Figure 5.2). The disproportionate
number of seeds sired by tree 18 may be due to tree 18 producing a large amount of pollen, or
because it receives more pollinator visitations. There is evidence that mating success may be asso-
ciated with adult size (Latouche-Hall et al., 2004)). However, although tree 18 is a large individual,
it is not the largest tree in the study area and its DBH (32.7 cm) is not significantly different from
the population mean (28.11 + 3.15 c¢cm, ¢ = 1.46, p > 0.05). Given the location of this tree (i.e.
isolated by 1500m and 2000m from the northern and southern clusters, respectively), it is conceiv-
able that the high proportion of paternity assignments are caused by a large array of pollinators
visiting this individual as they move between the two clusters. Hamrick (1994) suggested that in
fragmented landscapes, isolated trees may serve as stepping stones between populations allowing
the dispersal of genetic diversity between fragmented populations. Our results confirm this pre-
diction, with tree 18 appearing to serve as a bridge between the northern and southern clusters.
Bees and other insects have been shown to use trap-lining pollination routes, and visit flowering
individuals sequentially (Janzen, 1971; Levin and Kerster, 1974). Since our trees are somewhat
linearly distributed, pollinators may travel along roads or pastures and visit all trees until they
reach the end of a cluster where flowering individuals become scarce. Insects reaching the end
of a cluster would appear to visit intermediate tree 18, before reaching the next cluster of trees.
Because tree 18 is conspicuous, isolated and surrounded by pastures, insects may detect it from a
far. Bees will collect pollen from this tree and disperse it to trees in adjacent clusters. A detailed
analysis of the pollinations conducted by tree 18 shows that aside from being the most prolific

pollen donor (Figure 5.2), progeny sired by this individual occur in both clusters with somewhat
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more pollinations occurring in the southern cluster (Table 5.2). Additionally, as shown in figure
5.5, tree 18 sires a disproportionate number of seeds, compared to expectations based on random
mating among the adults. These results demonstrate that tree 18 is an important component of
the pollen flow dynamics of G. sanctum in this fragmented landscape. It is clear that our results
are not consistent with Janzen’s “living dead” hypothesis, since tree 18, although isolated by at
least 1500 meters, plays a major rule in the pollination dynamics of this landscape by acting as a
stepping-stone between the two clusters of trees.

The discontinuous distribution of adults in Cuajiniquil allows us to treat clusters as distinct
populations separated by more than 3 km. Our paternity analysis demonstrated that pollen flow
into these clusters ranges between 80% for the northern cluster and 62% for the southern cluster,
respectively (Table 5.3). These results show that pollen flow among populations of G. sanctum occur
frequently and over large distances. The high levels of pollen immigration observed in Cuajiniquil
are consistent with estimates from other insect pollinated tropical dry forest species (Hamrick and
Apsit, 2004). Nason and Hamrick (1997) showed that pollen flow into island populations of Spondias
mombin (Anacardiaceae) ranged between 45% and 100%. Similarly, White et al. (2002) showed that
in a fragmented landscape, pollen flow into isolated fragments ranged between 64% and 72%, and
over distances between 1 and 4.5 km. Previous work conducted on this species (Fuchs and Hamrick
in prep. Chapter 4) has shown that gene flow is probably homogenizing allele frequencies across
populations separated by less than 10 km, which should reduce the short and medium term effects
of fragmentation. In Cuajiniquil, the ability of pollinators to travel long distances and effectively
disperse pollen between individuals separated by as much as 4 km, should encourage the retention
of genetic diversity in this fragmented landscape. The heterozygosity of adult trees in Cuajiniquil
(He = 0.332 £ 0.052) and of the progeny produced (H. = 0.446 4 0.04) is high when compared to
other long-lived outcrossing perennials (Hamrick et al., 1992). These results clearly show that the
severity of fragmentation is directly dependent on patterns of gene movement between populations
and the actual spatial arrangement of fragments and isolated individuals. Insect pollinated species
with ornithochorous seed dispersal, such as G. sanctum, are probably less sensitive to reductions
in density and fragmentation than species with different pollination and seed dispersal syndromes

(Quesada et al., 2003).
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Our results (Tables 5.2 and 5.3, Figure 5.2) demonstrate that pollen flow occurs predominantly
in a north-to-south direction, and that the largest proportion of intra-cluster pollinations occurs
for trees in the southern cluster. The north-to-south gradient in pollen transfer may be caused
by two factors: a larger number of reproductive individuals in the southern cluster, or a larger
availability of foraging and roosting sites for bees in the southern region of Cuajiniquil. Bees have
been shown to follow trap-lining routes and visit trees sequentially in search of food (Janzen, 1971;
Frankie et al., 1976). A larger proportion of reproductive adults in the southern cluster probably
provides larger floral cues for pollinators, which will be attracted to these trees preferentially. Bees
in the northern cluster travel south in a trap-lining fashion and visit the isolated tree (18) on their
way to the southern cluster. Once they arrive at the southern cluster, they will forage longer on
these individuals, given the greater resource availability. The greater seed set seen in the southern
cluster (Table 5.2) supports this scenario. As shown by Franklin (1983) bees move between groups
of flowering individuals due to shifts in nectar production, which may account for individuals
returning towards the northern cluster. When nectar or pollen resources are temporarily depleted
in the southern trees, bees will move north to forage on those trees, which explains the observed
42% of pollinations conducted by southern pollen donors on northern maternal trees. Again, many
pollinators may visit tree 18 on their way north. Another explanation for the southern movement
involves the availability of foraging and nesting sites. The Junquillal National Wildlife Refuge is
located about 10 km south of the Cuajiniquil site. This area contains remnants of pristine tropical
dry forest, which may contain a higher diversity of flowering plants and food resources, attracting
pollinators towards the southern end of Cuajiniquil. Similarly, the largest proportion of unknown
pollinations occurs in trees in the northern cluster (Table 5.3), suggesting that unsampled trees may
be located north of Cuajiniquil, and insect movement towards the south increases the proportion
of gene flow events in these trees. These pollen movement trends may vary among years, and hence
further studies are warranted to support these observations.

Although some areas could not be sampled, we determined based on satellite imagery (Google
Earth) that the average distance of a tree to unsampled forest patches is more than the distance
to known conspecifics. However, the high pollen dispersal distances observed suggests that if G.

sanctum are located within these neighboring sites, successful pollinations may occur. We obtained
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a low estimates of gene flow from outside the sampled areas (19%), relative to gene-flow estimates
for other tropical trees (Smouse and Sork, 2004). Therefore, we conclude that we have probably
sampled a large proportion of possible pollen donors in this area. Nevertheless, our demonstration
of pollen movement over 4 km raises the possibility of long-distance pollen flow from unsampled
sites beyond 4 km. As a result, our estimates of pollen dispersal distances should be considered
minimum estimates. Additionally, we only sampled seeds from a single reproductive event. Schnabel
and Hamrick (1995) have shown that pollen flow distances may vary between years, due to changes
in pollinator abundances and variation in the distribution of flowering trees. Therefore, we suggest
that further studies should provide additional insights into the annual variation in pollen flow

distances.

5.4.3 CONSERVATION ISSUES

Guaiacum sanctum is an endangered tropical tree, and currently very little knowledge exists on
the reproductive biology of this species. Conservation genetics theory proposes that populations
of significant size should be preserved to ensure the preservation of ample genetic diversity, thus
reducing the detrimental effects of drift and inbreeding. Mating system and gene-flow distance
estimates allow better predictions of minimum viable population sizes, which ensure reproductive
success. Our results have shown that G. sanctum is predominantly outcrossing. We have also
shown that supra-annual flowering may reduce the number of reproducing individuals, affecting
the proportion of outcross progeny. Populations of this species should preserve enough adults to
ensure seed production even in years when few individuals reproduce. We demonstrated that pollen
flow distances are high, and that pollen may even travel through fragmented or altered habitats.
Nonetheless, the ability of pollen to travel long distances is at least partially dependent on the
presence of mature individuals functioning as stepping stones between fragments or groups of
reproductive adults.

Trees in isolated pastures may act as stepping stones between populations, and therefore great
effort should be devoted to identify and preserve such isolated individuals (Aldrich et al., 1998).
Detailed studies of fragmented populations should identify the relative importance of certain trees as

key factors shaping the genetic diversity of populations. In our study, tree 18 is extremely important
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for conservation because it mediates pollen transfer over large distances, and hence the maintenance
of genetic diversity. Adult 18 contributes ~14% of the matings in the Cuajiniquil population (Table
5.2). Removal of this individual may reduce the movement of pollen between clusters, increasing the
effects of genetic drift. We also show that the number of pollen producing parents affects outcrossing
rates. Tree 18 increases the number of pollen donors by encouraging long distance dispersal, and
perhaps the higher outcrossing rates observed in the Cuajiniquil population. Although conservation
genetics strives to preserve populations as the conservation unit, results such as these, illustrate the
relative importance of certain individuals in a population. Conservation efforts should be directed
to preserve such individuals, whose removal may have negative impacts on the genetic structure of

remnant populations.
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Figure 5.1: Map of G. sanctum individuals in the Cuajiniquil population. The inset shows the
position of the population in Costa Rica. Numbers refer to tree ID’s. Tree # 2202 is not shown,
since it overlaps with tree 22.
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Figure 5.2: Proportion of paternity assignments (£SFE) for all reproductive G. sanctum individuals
in the Cuajiniquil population. Proportions are partitioned depending on the cluster location of the
maternal tree: Northern cluster, Southern cluster or Isolated tree. ID: tree number. U: unknown
pollen donor (i.e. gene flow). Location of paternal tree is shown below tree ID: Northern cluster (N),
Southern cluster (S), Isolated tree (I). Tree #19 was omitted because it did not sire any progeny.
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Figure 5.3: Histogram of pairwise distances between all reproductive adults in Cuajiniquil, Costa
Rica.
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Figure 5.4: Proportion of pollen flow distances, estimated as the distance between pollen donor
and maternal tree, weighted by the fractional score of the father. Dark bars show the proportion
estimated from seeds with a single pollen donor.
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Figure 5.5: Deviations of pollen-flow distances from expectations of random mating among adults.
Results for seed with a single pollen donor are shown in dark bars.
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CHAPTER 6

CONCLUSIONS

This dissertation describes the reproductive biology and patterns of genetic diversity of the endan-
gered tropical tree Guaiacum sanctum. This project provides information on the status of popu-
lations of this species by describing ecological and genetic parameters such as abundance, spatial
distribution of individuals, genetic structure within and among populations, as well as direct mea-
sures of pollen and seed dispersal. Endangered species require detailed descriptions of life history
traits and levels of genetic diversity, in order to develop appropriate management and conservation
strategies, for the future survival of these species.

Populations of G. sanctum in Palo Verde National Park appear to be expanding given the large
proportion of seedlings, saplings and juveniles, that were documented relative to the number of
adults (Chapter 2) and relative to the size distributions observed in previous studies. Additionally,
we demonstrated that all size classes are spatially aggregated. Previous work on tropical tree species
has shown that spatial aggregation in the younger size classes is generally caused by localized
seed dispersal, leading to the formation of family structure or fine-scale genetic structure (FSGS,
Hamrick et al., 1993a; Degen et al., 2001; Lowe et al., 2003). Nonetheless, when we examined
patterns of genetic diversity within G. sanctum populations in PVNP, we found little evidence of
FSGS (Chapter 3). A parent-pair analysis of the progeny found on three 0.25 ha plots revealed that
bird mediated seed dispersal from outside the plots occurs commonly (48%), and over distances of
at least 150 meters (Chapter 3). These results conflicted with our initial hypothesis that spatial
aggregation was caused by localized seed dispersal. Further studies of the spatial distribution of G.
sanctum seedlings, saplings and juveniles revealed that light availability due to canopy openings
is an important factor determining the clumped patterns of recruitment (Chapter 2). Seedlings
were more often found in closed canopy environments, which probably reduce mortality due to

dessication. Similarly, juveniles are more common in open canopy environments, probably due to
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the availability of light for growth (Itoh et al., 1997). These results lead us to conclude that the
observed patterns of spatial structure are dependent on forest gap dynamics, rather than seed
dispersal patterns. In PVNP our results suggest that birds disperse mixtures of seeds from different
maternal trees over large distances, which prevents the formation of FSGS.

Theory predicts that populations of endangered species should have lower levels of genetic
diversity due to smaller effective population sizes and reduced gene flow (Hedrick and Miller,
1992; Frankham, 1996). Contrary to expectations, populations of G. sanctum in PVNP have high
levels of genetic diversity at the intrapopulation level, even in the presence of apparent inbreeding
due to moderate amounts of selfing (Chapter 3). We concluded that life history characteristics,
as well as long distance seed dispersal, may be the proximate causes of the observed levels of
genetic diversity in this population. These results suggest that populations of G. sanctum in PVNP
have the potential for regeneration and restoration through colonization and expansion of extant
populations into suitable habitats. Nonetheless, the continuing threats of habitat reduction due to
deforestation may have detrimental consequences for G. sanctum, by reducing population sizes and
disperser abundances which may hinder the ability for long-distance seed dispersal. Additionally, we
showed that in PVNP G. sanctum has a mixed-mating breeding system (t,, = 0.72), which explains
the significant levels of inbreeding observed in this population. Selfing levels were correlated with
the density of reproductive individuals, indicating that future reductions in population sizes may
negatively impact genetic diversity.

Results from the third chapter suggest that gene movement in G. sanctum may be a predom-
inant factor shaping the genetic diversity of this species. Therefore, we determined (Chapter 4)
patterns of genetic diversity within and among populations of G. sanctum in Costa Rica. Only
seven populations were located, supporting the conclusion that this species has been extirpated
from much of its natural distribution. Nonetheless, our results show that these populations pos-
sess unexpectedly high levels of genetic diversity for a species with very few, highly fragmented
populations (Chapter 4). We demonstrated that a significant proportion of the genetic diversity is
partitioned among populations located in two regions (North and South), separated by at least 70
km. In contrast, genetic differentiation among populations within regions was negligible, suggesting

that inter-population gene flow may occur frequently at this spatial scale. These results lead us to
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conclude that populations within a region, separated by ~ 10Km from each other, have exchanged
genes at rates high enough to significantly reduce genetic differentiation.

The evidence presented thus far suggests that G. sanctum has the potential for long distance
gene dispersal. Nonetheless, our conclusions are mostly based on indirect measures of gene move-
ment. Therefore, I documented pollen dispersal distances for this species using fractional paternity
analyses (Chapter 5). Evidence is provided that indicates pollen is transported over several kilome-
ters in fragmented populations of G. sanctum, supporting our indirect assessments of long-distance
gene movement for this species. Additionally, these results concur with previous findings that show
that insect pollinators can travel long distances, specially in fragmented or disturbed habitats
(Nason et al., 1996; Dick, 2001; White et al., 2002). The most interesting result of this study
was that isolated individuals play an important role in pollen movement over large distances, by
effectively functioning as stepping stones between relict clusters. Janzen (1986) originally proposed
that such isolated individuals were unlikely to be of any importance to the mating pool, which
led him to term them the “living dead”. Conversely, Hamrick (1994) proposed that isolated trees
might serve as “stepping stones” between groups of adult trees facilitating gene movement among
populations. Our findings are inconsistent with Janzen’s “living dead” hypothesis and demonstrate
that isolated individuals can be an important component in shaping genetic diversity within and
among populations of tropical trees.

Overall, we conclude that Guaiacum sanctum, despite having small population sizes due to
overexplotiation and habitat disruption, has high levels of genetic diversity as a consequence of
long-distance pollen and seed dispersal. These results suggest that this endangered species has
the potential for future adaptability, regeneration and population expansion. Our conclusions are
important for the development of effective conservation and management practices, which strive
to preserve extant levels of genetic diversity in this species. Additionally, we demonstrated that
regeneration occurs within protected habitats (i.e. national parks, Chapter 2), but rarely occurs
in disturbed areas (Chapter 5). These results emphasize the preservation of tropical dry forests to

insure the long-term survival of this and other tropical tree species.
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Figure 1: Spatial genetic autocorrelograms for seedlings, saplings and juveniles (top to bottom) of
Guaiacum sanctum in subplot 1, PVNP, Costa Rica (Chapter 3).
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Figure 2: Spatial genetic autocorrelograms for seedlings, saplings and juveniles (top to bottom) of
Guaiacum sanctum in subplot 2, PVNP, Costa Rica (Chapter 3).
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Figure 3: Spatial genetic autocorrelograms for seedlings, saplings and juveniles (top to bottom) of
Guaiacum sanctum in subplot 3, PVNP, Costa Rica (Chapter 3).
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