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1 ABSTRACT 
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1 Abstract of the thesis 

Pollination and seed dispersal are important ecological processes for the establishment and 

the regeneration of plant populations. Besides their ecological importance, gene exchange 

occurs via both processes in and between plant populations. To assess how pollination and 

seed dispersal are influencing the genetic structure of plant populations, good field data 

about these processes are needed as well as genetic data to describe the population 

structure. For my thesis, I studied the pollination ecology of the South African tree species 

Commiphora harveyi (Burseraceae) and compared my results with the results of an earlier 

study about C. guillauminii, a tree species from the same genus from Madagascar. Both 

species have low visitation rates and a low number of pollinating insect species, resulting 

in a low fruit set. While their pollination ecology is very similar, they differ fundamentally 

in their seed dispersal rates. Previous studies showed that the seeds of the Malagasy 

species get dispersed by a lower number of frugivorous bird species than the seeds of the 

South African species. Based on these field data, I investigated the genetic population 

structure of both species, using AFLP marker. I expected that the lower seed dispersal rate 

may lead to a more reduced gene flow in the Malagasy than in the South African species. 

This should be reflected in a stronger genetic differentiation among populations in the 

Malagasy than in the South African species. My results contradict these expectations, the 

overall differentiation was lower in the Malagasy (FST = 0.05) than in the South African 

species (FST = 0.16). However, at a smaller spatial scale (below 3 km), the Malagasy 

species was genetically more strongly differentiated than the South African species, which 

was reflected by the high inter-population variance within the sample site (C. guillauminii: 

72.2 - 85.5 %; C. harveyi: 8.4 - 14.5 %). This strong differentiation at a small spatial scale 

could arise from limited gene flow. Spatial autocorrelation analyses confirmed this pattern. 

The shape of the autocorrelogram suggested that gene exchange between individuals 

occurred only up to 3 km in the Malagasy species, whereas up to 30 km in the South 

African species. These results on the genetic structure correspond to the expectations based 

on the field data on seed dispersal. Thus, seed dispersal seems to be a key factor for the 

genetic structure in plant populations on a local scale.  
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2 General introduction 

To understand the importance of plant-animal interactions is one of the challenges in 

community ecology. Two of the most important mutualistic plant-animal interactions are 

seed dispersal and pollination. Both of them are ecologically relevant for the regeneration 

of plant populations. Pollination is necessary for pollen transfer and for sufficient fruit set 

of plants (Boucher et al. 1982, Bronstein 1994). Seed dispersal is fundamental for seeds to 

escape the high mortality under a parent tree and to reach new sites (Howe & Smallwood 

1982). Nevertheless, it is very difficult to assess long distance dispersal of pollen and seeds 

and their long-term consequences for plant populations (Cain et al. 2000). Besides their 

ecological importance, pollination and seed dispersal are also vectors for gene exchange in 

and between plant populations. Therefore, one possibility to understand the long-term 

consequences of pollination and seed dispersal is to study the genetic structure of plant 

populations.  

 

 

2.1 Pollination  
 

Pollination is an important ecosystem service and the primary step in plant reproduction. 

Many studies showed that outcrossing is necessary for successful pollination (Quesada et 

al. 2001, Barrett 2002). Even in some self-compatible plant species, pollen from 

conspecifics increased fruit set and decreased fruit abortion (Gaudeul & Till-Bottraud 

2003, Herlihy & Eckert 2004). To enforce outcrossing, self-incompatibility and sexes on 

different individuals (dioecy) evolved as breeding system. However, since the stigma is 

only receptive for a short time, successful pollination cannot be guaranteed. Recent studies 

showed that most plant species suffer, at least at times, from pollen or pollinator limitation 

(either no or not sufficient pollen deposit on the stigma), or as Wilcock and Neiland (2002) 

stated: “too little, too much, too late, too mixed in composition or too poor in quality” 

(Wilcock & Neiland 2002, and citations within). To increase pollination success, plant-

pollinator-interactions evolved in two different ways. On the one side, tight specialized 

pollinator-flower interrelations originated. The orchid Angraecum sesquipedale with its 30 

cm long corolla and the by Darwin predicted hawk moth Xanthopan morgani praedicta 

(Darwin 1862, Nilsson 1992) is a typical example. On the other side, broad pollination 
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syndromes with mass flowering evolved and are often found in tropical trees species, 

attracting a wide variety of flower visitors (Bawa and Opler 1975). For example, some 

dioecious tree species get visited by up to 200 insect species (Bawa 1990). The longevity 

of trees, combined with high pollinator diversity and an oversupply of flowers increases 

the chances for successful pollination, particularly, since only one of their thousand 

flowers needs to be pollinated effectively. 

Additionally, pollination success often depends on attractiveness of a tree 

individual (amount of pollen and nectar provided), distance to neighbouring conspecifics, 

pollinator diversity and simultaneously flowering species. Nevertheless, especially tropical 

dioecious tree species that are dependent on outcrossing have high fruit sets compared to 

monoecious and hermaphroditic plant species (Sutherland & Delph 1984). However, first 

studies showed that pollen limitation occurs also in dioecious tree species (Farwig et al. 

2004). In the long-term, pollen limitation can result in a reduced fruit set, leading to a 

reduced regeneration potential of the species. Our knowledge of the long-term 

consequences of reduced fruit set in tropical tree species is sparse, mainly because of the 

long generation time of trees and the difficulty to work experimentally and to manipulate 

pollination on a large scale. One approach to handle this difficulty is to study pollination 

ecology in different ecosystems or environments and to compare pollination success. One 

example may be to investigate the pollination ecology of island populations with 

impoverished pollinator communities and populations on the mainland with a diverse 

pollinator spectrum.  

 

 

2.2 Pollination and seed dispersal and their consequences for the genetic structure of 

plant populations 
 

Mutation, genetic drift and gene flow are the contrasting forces acting on the genetic 

structure in populations (Hartl 1980). Whereas mutation and drift can result in a 

differentiation between populations, gene flow should lead to an exchange of the gene 

pools (Hamrick et al. 1993). The result of mutation, genetic drift and gene flow on the 

genetic structure depends on the frequency of gene flow which occurs via pollination and 

seed dispersal in plant populations (Shapcott 1999). Species with limited pollination and 

seed dispersal rate are likely to have reduced gene flow, resulting in considerable genetic 



2 GENERAL INTRODUCTION 

5 

heterogeneity among populations while species with more extensive pollination or seed 

dispersal should have less spatial genetic structure (Fleming & Heithaus 1981, Howe 

1990). Additionally, ecological factors, such as seed deposition pattern, adult densities and 

breeding system act in a genetic context and influence the genetic structure in plant 

populations (Loveless & Hamrick 1984, Vekemans & Hardy 2004).  

The different vectors of pollination and seed dispersal such as wind, gravity or 

animals differ in their impact on the genetic structure of plant populations. In most studies 

on tropical plant species, gene flow through pollination acts over longer distances than 

through seed dispersal, with most seeds getting dispersed only over a short distance or just 

dropping under the parent plant (Dick 2001, Trapnell & Hamrick 2004). Thus, pollination 

should promote gene flow while seed dispersal might restrict it (Loiselle 1995a, b). 

Nevertheless, tropical tree species with effective seed dispersal through birds exhibit no 

genetic structure, suggesting that seed dispersal can promote gene flow over long distances 

as well (Chung et al. 2000). Thus, general assumptions about pollination and seed dispersal 

effectiveness are not sufficient to evaluate to which extend and spatial scale both processes 

are influencing gene flow in plant populations. Instead, detailed field data on pollination 

success, pollination and seed dispersal vectors, seed dispersal rates and seed dispersal 

distances are necessary.  

 

 

2.3 Background of the thesis  
 

Background for this thesis was a biogeographic comparison of the seed dispersal system of 

two dioecious Commiphora species, C. guillauminii from Madagascar and C. harveyi from 

South Africa. Both species have bird-dispersed fruits, but long-term studies showed that 

the frugivore community had a prominent influence on seed dispersal rates, seed dispersal 

distances, seedling establishment and the spatial pattern of seedlings and adults (Böhning-

Gaese et al. 1995, 1999, Bleher & Böhning-Gaese 2000, 2001). Böhning-Gaese et al. 

(1995) stated that the depauperate frugivore community in Madagascar resulted in mainly 

one frugivorous bird species dispersing the seeds occasionally, and only 7.9 % of the seeds 

were carried away from the crown. The seedlings were clumped under female trees with 

low seedling survival (15 %), and the median seedling – female tree distance revealed a 

short distance of 0.9 m. Furthermore, the clumped spatial pattern of the seedlings was 
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reflected in the grouped pattern of the adult trees (Böhning-Gaese et al. 1999). In contrast, 

the high number of bird species in the South African frugivore community led to a large 

number of bird species visiting the tree. Bleher and Böhning-Gaese (2000) showed that 

70.8 % of the seeds were dispersed away from the crown. One of the main seed dispersers 

were hornbills that are known for long distance dispersal (Holbrook & Smith 2000). The 

median seedling – female tree distance was 21 m. The seedling survival was high (36 %) 

and seedlings and adults were uniform distributed (Bleher & Böhning-Gaese 2001). These 

studies showed that differences in seed disperser diversity and effectiveness have 

ecological short-term consequences for the tree species studied. Since seed dispersal is also 

one possibility for gene exchange between plant populations, long-term consequences of 

differences in seed dispersal can be investigated with genetic studies on plant populations. 

Gene flow occurs also via pollination. Therefore, to investigate the genetic population 

structure of plant populations, the pollination ecology of the studied species should also be 

considered.  

 

 

2.4 Aims of the thesis 
 

In this thesis I investigated the pollination ecology of Commiphora harveyi and the genetic 

population structure of several C. guillauminii- and C. harveyi-populations using amplified 

fragment length polymorphism (AFLP). One aim of the thesis was to study the pollination 

system of C. harveyi in South Africa and to compare it with the established pollination 

system of C. guillauminii from Madagascar (Farwig et al. 2004). A second aim was to 

understand how differences in seed dispersal influenced the genetic population structure of 

the two species.  

This thesis consists of two major chapters which can be read independently. Each 

chapter is organized like a journal publication containing an introduction, followed by a 

methods, results and discussion section and by a brief summary. The thesis closes with 

general conclusions.  

In the first chapter, I focused on the pollination ecology of C. harveyi, a subtropical 

dioecious tree species with unspecialised small flowers. First, I quantified the floral 

display, studied pollination rate and pollinator diversity and performed pollination 

experiments. The study was conducted over one flowering season in co-operation with 
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Stefanie Jung, who collected half of the field data in the context of her 

Staatsexamensarbeit. Second, I compared my results with those found for C. guillauminii, 

a species from the same genus from Madagascar. A basic understanding of the pollination 

ecology of the two species was needed to evaluate the influence of pollination as vector for 

gene flow on the genetic population structure of the two species. In case the two species 

differ in their pollination ecology, e.g. one species would be visited by larger-bodied 

insects that may carry pollen over longer distances than weak fliers; I would expect gene 

flow via pollination to occur over longer distances in this species.  

In the second chapter, I investigated the genetic population structure of 136 

individuals of C. guillauminii and 158 individuals of C. harveyi from 12 and 15 sample 

sites in Madagascar and South Africa, respectively. Considering differences in seed 

dispersal rates of the two species, leaf material was explicitly sampled at different spatial 

scales. To consider the spatial scale at which pollination could be relevant for the genetic 

structure, I sampled groups of trees in a circle with a diameter of 300 m (small scale). To 

assess the spatial scale at which seed dispersal could be relevant for the genetic structure, 

sampled trees were grouped in a circle of 3 km (medium scale). For the largest spatial 

scale, sampled trees were grouped as sample sites. With this sampling design, it was 

possible to assess genetic differentiation among and within sample sites at different spatial 

scales. Additionally, I performed spatial autocorrelation analyses to test for isolation by 

distance and to get an indication until which distances individuals are still related to each 

other, and therefore, regular gene flow occurred. 

 



 

8 

 

 



3 POLLINATION ECOLOGY OF COMMIPHORA HARVEYI 

9 

3 Low fruit set in a dioecious tree: pollination ecology of Commiphora 

harveyi in South Africa 

 

3.1 Introduction 
 

Pollination by animals is an important plant-animal interaction (Boucher et al. 1982, 

Bronstein 1994), having particular significance in the tropics, where most trees are self-

incompatible and up to 90 % depend on animals as pollinators (Bawa 1990, Buchmann & 

Nabham 1996, Dick et al. 2003). A decline in diversity and abundance of pollinators, for 

example caused through habitat fragmentation, can lead to a decrease in pollination rate 

(Cascante et al. 2002, Cunningham 2000a, b; Wilcock & Neiland 2002, Johnson et al. 

2004).  

Dioecious tree species which have the sexes on different individuals are common in 

the tropics (Bawa 1974, 1980a; Bawa & Opler 1975). While dioecy reduces selfing almost 

completely, pollinator (or wind) movements between individuals of both sexes are needed 

for successful reproduction (Bawa & Opler 1975, Bawa 1980a, Renner & Ricklefs 1995, 

Osunkoya 1999). In temperate regions, dioecious trees are mostly wind-pollinated, whereas 

in the tropics and subtropics they often depend on insects as pollination vectors (Bawa & 

Opler 1975, Bawa 1980a). Male and female trees can differ in their attractiveness to 

pollinators; staminate flowers provide pollen and mostly nectar, whereas pistillate flowers 

often have only nectar. Additionally, flower size and number of flowers per tree can differ 

between the sexes (Bawa & Opler 1975, Bawa 1980b, Ågren et al. 1986, Delph et al. 

1996, Osunkoya 1999). These differences in flower morphology and floral rewards could 

possibly influence visitation rates and visitor diversity between the sexes (Bawa 1980b, 

Thomson et al. 1982, Bierzychudek 1987, Vamosi & Otto 2002, Farwig et al. 2004).  

The dependency on pollinators and the difference in rewards offered between male 

and female trees could have consequences for the reproductive success of dioecious 

species. Fruit set could be restricted through pollinator or pollen limitation (Burd 1994). 

Nevertheless, dioecious plants have been recorded to have a higher fruit set than 

monoecious and hermaphroditic plants (73.8 % versus 42.1 %; Sutherland & Delph 1984). 

However, a pollination study conducted on the dioecious entomophilous tropical tree 
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Commiphora guillauminii in Madagascar revealed very different results: low pollinator 

diversity, low mean visitation rates and a fruit set of only 2.9 % (Farwig et al. 2004). The 

authors explained these results by the special island situation combined with the high 

percentage of endemic plants and animals on Madagascar (Farwig et al. 2004). Even 

though mutualistic plant-animal interactions on Madagascar are poorly investigated, 

existing studies suggest that plants on Madagascar interact with surprisingly few animal 

pollinators (Jenkins 1987, Nilsson 1992, Ratsirarson & Silander 1996).  

In the present study, I investigated the pollination ecology of Commiphora harveyi 

in South Africa, a tree species in the same genus as C. guillauminii, but within a 

subtropical, continental situation. The comparison of the pollination ecology of the two 

species allows me to evaluate whether the pollination ecology of C. guillauminii is unique 

to tropical Madagascar or more common in tropical and subtropical dioecious trees than 

previously reported. The objectives of the study were, first to quantify the attractiveness of 

the different sexes: flower size, number of flowers per inflorescence, total number of 

flowers per tree, as well as the amount of nectar provided. Second, I determined the 

visitation rates for male and female trees and whether both sexes have a similar daily and 

seasonal visitation pattern. Third, I identified the natural fruit set and conducted hand-

pollination experiments. Additionally, I excluded pollinators to test for non-pseudogamous 

apomixis. The last objective was the comparison of the pollination systems of the two 

Commiphora species.  

 

 

3.2 Methods 

3.2.1 Study site  
 

The study took place during November and December 2002 in Oribi Gorge Nature Reserve 

(OGNR) on the South African East Coast. This 1850-ha nature reserve, located 110 km 

south of Durban and 22 km inland from Port Shepstone, is classified as coastal scarp forest 

(Cooper 1985). Average annual rainfall in the area is 1176 mm with the main rainfall 

season between October and March (Glen 1996). The monthly mean temperature is 19.2 ºC 

(www.worldclimate.com). For further details on Oribi Gorge Nature Reserve and coastal 

forests see Glen (1996) and Acocks (1988).  
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3.2.2 Study species 
 

Commiphora harveyi Engl. (Burseraceae) (van der Walt 1973) is a deciduous tree found on 

the east coast of Southern Africa (Palgrave 1977, Pooley 1994) and grows up to 20 m in 

height. Its economic use is limited to the production of small goods such as spoons (van 

Wyk & van Wyk 1997). The species is dioecious, flowering from October to December 

(Pooley 1994). The flowers of female and male trees are small, whitish and are born in 

short axillary inflorescences (van Wyk & van Wyk 1997). Pistillate flowers are cryptically 

dioecious (Mayer & Charlesworth 1991) with staminodes. The fruiting season is from 

March to June (Bleher & Böhning-Gaese 2000, Pooley 1994). The fruits have an outer 

covering that splits in half when mature, exposing a single black seed, enveloped by a 

fleshy red aril that is dispersed by birds (Bleher & Böhning-Gaese 2000, 2001).  

 

3.2.3 Floral display 
 

To quantify floral display, I randomly chose trees of each sex (eight male and 12 female 

trees) in a 1-ha plot. I measured the width and the height of 2-15 flowers per tree with an 

electronic caliper. All flowers were taken from the lower third of the tree crown. To collect 

the data I either cut branches with a tree cutter or stood on an aluminium ladder. Average 

flower height and width was calculated for each tree. The differences in the means between 

male and female trees were assessed with a t-test (JMP 1995). To determine the 

attractiveness of each sex to potential pollinators, I counted flowers on 8-10 inflorescence 

per tree and inflorescences per tree on a representative part of the tree crown and then 

extrapolated the numbers to the whole crown. The total number of flowers per tree was 

calculated by multiplying the mean number of flowers per inflorescence with the number 

of inflorescences per tree. I tested for differences between the sexes in number of flowers 

per inflorescences, number of inflorescences per tree and total number of flowers per tree, 

using non-parametric Mann-Whitney U-tests.  

I tried to measure nectar production of flowers with standardized microcapillaries, 

but the amount was low and variable in both sexes, preventing rigorous statistical analysis.  
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3.2.4 Flower visitors 
 

Pollinators and their visitation rate were recorded on 16 randomly chosen trees (eight of 

each sex). Because the flowering period for a number of trees was shorter than the study 

period, I exchanged five female trees in the second and third observation block for five 

other female trees (see below). The study covered the complete flowering season of C. 

harveyi in Oribi Gorge NR (5 November - 10 December 2002) and was split into three 

observation blocks. The first two blocks lasted 12 d (5 - 16 November; 18 - 29 November). 

At the end of the flowering season only 9 d were left for the third block (2 - 10 December). 

The total observation time was 33 d. I divided a day into three time periods: morning 

(6h00 - 10h00), midday (10h00 - 14h00) and afternoon (14h00 - 18h00). Additionally, I 

made nocturnal observations on one female and one male tree (19h00 - 24h00), using night 

vision glasses (moonlight, nv 100, times 4.3).  

In each of the seasonal observation blocks, I observed each tree in 30-min periods 

over the whole day, starting at the full hour (i.e. 6h00 - 6h30, 7h00 - 7h30, etc.). The 

observation units were randomized over the trees and during the course of the day. The 

total number of observation units was 528. For statistical analyses I excluded 54 units 

because the trees had no open flowers and 67 units due to heavy rain (during rain no 

insects visited the flowers). Therefore, the statistical analysis was based on 407 observation 

units (203.5 h).  

In each observation unit, I observed several inflorescences simultaneously in the 

lower third of the crown. I recorded the number of open flowers observed and the identity 

and number of visiting insects - classified into visible distinguishable morphospecies. To 

do this, I either stood on an aluminium ladder or sat on the ground using binoculars (Zeiss, 

6 x 18). To determine the morphospecies, I captured specimens of the most common 

visiting insects, using sweep nets. To detect possible pollinators, I looked for pollen on the 

insect body using lenses (10 x). Specimens were identified by specialists of the Plant 

Protection Research Institute in Pretoria and are now housed in the Ecology Department of 

the University of Mainz, Germany. For statistical analyses I transformed observation units 

into visits per flower h-1. To compare visitation rates between the sexes, I calculated the 

mean visitation rate for each tree (4 - 33 observation units per tree). I used a non-

parametric Mann-Whitney U-test to test for differences in visitation rates between male 
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and female trees; first combining visitation rates of all visiting species and, then, testing 

each species separately.  

To test for a change in visitation rate during the course of the day, I calculated the 

mean visitation rate for each time period and each tree (1 - 12 observation units per period 

and tree). I used a Wilcoxon Matched-Pair Signed-Rank Test (JMP 1995) to test for 

differences in visitation rates between the time periods. I used the same approach to test for 

a change in visitation rate in the course of the flowering season. The mean visitation rate 

for each observation block and each tree (2 - 12 observation units per block and tree) was 

calculated and tested with a Wilcoxon Matched-Pair Signed-Rank Test (JMP 1995) for 

differences in visitation rate. The visitation rates were also analyzed with generalized 

linear models, using Poisson-distribution and log-link function. However, this was only 

possible for the combined visitation rate of all species and the results corresponded to those 

of the non-parametric Mann-Whitney U-test. Visitation rates of single species were too 

low for using generalized linear models. Thus, for comparison I present all results using 

non-parametric tests (JMP 1995). 

 

3.2.5 Pollination experiments and fruit set 
 

To calculate the natural fruit set, I estimated the total numbers of flowers and fruits on 19 

female trees (observation trees included). Natural fruit set was defined as number of fruits 

divided by number of flowers.  

On the same 19 trees I conducted pollination experiments. To exclude insect 

visitors, I completely covered 3 - 5 unopened inflorescences with mosquito gauze (mesh 

size: 1 mm). Every second or third day, I checked the status of the stigma of the single 

flowers. If a pistillate flower appeared receptive (slight change of the stigma), I pollinated 

it, using anthers from male trees. As flowers could not be covered or marked individually, I 

had to cover the whole inflorescence, potentially excluding seed predators and reducing 

mechanical damage. As a control, I covered other unopened inflorescences on the same 

tree without hand-pollination and tested for apomixis. For each mosquito gauze exclosure I 

recorded the number of pollinated flowers. To calculate the experimental fruit set I counted 

the fruits under each gauze at the end of the study period and divided them by the number 

of pollinated flowers. For analyses, six out of the 19 trees could not be considered, because 

the gauze or the whole branch had broken off in windy conditions. For the statistical 
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analysis, I determined natural and experimental fruit set for each tree. I tested for a 

difference between the two fruit sets, using the non-parametric Wilcoxon Matched-Pair 

Signed-Rank Test (JMP 1995) with the arcsine-transformed values. Moreover, I correlated 

fruit set with floral display (flowers per tree) using Spearman’s Rho correlation. 

 

3.2.6 Comparison with C. guillauminii 
 

The methods and results of a study on the pollination ecology of C. guillauminii in 

Madagascar have already been published (Farwig et al. 2004). However, to make the 

comparison between C. harveyi and C. guillauminii easier, I give some basic information 

on the study conducted. The study took place between October and December 2001 in 

Kirindy forest, a dry deciduous forest in western Madagascar, with an average annual 

temperature of 24.7 °C and an average precipitation of 779 mm (Sorg & Rohner 1996). It 

is an entomophilous tree species with the flowers of female and male trees being small, 

reddish and born in inflorescences (de la Bathie 1946, Farwig et al. 2004). The pollination 

study was conducted as previously described for C. harveyi with the exception of hand-

pollination that was not performed. To see whether the pollination ecology of the two 

species are comparable, I tested for differences in the attractiveness of the species to 

potential pollinators (number of flowers per inflorescence, number of inflorescences per 

tree, total number of flowers), visitor diversity, visitation rates and fruit set, using non-

parametric Mann-Whitney U-tests. In each test, I compared among the male trees and 

among the female trees.  

 

 

3.3 Results 
 

The start of the flowering season for C. harveyi was difficult to determine, since it varied 

with tree size and habitat. Small trees in open habitat started to flower earlier than the 

larger trees in the closed forest. On the first observation date 5 November 2002 all trees in 

the study areas had open flowers, and after the last observation date (10 December 2002) 

there were only a few trees with some open flowers left. Male and female flowers opened 

at dawn and stayed open for 2 - 3 d, before they wilted and dropped off the tree.  
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3.3.1 Floral display 
 

Male trees had significantly more flowers per inflorescence than female trees (male: 

median = 15, range = 9 - 22, N = 8; female: median = 5, range = 3 - 10, N = 19; Mann-

Whitney U-test: Z = 3.86, P = 0.0001). Number of inflorescences differed marginally 

between the sexes (male: median = 1750, range = 800 - 5000, N = 8; female: 

median = 700, range = 10 - 3200, N = 19; Mann-Whitney U-test: Z = 1.89, P = 0.0588). 

The total number of flowers was significantly higher on male than on female trees (male: 

median = 25500, range = 8100 - 100000, N = 8; female: median = 2800, 

range = 30 - 32000, N = 19; Mann-Whitney U-test: Z = 2.97, P = 0.0029). Staminate 

flowers were significant longer than pistillate flowers (male: x  = 3.43 ± 0.41 mm [ x  ± 

1 SD, unless otherwise stated], N = 8; female: x  = 2.17 ± 0.23 mm, N = 12; t-test: 

t18 = 8.82, P < 0.0001), but did not differ in flower width (male x  = 1.46 ± 0.12 mm, 

N = 8; female: x  = 1.54 ± 0.15 mm, N = 12; t-test: t18 = -1.27, P = 0.22). Both sexes 

produced nectar, but data were not sufficient to test for differences in nectar amount or 

sugar concentration between the sexes. Pollen of staminate flowers was moist and sticky.  

 

3.3.2 Flower visitors 
 

During 203.5 h of observations, I recorded a total of 28 visiting insect species (Table 1). I 

found no difference in the number of insect species visiting per tree between the sexes 

(male: x  = 7.12 ± 2.78, N = 8; female: x  = 7.0 ± 2.62, N = 8; t-test: t = 0.09; df = 14; 

P = 0.92). The most common visitors were Asarkina africana (Syrphidae) and Apis 

mellifera (Apidae). The most common visitors on male trees were Asarkina africana, Apis 

mellifera and a species from the family Calliphoridae (Diptera) and on female trees another 

Diptera species, a Formicidae and Asarkina africana. I found pollen on only three species 

(Apis mellifera (Hymenoptera), Allodape peillix and Eristallinus modestus (Diptera)). No 

flower visitors were recorded during night observations. 

 

3.3.3 Visitation rates 
 

The mean visitation rate for both sexes combined was 0.198 visits per flower h-1, for male 

trees 0.243 visits per flower h-1 and for female trees 0.170 visits per flower h-1. Total 

visitation rates did not differ significantly between the sexes (Table 1). Considering the 
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insect species separately, visitation rates differed significantly for Asarkina africana; they 

were 2.8 times higher on male than on female trees (0.0663 versus 0.0235 visits per flower 

h-1; Table 1). The visitation rate for Ischiodon aegypticus differed marginally between the 

sexes. For all other insects, no difference between the sexes could be found. When 

controlling for multiple tests using table-wide sequential Bonferroni adjustment (Rice 

1989), all differences in visitation rate between the sexes lost their significance. 
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Table 1: Visitation rates per flower h-1 for all visitor species together and for each species 
separately (grouped by orders). Data were analyzed for all trees sexes pooled (♂♀, N = 21), 
and for male (♂♂, N = 8) and female (♀♀, N = 13) trees separately. Given are mean values, 
because the median was in many cases zero. Additionally, the Z- and P-values from the 
Mann-Whitney U-tests are presented. Significant values are in bold. No P-value remained 
significant, after table-wide sequential Bonferroni correction (Rice 1989). 
 

 
Species 

Mean ♂♀ 
[Visits per 
flower h-1]

Mean ♂♂ 
[Visits per 
flower h-1] 

Mean ♀♀ 
[Visits per 
flower h-1] 

       Z P 

N 21  8  13   
All species 0.198 0.243 0.17 1.19 0.23 

Diptera     
Asarkina africana 0.0398 0.0663 0.0235 2.57 0.01 
Calliphoridae 0.0197 0.0209 0.0190 1.37 0.17 
Dipt. IV 0.0183 0.0090 0.0240 -0.335 0.74 
Allobacha sp. 0.0102 0.0130 0.0086 1.08 0.28 
Eristallinus modestus 0.0049 0.0065 0.0039 0.681 0.50 
Ischiodon aegypticus 0.0040 0.0049 0.0035 1.89 0.06 
Dipt. VI 0.0025 0.0030 0.0023 0.213 0.83 
Dipt. IX 0.0025 0.0015 0.0030 -0.119 0.90 
Dipt. VII 0.0018 0.0047 0 1.18 0.24 
Dipt. VIII 0.0007 0.0019 0 1.18 0.24 

Hymenoptera     
Apis mellifera 0.0382 0.0636 0.0226 1.57 0.12 
Formicide I 0.0160 0.0036 0.0236 -0.733 0.46 
Belonogaster sp. 0.0080 0.0059 0.0093 0.318 0.75 
Casioglossum sp. 0.0066 0.0010 0.0099 0.264 0.79 
Formicide II 0.0060  0 0.0097 -1.07 0.29 
Allodape peillix 0.0044 0.0093 0.0014 1.50 0.13 
Hym VI 0.0012 0.0032 0 1.78 0.08 
Hym V 0.0005 0.0012 0 1.18 0.24 

Coleoptera     
Col. IV 0.0039 0.0103 0 1.18 0.24 
Col. VII 0.0021 0.0012 0.0027 -0.581 0.56 
Col. I 0.0016 0.0041 0 1.18 0.24 
Col. VI 0.0013 0.0026 0.0005 0.355 0.72 
Col. III 0.0012 0.0031 0 1.18 0.24 
Col. VIII 0.0010 0 0.0016 -1.07 0.29 
Col. II 0.0005 0.0014 0 1.18 0.24 
Col. V 0.0004 0 0.0007 -0.686 0.50 

Lepidoptera     
Lep. II 0.0005 0.0013 0 1.18 0.24 
Lep. I  <0.0001 <0.0001 0 1.18 0.24 
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3.3.4 Daily pattern 
 

Visitation rates were highest around midday with the same daily pattern for male and 

female trees (Figure 1; Table 2). Pooling both sexes, I found a significant difference 

between morning and midday and a marginal difference between midday and afternoon 

(Table 2). Considering the sexes separately, only the visitation rates on female trees 

differed significantly between morning and midday. When controlling for multiple tests 

using table-wide sequential Bonferroni adjustment, only the pooled values for all trees 

remained significant (Table 2) 

 
Table 2: Test for changes in visitation rates in the course of the day and in the flowering 
season using Wilcoxon Matched-Pair Signed-Rank tests (JMP 1995). Presented are median 
differences between the periods, S- and P-values for all trees, sexes pooled (♀♂), for male 
(♂♂) and for female (♀♀) trees. Values that remained significant after table-wide, 
sequential Bonferroni correction (Rice 1989) are in bold.  
 
  N Median S P 
Daily pattern      

♀♂ 20 -0.1273 -62.5 0.005 
♂♂ 8 -0.2692 -12.0 0.109 

morning versus midday 

♀♀ 12 -0.0628 -21.5 0.027 
♀♂ 21 0.0500 51.0 0.058 
♂♂ 8 0.3346 12.0 0.109 

midday versus afternoon 

♀♀ 13 0.0260 14.0 0.301 
Seasonal pattern 

♀♂ 14 0.0185 -1.5 0.952 
♂♂ 8 -0.0081 -2.0 0.844 

first versus second period 

♀♀ 6 0.0948 0.5 1.000 
♀♂ 12 0.1192 30.0 0.005 
♂♂ 6 0.1151 7.5 0.063 

second versus third period 

♀♀ 6 0.1255 8.5 0.094 
 
 
3.3.5 Seasonal pattern 

 

The visitation rate declined in the course of the flowering season for male as well as for 

female trees (Figure 1). Pooling both sexes, the visitation rate was significantly lower in 

the third compared to the second observation block. This decrease in visitation rate was 

marginally significant for both sexes (male: P = 0.063; female: P = 0.094; Table 2). There 
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was no significant difference between the first and the second observation block for male 

trees, female trees, or for both sexes together (Table 2). After controlling for multiple tests 

using table-wide sequential Bonferroni adjustment the values for all trees remained 

significant (Table 2). 
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Figure 1: Daily (a) and seasonal (b) pattern of visitation rates (visits per flower h –1) for 
male (m) and female (f) trees. Plotted are box-and-whisker plots with minimum value, 
25 %-quartile, median, 75 %-quartile and maximum value. a) morning (6h00-10h00), 
midday (10h00-14h00) and afternoon (14h00-18h00). N = 8 for male trees and N = 12 
(morning), N = 13 (midday, afternoon) for female trees. b) the first (05 - 16 November), 
the second (18 - 29 November) and the third (02 - 10 December) time period (N = 8 (first 
and second); N = 6 (third) for male trees and N = 9 (first); N = 10 (second); N = 6 (third) 
for female trees). 
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3.3.6 Fruit set 
 

Median natural fruit set was 3.8 % (range = 2.7 - 7.1 %; N = 19) and the median fruit set in 

hand-pollinated flowers was 45.5 % (range = 5.6 - 75 %; N = 13). The experimental fruit 

set was significantly higher than the natural fruit set (Wilcoxon Matched-Pair Signed-Rank 

test: median of differences = -0.44, S = -36.0, P = 0.002, N = 13). There was a marginally 

significant negative correlation between floral display (flowers per tree) and natural fruit 

set (Spearman’s Rho: R = -0.43, P = 0.065, N = 19). Inflorescences covered by mosquito-

gauze did not develop fruits.  

 

3.3.7 Comparison with C. guillauminii 
 

The attractiveness to visitors of the two tree species differed only slightly. Commiphora 

guillauminii had significantly more flowers per inflorescence than C. harveyi for both 

sexes (Mann-Whitney U-test: Zmale = -3.32; P < 0.001; N = 16, Zfemale = 2.36; P < 0.05; 

N = 27). The number of inflorescences per tree and the number of total flowers per tree did 

not differ between the species for neither sex. Considering the number of visiting insect 

species per tree, I found no difference between C. guillauminii and C. harveyi for male or 

for female trees (t-test: tmale = 1.32; df = 14; P = 0.21; N = 16; tfemale = -0.84; df = 14; 

P = 0.41; N = 16). Despite a similar attractiveness and a similar visitor diversity, the 

visitation rate per flower h-1 was significantly higher on males of C. guillauminii than on 

males of C. harveyi (Mann-Whitney U-test: Z = -5.81; P < 0.0001; N = 16), the visitation 

rate between the females of the two species did not differ. Fruit set did not differ 

significantly between the two species (Mann-Whitney U-test: Z = -0.39: P = 0.69; N = 27). 

Important results on the comparison between the species are summarized in Table 3. 
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Table 3: Comparison of Commiphora harveyi (South Africa) and Commiphora guillaumini 
(Madagascar) in regards to flower width, flower length, flowers / inflorescence, 
inflorescences / tree, flowers / tree, # visiting species, visitation rate, natural and 
experimental fruit set, time of anthesis, daily and seasonal visitation peak, for male (♂♂) 
and for female (♀♀) trees. Data for C. guillauminii are taken from Farwig et al. (2004) and 
N. Farwig (unpublished data). 
 

 Commiphora harveyi  Commiphora guillauminii 
 ♂♂ ♀♀ ♂♂ ♀♀ 

N 8 8 - 19 8 8 
Mean flower width (mm)  1.46 1.54 2.33 2.74 
Mean flower length (mm)  3.43 2.17 1.92 2.13 
Flowers per inflorescence 
(median) 

15 5 38.6 10.9 

Inflorescences per tree (median) 1750 700 2070 215.5 
Flowers per tree (median) 25500 2800 82800 2775 
Total number of visiting species 25 18 18 16 
Number of visiting species per 
tree (mean) 

7.12 7.0  8.75 5.75 

Mean visits per flower h -1 0.2434 0.1697 1.07 0.18 
Natural fruit set   3.8 %  2.9 % 
Experimental fruit set   45.5 %  - 
Anthesis dawn dusk 
Daily pattern midday peak morning peak 
Seasonal pattern decline in course of the 

season 
decline in course of the 

season 
 

 

3.4 Discussion 
 

The flowers of C. harveyi were small and whitish and, thus, correspond to the general 

pattern described for tropical, dioecious tree species (Bawa & Opler 1975). Male trees of 

C. harveyi had significantly more and higher flowers than female trees, a common pattern 

found for animal-pollinated dioecious plants (Lloyd & Webb 1977, Ågren et al. 1986, 

Delph et al. 1996). This could be due to possible higher energetic cost of pistillate flowers 

(Cipollini & Wigham 1994, Humeau & Thompson 2001) or size differences of pistil and 

anthers (Delph et al. 1996). Alternatively, the more and higher staminate flowers could be 

the result of the intra-sexual competition as males in general need a higher visitation rate 

than pistillate flowers to reproduce successfully (Ågren et al. 1986, Osunkoya 1999). 

Commiphora guillauminii had generally more flowers per inflorescence, with female 

flowers being significantly larger than male ones. In both species, male trees had more 

flowers per inflorescence than female trees.  
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The flowers of C. harveyi were visited by 28 insect species. This is a relatively low 

number compared to other tropical and subtropical entomophilous tree species with 

similarly small ‘generalized’ flowers that are visited usually by up to 200 insect species 

(Bawa 1990, Ervik & Feil 1997, Soehartono & Newton 2001, Williams & Adam 2001). 

Most of the flower visitors on C. harveyi were small and unspecialized insects. This 

corresponds with other studies on dioecious tropical tree species with similar, 

inconspicuous flowers (Bawa & Opler 1975, Bawa 1980a, 1994; Farwig et al. 2004). I 

found on only three of the 28 insects pollen on their body and, thus, they appear to act as 

pollinators. Since I caught most insect species only once, it is possible that I 

underestimated the number of possible pollinators. The most important pollinator appears 

to be Apis mellifera (Table 1). This corresponds with bees being the most important 

pollinators for other tropical tree species of the family Burseraceae (Bawa 1990). The 

flowers of C. guillauminii were visited by an even lower total number of insect species. 

Since the pollen of C. harveyi was moist and sticky, I excluded the possibility of wind 

pollination in this species as observed in other primarily insect-pollinated systems 

(Anderson et al. 2000, Karrenberg et al. 2002).  

Mean visitation rate was low with 0.2 visits per flower h-1 (Table 1). To my 

knowledge, this is the lowest visitation rate recorded in a dioecious tree species so far. In 

other plant species low visitation rates can be found as well (Motten 1986, Ashman & 

Stanton 1991, Ghazoul 1997), but they are still higher than recorded on C. harveyi. For 

example Liu et al. (2002) revealed a visitation rate of 2 - 13 visits per flower h-1 in the 

tropical monoecious genus Musella and McCall & Primack (1992) recorded 1.08 visits per 

flower h-1 in a South African Mediterranean plant community.  

Visitation rates did not differ significantly between the sexes although male and 

female flowers differed in morphology and floral rewards. This result might be explained 

by the foraging behaviour of the visiting insect species. The insects might be nectar thieves 

on the nectar that is offered by both sexes. Nectar collection is known for bee-species that 

feed on nectar to satisfy their own energy demands and collect pollen only for their brood. 

For the other insect species visiting C. harveyi, no data on the foraging behaviour were 

available. Alternatively, insects may not be able to discriminate between males and 

females because of the staminodes in the pistillate flowers (cryptic dioecy). Anthers are 

important in attracting insects and are supposed to be the key to discriminating between 

staminate and pistillate flowers (Bawa 1980b, Charlesworth 1984, 1993; Anderson & 
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Symon 1989, Le Corff et al. 1998). In contrast to C. harveyi, C. guillauminii had a 

generally higher visitation rate with a higher visitation rate on male than on female trees. In 

the Malagasy species, pistillate flowers were not cryptically dioecious and, thus, the insects 

were probably able to discriminate between the sexes.  

Daily and seasonal patterns in visitation rates were similar for both sexes 

(Figure 1). The daily pattern showed a peak around midday. While anthesis of C. harveyi 

took place at dawn, only a few insects were observed in the morning. This could lead to the 

accumulation of pollen and nectar by midday. Furthermore, the daily pattern of visitor 

activity matched the daily temperature pattern. High temperature around midday could 

result in high insect activity and this could lead to high visitation rates (Arroyo et al. 1985). 

An interrelation between temperature and insect activity is widely observed (Heinrich & 

Raven 1972, Heinrich 1974, Arroyo et al. 1985, McCall & Primack 1992, Wilcock & 

Neiland 2002). Commiphora guillauminii had its anthesis at dusk and a visitation peak in 

the morning. Since no nocturnal visitors were recorded, the authors explain the visitation 

peak with high nectar and pollen concentration in the morning (Farwig et al. 2004). 

Alternatively, the difference in the visitation peak of the two species could be explained by 

the difference between the subtropical and tropical climate at the two study sites. Oribi 

Gorge NR in South Africa has a monthly mean temperature of 19.2 °C 

(www.worldclimate.com) and Kirindy forest in Madagascar of 25 °C (Sorg & Rohner 

1996). Thus, insect activity could be limited by cold morning temperatures in South Africa 

and high temperatures in the late morning and afternoon in Madagascar (McCall & 

Primack 1992). In both species, visitation rates declined in the course of the flowering 

season and coincided with a decline in open flowers on the trees. There was no evidence, 

that the study year had unusual climatic conditions.  

Fruit set of C. harveyi was, at 3.8 %, very low. Commiphora guillauminii had an 

even lower fruit set of 2.9 %, much lower than the average fruit set of 73.8 % recorded for 

other dioecious plant species (Sutherland & Delph 1984). Focusing on dioecious tree 

species, Bawa & Opler (1975) recorded an average fruit set of 26 %. Low fruit sets have 

been reported for the monoecious palm Neodypsis decaryi (9.2 %) (Ratsirarson & Silander 

1996) and the tropical dioecious palm Chamaedorea alternans (13 %) (Otero-Arnaiz & 

Oyama 2001). Thus, to my knowledge, the fruit sets of the two Commiphora species are 

the lowest so far reported in the literature for tropical and subtropical dioecious tree 

species.  
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The low visitation rates, the low visitor diversity and the low fruit set in both 

Commiphora species and the significant increase through hand-pollination in C. harveyi 

indicate that the low fruit set in these species could be caused by pollinator or pollen 

limitation. Pollen limitation is one of the main reasons for a low fruit set in dioecious plant 

species (Ratsirarson & Silander 1996, Liu et al. 2002, Otero-Arnaiz & Oyama 2001). For 

example, Burd (1994) compiled data on pollination experiments on 258 plant species and 

recorded pollen limitation in 62 % of them. However, the results of hand-pollination 

experiments have to be interpreted with caution. To compensate for resources invested, an 

unusually high fruit set can reduce growth, flower formation or seed production in the 

following year (Ackerman & Montalvo 1990, Fox & Stevens 1991, Ehrlen 1992, Calvo 

1993, Ehrlen & Eriksson 1995). Additionally, it is unclear whether the fruit set could be 

increased on the basis of the whole tree (Johnston 1991) or whether increased fruit set 

would increase fruit abortion because of resource limitation (Schemske 1980, Stephenson 

1981). The apparent oversupply of flowers could be a necessary adaptation to attract 

enough pollinators to ensure a sufficient visitation rate, resulting in an adequate number of 

fruits to sustain the population size. A number of studies indicate that fruit set is probably 

pollen limited within a season, but resource limited over a longer period of time (Fox 1992, 

Cunningham 1996, Wilcock & Neiland 2002). 

To summarize, the two Commiphora species differed in the visitation rates of the 

two sexes. Although in both species male trees had more flowers per inflorescence, only in 

the Malagasy species did male trees have significantly higher visitation rates than female 

ones. In the South African species this could be caused by cryptic dioecy in the pistillate 

flowers, which might have made it difficult for the insects to distinguish the sexes. 

Therefore, despite the higher visitation rate in the Malagasy species, the fruit set was 

slightly higher in the South African one. Nevertheless, in comparison to other dioecious 

tree species the pollination systems of the two entomophilous Commiphora species are 

very similar with both having low visitation rates, low species diversity and low fruit sets. 

This indicates that the unusual pollination system of the Malagasy C. guillauminii is not 

caused only by the island situation of Madagascar, combined with its endemic flora and 

fauna, as assumed by Farwig et al. (2004). The present study suggests that low fruit set in 

dioecious subtropical and tropical tree species may be more common than previously 

reported. As I compared only two species at two sites, however, further studies on more 

species and mores sites are needed before I can make any generalizations. 
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3.5 Summary 
 

Dioecious plant species differ in floral morphology and rewards between females and 

males. Pistillate flowers on female plants often lack pollen and can be less attractive to 

pollinators, which can have consequences for the visitation rates of the sexes. I studied the 

pollination ecology of the dioecious tree C. harveyi in a coastal scarp forest in eastern 

South Africa. Floral display, visiting insect species, visitation rate and natural fruit set were 

recorded. Additionally, I pollinated flowers by hand to determine experimental fruit set. I 

found that male trees had more and larger flowers per inflorescences than female trees. 

Both sexes produced nectar in low amounts. During 203.5 h of observation I recorded 28 

insect species visiting the flowers. No difference in mean visitation rate (0.20 visits per 

flower h-1) was recorded between the sexes. The daily and seasonal pattern was similar 

between the sexes. The natural fruit set was low (3.8 %) and increased significantly with 

hand-pollination (45.5 %), an indication of pollen limitation. I compared my results with 

the pollination system of C. guillauminii in Madagascar, a dioecious tree species on an 

island with a depauperate pollinator fauna. This comparison revealed a similar pattern with 

low visitation rates, low insect diversity and low fruit set, suggesting that this pattern may 

be more common in dioecious tree species than previously reported in the literature.  
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4 Does seed dispersal matter? – Comparative population genetics of two 

congeneric tropical trees  

 

4.1 Introduction 
 

Pollination and seed dispersal are important processes to establish and sustain plant 

populations (Howe & Smallwood 1982, Bawa 1990, Wang & Smith 2002). Many field 

studies showed that both processes are crucial for the regeneration of plant species (Herrera 

1998, Kearns et al. 1998, Wenny 2001). However, pollination and seed dispersal are not only 

ecologically important, but also relevant for gene flow in and between populations. Gene flow 

counteracts the effects of genetic divergence in populations caused by differences in selective 

forces and / or random genetic drift (Hartl 1980). Especially gene flow over long distances is 

ecologically important for gene exchange between populations. However, to assess 

pollination and seed dispersal over long distances is difficult based on field data (Cain et al. 

2000, He et al. 2004, Trapnell & Hamrick 2004). Field data mainly document ecological 

processes such as pollination success as flower to fruit ratio (fruit set) or seed dispersal rates 

and seedling establishment. However, the consequences on the genetic population structure 

are hardly understood (Bohonak 1999, Ouborg et al. 1999).  

Therefore, a new approach to answer these ecological questions was established in the 

last decade using molecular techniques (Aldrich & Hamrick 1998, Hamilton 1999, Sork et al. 

1999, Vekemans & Hardy 2004). Nevertheless, most of the present studies are based either on 

field or on genetic data (Chung et al. 2000, Degen et al. 2001, Cascante et al. 2002, Gomes et 

al. 2004) and only few studies are combining both approaches (but see Dick 2001, Godoy & 

Jordano 2001). It is not possible to experimentally manipulate pollination and seed dispersal 

rates of tree species and to study the consequences on the genetic population structure. An 

alternative approach is to compare related tree species which are naturally differing in their 

pollination and seed dispersal system. 

I chose such a biogeographic approach and compared two tropical tree species (genus 

Commiphora) from Madagascar (MAD) and South Africa (SA) using field data on pollination 

and seed dispersal (Bleher & Böhning-Gaese 2000, 2001, Farwig et al. 2004, Voigt et al. 

2005). Both, the Malagasy C. guillauminii and the South African C. harveyi are dioecious, 

obligate outcrossing and pollinated by small unspecialised insects with a low pollination rate, 



4 POPULATION GENETICS OF TWO COMMIPHORA SPECIES  

28 

resulting in low fruit sets (Farwig et al. 2004, Voigt et al. 2005). Since in both species the 

pollinators are weak fliers, we expected gene flow via pollination to occur only at small 

spatial scales. Despite similar pollination ecology, seed dispersal is very different between the 

two species. Basically one frugivorous bird species disperses the seeds of the Malagasy 

species resulting in a dispersal rate of only 7.9 % with most seeds being dropped under the 

crown of the trees (Böhning-Gaese et al. 1995, 1999). In contrast, the seeds of the South 

African species are dispersed by a high number of frugivorous bird species resulting in most 

seeds being dispersed away from the crown (70.8 % dispersal rate) (Bleher & Böhning-Gaese 

2000, 2001). Gene flow via seed dispersal should occur - in general - on a larger spatial scale. 

However, we expected gene flow via seed dispersal to act over larger distances in the South 

African than in the Malagasy species. 

With these profound differences in seed dispersal rates between the two Commiphora 

species I have a good model system to test whether restricted seed dispersal results in limited 

gene flow. I expected that the low seed dispersal rates in the Malagasy species C. guillauminii 

resulted in low gene flow causing high genetic differentiation between populations. In 

contrast, high seed dispersal rates in the South African species C. harveyi should lead to high 

gene flow resulting in low genetic differentiation between populations.  

I explicitly considered different spatial scales in my sampling design to take into 

account that pollination and seed dispersal might influence the genetic structure of the 

populations at different spatial scales. At the small spatial scale, i.e. the flight distance of a 

pollinator, I expected a similar genetic differentiation between populations of the two species. 

In contrast, on larger spatial scale, i.e. the flight distance of a seed disperser, I hypothesised a 

weaker genetic differentiation in the South African than in the Malagasy species. 

I used amplified fragment length polymorphism (AFLP) (Vos et al. 1995) to study 

different populations of the Malagasy and South African Commiphora species.  

 

 

4.2 Methods 

4.2.1 Species studied 
 

My study species are Commiphora guillauminii H. Perrier (Burseraceae) (de la Bathie 1946) 

from Madagascar and Commiphora harveyi Engl. (Burseraceae) (van der Walt 1973) from 

South Africa. Both species are deciduous trees that grow up to 20 m in height. Commiphora 

guillauminii is a narrow endemic to the west coast of Madagascar (Figure 1 A). Commiphora 
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harveyi is a tree species found in scarp forests along the east coast of Southern Africa 

(Figure 1 A; Palgrave 1977). Both species are dioecious and have small flowers (calyx 

2 - 4 mm; Voigt et al. 2005) that are borne in inflorescences (de la Bathie 1946, van Wyk & 

van Wyk 1997). The flowers of both species are pollinated by small unspecialized insect 

species, have a low visitation rate in both sexes and are not able to perform apomixes 

(C. guillauminii: 0.62 visitors per flower h-1, Farwig et al. 2004; C. harveyi: 0.20 visits per 

flower h-1, Voigt et al. 2005). The most common pollinators were the stingless bee Liotrigona 

mahafalya in C. guillauminii and the syrphidae Asarkina africana in C. harveyi; both species 

were also pollinated by the honeybee Apis mellifera. Female trees of both species produce 

roundish fruits with outer coverings that split open when mature and expose a black seed 

partly enveloped by a fleshy red aril. The seed dispersal system of C. guillauminii is 

unusually simple and effectively carried out by only one species, the Lesser Vasa Parrot 

(Coracopsis nigra) (Böhning-Gaese et al. 1999). This results in a low percentage of dispersed 

seeds (7.9 %) with most seeds being dropped under the mother tree (Böhning-Gaese et al. 

1999). In contrast, fruits of C. harveyi attract a high diversity of dispersers and most seeds 

(70.8 %) are carried away from the crown (Bleher & Böhning-Gaese 2000). Some of the main 

dispersers are hornbills, which are known for long distance dispersal (Holbrook & Smith 

2000, 2002).  

 

4.2.2 Plant materials and sample sites  
 

Leaf material of tree populations of C. guillauminii and C. harveyi was collected from 12 

sample sites in Madagascar and 15 sample sites in South Africa along a north-south gradient 

(Figure 1 B, C). Distance between the most southern and northern sample sites was 270 km in 

Madagascar (i.e. between sample sites Lonahena and Tsakobe) and 435 km in South Africa 

(i.e. between sample sites Umtavuna NR and Jozini Dam). Sample sites were separated by at 

least 8 km from one another. This is a distance which larger seed dispersers such as hornbills 

are still capable to cover (Holbrook & Smith 2002). In the following, this spatial scale is 

referred to as the largest spatial scale (Fig. 2 A). For descriptive genetic analyses, sample sites 

were grouped into geographic regions, based on UPGMA-tree (data not shown) and 

geographic proximity (Figure 1 B, C). 

I collected leaf material of 10 - 20 trees per sample site. The position of each tree was 

recorded using a GPS (Garmin 12). Leaves collected were silica-dried in the field. To test for 

potential effects of pollination and seed dispersal at smaller spatial scales, I sampled the trees 
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within one sample site at two smaller, nested spatial scales. First, within the sample sites I 

collected samples from trees in 1 - 4 groups (median = 2). As groups I defined trees within a 

circle with a diameter of 3 km (in the following medium spatial scale, Figure 2 B). The 

distance of 3 km was assumed to be regularly covered by seed dispersers. Second, within each 

group the sampled trees were in 1 - 5 subgroups (median = 3). As subgroups I defined trees 
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Figure 1: Distribution (A) and sample sites of C. guillauminii populations in Madagascar (C) 
and of C. harveyi populations in South Africa (B). Numbers refer to sample sites (Table 1), 
sample sites within dashed line represent regions for descriptive genetic analyses.  
 

 

within a circle with a diameter of 300 m (in the following small spatial scale, Figure 2 C). The 

distance of 300 m was thought to represent a maximum distance a possible pollinator can fly 

regularly. Distances in the field were assessed based on GPS-distances between the trees. 

Circles of groups and subgroups were reconstructed in ARCVIEW 3.2 based on GPS-position 

of each tree, by laying circles with a diameter of 3 km and 300 m around each tree and 

defining all trees in the intersection as groups and subgroups, respectively.  
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4.2.3 DNA extraction and quantification 
 

After grinding of leaf material in liquid nitrogen, the total genomic DNA was extracted using 

the DNeasyTM Extraction Kit (Quiagen). The standard protocol was slightly modified by 

using 500 µl buffer AP1 and 160 µl buffer AP2 which handled the amount of leave material 

better. DNA was stored at -20 ºC in AE elution buffer (Quiagen). DNA quantification was 

carried out spectrophotometrically for each AFLP sample with a GeneQuant RNA / DNA 

calculator Pharmacia (Uppsala Sweden). The genomic DNA concentration was standardized 

to 30 ng DNA/µl. 

 

4.2.4 AFLP analyses 
 

The AFLP procedure followed Vos et al. (1995), with the following modifications: for 

digestion 100 ng instead of 500 ng genomic DNA were used. To ensure complete digestion, 

the restriction-ligation step of the analyses was performed for 15 hrs at 23 ºC as the initial step 

of the analyses. Furthermore, instead of radioactive labelling, a multiplex analysis with 

fluorescent ´E´ primers (6-FAM, NED, HEX, Applied Biosystem) was used.  

Genomic DNA was digested with EcoRI and MseI, and double-stranded EcoRI and 

MseI adapters were ligated to the sticky ends of the fragments (Vos et al. 1995). All 294 

samples of both species were restricted - ligated in one reaction to avoid lab errors. In the 

following two-step amplification, preselective primers with one selective base (E + A, M + C) 

and selective primers with two additional selective bases (E + 3, M + 3) were used. The 

complete survey was done using three primer combinations: Eco-ACT (6-FAM) / Mse-CCT, 

Eco-ATG (HEX) / Mse-CGG and Eco-AGC (NED) / Mse-CTG. These were chosen for high 

variability of fragments after pilot screening with 16 primer combinations of DNA samples 

from five sample sites per species, covering the whole sampling area. All pipeting and PCRs 

were performed on a lab robot (RoboSeq 4204 SE; MWG). Selective amplification products 

were separated on 6 % polyacrylamid gels as a multiplex of three differently labelled products 

together with one internal size standard (GENESCAN ROX 500, ABI). Gels were run for 

approximately 4 hrs on an ABI 377 automated sequencer using GENESCAN analysis software 

(version 2.1 ABI). Since samples had to be run on five gels, 2 - 4 samples were put as internal 

standards on each gel to ensure comparability among the different gels. Fragments in the 

range 75-500 bp were scored automatically with GENOTYPER analysis software (version 

3.1 ABI). When peak height exceeded the GENESCAN standard parameter-setting thresholds 

(blue, 60; green, 30; red, 40; yellow, 40) a peak (i.e. fragment) was scored as present (1), 
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otherwise as absent (0). An additional visual check of the electrophoretograms was made to 

correct possible misinterpretations of the automated GENOTYPER analysis. Ambiguous peaks 

were scored as missing data.  

 

4.2.5 Data analysis 
 

All analyses were performed similarly for both species. AFLP data analyses were based on 

136 individuals of C. guillauminii and 158 individuals of C. harveyi. Descriptive statistic 

(polymorphic loci, Nei´s (1978) unbiased heterozygosity) was obtained using TFPGA, 

Version 1.3 (Tool For Population Genetic Analysis, Miller 1997). Since AFLPs generate 

dominant markers and heterozygotes cannot be distinguished directly, I used Lynch and 

Milligan´s Taylor expansion to estimate allele frequency and thus, determined indirect levels 

of heterozygosity (Lynch & Milligan 1994, Miller 1997). This assumes that populations are in 

Hardy-Weinberg-equilibrium and that AFLPs produce two alleles per locus (Lynch & 

Milligan 1994) 

The percentage of private fragments per sample sites and region was derived from the 

binomial data matrix. Private fragments were defined as fragments that occur in more than 

one individual but are restricted to one sample site or region, respectively.  

To estimate the partition of AFLP genotypic variation at the large spatial scale and within 

each sample site, analyses of molecular variance (AMOVA) were calculated with ARLEQUIN, 

Version 2.000 (Schneider et al. 2000). To calculate genetic differentiation for the entire data 

set, each sample site was defined as one population. In addition, pairwise FST-values were 

obtained for all combinations of sample sites. To test for isolation by distance (IBD) at the 

scale of the sample sites, I regressed the FST / 1 - FST against the log-transformed geographic 

distance separating the sample sites, based on these pairwise FST-values (Slatkin 1993, 

Rousset 1997). I tested for IBD with a Mantel-test using 1000 permutations, as implemented 

in TFPGA (Miller 1997). 

In a second analysis, I studied the genetic variance at the two smaller spatial scales 

using Wright´s hierarchical F-statistic (Wright 1978, Weir & Cockerham 1984). Thereby, I 

defined all trees within a circle with a diameter of 3 km (groups, medium spatial scale, 

Figure 2 B) or of 300 m (subgroups, small spatial scale, Figure 2 C) as populations and nested 

them into sample sites. Introducing a hierarchical level allows to distinguish whether the 

genetic differentiation among populations is due to differentiation between the sample sites or 

due to high differentiation among populations within the sample sites (among circles of trees 
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with diameter 3 km or 300 m). In the following, genetic differentiation on the large spatial 

scale (sample sites) will be referred to as FST, on the medium spatial scale (groups) as FSM, 

and on the small spatial scale (subgroups) as FSS. 

 

A: large spatial scale B: medium spatial scale C: small spatial scaleA: large spatial scale B: medium spatial scale C: small spatial scale

 
 

Figure 2: (A) For the overall genetic differentiation, sample sites are defined as populations; 
the maximum distance between trees within on sample site ranged from 5719 m - 9983 m in 
the Malagasy (MAD) and from 4200 m - 7651 m in the South African (SA) species. For the 
hierarchical F-statistic trees within one sample site are grouped on two smaller spatial scales. 
(B) For the analyses at the medium spatial scale, trees within a circle with a diameter of 3 km 
were defined as one group; distances between trees within groups ranged from 301 m - 2896 
m (MAD) and from 302 m - 7651 m (SA). (C) For the analyses at the small spatial scale, trees 
within a circle with a diameter of 300 m were defined as one subgroup; distances between 
trees within subgroups ranged from 3 m - 300 m (MAD) and from 1 m - 299 m (SA). Circle 
mark sampled trees. 
 
 

Additionally, I assessed the spatial genetic structure at different geographic scales 

using spatial autocorrelation analyses. I calculated kinship coefficients for each pair of 

individuals (Loiselle et al. 1995a) using the program SPAGEDI (Hardy & Vekemans 2002). A 

kinship coefficient is often defined as the probability of identity by descent of the genes, but 

Hardy and Vekemans (2002) use an estimator based on genetic markers that estimates 
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“relative kinship” as a ratio of differences of probabilities of identity in state (Rousset 2002). 

With this definition, the relative kinship coefficients between two individuals can also obtain  

negative values, if these individuals are less related to each other than randomly selected 

individuals (Hardy & Vekemans 2002). I plotted the kinship coefficients for each pair of 

individuals against the geographic distance separating the individuals. For the graphical 

representation of kinship, average multilocus kinship coefficients per geographic distance 

class were computed for the following distance classes: < 30 m, ≤ 300 m, ≤ 3 km, ≤ 30 km, 

≤ 300 km and > 300 km. 

 
 
4.3 Results 

4.3.1 Descriptive population genetics 
 

A total of 225 distinct loci were scored for the 136 Malagasy individuals and 184 loci for the 

158 South African individuals, with 94.7 % and 96.2 % of them being polymorphic, 

respectively (Table 1 a, b). The mean number of polymorphic loci was 25.3 % ± 7.9 

(mean ± SD in the following) in the Malagasy species and 27.9 % ± 5.9 in the South African 

species. Of 124 polymorphic loci in Madagascar 4.8 % were polymorphic within single 

sample sites and 21.8 % polymorphic regionally, of which 19.4 % were restricted to the 

northern region (north of Morondava) and only 2.4 % to the southern region (south of 

Morondava) (Table 1 a; Figure 1 C). Of 129 polymorphic loci in South Africa 7.0 % were 

restricted to single sample sites and 9.3 % occurred regionally (Table 1 b; Figure 1 B). The 

mean heterozygosity was 0.059 ± 0.009 in the Malagasy species and 0.073 ± 0.010 in the 

South African species (for heterozygosity of single sample sites, see Table 1 a, b). 

Heterozygosity was significantly lower in the Malagasy species than in the South African 

species (Mann Whitney U-test: S = 106.5, Z = -2.97, P = 0.003), which could be due to more 

private alleles in this species. In both species, the percentages of polymorphic loci and 

heterozygosity were significantly correlated for each sample site (Spearman´s rank correlation 

coefficient rMAD = 0.82, P = 0.001, N = 12; rSA = 0.77, P < 0.001, N = 15). In Madagascar, 

heterozygosity correlated significantly with geographical latitude and decreased from the 

northern to the southern sample sites (Spearman´s rank correlation coefficient rMAD = 0.727, 

P = 0.007, N = 12). In South Africa, I found no correlation between heterozygosity and 

latitude (Spearman´s rank correlation coefficient rSA = -0.232, P = 0.41, N = 15). 
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4.3.2 Large spatial scale 
 

In the Malagasy species there was a low but significant differentiation between the sample 

sites (FST = 0.053, Table 2). The mean FST-value among all sample sites was 0.06 ± 0.04 and 

ranged from 0.00 - 0.19 (N = 66; Table 3a). In the South African species, I found a significant 

and moderate differentiation between sample sites (FST = 0.16, Table 2). The mean FST-value 

among all sample sites was 0.17 ± 0.07 and ranged from 0.02 – 0.33 (N = 105; Table 3b). 

In both species, I found a significant relationship between pairwise genetic distances 

of sample sites (measured as FST / 1 - FST) and log-transformed geographic distances between 

them (Pearson product-moment correlation: rMAD = 0.36,  Mantel-P = 0.003; rSA = 0.46,  

Mantel-P < 0.001). However, when I tested the northern and southern populations in the 

Malagasy species separately, I found no IBD-pattern (Pearson product-moment correlation: 

northern population: r = 0.12;  Mantel-P = 0.36; southern population: r = -0.045;  Mantel-

P = 0.6). All pairwise genetic (FST) and geographic distances are presented in Table 3 a, b.  
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Table 1a: Sample sites in Madagascar with number of C. guillauminii trees studied (N), number of fragments, private fragments of sample 
sites and regions, Nei´s (1978) unbiased heterozygosity, percentage of polymorphic loci (99 % criterium). Sample sites are ordered from 
North to South, for numbers and regions refer to Figure 1.  
 

# private fragments no. sample sites code N # fragments 
sample 

sites 
regions 

heterozygosity % polymorphic  
loci 

1 Lonahena LA 8 77 0 0.0664 25.33 
2 South of Belo s. Tsiribihina SBO 4 73 0 0.0622 20.44 
3 North of Berobuka NBA 18 91 1 0.0683 32.44 
4 Berobuka BA 13 92 1 0.0695 32.44 
5 Kirindy KY 16 108 2 0.0671 39.11 
6 Andromena AA 10 79 0 

24 

0.0562 24.44 
7 Kirindy-Mitea KM 15 69 0 0.0568 22.22 
8 Mukabe MKE 17 85 0 0.0652 29.77 
9 Manja MA 5 57 0 0.0518 13.77 
10 Migamba MIG 15 86 0 0.0558 28.00 
11 Bevoy / Mangoky MY 4 53 0 0.0386 11.55 
12 Antsakoabe TSK 11 80 2 

3 

0.0539 24.00 
  total 136 225 6 27   
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Table1b: Sample sites in South Africa with number of C. harveyi trees studied (N), number of fragments, private fragments of sample sites 
and regions, Nei´s (1978) unbiased heterozygosity, percentage of polymorphic loci (99 % criterium). Sample sites are ordered from North to 
South, for numbers and regions refer to Figure 1. 

 
  N # private fragments no. Sample sites code 

 
 

# fragments 
sample 

sites 
regions 
 

heterozygosity % polymorphic 
loci 

1 Ithala GR IAGR 11 89 0 0.0753 35.87 
2 Jozini Damm JD 9 71 1 0.0661 25.00 
3 Mkuze GR MEGR 6 65 1 0.0622 20.65 
4 Montella MA 5 61 0 0.0627 19. 02 
5 Harold Johnson NR HJNR 13 86 0 5 0.0755 35.87 
6 Burman Bush NR BBNR 10 68 1 0.0565 23.37 
7 Shongweni SGI 13 80 0 0.0742 31.52 
8 Kranzkloof NR KFNR 15 85 0 0.0911 35.87 
9 Pietermaritzburg PMB 7 70 0 2 0.0691 21.74 
10 Helas-Helas Richmond HHR 15 75 1 0.0905 29.35 
11 Montezuma MZ 11 79 0 0.0815 31.52 
12 Vernon Crookes NR VCNR 10 69 0 0.0718 26.09 
13 Emizini NR EINR 11 70 0 3 0.0778 26.62 
14 Oribi Gorge NR OGNR 13 82 1 0.0814 33.15 
15 Umatvuna NR UANR 7 69 4 2 0.0614 22.28 
  total 158 184 9 12   
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4.3.3 Medium and small spatial scale 
 

In the hierarchical analyses of the Malagasy species, at the medium scale (Figure 2 B), I 

found an increased and significant differentiation (FSM = 0.083). In the hierarchical analyses 

at the smallest spatial scales (Figure 2 C), the genetic differentiation increased again 

(FSS = 0.11). In the Malagasy species, at the medium and small scale, 85.5 % and 72.7 % of 

the genetic differentiation was due to differentiation among groups or subgroups within 

sample sites, respectively. Thus, at both spatial scales, most of the differentiation was due to 

high variation between the defined groups / subgroups within sample sites (Table 2). 

 

Table 2: Results of AMOVA of AFLP data from 12 sample sites of the Malagasy species 
(C. guillauminii) and from 15 sample sites of the South African species (C. harveyi) at large 
(among sample sites), medium and small spatial scales (for medium and small scale see 
Figure 2); ** P = 0.01; *** P < 0.001. 
 

 Commiphora guillauminii  Commiphora harveyi  
source of variation   
large spatial scale: populations = sample sites 
among sample sites (FST) 0.053 0.159 
within sample sites 0.947 0.841 
medium spatial scale: groups = circles Ø 3 km 
among groups (FSM) 0.083*** 0.168*** 

among sample sites  0.012      (14.5 %) 0.154*** (91.6 %) 
among groups within sample site  0.069***(85.5 %) 0.014       (8.4 %) 

within groups 0.917 0.832 
small spatial scale: subgroups = circles Ø 300 m 
among subgroups (FSS) 0.11** 0.179*** 

among sample sites  0.03*** (27.3 %) 0.153*** (85.5 %) 
among subgroups within sample site 0.08*** (72.7 %) 0.26***   (14.5 %) 

within subgroups 0.89 0.82 
 

 

In the South African species using the hierarchical approach as described above, FSM- and 

FSS-values increased only slightly at the medium and small scale (groups: FSM = 0.17; 

subgroups: FSS = 0.18). However, in the South African species only 8.4 % and 14.5 % of the 

genetic differentiation was due to differentiation between groups / subgroups within the 

sample sites (Table 2). Thus, in the South African species, on both spatial levels, the main 

differentiation was due to high variation between sample sites, and only a low differentiation 

between defined groups or subgroups within sample sites, respectively.  

In both species the average kinship coefficient decreased with geographical distance. 

In the Malagasy species the kinship coefficient dropped nearly to zero in the distance class of 
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up to 3 km and in the South African species in the distance class of up to 30 km. Thus, trees 

seem to form a related group up to 3 km in the Malagasy species and up to 30 km in the South 

African species. 
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Figure 3: Kinship coefficient among 136 Malagasy and 158 South African Commiphora 
individuals per geographic distance class; displayed are multilocus jacknife values 
(mean ± SE). 
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Table 3a: Pairwise FST-values and geographic distances of sample sites; above diagonal: genetic differences (FST, AMOVA ARLEQUIN); below 
diagonal: geographic distances (km) between sample sites in Madagascar, sample sites are ordered from North to South. 
 
 LA SBO NBA BA KY AA KM MKE MA MIG MY TSK 

LA - 0.029 0.026 0.017 0.046 0.038 0.045 0.059 0.099 0.088 0.037 0.095 

SBO 38.85 - 0.099 0.039 0.078 0.050 0.119 0.133 0.143 0.141 0.057 0.120 

NBA 51.40 12.34 - 0.002 0.023 0.024 0.047 0.045 0.119 0.086 0.061 0.071 

BA 63.66 25.06 13.12 - 0.00 0.009 0.035 0.017 0.079 0.044 0.033 0.062 

KY 68.03 30.26 18.16 8.44 - 0.045 0.066 0.050 0.114 0.076 0.074 0.080 

AA 80.61 41.78 31.56 22.02 21.79 - 0.040 0.060 0.140 0.088 0.074 0.070 

KM 167.89 130.69 121.54 104.14 109.14 90.12 - 0.021 0.112 0.04 0.077 0.017 

MKE 183.67 145.81 134.71 125.25 122.62 104.59 22.10 - 0.096 0.023 0.066 0.009 

MA 212.96 174.26 163.29 150.72 147.98 132.79 60.59 44.50 - 0.071 0.196 0.077 

MIG 247.30 174.39 201.40 187.21 185.40 168.88 81.70 64.31 45.46 - 0.100 0.030 

MY 258.92 221.06 211.09 200.26 198.42 179.58 92.38 75.89 57.78 12.59 - 0.032 

TSK 270.98 233.87 223.92 212.08 211.58 193.23 103.53 88.79 72.27 27.54 16.13 - 
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Table3b: Pairwise FST-values and geographic distances of sample sites; above diagonal: genetic differences (FST, AMOVA ARLEQUIN); below 
diagonal: geographic distances (km) between sample sites in South Africa, sample sites are ordered from North to South. 
 

  IAGR JD MEGR MA HJNR BBNR SGI KFNR PMB HHR MZ VCNR EINR OGNR UANR 
IAGR - 0.053 0.050 0.144 0.069 0.206 0.148 0.180 0.215 0.219 0.172 0.202 0.267 0.209 0.267 
JD 71.41 - 0.018 0.173 0.070 0.202 0.135 0.166 0.262 0.206 0.122 0.171 0.247 0.185 0.265 
MEGR 87.49 24.17 - 0.207 0.049 0.173 0.138 0.199 0.250 0.230 0.195 0.236 0.276 0.209 0.285 
MA 178.23 226.59 222.53 - 0.155 0.329 0.177 0.246 0.319 0.285 0.244 0.289 0.314 0.240 0.305 
HJNR 186.70 202.23 188.97 96.12 - 0.117 0.067 0.149 0.218 0.193 0.157 0.154 0.209 0.133 0.175 
BBNR 254.81 279.89 267.24 107.60 78.56 - 0.128 0.201 0.273 0.221 0.189 0.193 0.203 0.117 0.208 
SGI 271.10 295.12 283.93 101.37 99.01 28.39 - 0.117 0.163 0.137 0.121 0.130 0.161 0.061 0.131 
KFNR 258.55 280.46 268.83 95.42 82.97 17.13 16.18 - 0.107 0.065 0.067 0.085 0.132 0.133 0.163 
PMB 255.05 287.69 279.55 73.55 107.55 60.77 38.33 42.82 - 0.075 0.161 0.151 0.131 0.156 0.227 
HHR 289.20 332.14 324.42 111.55 151.40 90.16 61.79 74.33 45.33 - 0.090 0.076 0.135 0.132 0.195 
MZ 308.91 338.25 329.12 151.58 142.27 65.02 45.74 59.31 61.10 58.15 - 0.022 0.114 0.133 0.167 
VCNR 210.21 340.78 328.87 144.49 140.82 63.53 46.65 59.52 72.88 61.10 07. 07 - 0.109 0.127 0.172 
EINR 308.24 328.59 315.93 140.29 126.99 49.02 39.10 49.12 72.37 73.55 23.00 16.86 - 0.139 0.210 
OGNR 366.44 400.09 388.39 194.45 201.15 122.84 104.70 118.33 120.98 907.93 58.21 59.84 74.56 - 0.031 
UANR 409.76 435.29 423.24 229.53 234.80 157.22 140.07 153.67 156.45 123.47 93.49 94.39 107.89 36.50 - 
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4.4 Discussion 

4.4.1 Descriptive population genetics 
 

With three AFLP primer pair combinations, I found 225 loci in 12 populations in the 

Malagasy C. guillauminii and 184 loci in 15 populations in the South African C. harveyi. 

These results are in range of other AFLP studies on trees (Muluvi et al. 1999, Gaudeul et 

al. 2000, Wang et al., 2003, He et al. 2004). In both species, heterozygosity was low 

compared to other AFLP studies on trees in which heterozygosity ranged from 0.17 - 0.35 

(Rivera-Ocasio 2002, Wang et al. 2003, He et al. 2004). However, Muluvi et al. (1999) 

stated similar low values of 0.026 - 0.099 in Moringa oleifera. The significant lower 

heterozygosity in the Malagasy than in the South African species could be caused by its 

smaller distribution (Hamrick & Godt 1989, Wolf et al. 2000). The Malagasy species is a 

narrow endemic species that is restricted to the west coast of Madagascar (Figure 1 A), 

whereas the South African species has a much wider range along the east coast of southern 

Africa (Figure 1 A). This pattern fits to the expected positive correlation between genetic 

diversity and the size of the distribution area (Frankham 1997). Similar results were found 

by Dawson and Powell (1999). They compared gene diversity of Prunus africana between 

mainland Africa and Madagascar and found the lowest gene diversity in the Malagasy 

populations as well.  

The decrease in heterozygosity and private fragments from north to south in the 

Malagasy populations coincided with approaching the edge of the distribution area of the 

species (Figure 1 A). I found no geographic pattern in the South African species; this could 

be due to the fact that I sampled in the middle of the distribution area of the species 

(Figure 1 A).  

 

4.4.2 Large spatial scale 
 

The genetic differentiation of the two species observed is in disagreement with my initial 

hypothesis. The South African populations are genetically more distinct than the Malagasy 

populations (FST = 0.16 in South Africa vs FST = 0.05 in Madagascar). Comparing my 

overall FST-values to Hamrick and Godt´s allozyme data (Hamrick & Godt 1989; 1996, 

1997), I found that the values of the South African species are similar to the expectations 

based on its life-history traits (woody, long-lived, outcrossing, animal-dispersed). 

However, this comparison is only very coarse, since it is difficult to compare different 
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marker systems (Whitlock & McCauley 1999). The genetic differentiation between the 

sample sites in the South African species may be influenced also by its habitat distribution. 

The species is restricted to northerly slopes and can often be found at steep slopes of 

gorges (MacDevette et al. 1989). Thus, the species occurs in a naturally fragmented 

habitat, which might lead to limited gene flow and a high differentiation between 

populations. Furthermore, non-overlapping flowering or fruiting period is known to reduce 

gene flow between populations (Hall et al. 1994, Jordano & Godoy 2000). I observed a 

shift in flowering period between the northern (e.g. Ithala Game Reserve, No. 1 in 

Figure 1 B) and the southern populations (e.g. Oribi Gorge NR; No. 14 in Figure 1 B), with 

the northern populations starting to flower up to three weeks earlier.  

Based on its life-history traits, the Malagasy species should have a similar 

differentiation, if not even a higher genetic differentiation between sample sites. Following 

Hamrick and Godt (1997), endemic species are genetically stronger differentiated than 

species with a wider geographical distribution area. However, the unexpectedly low FST-

value in the Malagasy species could be explained by the higher number of alleles scored in 

this species. Theoretical studies showed that the more alleles are taken into account to 

calculate the FST-value, the smaller the value for the differentiation between sample sites 

becomes (Whitlock & McCauley 1999). Alternatively, the high variation within the local 

populations reduced the variance left to describe the differentiation between the sample 

sites. In total, on the largest spatial scale the genetic population structure of the two species 

seemed to be influenced more by biogeographic factors such as habitat distribution than 

ecological processes such as seed dispersal. 

I stated an IBD-pattern in the Malagasy species, but it disappeared after analysing 

the northern and southern populations separately. The missing IBD-pattern within these 

two regions could indicate that there was no migration between the different populations at 

the sample sites and thus, they are genetically separated. These two regions are not only 

different in the number of private loci, but were separated by PCO and cluster analyses as 

well (F.A. Voigt, unpublished data). This separation could be caused by an arid area south 

of Morondava that might act as natural barrier. So even before human influence on 

Madagascar (ca 0 AD, Burney 1997) when there were still large tracts of coastal forest left, 

the northern and southern regions might not have been connected, resulting in reduced 

gene flow and the observed genetic divergence.  
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In the South African species, I detected an IBD-pattern. This pattern has often been 

observed when long distances are considered in relation to the natural distribution area of a 

species (Bekessy et al. 2002, Bouvet et al. 2004).  

 

4.4.3 Medium and small spatial scale 
 

The hierarchical FSM/SS-analyses at the medium and small scale detected that in the 

Malagasy species most genetic differentiation was recorded between groups or subgroups 

within sample sites. This is an indication of low gene flow at the local scale (Dutech et al. 

2002). The same pattern was also found in the spatial autocorrelation analyses. Already at 

a distance of 3 km, individuals were hardly related to each other (Figure 3). The negative 

slope of the autocorrelogram indicates that there was an IBD-pattern in the Malagasy 

species, but on a smaller scale (up to 3 km) than considered for the IBD-analyses, for 

which sample sites were separated by at least 8 km. Both results confirm the field 

observations which recorded very limited seed dispersal (Böhning-Gaese et al. 1999). 

Thus, there seems to be restricted gene flow between groups or subgroups within sample 

sites and only low pollen transport and seed dispersal over medium distances of 

300 m - 3 km resulting in highly structured groups and subgroups on a small spatial scale 

(Ng et al. 2004). This pattern fits to the strongly clumped spatial distribution of the species. 

Bleher and Böhning-Gaese (2001) state a medium distance between conspecific trees 

within groups of only 11.9 m. These groups of trees could reflect related individuals on a 

small spatial scale in accordance to genetically structured plant populations. Furthermore, 

the kinship coefficient already decreased strongly between the distance classes of 30 m to 

300 m. This may be explained by restricted pollen flow at short distances within the 

subgroups (van Rossum et al. 2004) and is concurrent with the field data on pollination 

(Farwig et al. 2004).  

At the two smaller spatial scales, the FSM/SS-values increased in the Malagasy 

species, indicating stronger structured groups and subgroups at a smaller spatial scale. A 

similar highly structured pattern at the local scale with a modestly structured pattern at the 

regional scale was found in a study on the herb Silene alba using cpDNA (McCauley et al. 

2003). The authors suggested that forces shaping the local population structure may vary 

from one sample site to another. Since southern populations of the Malagasy species are at 
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the end of their distribution area, northern and southern populations may experience 

different selection pressures.  

In the South African species, the hierarchical analyses at the two smaller spatial 

scales revealed that only a small percentage of the variance was found between groups and 

subgroups within sample sites. Such a low genetic variance within sample sites can be 

caused by high gene flow at the local scale, in this case at the scale of 300 m -  3 km. The 

spatial autocorrelation analyses confirmed this pattern. Even though relatedness was 

decreasing monotonously with distance, individuals were still related to each other up to a 

distance of 30 km (Figure 3). The decrease of the kinship-coefficient with geographic 

distance fits to the IBD-pattern on the scale of the sample sites. The IBD-pattern, combined 

with a spatially uniform distribution of the adult trees (Bleher & Böhning-Gaese 2001) 

reinforce that there is a regular migration between the sample sites and thus, gene 

exchange within and between the plant populations. This exchange may be caused by the 

high number of frugivorous birds that disperse the seeds of the South African Commiphora 

species, including long-distance seed dispersers such as hornbills. This nearly random 

genetic pattern at the medium and small spatial scale was also found in other forest tree 

species that are wind- or insect-pollinated and have efficient seed dispersal through birds 

(Hamrick et al. 1993, Gibson & Wheelwright 1995, Chung et al. 2000, Degen et al. 2001).  

In C. harveyi, most of genetic differentiation revealed by the hierachical FSM/SS-

statistic was between the sample sites. Since fruits were dispersed by large-bodied seed 

dispersers such as hornbills, I could expect high gene flow also at larger distances than 

30 km and a lower differentiation between the sample sites. However, compared to other 

studies on gene flow over long distances, gene flow above 3 km is already a very long 

distance (see Loiselle et al. 1995b, Heuertz et al. 2003, Dutech et al. 2002). Additionally, 

even with field data on long-distance seed dispersal, it is not possible to predict seedling 

establishment in the new population, which is crucial for successful genetic interchange of 

populations (Shapcott 1998). Furthermore, the fragmented habitat distribution and the large 

distances between the sample sites could contribute to the high differentiation between the 

sample sites (see above). 

To conclude, the low seed dispersal rate in the Malagasy species was connected 

with a high local genetic differentiation and the high seed dispersal rate in the South 

African species was connected with a low local differentiation. Thus, seed dispersal seems 

to have a strong influence on the genetic population structure on a spatial scale of 
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300 m - 3 km, and even up to 30 km. This study showed that broad assumptions on the 

breeding system are not sufficient to interpret the genetic structure of plant populations. 

Instead detailed field data are necessary. Combining detailed field data on a small spatial 

scale with genetic data from a wide geographical range has the benefit that field data yield 

the required data base to interpret the genetic data and the genetic data make it possible to 

evaluate whether field data are representative for the studied system. Therefore, the 

complement of the two data sets can help to reveal the dynamic nature of plant-animal 

interactions.  

 

 

4.5 Summary 

 

The genetic structure of plant populations is influenced strongly by pollination and seed 

dispersal, the two vectors for gene flow. Previous studies on a Malagasy and a South 

African Commiphora species revealed that both tree species have a similar pollination 

ecology, but the Malagasy C. guillauminii has a much lower seed dispersal rate than the 

South African C. harveyi. I hypothesized that the lower seed dispersal rate may cause 

decreased gene flow, resulting in a stronger genetic structuring among the Malagasy than 

the South African populations. I used AFLP markers to investigate the population genetics 

of 136 Malagasy and 158 South African Commiphora trees. Unexpectedly, the overall 

genetic differentiation was lower in the Malagasy (FST = 0.05) than in the South African 

species (FST = 0.16). Nevertheless, the hierarchical F-statistics revealed that most of the 

inter-population variance in the Malagasy species was between populations within sample 

sites (72.7 - 85.5 %) whereas in the South African species only a low amount of the genetic 

differentiation between populations within sample sites (8.4 - 14.5 %) was revealed. This 

pattern could be caused by low gene flow in Madagascar and high gene flow in South 

Africa at the scale of populations within sample sites. Spatial autocorrelation analyses 

suggest that gene flow is restricted mostly to 3 km in the Malagasy species and to 30 km in 

the South African species as predicted from field data on seed dispersal. Thus, seed 

dispersal seems to be a key factor for the genetic population structure of trees on the local 

scale.  
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5 General conclusion 

Pollination and seed dispersal are important ecosystem processes for the regeneration of 

plant populations. Both processes are also responsible for gene flow in and between plant 

populations. Limited gene flow can result in genetic drift and mutation and may lead to 

differentiation of plant populations. Pollination and seed dispersal can occur through 

different vectors such as wind, gravity or animals. Depending on the effectiveness of the 

vectors, both processes differ in their spatial impact on the genetic structure of plant 

populations. Thus, their influence on the genetic structure of plant populations can only be 

assessed based on good field data on pollination and seed dispersal. In this thesis, I studied 

the pollination ecology of a South African Commiphora species and based on differences 

in seed dispersal, compared its genetic structure with the genetic structure of a Malagasy 

Commiphora species.  

In a first study, I investigated the pollination ecology of the South African 

Commiphora harveyi (Burseraceae), a typical insect-pollinated dioecious tree in a 

mainland context. Results were compared with those of the related C. guillauiminii in an 

island context with a sparse pollinator fauna in Madagascar. I addressed the question 

whether differences in the pollinator fauna would influence the pollination ecology and the 

fruit set of the two species. The pollination ecology of the South African species was 

assessed by recording floral display, visiting insect species, visitation rate, natural fruit set 

and by hand-pollination experiments. The results showed that male trees had more and 

larger flowers per inflorescences than female trees and both sexes produced little nectar. 

Irrespective of the diverse pollinator fauna, only 28 insect species were recorded visiting 

the flowers, with a low mean visitation rate (0.20 visits per flower h-1) in both sexes. The 

natural fruit set was low (3.8 %) and increased significantly with hand-pollination 

(45.5 %), an indication of pollen limitation. The comparison of the two species revealed a 

similar pattern in the Malagasy species. Commiphora guillauminii had also low visitation 

rates, low insect diversity and low fruit sets. Thus, irrespective of the different pollinator 

diversity, the pollination systems of the two entomophilous Commiphora species were very 

similar and especially the fruit set in both species was low compared to other dioecious 

tropical tree species. 

In a second approach, I studied the genetic structure of several C. harveyi and C. 

guillauminii populations, relating to the similar pollination ecology and differences in seed 
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dispersal. Considering, that the Malagasy C. guillauminii had a much lower seed dispersal 

rate than the South African C. harveyi, I assumed that the lower seed dispersal rate may 

lead to less gene flow, resulting in a stronger genetic differentiation among the Malagasy 

than the South African populations. I used AFLP markers to investigate the population 

genetics of 136 Malagasy and 158 South African Commiphora trees from several sample 

sites. Against my hypothesis, the overall genetic differentiation was lower in the Malagasy 

(FST = 0.05) than in the South African species (FST = 0.16).  

The overall differentiation does not allow to distinguish whether this inter-

population variance originated by differentiation between populations within sample sites 

or differentiation among the several sample sites. Therefore, I performed hierarchical F-

statistics. This approach revealed that most of the inter-population variance in the 

Malagasy species was among populations within sample sites (72.7 - 85.5 %), whereas in 

the South African species only a low amount of genetic differentiation (8.4 - 14.5 %) was 

revealed between populations within sample sites. This pattern could derive from limited 

gene flow in Madagascar and high gene flow in South Africa within sample sites. The 

assumed gene flow pattern in the two species was confirmed by spatial autocorrelation 

analyses. The shape of the autocorrelogram suggested that gene flow was restricted mostly 

to 3 km in the Malagasy species and to 30 km in the South African species. These results 

reflect the genetic structure of the tree populations as predicted from the field data on seed 

dispersal. Thus, seed dispersal seems to be a key factor for the genetic population structure 

of tree species on the local scale. 

This thesis has the methodical advantage of combining detailed field data on a 

small spatial scale with genetic data from a wide geographical range. This approach 

overcomes the restrictions of field data which are mostly reflecting the present situation 

and represent usually, only one or a few study areas. It differs from many genetic studies, 

which cover wide geographical areas, but rely in their interpretation which influence seed 

dispersal or pollination have on the genetic population structure on common assumptions. 

This thesis shows on the one hand exemplarily that common assumptions on the breeding 

system are not sufficient to interpret genetic data. Based on common assumptions both 

species have insect-pollinated flowers and bird-dispersed fruit and thus, should have a 

similar genetic differentiation. On the other hand these two species are good examples for 

the contradictorily data in literature which influence seed dispersal might have on the 

genetic structure of plant populations. In the tree species Camellia japonica, Ueno et al. 
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(2000) explained clumped pattern and weak genetic structure with limited seed dispersal 

and extensive gene flow through pollination, what is understandable since seeds are 

dispersed by gravity. However, even when bird dispersal is considered, the influence seed 

dispersal might have on the genetic structure, can be different. Some authors, such as 

Gibson and Wheelwright (1995) explained high genetic diversity in their tree species 

studied with effective seed dispersal by birds (as in C. harveyi). Whereas other studies (e.g. 

Loiselle et al. 1995a, b) explained genetic structure mainly with pollination, neglecting 

influence of seed dispersal by birds, since most seeds drop under the parent tree (as in 

C. guillauminii). Even in models on the influence of breeding system on the spatial genetic 

structure in plants, seed dispersal is considered only over short distances (Hamilton & 

Miller 2002, Heueretz et al. 2003). However, it is not possible to generalize based on the 

dispersal vector, to which spatial scale seed dispersal can influence the genetic structure in 

plant populations. Only detailed field data can give an adequate base for it. Few genetic 

studies combined detailed field data with genetic data, e.g. paternity analyses. Dick (2001) 

combined field data on the pollination of Dinizia excelsa with microsatellite data and 

showed that pollination occurred over a distance up to 3.2 km. In comparison to other 

pollination studies, this is one of the longest distances observed. However, they cover 

again only small geographical scales and it is difficult to generalize.   

To conclude, the combined approach of field data with genetic data in this thesis 

has on the one hand the advantage that the detailed field data present the required data base 

to interpret the genetic data. On the other hand, the genetic data on a broad geographical 

scale give the possibility to evaluate whether field data are representative for the studied 

system. Thus, the two data sets can complement each other and can broaden our 

understanding of plant-animal interactions. 
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