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Summary 

The transformation of vast temperate forests into the present-day cultural 

landscapes strains biodiversity. Both the fragmented landscape configuration 

and the degradation of the local forest environment potentially erode the genetic 

diversity of forest plant species and compromise local persistence in the short 

term or, at least, limit the evolutionary potential to adapt. Low inter-fragment 

connectivity can impede pollen and seed flow among forests, which results in 

increased genetic divergence and reduced genetic variation, owing to genetic 

drift, inbreeding and, founder effects in isolated new fragments. Under 

suboptimal forest conditions, impediment of sexual life cycle completion may 

reduce local genetic variation.  

To develop effective conservation tools it is crucial to broaden our knowledge of 

the genetic and fitness response patterns of forest herbs species to spatial, 

temporal and environmental heterogeneity. Three still relatively common forest 

herbs, choosen to represent large variation in clonality and mating system, were 

investigated in anthropogenic landscapes in Flanders (Belgium). AFLP and SSR 

were used to quantify genetic diversity. The relationship between reproduction 

and genetic diversity and the fitness consequences of within versus among 

population crosses were documented. 

Forest fragmentation likely shaped the population genetics of Geum urbanum, a 

non-clonal, relatively well-dispersing herb. Gene flow towards less connected 

forest fragments seemed insufficient to offset genetic drift in small populations. 

The local forest environment and forest age did not affect population genetics. 

Reduced genetic diversity and gene flow did, however, not significantly affect 

offspring fitness of small populations. Small and large populations showed no 

significant differences in fitness nor did mean fitness increase after utcrossing 

compared to selfing. Little fitness reduction was observed in crosses over large 

distances as would be expected if the negative consequences of inbreeding are 

absent or too small to outweigh those of outbreeding. 



 

 

The genetic diversity of the rhizomatous dioecious Mercurialis perennis and the 

self-incompatible Convallaria majalis, on the other hand, were predominantly 

determined by local forest conditions as a result of human actions and natural 

environmental variability in the old forests these populations occurred. M. 

perennis populations in shady, relatively undisturbed forest conditions appeared 

more likely to maintain balanced sex ratios and moderate to high levels of genetic 

variation through recurrent recruitment from seed. The local degree of genetic 

similarity and the proximity of males had a relatively small effect on seed set, in 

agreement with the likely restricted pollen dispersal distances. In the few all-

male populations consisting of a single clone no sexual recruitment is possible. 

Seed set and seed viability in among-population crosses did not increase relative 

to within-population crosses.  

Most of the studied ‘populations’ of C. majalis actually consisted of a single 

genotype. Multiclonal populations mainly occurred in locations with a thin litter 

layer, suggesting a mediating role of the local forest environment in sexual life-

cycle completion. In agreement with the self-incompatibility character of this 

species, monoclonal populations showed very low or even absent fruit set. Lack 

of sexual recruitment seems to have resulted in almost monoclonal populations 

with reduced or absent sexual reproduction, potentially constraining their long-

term persistence. Although likely initially related to the influence of local forest 

conditions on genotypic variation, spatial isolation may exacerbate this process 

by preventing the inflow of compatible pollen to restore sexual reproduction. 

The results obtained here suggest an influence of life-history traits on the 

potential impact of habitat fragmentation. Local forest conditions likely shape the 

genetic diversity of the two studied forest herbs, characterized by clonal growth 

and a probably naturally fragmented structure. Self-incompatibility seems to 

confer vulnerability to the fitness consequences of low genetic variation whereas 

no fitness consequences were associated with reduced genetic variation in the 

examined populations of a frequently selfing herb. 



 

 

Samenvatting 

In gematigde streken werden uitgestrekte bossen omgezet in de huidige door de 

mens gedomineerde landschappen, waardoor de biodiversiteit onder druk is 

komen te staan. Zowel de sterk versnipperde landschapsstructuur als de 

verminderde habitatkwaliteit kunnen in principe de genetische verarming van de 

overblijvende bosplantenpopulaties bewerkstelligen, wat de leefbaarheid 

(‘fitness’) van deze populaties op korte termijn en hun adaptatievermogen op 

lange termijn kan beperken. Ruimtelijk isolatie kan de uitwisseling van genen via 

pollen en zaad verhinderen, waardoor de genetische differentiatie tussen 

populaties toeneemt en de genetische diversiteit van populaties afneemt, door 

genetische drift, inteelt en stichtingseffecten in geïsoleerde nieuwe 

bosfragmenten. Ook een verminderd voortplantingssucces onder suboptimale 

omstandigheden kan leiden tot genetische verarming.  

Om conservatiemiddelen efficiënt aan te wenden is het cruciaal de invloed van 

heterogeniteit in ruimte, bosleeftijd en omgeving op de genetische diversiteit en 

de fitness van bosplantenpopulaties beter te begrijpen. Drie vrij algemene 

bosplanten, verschillend in mate van klonaliteit en bestuivingssysteem, werden 

uitvoerig bestudeerd in Vlaamse anthropogene landschappen. Genetische 

diversiteit en stuctuur werd bepaald met genetische merkertechnieken (AFLP en 

SSR). Relaties tussen genetische diversiteit en fitness en de fitness gevolgen van 

kruisingen binnen en tussen populaties werden onderzocht. 

Populatiegenetische patronen van Geel nagelkruid (Geum urbanum), een niet-

klonaal, relatief goed verbreidend kruid, werden het best verklaard door 

bosfragmentatie. De invloed van bosleeftijd en bosomgeving was niet beduidend. 

De genenstroom naar minder goed geconnecteerde fragmenten leek te beperkt 

om de genetische erosie en divergentie van kleine populaties, vermoedelijk door 

genetische drift, tegen te gaan. Een afgenomen genetische diversiteit leek de 

fitness van het nageslacht evenwel niet te beperken. De fitness van kleine en 

grote populaties verschilde niet beduidend en uitkruisen leidde niet tot een 



 

 

fitnesstoename ten opzichte van zelfbestuiving. Uitkruisen over grote afstand 

leidde zelfs tot een matige fitness-afname, zoals verwacht indien de negatieve 

gevolgen van inteelt afwezig zijn of niet opwegen tegen de gevolgen van een 

uitkruisingsdepressie. 

De genetische diversiteit van Bosbingelkruid (Mercurialis perennis) en Meiklokje 

(Convallaria majalis) leek daarentegen voornamelijk bepaald door variatie in de 

lokale omgeving ten gevolge van natuurlijke variatie en menselijk ingrijpen in de 

oude bossen waar deze soorten voorkomen. Beide soorten planten zich klonaal 

voort via rhizomen. Vrij grote populaties van de tweehuizige M. perennis in 

relatief ongestoorde, donkere omstandigheden hadden meer kans een 

evenwichtige sekse-ratio en hoge genotypische diversiteit te behouden door 

herhaaldelijke recrutering van zaad. De zaadzetting van deze soort was in 

beperkte mate gerelateerd aan de plaatselijke genetische diversiteit en de 

afstand tot mannelijke planten in overeenstemming met een korte 

pollendispersieafstand. In enkele populaties die uit één slechts mannelijke kloon 

bestonden lijkt geslachtelijke voortplanting niet meer mogelijk. Uitkruisen tussen 

populaties verhoogde de zaadzetting en -kieming niet ten opzichte van 

kruisingen binnen populaties. 

Het merendeel van de bestudeerde C. majlis ‘populaties’ bestond uit amper één 

kloon. Populaties bestaande uit meerdere genotypes werden vaker aangetroffen 

op plaatsen met een dunnere strooisellaag, wat een omgevingsinvloed via 

geslachtelijke voortplanting doet vermoeden. In overeenstemming met een zelf-

incompatibel karakter was vruchtzetting in monoklonale populaties vrijwel 

onbestaand. Een gebrekkig voortplantingsucces heeft vermoedelijk geleid tot 

monoklonale of welhaast monoklonale populaties, wat het voortbestaan van deze 

overblijvende populaties in het gedrang kan brengen. Hoewel waarchijnlijk 

initieel gerelateerd aan de lokale omgeving, heeft ruimtelijke isolatie dit proces 

mogelijks versterkt door de instroom van pollen uit naburige populaties te 

belemmeren. 



 

 

Deze resulaten suggereren een geringe impact van fragmentatie en de invloed 

van soortkenmerken. De lokale omgeving beïnvloedde de genetische diversiteit 

van de twee bestudeerde klonale bosplanten met een vermoedelijk van nature 

gefragmenteerde structuur. Zelf-incompatibiliteit lijkt negatieve fitnessgevolgen 

gekoppeld aan een te lage genetische diversiteit te versterken terwijl geen relatie 

tussen genetische diversiteit en fitness in de onderzochte populaties van een 

hoofdzakelijk zelfbestuivend kruid gevonden werd.  
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List of abbreviations 

HE - Hardy-Weinberg expected heterozygosity of a population, also gene diversity  

HO - Observed heterozygosity 

FIS.-.Inbreeding coefficient, the average deviation from Hardy-Weinberg equilibrium 

FST – Estimate of genetic differentiation among populations often based on the 

proportion of genetic diversity due to allele frequency differences or allelic 

differences among populations (e.g. GST of Nei 1972, θAMOVA of Excoffier et al. 1992, θ 

of Weir and Cockerham 1984; Lowe et al. 2004). Initially the fixation index in 

Wrights’ Island model describing the reduction in heterozygosity within 

subpopulations (HE) relative to the total population due to genetic drift.  

AR - Allelic richness, mean number of alleles per locus 

P - Percentage or proportion of polymorphic loci 

M - Marker diversity, the mean proportion of non-matching AFLP bands between all 

possible pairs of samples. 

MLGs - Multi locus genotypes 

G:N - Number of genotypes over the sample size  

GD - multilocus genotypic diversity, i.e. the probability that two individuals taken at 

random from the population have different genotypes 

GR- genotypic richness, similar to G:N. The number of genotypes minus one over the 

sample size minus one, so the measure ranges between 0 and 1. 

LAI – Leaf area index 

SD – Standard deviation 

SE – Standard error 
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1.1 General consequences of habitat destruction and 

degradation 

An estimated 77% of the Earth’s ice-free land has now been drastically altered by 

human activities, and that proportion is likely to rise, leading to the substantial 

and growing modification of our biological resources. About half of that 77% is in 

direct use by humans for agriculture and urban development. The other half is 

marked by significant human influences such as forest plantations, pollution, 

eutrophication and overexploitation (Nature editorial 2009). Apart from the 

obvious local extinction of habitat-specific species in areas cleared for 

agricultural or urban development, the remaining individuals are forced to live in 

the extant small and spatially isolated habitat fragments, of often degraded 

quality. These phenomena are well recognized as important driving forces of 

current biodiversity loss in terrestrial ecosystems across the planet (Wilcox and 

Murphy 1985, Sala et al. 2000, Thomas et al. 2004).  

As a consequence of habitat degradation and destruction, populations of many 

species have become small and isolated. Once below a given threshold, 

populations are believed to face increased extinction risks. The probablility of 

such stochastic extinctions is determined by environmental, demographic and 

genetic processes (Shaffer 1981). Limited connectivity between fragments and 

increased interpopulation distances further increase extinction risks as 

populations are unlikely from being ‘rescued’ by gene flow. In addition, the the 

(re)colonization of fragments by a sufficiently large number of individuals may 

be hampered. At the landscape level, fragmentation may, therefore, seriously 

impair the capacity of a landscape to support viable (meta)populations (Brown 

and Kodrick-Brown 1977, Hanski 1998). 
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1.2 Forest herbs in cultural landscapes 

1.2.1 Intensively used cultural landscapes 

In Europe and parts of the USA, the development of civilization transformed vast 

temperate forests into the present-day anthropogenic landscapes characterized 

by great spatial, temporal and environmental heterogeneity. To meet the ever-

growing food demand of a mounting population, forests were progressively 

cleared for agricultural use. Forest clearance resulted in an overall reduction of 

forest area and a decreasing size and connectivity of the remaining forests 

immersed in an agricultural and urban matrix (Andrén 1994). Besides a long 

history of deforestation, these landscapes are often characterized by some 

reforestation. In most European countries, the tree layer is generally planted at 

the time of agricultural abandonment while the herb layer is left to spontaneous 

development. As not all forest fragments have been planted simultaneously, 

landscapes generally consist of a mixture of fragments of different ages. 

Fragments that can be dated back to the oldest maps available are usually 

referred to as ‘ancient’ while more recent forests are called ‘secondary’. In 

addition to the landscape configuration, the local forest environment, the sum of 

human interference and natural biotic and abiotic variation, varies largely within 

and among fragments and is often of degraded quality (Kirby and Watkins 1998, 

Honnay et al. 1999a).  

1.2.2 Ecological characteristics of forest herbs 

From an evolutionary point of view, forest plants are adapted to the stable forest 

conditions in which they reside or resided (summarized in Honnay et al. 2005). 

Most typical herbaceous forest plants, species of the late succession of forests, 

lack long-distance seed dispersal structures or a persistent seed bank (Bossuyt 

and Hermy 2001, Whigham 2004). At the local scale, migration rates between 0.2 

and 1.25 meters per year are typical for forest herbs (e.g. Matlack 1994, Brunet 

and von Oheimb 1998, Honnay et al. 1999b), suggesting very limited seed 
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dispersal, though, in some species, endo- or epizoochorous seed dispersal 

appears to facilitate some long-distance migration (Butaye et al. 2001, Vellend et 

al. 2003). Furthermore, most forest plants are perennials that exhibit a partially 

clonal lifestyle, combining sexual and clonal reproduction. An estimated 85 to 90 

% of forest plants are capable to reproduce clonally (Klimes 1997, Verheyen et 

al. 2003), a safe reproduction mode, less energy-consuming and possible over 

larger environmental gradients than sexual production (Harper 1977). The 

projected average life span for forest plants is 64 years compared to 22 years for 

plants from open habitats (Ehrlén and Lehtilä 2002). Clones of rhizomatous 

herbs such as Mercurialis perennis and Paris quadrifolia are estimated to exhibit 

life spans in the range of centuries (Kranczoch 1997, Jefferson 2008). According 

to Wilcock and Neiland (2002) approximately 90 % of angiosperms are insect 

pollinated. Self-compatible, self-incompatible and partially self-compatible plants 

are approximately equally represented (Whigham 2004).  

1.2.3 Influence of the landscape configuration  

Although forest herbs must be adapted to a natural degree of fragmentation, the 

reduction in area and connectivity of the habitats in which they are currently 

found far exceeds natural landscape heterogeneity. Many forest herbs also 

experience great difficulties or appear unable to colonize isolated secondary 

fragments (Peterken and Game 1984, Butaye et al. 2001, Honnay et al. 2002), 

mainly due to dispersal limitation (Flinn and Vellend 2005, Baeten et al. 2009). 

They are, therefore, confined to the immediate proximity of ancient relicts. 

Nonetheless, the direct impact of a declining and fragmented forest area on the 

diversity and occurrence of herbaceous forest plants seems rather limited thus 

far (e.g. Honnay et al. 1999a, Dupré and Erhlén 2002, Jacquemyn et al. 2003, Kolb 

and Diekman 2004). This has been attributed to a buffered or, at least, delayed 

response to a changed landscape configuration due to their often long life spans 

(an extinction debt cf. Hanski and Ovaiskanen 2002, Vellend et al. 2006, 

Kuussaari et al. 2009).  
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1.2.4 Influence of local forest conditions  

Recent research emphasizes the influence of the local forest environment on the 

degree of herb layer degradation and the abundance of particular forest herb 

species. Although responses largely vary among species, factors such as the 

degree of canopy closure (Van Oijen et al. 2005), soil and litter characteristics 

(Albrecht and Mc Cartney 2009), trampling (Godefroid and Koedam 2004), 

increased nitrogen deposition (Lameire et al 2000) and inappropiate 

management or the failure to apply traditional practices such as coppicing 

(young tree stems are repeatedly cut down to near ground level, Barkham 1992, 

Brunet et al. 1996, Van Calster et al. 2008) have been proposed. Clonal plants, as 

many forest herbs are (see 1.2), may temporally persist as remnant populations 

(Eriksson 1989, Eriksson 1996) through prolonged clonal growth when the 

physical conditions to sustain viable populations via sexual recruitment are no 

longer met (Honnay and Bossuyt 2005). Prolonged suboptimal conditions may, 

however, eventually compromise their local persistence on the long-term (see 

1.4.4).  

1.2.5 Genetic diversity and viability of forest herbs in cultural landscapes  

One way by which spatial, temporal and environmental heterogeneity potentially 

affects the viability and persistence of forest herbs is via its influence on genetic 

variation, the variability of alleles and genotypes. Most work on the viability of 

forest herb populations in cultural landscapes thus far focussed on the influence 

of population size on genetic diversity or reproduction (reviewed in Honnay et 

al. 2005). The relative role of the landscape configuration (forest connectivity, 

area and age) vs. local forest conditions has largely been overlooked. Certainly 

studies integrating both genetic and (reproductive) fitness patterns in 

herbaceous forest plants are scarce (Honnay et al. 2005), though these processes 

interrelate (Young and Clarke 2000). Processes and potential interactions 

discussed below are depicted in Fig. 1.1. 
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Figure 1.1. Schematic representation of possible effects of forest fragmentation and 

degradation on the genetic diversity and fitness of forest plants. 

1.3 Genetic diversity and fitness of plant populations in human-

altered and degraded landscapes 

1.3.1 Influence of population size  

As an immediate consequence of a reduction in population size, genetic 

bottlenecks, small samples of the original gene pool, occur, so the number of 

alleles per locus and the number of polymorphic loci (P) are forced to decrease. 

Mostly rare alleles are lost at the initial phase of fragmentation. In addition, the 

small populations that are created are more likely to lose alleles via genetic drift, 

the random sampling of alleles over generations. As a consequence, allele 

frequencies become highly unpredictable, allelic and gene diversity (HE: the 

expected heterozygosity) decline and populations are expected to diverge 

genetically from other populations (Young et al. 1996). The impact of genetic 

drift depends on the effective size of the population, the level of gene-inflow and 

the number of generations a population remains small. The theoretical effective 
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size (NE) is the number of breeding individuals in an ideal population where no 

factors such as skewed sex ratio or selfing violate the key premises of random 

mating and equal numbers of progeny per individual (Wright 1931). 

The frequency of alleles at a locus, the amount of inbreeding, and the type and 

intensity of natural selection, all determine the level of individual heterozygosity. 

In small populations the level of heterozygosity can decrease in two ways. First, 

it is lost directly as a function of the loss and fixation of alleles in remnant 

populations. Second, heterozygosity erodes through inbreeding. Such inbreeding 

arises from increased self-mating in self-compatible plants to compensate 

reduced cross-mating or when the remaining mates are related through recent 

common ancestry (Barrett and Kohn 1991, Young et al. 1996). Decreased 

heterozygosity can directly reduce fitness because deleterious recessive 

mutations accumulate in the homozygous state and due to a general fitness 

advantage of heterozygotes (Wright 1977). Inbreeding depression can lower 

seed production, increase seed/seedling mortality and reduce the growth rate, 

survival chances and reproduction of the offspring, further reducing population 

sizes and eventually driving populations to extinction (Young et al. 1996, Keller 

and Waller 2002, Lienert et al. 2004).  

Inbreeding load affects negatively many of the plant species examined with the 

magnitude of this effect depending on the mating system and the number of 

generations of increased inbreeding rates (Husband and Schemske 1996, Dudash 

and Fenster 2000). In addition to inbreeding, recent studies have demonstrated 

immediate negative fitness consequences of drift load in small plant populations 

(Palland and Schmidt 2003, Willi et al. 2005). In the long term, the loss of 

quantitative variation may also reduce a population’s ability to respond to 

environmental change, such that the probability of extinction is increased or, at 

best, opportunities for evolution are limited (Young and Clarke 2000, Booy et al. 

2000, Reed and Frankham 2003).  

Positive correlations between population size and genetic variation are, 

however, not ubiquitous. Recent meta-analyses of empirical studies emphasize 

that small fragmented populations of common plants are in general more likely 
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to lose genetic variation than rare species (Honnay and Jacquemyn 2007, Aguilar 

et al. 2008). Furthermore, correlations between population size and genetic 

variation are stronger in self-incompatible than self-compatible species (Leimu 

et al. 2006, Honnay and Jacquemyn 2007, Aguilar et al. 2008). This is likely 

because common species and self-incompatible species will in general maintain 

higher levels of genetic variation within populations than rare plants. 

Furthermore, the impact of genetic drift in small populations increases with time, 

or, more specifically, with the number of generations that the population size 

remains small. Longevity and clonality are, therefore, expected to mitigate the 

impact of genetic drift (Young et al. 1996, Balloux et al. 2003, Aguilar et al. 2008). 

Finally, relationships between the inbreeding coefficient, FIS, and population size 

are in general less strong (Leimu et al. 2006, Honnay and Jacquemyn 2007), 

suggesting that the observed loss of genetic diversity in small populations is 

mainly the result of population bottlenecks and genetic drift. 

In addition to these genetic effects, small plant populations can suffer from 

reduced reproductive output because they attract less pollinators (Bond 1994, 

Aizen et al. 2004, Fréville et al. 2004, Kolb 2005) or because the number and 

density of conspecifics is insufficient to ensure optimal seed production (Allison 

1990, Davis et al. 2004). Relationships between reproductive success and 

population size are especially strong in obligately outcrossing plant species 

(Aguilar et al. 2006, Leimu et al. 2006). For instance, in self-incompatible plants 

with separate sexes or morphs, demographic stochasticity may skew sex ratios, 

limiting the availability of mates further (e.g. Jacquemyn et al. 2002). 

1.3.2 Influence of habitat connectivity 

The probability of dispersal to and, colonization of, a target fragment is mainly 

determined by its connectivity to extant populations (Hanski 1998). Increased 

distances between extant populations and the altered land use in the matrix can 

affect the level pollen and seed flow. For species relying on wind- or gravity for 

pollen or seed dispersal, spatial isolation should readily reduce pollen and seed 

flow between extant populations (Levin and Kerster 1974, Tonsor 1985, Knapp 
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et al. 2001). For insect-pollinated or animal-dispersed plants, a changed 

landscape configuration may indirectly affect gene flow due to the disruption of 

biotic interactions (Kwak et al. 1998, Santos et al. 1999, Steffan-Dewenter and 

Tscharntke 1999). Small forest fragments may house small populations of a 

given plant species (Young et al., 1996) and a reduced number and diversity of 

pollinators than large forests (Aizen and Feinsinger 1994). Furthermore, gene 

dispersal agents such as insects usually do not travel large distances, certainly 

not through intensively managed fields or urban areas (Wilcock and Neiland 

2002). Conversely, when some long-distance seed or pollen flow occurs it is often 

over larger distances than in continuous habitat (Levin 1978, Steffan-Dewenter 

and Tscharntke, 1999, Gonzales et al. 2006). On the one side, impeded gene flow 

can no longer offset genetic drift or inbreeding (Ellstrand 1992, Prober and 

Brown 1994, Groom 1998, Richards 2000). On the other side, the possibility for 

outbreeding depression, reduced fitness due to the disruption of local adaptation 

or genetic co-adaptation after gene-inflow from a too distant population (Price 

and Waser 1979), is avoided.  

The expected genetic consequences of habitat fragmentation are based on 

traditional island biogeography and meta-population theory (McArthur and 

Wilson 1967, Levins 1969). Recently, the field of landscape genetics has 

emerged, integrating classical population genetic predictions and more explicit 

analysis of landscape features adapted from landscape ecology (Manel et al. 

2003, Storfer et al. 2006). Once a continuous forest is cleared and subdivided 

into small discrete fragments, the resulting genetic structure of fragmented 

populations is expected to depend on the spatial scale of fragmentation or its 

impact on pollen and seed dispersing agents relative to the pre-existent breeding 

neigbourhoods (Nason et al. 1997, Hamrick 2004), and the size of the remaining 

populations (see 1.5.1).  

Given a stable population structure and an Island model of gene flow (random 

pattern), theory predicts that the overall level of genetic differentiation among 

populations (FST) will increase due to genetic drift and that the loss of genetic 

variation in small populations will no longer be counteracted by gene flow if the 
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number of migrants per generation is restricted to approximately one or less 

(Wright 1931). In reality, pollen and seed flow vary in time and space, being 

more likely between neighboring fragments or populations. In addition, seed 

dispersal is often kin-structured, which reduces the number of actual migrants. 

Furthermore, also inbreeding and local adaptation enhance genetic 

differentiation. As a consequence, migration rates must be substantially higher 

than one migrant per generation to prevent genetic differentiation among plant 

populations (estimated 5 to 20 migrants per generation in Lacy 1987).  

1.3.3 Influence of temporal changes due to landscape turnover 

If population structure is unstable, founding events are expected to have a strong 

impact on within-population genetic diversity and genetic structure. When the 

number of founding propagules is limited, within-population genetic variation is 

expected to be reduced due to genetic bottlenecks, followed by inbreeding and 

drift (Wright 1931, Slatkin 1977, see 1.5.1). Cycles of extinction and 

recolonization are expected to increase between-population genetic 

differentiation if colonists are drawn from a relatively limited number of 

populations and subsequent migration rates are in the same range as 

colonization rates (Whitlock and McCauley 1990, McCauley et al. 1995, Pannell 

and Charlesworth 2000). 

In changing landscapes, founding events due to forest turnover 

(afforestation/reforestation) may play a significant role in the determination of 

population genetic structure and within-population genetic diversity. Though 

data of extinction probabilities are difficult to obtain for plant species, the 

population structure of forest herbs is considered reasonably stable. Therefore, 

populations in old fragments are probably older than populations in secondary 

fragments. Given low connectivity, it can be expected that the number of 

colonists, sources and the level of gene flow are all low. Hence, forest turnover 

should erode genetic diversity and enhance genetic differentiation of populations 

in secondary forest fragments relative to ancient fragments. These expectations 

were tested in two relatively well-dispersing herbs, Primula elatior and Trifolium 
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grandiflorum (Jacquemyn et al. 2004, Vellend et al. 2004), but were only 

confirmed for T. grandiflorum.  

1.3.4 Influence of the local environment 

Besides landscape configuration, also the local environment can affect the 

distribution of genetic variation among populations and its magnitude within 

populations through several evolutionary processes, including selection, chance 

associations related to genetic drift and bottlenecks, differential gene flow, and, 

in clonal plants, the balance between sexual and clonal reproduction. First, local 

selection in different environments can result in micro-geographical variation of 

genetic diversity (Antonovics 1971, Gram and Sork 2001, Hall 2006). Second, 

fecundity, offspring performance and local abundance of a given plant species 

can strongly depend on local habitat quality or environmental variability 

(Oostermeijer et al. 1994, Eisto et al. 2000, Vergeer et al. 2003). Under 

suboptimal conditions, populations of relatively short-lived plants will decline. 

This process can be accompanied by genetic deterioriation through genetic 

bottlenecks, drift or inbreeding (De Vere et al. 2008, Jacquemyn et al. 2008).  

Prolonged clonal growth, on the other hand, allows genotypes to (temporally) 

persist under conditions impeding sexual life cycle completion (Eckert 2002, 

Honnay and Bossuyt 2005, Silvertown 2008). However, the dynamics of clonal 

plant populations, principally shaped by interactions at the genet level are 

strongly affected by the balance between both modes of reproduction (Eriksson 

1993, McLellan et al. 1997, Pan and Price 2001). Sporadic or completely absent 

sexual recruitment may constrain genotypic diversity. Intra-genet competition 

and clone death are predicted to eventually result in an uneven distribution of 

clone sizes and a reduced number of genotypes (Watkinson and Powell 1993, 

Piquot et al. 1998). Genotypic diversity has indeed been reported to be high 

under favourable conditions that maintain sexual vigour or allow progeny to 

germinate and recruit successfully compared to sites where sexual reproduction 

or sexual recruitment is low (Kudoh et al. 1999, Kleijn and Steinger 2002, 

Jacquemyn et al. 2005, Bruun et al. 2007).  
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Because plants often mate locally, a limited number of large and aggregated 

clones can increase the level of geitonogamy (mating among flowers of the same 

individual or genet, De Jong et al. 1993), and increase the chances of kin-mating 

(Handel 1985), especially if limited seed dispersal causes the spatial clumping of 

genetically related genotypes (Vekemans and Hardy 2004, Epperson 2007). In 

self-incompatible clonal plant species, low genotypic diversity may have a 

negative effect on the reproductive success, due to a shortage of compatible 

genotypes (Luijten et al. 2000, Honnay et al. 2006, Scobie and Wilcock 2009). If 

not counteracted by frequency-dependent selection, this process is expected to 

further lower the rate of sexual reproduction and seedling recruitment, and thus, 

to further increase the shortage of compatible mates and eventually to result in 

the loss of sexual reproduction.  

Low genotypic diversity can threaten population persistence, singly or in concert 

with a declining local abundance. As monoclonal plant assemblages can be more 

prone to infectious diseases (Schmid 1994, Zhu et al. 2000) and may be less able 

to respond to changing environmental conditions (Reusch et al. 2005) compared 

to multi-clone assemblages, the long-term persistence of clonal plant populations 

depends to some extent on sexual recruitment. 

1.4 Scope, aims and thesis outline 

To develop effective conservation tools, it is crucial to broaden our knowledge of 

the relative effects of local forest environment and landscape configuration on 

the genetic diversity and fitness of forest herbs. This is the general focus of this 

thesis. The fitness and genetic response patterns of three still relatively common 

forest herbs, choosen to represent different degree of clonality and different 

mating systems, were investigated in Flanders (Belgium), a region which is a 

good example of complex, anthropogenic landscapes. In some areas, 

deforestation started before Roman times accompanied by an increasing human 

impact in the remaining forests. The overall forest area was 10 % of the total 

land around 1300 and reached rock bottom in the 19th century (1880, 6 % of the 
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land area; Tack et al. 1993). Though deforestation continued, some 

establishment of forest on abandoned agricultural land from 1880 onward, 

resulted in a current forest area of approximately 11 % (150.000 ha, Fig. 1.1). 

Only around 18 % of the current forest area can be dated back to 1775, based on 

the Ferraris topographical maps (De Keersmaeker et al. 2001). These are for 

most areas the oldest maps available for the Flemish region. 

 

  

Figure 1.2. The current forest area in Flanders (Belgium, www.agiv.be). 

 

Genetic diversity was quantified using DNA-based genetic markers: 

microsatellites or SSR (Simple Sequence Repeats) and AFLP (Amplified Fragment 

Length Polymorphism, Fig. 1.3). Because of their high level of polymorphism and 

reproducibility, these techniques are most accurate to distinguish between 

genotypes and to quantify genetic diversity (Arnaud-Haond et al. 2007, Bonin et 

al. 2007, Aguilar et al. 2008). 
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Figure 1.3. Genemapper output of AFLP fragments of M. perennis 

(top) and SSR fragments of G. urbanum (bottom). Each peak in the 

AFLP-plots represents a DNA-band. Presence or absence of specific 

bands are used to estimate levels of genetic diversity and to identify 

clones. In the SSR-plots only homozygous individuals are shown. Each 

of the 6 plants shown carries a different allele at the locus investigated. 

 

More specifically, the aim was to answer the following questions: 

• Is the genetic diversity of small and isolated populations reduced due to 

genetic drift, bottlenecks and/or inbreeding? Does spatial isolation affect 

genetic structure? 

• Does temporal variability, i.e. differences in forest age as a result of forest 

turnover, affect genetic diversity? More specifically, did founding events in 

isolated secondary forest fragments result in reduced within-population 

genetic diversity and increased genetic divergence? 
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• Does local environment affect population genetic diversity? And, 

specifically for clonal plants, does impediment of sexual life cycle 

completion reduce clonal diversities?  

• Does genetic variation exert any influence, via inbreeding depression or 

via mate availabity, on reproductive or offspring fitness?  

• Does outcrossing among populations improve fitness or, does outbreeding 

depression occur? 

• Do specific life-history traits confer different vulnerability to spatial or 

environmental heterogeneity? 

Specific research questions were formulated according to species-specific traits. 

In chapter 2 and 3 research on the genetics and fitness of Geum urbanum (Fig. 

1.4), a self-compatible non-clonal herb (Taylor 1997), is presented. The species’ 

occurrence in secondary forest fragments allowed us to test for the influence of 

forest age on these parameters. In Chapter 2, the relative role of connectivity, 

forest age and the local environment in shaping population genetics of was 

investigated. The fitness effect of gene-inflow vs. selfing in fragmented 

populations is the topic of Chapter 3. Populations differing in the level of genetic 

diversity were pollinated with pollen collected from sources at different 

distances. Offspring were raised under controlled conditions (Fig. 1.4) 
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Figure 1.4. Woody avens (G. urbanum). Top left: seed head, top right: flower, bottom 

left: offspring of crossing experiment in the experimental field, bottom right: plant in 

forest. 

Chapters 4 to 6 report studies of the dioecious, shade-tolerant Mercurialis 

perennis, typically occurring as male and female clones (Fig. 1.5). Male plants 

usually dominate in canopy gaps (Wade et al. 1981). First, the influence of 

canopy closure on fine-scale clonal and genetic structure was studied in a small 

set of large populations (Chapter 4). Second, as small populations are expected 

to be more vulnerable to demographic variance, patterns of sex ratio and genetic 

variation were investigated in a larger survey of small and large populations. 

Genetic structure among populations in the anciently fragmented study area was 

also quantified (Chapter 5). Third, the expected limited pollination distances 

motivated a study of the reproductive consequences of mate availability versus 

local genetic diversity (Chapter 6).  
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Figure 1.5. The dog’s mercury (M. perennis). Left: females with fruits, right: flowering males 

Relationships between clonal diversity and reproductive success of isolated 

Convallaria majalis (Lilly of the valley, Fig. 1.6) populations and the role of the 

local forest environment are addressed in Chapter 7. As other Convallaria, C. 

majalis is self-incompatible and rhizomatous (Araki et al. 2005). Environmental 

conditions that impede sexual life cycle completion may reduce genotypic 

diversity of clonal plant populations. In a 

self-incompatible clonal herb, low 

genotypic diversities will further reduce 

reproductive success due to a lack of 

compatible mates, especially if spatial 

isolation impedes pollen exchange 

among populations. This could 

eventually result in remnant 

populations essentially relying on clonal 

growth.  

In Chapter 8 the influence of life-history traits on the impact of spatial and 

environmental parameters and relationships between genetic diversity and 

fitness are discussed followed by general conclusions with regards to 

conservation genetics, and research perspectives. 

 

Figure 1.6. Lilly of the valley (C. majalis) 



 

 

 

Chapter  2 .          

L a n d s c a p e  g e n e t i c s  o f  Geum u r ba num :  

e f f e c t s  o f  h a b i t a t  a g e ,  f r a g m e n t a t i o n  

a n d  l o c a l  e n v i r o n m e n t  
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Adapted from:  

Vandepitte K, Jacquemyn H, Roldán-Ruiz I, Honnay O (2007) Landscape genetics 

of the self-compatible forest herb Geum urbanum: effects of habitat age, 

fragmentation and local environment. Molecular Ecology, 16, 4171-4179. 
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2.1 Summary 

To investigate the role of habitat fragmentation, fragment age and local environment 

in shaping the genetics of plant populations, we examined the genetic structure of 

the self-compatible forest herb Geum urbanum using microsatellite markers. A 

historical land-use reconstruction assigned the studied populations to two age 

classes: populations in primary forest fragments, and populations in secondary 

fragments. Local environmental conditions were quantified on the basis of the herb-

layer community composition. A stepwise General Linear Model revealed that levels 

of within-population genetic diversity were best explained by population size, 

landscape connectivity and the interaction between both. Connectivity was 

positively correlated with the genetic diversity of small populations, but did not 

significantly affect the diversity of large populations. Contrary to what we expected, 

secondary-forest populations showed lower divergence relative to populations 

located in primary patches. Small populations were genetically more diverged 

compared to large populations. Mantel-tests showed no significant isolation by 

distance and no significant correlation between habitat similarity and genetic 

differentiation. We conclude that gene flow has probably prevented founder events 

from being reflected in the present genetic structure of G. urbanum. Gene flow 

towards low connectivity populations, however, seemed to be insufficient to 

counteract the effects of drift in small populations. 

2.2 Introduction 

The genetic diversity maintained within a group of organisms is a function of 

historical and recent evolutionary processes (Godt et al. 1996). Genetic drift, gene 

flow, inbreeding, natural selection and mutation shape the genetic structure and 

magnitude of genetic variation among and within populations (Barett and Kohn 

1991, Slatkin 1993). Landscape genetics has emerged as a new research area that 

integrates population genetics, landscape ecology and spatial statistics to explain 

how landscape characteristics shape population genetics (Manel et al. 2003, Storfer 

et al. 2006).  
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In dynamic landscapes, where habitat fragments differ in age, equilibrium between 

rates of gene flow and genetic drift is rarely achieved and founding events may play 

a significant role in the determination of plant population genetic variation. Classical 

metapopulation models predict that the origin of colonists and the degree of 

migration after colonization determine genetic divergence between populations 

(McCauley 1991, McCauley et al. 1995). Slatkin (1977) investigated this issue with 

two variations of Wright's (1931) basic island model. In the ‘propagule pool’ model, 

all individuals that comprised a given founding group were drawn from the same 

source populations. In combination with low gene flow rates, small founding groups 

from limited sources allowed newly founded populations to genetically diverge 

through drift and inbreeding. In the ‘migrant pool’ model colonists were randomly 

drawn from different pools. The mixing of different genotypes tore down genetic 

structure and genetic divergence became lower than that under the expectations of 

the basic island model (Wright 1931). Whitlock and McCauley (1990) theoretically 

demonstrated that cycles of extinction and recolonization will increase between-

population genetic differentiation and decrease the genetic variation within newly 

founded populations if colonists are drawn from a relatively limited number of 

populations and subsequent migration rates are in the same range as colonization 

rates. 

In a highly fragmented landscape, the colonization of newly created habitats by a 

given species will be strongly influenced by both landscape connectivity and 

population size. These factors have also an important effect on the population 

genetic structure of the populations. In the first place, the probability of dispersal to, 

and colonization of a target fragment is mainly determined by its connectivity to 

extant populations (Hanski 1998). In plant species, the resulting genetic structure of 

fragmented populations may be further complicated by gene flow through pollen 

(McCauley 1994) and by the breeding system (Hamrick and Godt 1996). As spatial 

isolation limits gene flow among populations it will contribute to higher levels of 

differentiation between populations (Young et al. 1996). Population size will have a 

similar effect on the within-population genetic diversity. As in the absence of gene-

inflow, the number of alleles of small populations will decrease through genetic 

drift, with rarer alleles having the highest risk (Barrett and Kohn 1991, Ellstrand 
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and Elam 1993, Young et al. 1996). In addition, genetic variability is expected to 

decrease further in small populations as a result of increased selfing and biparental 

inbreeding, both of which increase the level of homozygosity (Ellstrand and Elam 

1993). In the short term, decreased genetic variability may increase the expression 

and accumulation of mildly deleterious alleles (Ellstrand and Elam 1993, Young et 

al. 1996, Keller and Waller 2002). In the long term, decreased genetic variability can 

limit a species’ ability to respond to different selection pressures (Barrett and Kohn 

1991, Young et al. 1996) because levels of quantitative genetic variation necessary 

for adaptive evolution erode (Keller and Waller 2002). 

The predicted consequences of habitat fragmentation and founder events on plant 

population genetics have only rarely been tested empirically (see e.g. Giles and 

Goudet 1997, Jacquemyn et al. 2004, 2006; Vellend 2004). The distribution of forest 

herbs in fragmented forest landscapes offers a unique opportunity to investigate the 

role of landscape configuration and forest fragment age in shaping the genetic 

diversity and structure of fragmented plant populations. In most European 

countries, the tree layers are generally planted at the time of agricultural 

abandonment while the herb layer is left to spontaneous development. As not all 

forest fragments have been planted simultaneously, European fragmented forest 

landscapes generally consist of a mixture of fragments of different ages. This mosaic 

of fragments of different ages results in a population age structure of the herb layer, 

which can readily be assessed by the age of the forest patches (Jacquemyn et al. 

2004).    

In addition to fragmentation and forest age, local habitat conditions may also affect 

genetic diversity and divergence of plant populations. Several studies have provided 

evidence that environmental or habitat variability has the potential to influence the 

partitioning of genetic variation within and among populations (Antonovics 1971, 

Gram and Sork 2001). Local selection processes (Hamrick and Allard 1972, Zangerl 

and Bazzaz 1984, Owuor et al. 1999, Hall et al. 2006), and reduced seedling 

recruitment in less-suitable habitats (Jacquemyn et al. 2005) are environment-

mediated processes that shape the genetics of plant populations.  

We studied the population genetic structure of eighteen Geum urbanum (Woody 

avens) populations in a highly fragmented forest landscape in Belgium. G. urbanum 
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is a relatively common forest herb with a mainly selfing mating system (Taylor 

1997). The study area has been subjected to vast deforestation and a considerable 

forest turnover rate during the last 200 years (Jacquemyn et al. 2001a,b; 2003). 

Given that the studied forest plant populations are relatively isolated in a hostile 

matrix, we predicted that the colonization of newly created habitat patches is 

affected in most cases by propagules driven from a limited number of sources and 

that subsequent gene-flow is also very limited. As a consequence the level of genetic 

differentiation among recently founded populations in secondary forest fragments 

should be high, compared to populations located in primary patches. Similarly, we 

expected secondary forest populations to display lower levels of diversity than 

populations in primary patches. We specifically addressed the following questions: 

• Does habitat fragmentation (in terms of landscape configuration and 

population size) affect the genetics of the studied G. urbanum populations?  

• Have differences in fragment age resulted in higher levels of genetic 

differentiation and in lower genetic variation within secondary forest 

compared to populations in primary forest fragments? 

• Does local environment affect the genetics of the studied populations? 

2.3 Materials and methods 

2.3.1 Study species  

G. urbanum (Rosaceae) is widespread and abundant throughout its distribution 

range, which comprises most of Europe, western Asia, western Siberia, the Himalaya 

and the North-West African coast. It occurs widely on mildly acid to calcareous, 

freely draining and preferably moist soils (Taylor 1997). In our study area G. 

urbanum is confined to deciduous woodlands.  

G. urbanum is an allohexaploid (2n=6x=46) (Smedmark and Eriksson 2002, 

Smedmark et al. 2003) with disomic inheritance (Arens et al. 2004). It is a perennial, 

pubescent herb with a short, thick rhizome. Flowering stems reach 70 cm. The 

number of inflorescences varies between 2 and 5. Hermaphrodite flowers secrete 
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nectar and are visited by a range of insects. The species has a mixed breeding 

system, tending towards autogamy due to autodeposition of pollen (Taylor 1997). 

Reproduction is mainly sexual and there is no persistent seed bank (Roberts 1986). 

A single flowering head produces c. 100 achenes. Seeds are hairy and have a 5-7 mm 

long hook, facilitating epizoochorous seed dispersal (Grime et al. 1988).  

2.3.2 Study site and sampling collection  

The study area is situated in the central part of Belgium (50°51-54’ N, 4°53-59’ E) 

between Diest, Tienen and Leuven and comprises a large river valley bordered by 

small hills. Altitude ranges from 33 to 85 m above sea level. 

Jacquemyn et al. (2003) demonstrated considerable forest turnover in the study 

area during the last 200 years. In the 18th and 19th century, deforestation rates 

were 3 to 7 times larger than reforestation rates, resulting in an overall decrease of 

the forest cover in the study area. From the 20th century onwards, deforestation 

rates gradually decreased and new forests were continuously established. As a 

result, the landscape currently consists of a mosaic of forest fragments of different 

ages. The oldest, primary, patches have most likely always been forested 

(Jacquemyn et al. 2001 a,b). The secondary patches investigated are between 50 and 

140 years old and were subjected to agricultural land use before reforestation. G. 

urbanum is absent in successional patches younger than 50 years (Jacquemyn et al. 

2003) in the study area.   

In June 2005, 18 populations, equally distributed among primary and secondary 

forest patches, were selected at random from a larger number of populations in the 

studied area. Population sizes were determined by estimating the number of 

flowering individuals in a patch. Population sizes were assigned to two classes: 

small (between 0-100 flowering individuals) and large (more than 100 flowering 

individuals) (Table 2.1). In the smallest populations (5 and 8 in Table 2.1) as few as 

20 individuals were found, whereas in the largest population (16) over 1,000 

individuals were estimated. Populations in primary forest patches were classified as 

‘old’ and, populations in secondary patches were classified as ‘young’ (Fig. 2.1). The 

herbaceous layer of each studied forest patch was characterized in spring and 
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autumn 2000 by recording the presence or absence of forest plant species walking 

transects of several meters wide (a more detailed description is given in Jacquemyn 

et al. 2001b). 

 

Table 2.1. Fragment characteristics, population size, local environment and genetic 

diversity measures within populations of G. urbanum and means over all populations.  

ID Size Age Area Conn Env N P AR HO FIS 

1 2 (400) S 1.26 3.09 189.18 20 50 1.97 0.017 0.944 

2 1 (50) S 0.68 6.15 165.21 20 33 1.49 0.008 0.950 

3 2 (300) S 1.72 12.05 163.36 23 83 2.88 0.051 0.877 

4 2 (150) P 11.41 14.41 18.13 17 83 2.39 0.039 0.878 

5 1 (23) S 0.57 6.74 71.97 10 0 1.00 0.000 - 

6 1 (85) P 7.28 17.55 34.32 20 50 1.72 0.025 0.850 

7 1 (45) P 4.05 16.53 29.85 22 0 1.00 0.000 - 

8 1 (20) P 4.09 20.76 53.00 22 67 1.84 0.053 0.786 

9 2 (175) P 2.01 18.78 0.00 23 83 2.83 0.046 0.897 

10 1 (85) P 3.60 30.61 65.82 22 83 2.96 0.038 0.915 

11 1 (90) P 0.80 30.76 138.67 21 100 2.41 0.000 1.000 

12 1 (80) P 1.75 23.28 71.84 22 50 1.77 0.091 0.446 

13 2 (450) S 1.03 26.67 147.84 18 83 2.47 0.046 0.859 

14 2 (750) S 4.84 27.80 143.12 20 100 2.35 0.050 0.892 

15 2 (350) S 0.83 42.70 131.79 21 100 3.03 0.056 0.878 

16 2 (1250) S 6.28 40.55 90.85 22 83 2.65 0.030 0.928 

17 2 (650) P 7.58 39.98 114.17 20 67 2.09 0.042 0.791 

18 2 (600) S 2.57 12.21 156.66 22 67 1.95 0.018 0.912 

Mean        65.73 2.15 0.034 0.917 

Size: population size class based on the estimation of the number of flowering individuals; (1: 

less than 100 individuals; 2: between 100 and 400 individuals; 3: more than 400 individuals); 

Age: fragment age class (primary or secondary); Env: local environment as assesed using the 

scores of the first DCA axis; n: number of sampled individuals for which more than 4 loci were 

scorable; P: percentage of polymorphic loci (0.95 criterion); AR : Allelic richness corrected for 

small sample sizes, Ho: the mean observed heterozygosity and FIS: the weighted average 

inbreeding coefficient with correction for small sample sizes. Values are absent for population 5 

and 8 since FIS could not be calculated.  
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Figure 2.1. Map of the studied region. Studied populations indicated by ID. Shaded 

polygons represent secondary-forest patches. 

2.3.3 Microsatellite analysis 

Between 20 and 23 individuals were sampled in each population for genetic analysis 

(Table 2.1). Plants which were evenly distributed within the area of the selected 

fragments were chosen for genetic analysis. From each individual, leaf material was 

collected, immediately frozen in liquid nitrogen and stored at –80°C before freeze-

drying for 48h. Dried plant material was stored at room temperature under vacuum 

conditions until DNA extraction. Total plant DNA was extracted from 10 mg of 

ground dried leaf material, using the DNeasy 96 Plant Kit (Qiagen). DNA integrity 

and concentration were estimated on 1.5% (w/v) agarose gels. 

We used the microsatellite markers developed for G. urbanum by Arens et al. (2004). 

First, microsatellite primers were tested on a subsample of individuals from 

different populations. Six primer pairs, yielding consistent polymorphic patterns 

with a maximum number of 2 alleles per individual were selected to further 
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genotype all samples. Microsatellite PCR amplification was conducted in 10 μl 

consisting of 2.5 ng template DNA, 5 µl 2x Multiplex PCR Mix (Qiagen) and 1 pmol of 

each forward and reverse primer. All forward primers were fluorescently labelled 

(NED, FAM or HEX). In each PCR 3 loci were amplified simultaneously. WGU2-

28_HEX, WGU6-5_FAM and WGU6-7_NED were amplified in one reaction; WGU6-

1_NED, WGU2-48_HEX, WGU2-10_FAM in another reaction. SSR-nomenclature 

follows Arens et al. (2004). Fragment separation and detection took place on an ABI 

Prism 377 DNA sequencer on 36 cm denaturing gels using 4.25% polyacrylamide 

(4.25% acrylamide/bisacrylamide 19/1, 6M Urea in 1X TBE). In each lane we loaded 

0.25 µl GeneScan 500 ROX labelled size standard (Applied Biosystems), 0.35 µl 

loading dye (Applied Biosystems), 0.9 µl Hidi Formamide and 1 µl of PCR-product. 

Scoring of microsatellite patterns was performed in a semi-automated way using 

Genemapper version 3.7 (Applied Biosystems). 

2.3.4 Data analysis 

2.3.4.1 Genetic diversity within populations 

The following estimates of within population genetic diversity were calculated using 

GENSURVEY (Vekemans and Lefebvre 1997) and FSTAT 2.9.3.2 (Goudet 1995): 

Allelic richness corrected for small sample sizes (AR), the percentage of polymorphic 

loci (P) and the weighted average inbreeding coefficient corrected for small sample 

sizes (FIS). FIS values were very large and not variable enough to accurately detect 

differences between populations (Table 2.1). Therefore, FIS was omitted from 

further statistical analysis.  

A stepwise GLM (Generalized Linear model) procedure was applied to select 

significant predictors of the genetic diversity measures. The explanatory variables 

included in the models were landscape connectivity, patch size, population size (log-

transformed), fragment age group (old or young) and local environment. 

Connectivity of each patch to all other patches occupied by G.urbanum in the studied 

area was calculated according to Hanski (1994): 

( )
j

ij
ij AdSi ∑

≠

−= αexp
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where Si is the connectivity of patch i (a patch is defined as a forest fragment 

containing G. urbanum), dij is the distance between patches i and j and Aj is the area 

of patch j. α, a parameter scaling the effect of distance to migration (1/ α is the 

average migration distance) was set to 1 (Moilanen and Niemimen 2002). Other 

values for α yielded highly correlated results. Local environment was quantified by 

the scores of forest patches on the first ordination axis resulting from a Detrended 

Correspondence Analysis (DCA) of the vegetation data (McCune and Mefford, 1999).  

The stepwise GLM procedure alternated between forward and backwards selection. 

The first variable included in the model was the most significant (significance was 

preliminary assessed by entering each variable solely in a model and ordering them 

by decreasing predictive power). Then the most significant of the remaining 

variables was added and the explanatory power of the GLM model was tested using 

AIC (Akaike’s information criterium). At this step, non-significant variables, if found, 

were omitted. This process was repeated until the GLM was stable. For each genetic 

diversity measure, the model with the lowest AIC and containing only significant 

explanatory variables was selected. Finally, meaningful interaction terms of the 

selected predictive variables were examined for potential inclusion in the final 

models. Plots of fitted vs. residual values were used to check final models for 

departures from expected error distributions.  

Preliminary analysis by means of Pearson correlations and t-tests indicated no 

significant correlation (p-values < 0.1) between connectivity and population size 

(log-transformed), connectivity and DCA-axis1, patch area and population size or 

patch area and DCA1-axis. There was a significant difference in DCA1-axis between 

age classes (p = 0.03). Population size (log-transformed) and DCA1-axis were 

marginally correlated and there was a marginally significant difference in 

population size and patch area between age classes (all p = 0.08). Absence of strong 

correlations allowed us to include all the variables as possible predictors in the 

model except for age and environment which were analyzed in separate sets of 

models. All statistical analyses were performed using S-PLUS 6.1 and SPSS 11.5.  
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2.3.4.2 Genetic diversity among populations 

Overall F-statistics (Weir and Cockerham 1984) were calculated using an ANOVA of 

gene frequencies as implemented in FSTAT 2.9.3.2 (Goudet 1995), which is assumed 

to perform better than Nei’s estimates if sample sizes are smaller than 30 

individuals (Berg and Hamrick 1995). Confidence limits (95%) were obtained 

through 10,000 bootstraps over all loci and the significance of the differentiation for 

each locus assuming random mating was tested with the exact G-test (Goudet, 

1996). Comparisons of genetic differentiation (FST, Weir and Cockerham 1984) 

among groups of populations (grouped according to age or population size classes) 

were tested using 10,000 permutations as implemented in FSTAT 2.9.3.2 (Goudet 

1995). Mantel tests were carried out to check for the presence of isolation by 

distance and for effects of local environment on genetic differentiation. The matrices 

of pair-wise geographical distances and herb-layer community similarity (calculated 

from presence/absence data of forest plant species using the DICE coefficient) were 

correlated with the matrix of population pair-wise genetic differentiation. Partial 

Mantel-tests were used to analyze the same effects on genetic differentiation while 

holding the effect of the third matrix constant (Mantel and Valand, 1970). p-values 

and confidence intervals were obtained through random permutation of the 

columns of one matrix (10,000 permutations).  

2.4 Results 

2.4.1 Genetic variation within populations 

The number of multilocus SSR-genotypes per population varied between 1 and 17. 

For two of the smallest populations, (populations 5 and 7) no polymorphism could 

be detected across the loci analysed. P, the percentage of polymorphic loci varied 

between 0 and 100 and allelic richness varied between 1.00 and 3.03. The number 

of observed heterozygotes HO was very low (0-0.09), resulting in extremely high 

estimates of inbreeding coefficients (FIS) for all populations (Table 2.1).  

The GLM with population size (log-transformed), connectivity and their interaction 

was selected as the best model for all three genetic diversity measures, explaining 
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58.01 % and 68.45 % of the variance of AR and P respectively (Table 2.2). To further 

explore these results we split up the dataset according to population size classes 

(small: < 100 individuals and large: < 100 flowering individuals) and performed a 

regression analysis of connectivity against genetic diversity for the small and the 

large populations separately. Connectivity did not significantly affect the genetic 

diversity of large populations whereas it positively affected the genetic diversity of 

small populations (Table 2.3, Fig. 2.2).  

 

Table 2.2. Analysis of Variance table of effects on 

within-population genetic diversity.  

Source Df P Ar 

Pop size (log) 

Connectivity 

Connectivity*Pop size (log) 

1.13 

1.13 

1.13 

14.49** 

16.90** 

10.70** 

9.07** 

6.66* 

5.10* 

F-values and p-values estimates of the explanatory variables 

selected using a stepwise GLM procedure.  

*: p<0.05; **: p<0.01 
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Figure 2.2 Relationship between population size (the number of 

flowering plants) and genetic diversity (AR, top) and, connectivity and 

genetic diversity (AR) according to population size classes (bottom). 
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Table 2.3. Parameter estimates of the effects of 

connectivity on P and AR according to population size.  

 Dependent N Parameter B T 

P <100 Constant -12.356 -0.661 

  Connectivity 3.164 3.552* 

 ≥100 Constant  66.330 7.328* 

  Connectivity 0.573 1.725 

AR <100 Constant 0.760 2.058 

  Connectivity 0.055 3.129* 

 ≥100 Constant 2.169 8.108* 

  Connectivity 0.011 1.164 

Coefficient estimates (B), t-values (t) and population size class 

(n).*: p<0.05  

2.4.2 Genetic variation among populations  

Overall F-statistics showed little variation across loci (Table 2.4). Genetic 

differentiation (FST) was significant for all loci and for each individual locus (p-

values <0.001). The estimation of overall inbreeding (FIS) was 0.885.  

Mantel tests showed no significant correlation between the logarithm of the 

geographical distances and the genetic distances either without (Mantel-rDIST x FST: 

0.162, p = 0.111; Fig. 2.3a) or with (Mantel-rDIST x FST.DICE = 0.093, p = 0.214) control 

for herb layer community similarity. Community similarity and population pair-wise 

genetic distances were not significantly correlated before and after control for 

geographical distance (Mantel-rDICE x FST: -0.228, p = 0.101; Mantel-rDICE x FST . DIST: -

0.188, p = 0.133; Fig. 2.3b). Between-population genetic differentiation was 

significantly higher for small populations (<100 individuals) than for large 

populations (≥ 100 individuals) (FST small: 0.715; FST large: 0.314; p = 0.005). Pair-

wise population differentiation also differed among age groups, with old 

populations showing higher levels of genetic divergence towards other populations 

than young populations, however the effects of age on genetic differentiation were 
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less pronounced than the effects of population size (FST old: 0.608; FST young: 0.395; 

p = 0.044).  

 

Table 2.4. Overall F-statistics according to Weir and 

Cockerham (1984). 

Locus N FST FIS 

WGU2-28 2 0.359  0.850  

WGU6-5 8 0.459  0.919  

WGU6-7 21 0.403  0.910  

WGU6-1 4 0.522  0.867  

WGU2-48 6 0.430  0.862  

WGU2-10 7 0.462  0.848  

Mean  0.435 0.885 

95 % confidence limits  0.404-0.465 0.856-0.905 

N: number of alleles; 95 % confidence limits of FST and FIS 

estimates obtained after 10,000 bootstraps. 
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Figure 2.3. Relationship between genetic differentiation (FST 
according to Weir and Cockerham 1984) and a) geographic distance 

(km, b) environment similarity (Dice coefficient) 
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2.5 Discussion 

2.5.1 Overall genetic structure and gene flow 

Plant species with a selfing or mixed breeding system naturally tend to have higher 

levels of inbreeding and increased between-population genetic differentiation 

compared to obligate outcrossers (Hamrick and Godt 1996). The high overall 

fixation index found in this study for G. urbanum is consistent with this. Based on the 

morphological arrangements of the stamen and the stigma, Taylor (1997) suggested 

that the species is highly selfing. Our estimates are comparable with the H0 values 

reported by Arens et al. (2004) for G. urbanum populations sampled across 

Germany, Switzerland and Estonia. Average genetic differentiation estimates (FST = 

0.435) and fixation index estimates (FIS = 0.885) are also in agreement with average 

values obtained for mainly selfing species (Hamrick and Godt 1996).  

High seed set and the fact that seeds are hairy and have a long hook, facilitating 

epizoochorous seed dispersal (Grime et al. 1988), suggest that gene flow is primarily 

mediated by seed dispersal. We did not find a monotonically increasing isolation by 

distance relationship in the study area (Manel et al. 2003) (Fig. 2.3). Although some 

of adjacent populations showed lowered genetic differentiation, the pattern 

becomes more random as the distance increases. Perhaps seed flow among adjacent, 

well-connected patches and some long-distance seed flow determined the spatial 

genetic structure.  

2.5.2 Effects of habitat fragmentation 

Population size, landscape connectivity and their interaction strongly affect the 

genetic diversity of the studied populations. The significant slope of the regression 

line for small populations suggests that within-population genetic variation of small 

populations is more susceptible to isolation compared to large populations. The fact 

that small-sized populations were genetically more differentiated among 

themselves compared to large populations underpins the effects of random genetic 

drift in small populations. Although some long-distance seed-flow seemed to be 

present, the fact that genetic diversity is affected by connectivity indicates that 
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geneflow towards more isolated populations is restricted. The effects of connectivity 

are in agreement with a study of Jacquemyn et al. (2003) on distribution patterns of 

forest herbs in the same study area, showing that the distribution of G. urbanum was 

significantly related with landscape connectivity. 

Small populations are expected to show reduced levels of genetic diversity and 

increased genetic divergence, especially when they are isolated, hampering the 

replenishment of lost alleles through gene flow (Young et al. 1996). The relationship 

between population size and genetic diversity in forest herbs has been shown in 

only a limited number of studies (e.g. Van Rossum et al. 2002; Culley and Grubb 

2003), and it has been suggested that small populations of forest herbs showing 

repeated seedling recruitment and short generation times are sensitive to genetic 

drift (Honnay et al. 2005). This has been confirmed in this study for G. urbanum, a 

species showing high seed set and recruitment rates in our study area (pers. 

observ.).  

Interestingly, the positive effect of connectivity on genetic diversity was only 

apparent in populations with less than 100 individuals. Although it has been shown 

before that fragmentation erodes genetic variation through increased isolation and 

decreased population sizes (Young et al. 1996), the effect of their interaction has 

rarely been reported previously (but see Prober and Brown 1994). We have clearly 

demonstrated that small populations are more prone to the effects of isolation 

relative to large populations. Most likely, reduced gene flow towards less connected 

fragments is insufficient to counteract the effects of genetic drift in small 

populations, preventing them from being ‘rescued’ from further genetic erosion and 

divergence (Tallmon et al. 2004, Richards 2000).  

2.5.3 Effects of local environment 

A number of studies using neutral genetic markers have demonstrated a significant 

influence of habitat type or local environment on the genetic diversity of plant 

populations (Jacquemyn et al. 2005, Odat et al. 2004). In this study, local 

environment did not primarily affect population genetic diversity. However, a small 

influence of local environment through population size might have been present. In 
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less suitable habitats, reduced seedling recruitment in concert with harsher 

selection may restrict population size and/or reduce the number of different 

genotypes in addition to the loss of alleles trough genetic drift in small populations. 

We found no significant relationship between genetic divergence and habitat 

similarity, which further declined when controlling for the effects of geographical 

distances. Although we found no significant isolation by distance, inspection of Fig. 

2.3 suggests that some adjacent populations (< approximately 1.2 km) display 

reduced pairwise differentiation.  

2.5.4 Effects of fragment age 

Few studies have addressed the influence of fragment age on population genetic 

variation of forest herbs (Jacquemyn et al. 2004, Vellend 2004). Vellend (2004) 

showed reduced levels of genetic diversity and increased genetic divergence of 

secondary-forest populations of Trifolium grandiflorum relative to populations in 

primary forest. These differences were attributed to genetic bottlenecks at the time 

of founding. This was not the case in this study. Colonization during the last 90 years 

neither resulted in lower genetic variation, nor in increased genetic differentiation 

of the studied G. urbanum populations due to founder effects. Even though the 

studied populations are relatively isolated in a hostile landscape matrix, sufficient 

gene flow at the time of founding and afterwards, probably mediated by long and 

short-distance seed flow, may have prevented reflection of historical colonization 

events in the current population genetic structure.  

In the migrant pool model (Whitlock and Mc Cauley 1990), genetic divergence only 

increases if the number of colonist is less than twice the number of migrants. Long-

distance gene flow also might theoretically reduce the effects of founding (Le Corre 

and Kremer, 1998). Thus, a sufficient number of founding propagules combined 

with substantial long and short distance gene flow after the initial founding can 

explain the fact that age did not significantly affect genetic structure. Similar results, 

showing that colonization dynamics do not always increase genetic divergence and 

lower genetic diversity, have been reported by Jacquemyn et al. (2004, 2006). These 

authors found less differentiation between recently established populations of 

Primula elatior and Sisymbrium austriacum compared to old populations. Long-
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distance seed flow and a mixture of founding propagules originating from different 

populations, combined with recurrent extinction and colonization events in 

populations located in the immediate vicinity of the river prevented differentiation 

of newly founded S. austricum populations. Old (>35 years) populations of P. elatior 

showed increased divergence, which was attributed to limited historical levels of 

gene flow.  

In the case of G. urbanum the higher differentiation of populations located in 

primary patches can most likely be attributed to a bias in the partitioning of 

population size over age classes, with smaller populations, which are more sensitive 

to loss of genetic diversity, located more often in primary forest patches.  

2.6 Conclusion 

We conclude that gene flow has probably prevented founder events from being 

reflected in the present genetic structure of G. urbanum. Gene flow towards low 

connectivity populations, however, seemed to be insufficient to counteract the 

effects of drift in small populations. 
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Chapter  3 .             
F i t n e s s  e f f e c t s  o f  o u t c r o s s i n g  i n  

f r a g m e n t e d  p o p u l a t i o n s  o f  Geum 

u r b an um   
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3.1 Summary 

In fragmented landscapes, gene flow is expected to alleviate the burden of 

deleterious mutations in populations subjected to inbreeding or genetic drift. 

The beneficial effects of outcrossing on fitness will, however, depend on life 

history characteristics such as the species’ breeding system. Frequent selfing is 

expected to purge (sub)lethal alleles and mitigate inbreeding depression, at least 

if the load of mildly deleterious mutations has not accumulated through genetic 

drift in populations with a small effective size. Gene-inflow from distant source 

populations, on the other hand, can result in outbreeding depression due to 

genomic incompatibilities. We tested these predictions using highly fragmented 

populations of the self-compatible forest herb Geum urbanum as a model system. 

Assessment of mating system parameters using microsatellite markers inferred 

very high selfing rates (92.5 %), confirming the predominantly self-fertilizing 

character of the study species. Experimental pollinations with self and outcross 

pollen collected from populations at different distances from the target 

populations showed no significant signs of inbreeding depression, even in very 

small target populations. Except for a small reduction in germination for the 

long-distance crosses, we found no other effects of outbreeding on fitness, 

although the level of neutral genetic differentiation between populations was 

high. 

3.2 Introduction 

Small and isolated populations are more vulnerable to environmental 

fluctuations, demographic stochasticity and loss of genetic variation, which can 

reduce population fitness (Shaffer 1981, Lande 1988). In fragmented landscapes, 

genetic drift, the change in gene frequency arising from random events (Wright 

1977), and low inter-population gene flow will erode genetic variation within 

small populations and increase the level of genetic divergence between 

populations (Barrett and Kohn 1991, Ellstrand and Elam 1993, Young et al. 

1996). Moreover, mating between relatives (including self-matings) becomes 
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increasingly more likely, further decreasing genetic variability through the 

increase of the level of homozygosity (Ellstrand and Elam 1993). The 

accumulation of homozygous (partially) recessive deleterious alleles and the loss 

of overdominance, the superiority of heterozygotes over both homozygotes, may 

result in a fitness reduction or inbreeding depression (Wright 1977, Keller and 

Waller 2002). 

Beyond these general predictions, the fitness consequences of habitat 

fragmentation through reduced genetic variability can be expected to depend 

also on the species’ mating system. Frequently self-pollinating plant species are 

not expected to harbor a large load of highly deleterious mutations, because new 

alleles are exposed to selection in the homozygous state soon after they arise. As 

a result, deleterious alleles are more likely to be purged, mitigating inbreeding 

depression in predominantly self-pollinating plant species (Lande and Schemske 

1985, Johnston and Schoen 1996, Byers and Waller 1999, Crnokrak and Barrett 

2003). Purging, on the other hand, will presumably have little influence on alleles 

that are mildly deleterious (Charlesworth et al. 1990, Glémin 2004). In small, 

isolated populations, genetic drift may outweigh the force of selection and lead to 

the cumulative fixation of mildly deleterious alleles that significantly reduce 

fitness (Charlesworth et al. 1993, Paland and Schmid 2003, Willi et al. 2005, 

Busch 2006). This can play an important role in populations of self-mating 

species where effective population size is low and gene flow between 

populations reduced (Charlesworth and Wright 2001, Busch 2006).  

In the case of inbreeding depression, gene flow through some interfragment 

pollen or seed dispersal into the genetically eroded population can alleviate the 

burden of deleterious mutations (Whitlock et al. 2000, Richards 2000, Willi and 

Fischer 2005), and increase the probability of long-term population persistence 

by restoring genetic variability (Lande and Shannon 1996, Ingvarsson 2001). 

However, the benefits of gene flow through increasing heterozygosity (heterosis) 

are on par with the risks of outbreeding depression (Price and Waser 1979, 

Fischer and Matthies 1997, Fenster and Galloway 2000, Grindeland 2008). In the 

latter case, gene inflow from a genetically too distant source can result in 
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reduced fitness of outbred offspring by disrupting adaptation to local conditions 

or through genomic incompatibilities such as the disruption of favorable epistatic 

interactions (Hufford and Maser 2003, Edmands 2007). Isolated populations of 

self-pollinating species, especially if small, will in general diverge more rapidly 

than outcrossing species (Hamrick and Godt 1996, Young et al. 1996). This may 

enhance adaptation to the local genetic background, resulting in greater 

likelihood of outbreeding depression after gene-inflow (Jain 1976, Waser 1993, 

Dudash and Fenster 2000). Studies in crop species also have suggested that self-

pollinating plant species benefit less from heterosis and exploit epistatic gene 

interactions more often than outcrossing species (Janick 2001).  

We investigated the fitness effects of outcrossing versus inbreeding through 

selfing in highly fragmented populations of the self-compatible forest herb Geum 

urbanum. The species is presumed to have a mixed breeding system with a 

tendency towards selfing, as suggested by the high overall inbreeding coefficient 

in our (FIS = 0.88, Chapter 2) and other study areas (FIS = 0.89, Schmidt et al. 

2009). In a previous study, we demonstrated reduced neutral population genetic 

diversity in small and isolated G. urbanum populations (Chapter 2). Here, we 

measured progeny fitness across the entire life-cycle under standardized 

conditions, after experimentally pollinating flowers of 8 target populations with 

both self and outcross pollen obtained from plants located at different distances 

from the maternal plants (from within the maternal population, from a nearby 

forest fragment and from a fragment at 20 km distance). Genetic diversity was 

quantified using microsatellite markers. We specifically formulated the following 

questions:  

• Does the adaptation to inbreeding through selfing protect populations of 

G. urbanum against inbreeding depression because it purges the 

segregating mutation load? 

• Do small populations benefit more from outcrossing than large 

populations as would be expected if genetic drift or increased levels of 

inbreeding hamper population fitness?  
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• Does the balance between heterosis and outbreeding depression result in 

pollen source distance effects? 

3.3 Materials and methods  

3.3.1 Study species   

Geum urbanum (Rosaceae) is a widespread plant species that is often locally 

abundant throughout its distribution range, which comprises most of Europe, 

western Asia, western Siberia, the Himalaya and the North-West African coast. It 

occurs widely on mildly acid to calcareous, freely draining and preferably moist 

soils (Taylor 1997). In our study area G. urbanum is confined to deciduous 

woodlands.  

G. urbanum is a perennial, pubescent herb. The first year, plants produce a 

rosette of cauline leaves. The second year, plants develop erect flower stems, 

reaching 90 cm. The number of flower heads varies between 2 and 8 per flower 

stem. Hermaphrodite flowers secrete nectar and are visited by a range of insects. 

The species has a mixed breeding system. However, elongation of the stamen, 

which curves over the stigmas after 2 to 3 days of flowering, facilitates 

autodeposition of pollen, leading to high selfing rates. A single flower produces c. 

100 achenes. Seeds have a 5-7 mm long hook, facilitating epizoochorous seed 

dispersal (Taylor 1997).  

3.3.2 Parent plants 

All target populations were located in a study area that is situated in the central 

part of Belgium (50°51-54’ N, 4°53-59’ E) between Diest, Tienen and Leuven. 

Due to forest fragmentation, mostly in the 19th century, forest fragments are 

small and spatially isolated (see Jacquemyn et al 2004 for a full description). Five 

large populations (between 400 and 1000 flowering plants in 2005) and 3 small 

populations (< 100 plants) were used as target populations (pollen receptors). 

Pollinations were conducted with pollen from i) individuals from within the 
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target population; ii) a nearby large population (>400 plants) located in the 

center of the study area, at a distance of 1 to 3 km from the target populations; 

and iii) a distant large population 20 km from the center of the studied landscape 

(Meerdaal-Forest). The first week of April 2006, we excavated between 40 and 

50 young individuals from each of the 8 target populations, and 80 plants per 

pollen donor population, equally distributed over the forest fragment area. These 

were planted in pots (diameter 21 cm) in a greenhouse with roof blinds to assure 

sufficient shading.  

3.3.3 Crosses 

Controlled pollinations were carried out over one month from the beginning of 

May until June 2006. Pots with flowering plants were randomized and 

reorganized four times during this period to exclude the effect of environmental 

variability. Non-flowering plants were removed. Plants served in only one cross, 

except 9 pollen donor plants that were used twice because there were not 

enough plants available at that time. Selfed plants were bagged with fine gauze 

before anthesis. For cross-pollinations, the top flower of one flower stem per 

target plant was emasculated using a pair of fine tweezers just before anthesis. 

Emasculated flowers were bagged before and after pollination. Emasculation 

efficiency was confirmed for 4 non-pollinated flowers. Pollen donor plants were 

placed under solar-spectrum lights to enhance pollen production. Pollination was 

performed 48 hours after emasculation by covering stigmas with pollen. Four 

crossing types were defined [intrapopulation: selfed (S) and with a plants from 

the same population (W); interpopulation: near (N) and far (F)]. In June and July 

2006, 244 pollinated flowers with ripe seeds were harvested. The collected seeds 

per flower (full-sibs) were stored at a dry place.  

3.3.4 Fitness measurements 

Twenty-four seeds per family were randomly selected and sown in Petri dishes 

on wet Whatman paper in January 2007. After one week at 5 °C followed by 

twelve weeks of 12 h at 20°C/ 12 h at 10 °C (Grime et al 1981), seedlings were 



 

46 | C h a p t e r  3  

 

counted. In 22 plates no seeds germinated. Thirty-one Petri dishes of different 

crossing types and maternal populations of different size showed mold infection. 

These families were not further characterized. From the remaining 191 plates, 

four seedlings, if available, per full-sib family were taken and planted in trays 

with 96 small compartments of 4 x 4 cm that were placed in a greenhouse. If less 

than four seedlings were available, all seedlings were planted (one seedling per 

compartment). Seed families were randomly assigned to trays. After four weeks, 

we counted the seedlings that successfully developed into young plants. The next 

week several plants of two trays wilted due to handling errors and were 

removed from the experiment. However, the random assignment of seed families 

to trays avoided a bias towards crossing types or population size. The first week 

of May 2007, 513 young healthy offspring of 163 crosses were planted in an 

experimental field in a random order (40 cm interplant distance within rows, 50 

cm between rows). In May 2008, plants started to flower. At the end of July 2008, 

the number of flower stems per plant and the number of seed heads (almost all 

flower heads had a high seed set) of three flower stems were counted. All seed 

heads were counted in a subset of plants to verify the reliability of this proxy (R2 

= 0.97, N = 36, P < 0.0001). The whole aboveground biomass was harvested and, 

after drying at 70 °C for 48 h, dry biomass per plant was measured (accuracy = 

0.1 g). 

3.3.5 Microsatellite analysis 

Thirty randomly chosen plants per population were genotyped at 7 SSR loci 

using primers developed for G. urbanum by Arens et al (2004). DNA was 

extracted from a leaf sample using the Nucleospin® Plant-kit (Macherey-Nagel). 

Microsatellite PCR amplification was conducted in 10 μl consisting of 2.5 - 5 ng 

template DNA, 5 µl 2x Multiplex PCR Mix (Qiagen) and 1 pmol of each forward 

and reverse primer. All forward primers were fluorescently labeled (NED, FAM 

or HEX). In each PCR several loci were amplified simultaneously. WGU2-28_HEX, 

WGU6-5_FAM and WGU6-7_NED were amplified in one reaction; WGU6-1_NED, 

WGU2-48_HEX, WGU2-10_FAM and WGU 8-1_NED in a second reaction according 
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to the Multiplex PCR Mix (Qiagen) cycling protocol (Ta= 58 °C). Fragment 

separation and detection of those seven SSR loci were performed on an ABI 

Prism 3130xl capillary sequencer using GeneScan 500 Rox-labeled size standard 

(Applied Biosystems). Scoring of the disomic microsatellite patterns was 

performed using Genemapper version 4.0 (Applied Biosystems). 

3.3.6 Data analysis  

Allelic diversity (AR) and inbreeding coefficients (FIS) for all target and pollen 

donor populations (30 individuals per population), and pair-wise genetic 

differentiation (FST) between populations according to Weir and Cockerham 

(1984), were calculated using FSTAT v. 2.9.3.2. (Goudet 1995). The significance 

of F-statistics was tested at the 0.05 nominal level using permutations. Pair-wise 

FST between populations was compared between far and near crosses using a t-

test. AR and FIS of target populations were compared between small and large 

populations. The selfing rate over all populations, including pollen donor 

populations, was estimated using the RMES software on the basis of multilocus 

structure by means of the maximum likelihood method as outlined in David et al 

(2007). This estimate has been shown to be insensitive to technical artifacts such 

as null alleles.  

Cumulative fitness was estimated for each cross by combining aspects of survival 

and reproduction (Willis 1999, Willi and Fischer 2005). Cumulative fitness was 

calculated for the 163 crosses of which offspring was planted in the field as the 

product of the proportion of seeds that developed into seedlings, the proportion 

of seedlings that developed into young plants, the proportion of plants that 

survived in the field and the mean number of seed heads per adult plant. 

Differences in fitness responses (proportion of seeds germinated per cross, 

cumulative fitness per cross, the number of seed heads per plant as a measure of 

adult sexual performance and adult plant dry biomass as a measure of plant 

vigor) to the different crossing types between populations of different size were 

investigated using Mixed Linear Models in SAS 9.1 (PROC MIXED procedure, SAS 

Institute, Cary, NC, USA) with cross type (S, W, N and F), maternal population size 
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(small vs. large) and the interaction between these two factors as fixed effects. 

Maternal population (nested in population size) entered the analysis as a random 

effect. For analysis of individual biomass and adult sexual performance, seed 

family (nested in population) was included in the random part to correct for 

variability among full-sibs. The Kenward–Rogers approximation was used to 

determine appropriate denominator degrees of freedom (Littell et al, 2002). All 

variables fitted the normal distribution [P(D>DKolmogorov-Smirnov) > 0.15] except 

germination, which was arcsine square root transformed prior to analysis. 

Variances within treatments and within population size were homogeneous 

(Bartlett’s test). Differences between treatments were analyzed using a t-test 

(contrast statements), applying Bonfferoni correction for multiple comparisons. 

3.4 Results 

3.4.1 Gene diversity and selfing rates in sampled populations 

The estimated overall selfing rate was high (92.5 %, 95 % - confidence interval = 

89.9 – 95.0 %). Accordingly, all populations showed very high inbreeding 

coefficients with little variation among populations (range: 0.83 – 1, mean = 

0.95). Inbreeding coefficients did not differ between small and large populations 

(Table 3.1). Neutral allelic diversity of the studied small target populations (<100 

plants, mean Ar = 1.73) was significantly lower compared to that of large target 

populations (>400 plants, mean Ar = 2.86; tsmall-large = 6.02, P < 0.01; Table 3.1). 

Pair-wise FST between all the target populations and the pollen source population 

in the central part of the study area was significant at the α = 0.05 level in all 

cases (range = 0.11 – 0.29, mean = 0.19, Table 3.1). Nonetheless, pair-wise FST 

between target populations and the distant pollen source population (range = 

0.20 – 0.44, mean = 0.30) were higher (tfar-near = 3.55, P < 0.01). 
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Table 3.1. Characteristics of the studied target and pollen donor Geum urbanum 

populations.  

ID Size P Ar FIS FST(near) FST (far) n (S, W, N, F) 

Target_1 L 3 2.78 1.00 0.14 0.20 28 (7, 8, 8, 5) 

Target_2 S 7 1.84 0.92 0.22 0.29 30 (8, 9, 9, 6) 

Target_3 L 6 2.68 0.99 0.16 0.30 27 (6, 8, 6, 7) 

Target_4 L 6 3.31 0.93 0.17 0.29 29 (5, 6, 8, 10) 

Target_5 L 6 2.94 0.99 0.20 0.28 28 (9, 5, 7, 7) 

Target_6 L 6 2.79 0.94 0.11 0.24 28 (6, 9, 6, 7) 

Target_7 S 5 1.54 0.83 0.21 0.44 35 (7, 10, 11, 8) 

Target_8 S 3 1.80 0.83 0.29 0.33 36 (8, 9, 10, 9) 

Pollen donor_N L 5 2.39 0.93   61 

Pollen donor_F L 6 3.22 0.91   60 

 

Size: current population size class based on the estimation of the number of flowering individuals 

(S: less than 100 individuals; L: more than 400 individuals), P: number of polymorphic loci out of 

the seven loci analyzed, Ar: allelic diversity, FIS: inbreeding coefficient and FST, genetic 

differentiation towards the near pollen and the distant pollen donor population, as calculated in 

FSTAT (Goudet 1995). The number of crosses per target population for each cross type [S = 

self-pollination, W = with pollen from a plant of the same forest fragment, N = near crosses, 

with pollen from a population in a central fragment of the studied landscape, F = far crosses, 

with pollen from a population at ca. 20 km] or the number of pollen donor plants are given.  

3.4.2 Experimental pollinations 

There was large variation in the studied fitness variables. The proportion of 

seeds that germinated varied between 0 (no germination) and 1 (all seeds 

germinated) (n= 244, mean = 0.75, standard deviation = 0.19). The mean 

proportion of germinated seeds of 0.75 is almost identical to the results of Grime 

et al (1981). Although the survival rate of each of the 244 seed families to the end 

of the experiment could not be estimated because infected plates and wilted 

young plants had to be removed (see materials and methods), survival and 

germination must correspond well: only a small portion of seedlings did not 

develop into young plants (1.6 %) and very few plants died in the experimental 

field (0.3 %). Individual sexual performance varied between 1 and 91 seed heads 
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(n = 513, mean = 35.50, SD = 16.85), and dry biomass as a measure of plant vigor 

between and 2.8 and 85.9 g (n = 513, overall mean = 28.86 g, SD = 12.49).  

Comparisons between self-pollinations and outcrossings indicated no negative 

fitness consequences of self-pollination (Table 3.2 and Fig. 3.1). Outcrossing 

between forest fragments did not increase fitness compared to crosses within 

fragments and there was no significant difference in this response to outcrossing 

between small and large populations (Fig. 3.1 and Table 3.2), as indicated by the 

lack of a significant interaction effect between crossing type and population size 

for all studied fitness variables (Table 3.2). Analyses on separate life-stages 

showed a significant overall effect of cross type on germination (Table 3.2). 

Germination of far population crosses was reduced compared to that of within-

population crosses (S and W, respectively 13 and 12 % decrease; Fig. 3.1). Family 

explained most of the variability in plant vigor and sexual performance (Table 

3.3).  
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Table 3.2. Analysis of Variance results for inbreeding and outcrossing 

effects on fitness in fragmented Geum urbanum populations. 

Fitness variable Source Df F 

Cumulative fitness Target population size 

Cross type 

Cross type*pop size 

1 

3 

3 

0.92 

0.89 

0.11 

Germination rate Target population size 

Cross type 

Cross type*pop size 

1 

3 

3 

0.52 

2.95* 

1.29 

Sexual performance Target population size 

Cross type 

Cross type*pop size 

1 

3 

3 

1.99 

0.64 

1.14 

Biomass Target population size 

Cross type 

Cross type*pop size 

1 

3 

3 

0.08 

1.61 

0.86 

F-values and p-values estimates of the Type III effects of crossing type and 

maternal (target) population size (small < 100 individuals, large >400 

individuals) using a mixed-model procedure (see text for details). *: p < 0.05. 

Cumulative fitness and the proportion of germinated seeds were measured 

for 244 crosses. Individual plant biomass and sexual performance are based on 

513 plants.  

 

Table 3.3. Variability in the studied fitness variables explained by 

target population and seed family after correction for cross type and 

population size (effects in table 3.2).  

Fitness variable Source % of variability 

Cumulative fitness Target population 0.7 

Germination rate Target population 4.0 

Sexual performance Target population 

Family 

0.0 

51.0 

Biomass Target population 

Family 

0.8 

55.5 

Percentages were estimated using covariance parameter estimates and 

residual variability of the mixed-model analyses (see text for details). 
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Figure 3.1. Influence of selfing and outcrossing on fitness and offspring vigor of 8 fragmented 

Geum urbanum populations, measured under standardized conditions. Bars depict least squares 

means and error bars standard errors of the mixed-models (see text and table 3.2) for each 

crossing type [S = self-pollination, W = with pollen from a plant of the same forest fragment, N 

= near crosses, with pollen from a population in a central fragment of the studied landscape, F = 

far crosses, with pollen from a population at ca. 20 km] and for small (< 100 plants) and large (> 

400 plants) populations separately. The number of crosses per treatment (n) for cumulative 

fitness per cross (A) and the percentage of seeds germinated per cross (B) is shown. The 

number of different crosses is identical for cumulative fitness (A), mean adult sexual 

performance per cross (C) and mean adult plant vigor per cross (D). The latter two were 

measured on a total of 513 plants. N gives the number of plants per treatment for sexual 

performance and plant vigor. Dashed lines connect significant differences between crossing 

types after Bonferroni correction. 
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3.5 Discussion 

There is compelling empirical evidence that isolated small plant populations can 

suffer from inbreeding and genetic drift (Palland and Schmid 2003; Willi et al 

2005; Leimu et al 2006). Studies comparing within- and between-population 

crosses in plant populations showed a fitness gain in outbred versus inbred 

offspring, a fitness gain which was higher in small than large maternal 

populations (Willi and Fisher 2005; Bossuyt 2007). In contrast, our 

investigations of highly fragmented Geum urbanum populations found almost no 

effects of pollen source distance and no difference in the fitness response of small 

vs. large populations, despite the much reduced neutral allelic diversity in the 

studied small populations. However, studies demonstrating genetic rescue in 

small fragmented plant populations (Willi and Fisher 2005; Bossuyt 2007) 

considered obligated outbreeding plant species, while the infered very high 

selfing rate (93 %) in our study is consistent with the morphological 

arrangement of stamen and stigmas of G. urbanum facilitating self-pollination 

(Taylor 1997). 

Provided that the nature of inbreeding depression is the accumulation of 

(partially) recessive (sub)lethal mutations, rather than the loss of 

overdominance effects (Ayroles et al 2009), highly selfing species are expected to 

show little inbreeding depression (Lande and Schemske 1985; Johnston and 

Schoen 1996). Deleterious recessive alleles of large effect are eliminated through 

early exposure to selection in the homozygous stage, as is likely the case in G. 

urbanum given the comparable outcome of selfing and outcrossing (Fig. 3.1). In 

addition, in fragmented populations of a predominantly selfing species, the low 

availability of conspecifics or pollinators would contribute little to the overall 

level of homozygosity relative to the high natural level of selfing, as suggested by 

the comparable inbreeding coefficients in small and large populations (Table 

3.1).  

Nonetheless, if deleterious mutations of small effect are not purged by selfing, 

but accumulate and become fixed in self-pollinating populations of small 

effective size, outcrossing among populations should increase fitness compared 
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to within-population crosses in the F1 offspring. This has been demonstrated in 

small populations of the selfing flowering plant Leavenworthia alabamica 

(“genetic meltdown”; Busch 2006). Although random genetic drift has likely led 

to increased genetic divergence and loss of neutral alleles in isolated small 

populations of G. urbanum (Table 3.1, Vandepitte et al 2007), this random 

process did apparently not outweigh natural selection such that fixed deleterious 

alleles related to the investigated fitness variables would reduce mean 

population fitness (Fig. 3.1).  

Under the assumption of increased genetic dissimilarity with geographic 

distance, Waddington (1983) argued that outbreeding depression is more likely 

to occur outside the range of gene flow. Within this range where individuals are 

co-adapted to the genotypes with which they co-occur and mate, the balance 

between inbreeding and outbreeding depression is expected to result in optimal 

outcrossing (Willi and van Buskirk 2005; Grindewald 2008). Genetic 

differentiation (FST = 0.20 – 0.44) between target populations and the pollen 

donor population outside the landscape increased compared to the amount of 

genetic differentiation (FST = 0.11 – 0.29) between the target populations and the 

central pollen donor population within the studied landscape. Gene flow among 

nearby fragments is likely limited yet occurring (Vandepitte et al 2007) but gene 

flow over 20 km must, at least, be very rare. Self-pollination obviously reduces 

outcrossing but the seed structure and high seed production of G. urbanum may 

facilitate some epizoochorous seed dispersal among fragments (Taylor 1997; 

Vandepitte et al 2007). This may be in accordance with the small but significant 

decrease in germination of among-population crosses with the distant 

population outside the landscape but not with the nearby population relative to 

within-population crosses. As sexual performance did not decrease in the distant 

crosses, this likely diluted the negative effect of outcrossing over large distances 

on cumulative fitness (Fig. 3.1).  

When outbreeding depression in first generation (F1) progeny occurs, it can be 

caused by a disruption of beneficial interactions at three possible levels: between 

genes and the environment (local adaptation), within loci (underdominance), 
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and between loci (favorable additive x additive epistatic interactions; Edmands 

2007). The first possibility can probably be ruled out in a progeny study under 

standardized conditions, as in our case. Effects of adaptation to local 

environmental conditions should be negligible because there is no reason to 

suppose that outbred individuals should be any less adapted to the novel 

laboratory, greenhouse or experimental field environment. Considerable 

outbreeding depression in survival rates has been reported in first generation 

(F1) outcrossed progeny of genetically subdivided populations of selfing species 

raised in a common environment such as the nematode Caenorabditis elegans 

(Dolgin et al 2007) and the prairie plant Calylophus serrulatus (Heiser and Shaw 

2006). Crosses over large distances perhaps reveal genomic incompatibilities 

mildly affecting survival rates in early life stages of G. urbanum progeny.  

Besides the small negative effect of outcrossing on germination in the ‘far’ 

crosses, there were no significant effects of outcrossing for measures of 

cumulative fitness, biomass or adult sexual performance (Fig. 3.1). Neither 

positive nor major negative consequences of gene flow into fragmented G. 

urbanum populations seem to occur. We can, however, not exclude the influence 

of local adaptation or a fitness reduction in later generations after selfing or 

backcrossing into the parental population. Outbreeding depression in long-

distance crosses has been observed to increase in F2 or later generations 

(Fenster and Galloway 2000; Johansen-Morris and Latta 2006) when deleterious 

interactions among recessive alleles at different loci get exposed to selection due 

to recombination (Edmands 1999; 2007). Furthermore, the detection of subtle 

effects of the genetic outcrossing distance on optimal offspring performance, 

including variation in genetic distances among plants within populations, would 

require analysis at the individual level (Willi and van Buskirk 2005), which was 

beyond the scope of our present study.  
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3.6 Conclusion 

In conclusion, we used Geum urbanum as a model species to study 

fragmentation effects in a self-pollinating plant. We found no evidence for 

reduced reproductive or vegetative fitness and survival of isolated small 

populations. Habitual self-pollination apparently cushioned the potential 

negative effects of increased inbreeding. Although small and selfing 

populations may accumulate deleterious mutations through genetic drift 

(Busch 2006), we found no evidence of such a process. Furthermore, 

outbreeding depression occurred only over large distances. However, further 

study, including the influence of the local environment on inbreeding and 

outbreeding effects and later generations, seems justified to strengthen these 

preliminary conclusions. 
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Adapted from: 

Vandepitte K, Roldán-Ruiz I, Leus L, Jacquemyn H, Honnay O (2009). Canopy 

closure shapes clonal diversity and fine-scale genetic structure in the dioecious 

understorey perennial Mercurialis perennis. Journal of Ecology, 97, 404-414. 
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4.1 Summary 

The degree of canopy closure can shape the dynamics of understorey plant 

populations that rely on clonal and sexual recruitment. Populations are expected 

to undergo declines in clonal diversity under conditions where recruitment from 

seed is temporally and spatially restricted. Localized seedling recruitment in 

clonal populations may also affect spatial genetic structure due to the clumping 

of genetically related genets. Our major objective was to determine the effect of 

the degree of canopy closure on clonal diversity and spatial genetic structure in 

the rhizomatous, dioecious forest perennial Mercurialis perennis. As the 

distribution of the male and female shoots has been shown to be influenced by 

canopy openings, we paid special attention to the mediating role of the varying 

sex ratio. We used genome-wide AFLP markers to fingerprint six populations of 

M. perennis along a light penetration gradient. The proportion of male shoots in a 

population increased from 0.51 to 0.81 and male genet diversity decreased from 

0.72 to 0.21 with increasing site illumination, in agreement with earlier reports 

of superior male growth in canopy openings. The most illuminated population, 

with the highest proportion of male shoots, was dominated by a few outsized, 

largely aggregated male clones (largest clone spreading over 10 m). Overall 

clonal diversity (G:N= 0.31-0.74; mean: 0.52) and evenness strongly declined in 

well-lit sites, suggesting reduced sexual recruitment and the vast vegetative 

spread of a few locally well-adapted male genets under canopy gaps. Fine-scale 

genetic structure among genets was significant within all populations, but its 

degree tended to increase with an increased proportion of male shoots and 

reduced clonal diversity. Very localized recruitment due to a low seed dispersal 

capacity combined with the aggregated distribution of large gender-specific 

clones likely incurred this pattern. Forest management practices such as the 

cutting and removal of trees and the establishment of paths decreased the degree 

of canopy closure. Many understorey herb populations flourish in these canopy 

gaps, reflected in a higher clonal diversity. We demonstrated, however, that 

increased illumination negatively affects genotypic and genetic diversity in the 

dioecious understorey herb M. perennis.  
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4.2 Introduction 

Many plant species combine sexual recruitment with clonal growth (Klimes et al. 

1997). The dynamics of these plant populations, principally shaped by 

interactions at the genet level, are strongly affected by the balance between both 

modes of reproduction (Eriksson 1993, McLellan et al. 1997, Pan and Price 

2001). The relative importance of sexual recruitment vs. clonal growth shapes 

the emergence of new, sexually derived genets (Lovett Doust 1981, Eriksson 

1989), essential to sustain high clonal diversity. A lack of sexual recruitment is 

expected to decrease genet diversity and to increase the uneven distribution of 

clone sizes as a result of intra-genet competition favouring the vast vegetative 

spread of few locally well-adapted genets (Watkinson and Powell 1993, Piquot et 

al. 1998).  

The significance of recruitment from seed often varies across environmental 

gradients (e.g. Verburg and Grava 1998, Richards et al. 2004). Clonal diversity 

has indeed been reported to be high under favourable conditions that maintain 

sexual vigour or allow progeny to germinate and recruit successfully compared 

to sites where sexual reproduction or sexual recruitment is low (Kudoh et al. 

1999, Kleijn and Steinger 2002, Jacquemyn et al. 2005, Bruun et al. 2007). 

Localized seedling recruitment in clonal populations can also be expected to 

create spatial genetic structure (SGS) due to the clumping of genetically related 

genets (Wright 1943, Vekemans and Hardy 2004, Epperson 2007). If recruitment 

from seeds is low or absent, the spatial structure of kin should become less 

pronounced. Clonal growth and intra-specific competition should eventually 

obscure the effects of previous seedling recruitment on the patterns of genetic 

relatedness among nearby genets (Travis and Hester 2005).  

Forest understorey herbs provide a prime example of the trade-offs inherent to a 

partial clonal life-cycle (Verburg et al. 2000, Stehlik and Holderegger 2000, 

Whigham, 2004, Jacquemyn et al. 2005, Honnay et al. 2006). In forest habitats, 

management practices such as the cutting of trees, coppicing and establishment 

of paths strongly affect the degree of canopy closure, which in turn affects the 

dynamics of understorey plant populations through changes in the degree of 
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sexual reproduction and recruitment from seed (Lezberg et al. 2001, Routhier 

and Lapointe 2002, Nelson et al. 2007). Many clonal herbaceous forest plants 

show increased sexual vigour in gaps (e.g. Kanno and Seiwa 2004, Routhier and 

Lapointe 2002, Pages and Michalet 2006). Kudoh et al. (1999) reported 

suppressed flowering and even monoclonal populations in closed canopy habitat 

compared to high clonal diversity in canopy gaps for the temperate deciduous 

forest herb Uvularia perfoliata. Yet, the positive effects of canopy gaps on clonal 

diversity are perhaps not to be generalized as other shade-tolerant plant species 

prosper under continuous canopy (Pages and Michalet 2006, Nelson et al. 2007, 

Jefferson 2008).  

We studied the effects of degree of canopy closure on the clonal diversity and 

fine-scale genetic structure of Mercurialis perennis L., a well-documented 

dioecious forest herb carpeting the forest floor as dense clonal stands (Jefferson 

2008). Male shoots tend to dominate in canopy openings, likely because of their 

competitive dominance under these circumstances. Increased male dominance 

may result in increased distances between sexes within populations and in male 

biased variation in sex ratio between populations (Mukerji 1936a, Wade et al. 

1981, Wade 1981a). As a result, the effects of canopy closure on clonal diversity 

can be expected to be mediated by variation in sex ratio through a reduced 

number of female shoots, and reduced seed production that may reduce 

recruitment from seed. The size and spatial distribution of male and female 

clones in dioecious plant populations can in turn affect spatial genetic structure 

(SGS). Large gender-specific clones may reduce mating opportunities and 

increase the chances of sib-mating (Loveless and Hamrick 1984, Handel 1985, 

Charpentier 2002).  

Our objectives were: 

• To determine the effect of the degree of canopy closure on local gender 

proportions. 

• To determine the effect of the degree of canopy closure on clonal diversity, 

genet size and distribution, and spatial genetic structure. 
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• To infer the extent of gene flow and the degree of seedling recruitment 

within the studied populations in an indirect way, using spatial 

autocorrelation analysis and clonal diversity estimates. 

We used AFLP markers to determine the genetic structure of M. perennis in six 

populations selected along a canopy closure gradient. Population sex ratio, 

distances between sexes and penetration of diffuse light were precisely 

quantified. As variation in ploidy level, which can affect marker diversity 

estimates, has been reported for M. perennis (2n = mostly 8x or 10x but also 6x, 

12x and 14x are reported, Krähenbühl and Küpher 1995, Krähenbühl et al. 

2002), we also determined the ploidy level of each sample used for DNA-marker 

generation. 

4.3 Materials and methods 

4.3.1 Study species  

Mercurialis perennis, the dog’s mercury, is Eurocaucasic, occurring throughout 

temperate areas of Europe as far east as the Russian border. M. perennis is a 

dioecious, clonal, perennial forest herb. It grows in large dense patches, often as 

one of the predominant herbaceous elements of the flora of beech, oak, ash, elm 

and other types of forests (Mukerji 1936a,b). In general, it does not colonize 

recently established forests (Peterken and Game 1984, Honnay et al. 1999b) and 

is more abundant in rather undisturbed forests (Kenderes and Standovár 2003). 

Clonal propagation seems the main mode of reproduction (Jefferson 2008). 

Shoots are connected by a branching rhizome system. Rhizomes spread in all 

directions and can annually extend by about 10-15 cm (Mukerji 1936a). 

Rhizomes produce several nodes. Each node on the rhizome produces shoots and 

adventitious roots and often becomes the centre of a fresh network of rhizomes 

(Hutchings and Barkham 1976). This results in a very dense mono or polycentric 

rhizome network below ground and dense masses of shoots above ground, 

sometimes spreading over several meters (Jefferson 2008). The spread of clones 
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seems, however, opposed by the expansion of other clones (Hutchings and 

Barkham 1976). Wilson (1968), Rackham (2003) and M.J. Hutchings (pers. 

comm.) all observed that individual clones appear to remain more or less distinct 

rather than mix with adjacent ones (reviewed in Jefferson 2008).  

Shoot height varies between 15 and 45 cm. Clones commonly bear a proportion of 

non-flowering shoots (Hutchings 1983). The inconspicuous female flowers are 

mainly wind-pollinated. Male plants disperse vast amounts of pollen grains from 

erect panicles. The number of seeds generally varies from two to thirty per shoot. 

M. perennis is sensitive to grazing, trampling and management practices such as 

coppicing with declines reported in the M. perennis cover in more disturbed sites 

(Barkham 1992, Kirby and Thomas 2000, Rackham 2003). It is very tolerant of 

low light, but can also grow in unshaded conditions, although shoot biomass 

decreases in very illuminated sites (reviewed in Jefferson 2008).  

Male and female M perennis shoots usually occur in discrete single-sex clumps, 

resulting in considerable average distances between both sexes (Mukerji 1936a, 

Wade et al. 1981). Sometimes small female clumps are found within large male 

patches, but mostly male-biased populations have been reported. Males tend to 

dominate (Mukerji 1936a, Wade et al. 1981) and transplanted male shoots grow 

better (in terms of biomass and vegetative reproduction) than female shoots 

(Wade 1981a) in more illuminated sites, resulting in a non-random distribution 

of the sexes related to a factor associated with light conditions, sometimes 

referred to as spatial segregation of the sexes or niche segregation (Bierzychudek 

and Eckhart 1988). Wade et al. (1981) confirmed that canopy removal results in 

a rapid increase in the number of male shoots relative to female shoots, which 

could not be attributed to differences between the sexes in the frequency of 

flowering shoots. 

Flowering occurred from March until May in the studied populations. Seeds were 

large (approximately 3 mm) and heavy (6-9 mg). Seedling recruitment is low, but 

present, in the region (on average 1.5 of 100 seeds sown on the litter layer at the 

population edge got established one year after sowing). 
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4.3.2 Sampling strategy and population characteristics 

We selected six M. perennis populations covering a comparable area (c. 20 x 20 

m) (Table 3.1), in forests between Ghent and Oudenarde in the province of 

Eastern Flanders, Belgium. These populations were selected based on variation 

in canopy closure: two were selected in sites with large canopy gaps 

(large_gapsA, large_gapsB; the latter grew across a path), two in high forest with 

smaller gaps (small_gapsA, small_gapsB) and two in continuous high forest 

(closedA, closedB). Except for the differences in the degree of canopy closure, 

local environmental conditions were fairly comparable across sites (forest type: 

Alno-Padion).  

Samples for AFLP and flow cytometry analyses were collected in April 2006. In 

each population, young leaves were sampled every 50 cm along two 

perpendicular axes of 20 m and immediately frozen in liquid nitrogen. Fifty cm 

corresponded roughly to the diameter of the smaller clumps of visually 

distinguishable radial clones (confirmed by excavations). This approach 

maximizes the range of spatial distances encompassed by the samples in a two 

dimensional space and is very suitable for analysis of spatial genetic structure 

(Stehlik and Holderegger 2000, Vekemans and Hardy 2004) relative to costs and 

efforts. If samples were taken from a flowering shoot, its sex was determined 

(Fig. 4.1).  
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Figure 4.1. Spatial distribution of genets of the samples analyzed. Numbers code different 
genotypes per population. Flowering males: black; flowering females: dark gray; Not-flowering: 
light gray. Mx, Population ID (representing male frequency) and G, the number of distinct 
genotypes are indicated. 
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Light conditions were quantified in July using a LAI-2000 Canopy Analyzer (Li-

Cor, Inc., Lincoln, NE, USA), measuring simultaneously diffuse radiation by 

means of a fisheye light sensor in five distinct angular bands, with central zenith 

angle of 7, 23, 53 and 68 degrees. The mean DIFN (diffuse non-intercepted light)-

value of 10 measurements along both axes just above the M. perennis plants was 

contrasted with the mean of measurements nearby in the open field. This was 

repeated twice in each population. As the results did not substantially vary 

among repeats, the mean value was calculated. 

4.3.3 AFLP analyses 

Prior to DNA extraction, leaf material was freeze dried for 48 h and homogenized 

with a mill (Retsch MM 200) to fine powder. Total DNA was extracted from 25 

mg of freeze-dried leaf material using a rapid extraction protocol (Lefort and 

Douglas 1999). DNA concentrations were estimated using a NanoDrop ND-1000 

spectrophotometer running software v3.0.1 (NanoDrop Technologies) following 

the manufacturer’s instructions. AFLP analysis was carried out according to Vos 

et al. (1995) with modifications as in Roldán-Ruiz et al. 2001). The enzymes 

EcoRI and MseI were used for DNA digestion. Each individual plant was 

fingerprinted with three primer combinations, E-ACA(fam) + M-CAG, E-ACG(hex) 

+ M-CTT and E-AGC(ned) + M-CCA (‘fam’, ‘hex’ and ‘ned’ correspond to the 

fluorochromes used for primer labelling). Fragment separation and detection 

were performed using an ABI Prism 3130xl capillary sequencer. The three AFLP 

primer combinations were multiplexed before capillary separation and a 

GeneScan 500 Rox-labelled size standard (Perkin Elmer) was loaded in each 

sample. The fluorescent AFLP patterns were scored using Genemapper version 

4.1 (Applied Biosystems). To assess the reproducibility of the protocol, three and 

two independent DNA extractions were carried out for 12 and 17 samples, 

respectively. The overall error rate, after removal of one error-prone 

inconsistent locus (Bonin et al. 2004), was low, (1.8 % for samples repeated tree 

times, 1.1 % for samples repeated twice), corresponding to a mean pairwise Dice 

genetic similarity between repeats of 0.983. 
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4.3.4 Flow cytometry analyses 

First, precise genome sizes of six randomly chosen samples (three males, three 

females) were measured twice using Pisum sativum ‘Ctirad’ as a standard (2C = 

9.09 pg) on a Partec PAS III flow cytometer with an argon laser (488 nm). Young 

leaf material (0.5 cm² of both the M. perennis sample and P. sativum) was co-

chopped in 500 µl extraction buffer (Partec, Cystain PI absolute P, according to 

the manufacturer’s protocol) and filtered through a nylon filter (Celltrics, 50 µm) 

with 2 ml freshly prepared staining solution with Propidium Iodide (Partec, 

Cystain PI absolute P). Samples were incubated 60 minutes in the dark before 

flow cytometer measurements. Analyses were performed using Flomax software 

(Partec). Genome sizes were inferred from the peak position ratios. High-

throughput ploidy analysis on all samples was performed using the protocol 

described in De Schepper et al. (2001) with 4',6-diamidino-2-phenylindole 

(DAPI) staining. Lolium perenne ‘Bellem’ was used as an internal standard for 

each analysis and was co-chopped with the M. perennis samples. For this analysis 

the mercury lamp of the Partec PAS III flow cytometer was used. 

4.3.5 Clonal diversity 

Clonal identity may be difficult to infer as a result of mutations and because DNA-

markers are subject to scoring errors (Meirmans and Van Tienderen 2004, Bonin 

et al. 2004). For our purposes it was however particularly important to avoid the 

inaccurate delineation of genets. Therefore, a clonal threshold (Dice similarity 

0.97, corresponding to one marker difference in our dataset) was chosen using 

the valley of the bimodal frequency distribution of a histogram of pairwise 

genetic similarity coefficients calculated with the software GENOTYPE 

(Meirmans and Van Tienderen 2004). This threshold was comparable to the 

mean Dice similarity calculated for 53 pairs of repeats (0.98). Yet, to avoid 

increased relatedness between genets due to mistyping, the more conservative 

threshold of 0.97 was applied. The AFLP profiles of samples assigned to the same 

genet were then visually compared to eliminate possible mistakes. In the 

majority of cases, the AFLP profiles of samples assigned to the same ‘clonal 
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genotype’ appeared indeed identical, therefore we are confident that the 

assigned clonal genotypes represent genets well. Two ambiguous samples were 

removed.  

Clonal diversity of a population was quantified by i) the overall, male and female 

genet diversity, G:N, i.e. the number of genets (G) divided by the number of ramet 

samples genotyped (N), and ii) the Pareto-distribution. Flowering males and 

females were in all cases confined to separate genets. Therefore, for calculations 

of male and female G:N ratios and ramet sex ratio, the sex of all the samples 

belonging to a given genet was assigned based on the flowering shoots. The 

Pareto distribution is the inverse cumulated frequency of clones including x 

ramets on a double logarithmic scale. This power law distribution describes 

clonal membership accurately across a range of clonal organisms (Arnaud-Haond 

et al. 2007). The Pareto-parameter (βpareto) is the inverse of the slope of this 

distribution minus 1, ranging in theory from 0 to infinity. It performs better than 

other clonal indices because it combines both evenness and richness: it increases 

with increasing evenness of the distribution of samples into genets and with 

increasing number of genets. The validity of a Pareto-distribution was tested 

using х2 goodness-of-fit tests (Arnaud-Haond et al. 2007). 

To quantify the extent of spatial clonal structure, the probability of clonal 

identity, Fr, based on the frequency of clone mates, was calculated for distance 

intervals 0-2, 2-4, 4-6, 6-8, 8-10 and 10-20 m and the largest distance between 

ramets belonging to the same clone was calculated using the software 

GENCLONE v. 2.0 (Arnaud-Haond et al. 2007) with the clone number entered as a 

sole allele (the present software limitation of 42 loci does not allow to enter large 

binary matrices). Relationships between population characteristics (density, 

male frequency, flowering frequency, distances between sexes, light conditions) 

and clonal diversity (G:N, βpareto) estimates were estimated using Spearman Rank 

correlations in SPSS 14.0.  
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4.3.6 Spatial genetic structure among genets  

When genetic structure is analyzed within populations of clonal plants, 

inferences of microevolutionary processes are preferentially based on genets 

rather than on ramets (Chung and Epperson 1999, Alberto et al. 2005, Torimaru 

et al. 2007). A weighted method among genets, keeping all the spatial 

information for a given multisampled genet, was used (Alberto et al. 2005, 

Arnaud-Haond et al. 2007). Kinship values between all pairs of samples 

belonging to separate clones were used (comparable estimates were obtained 

using only one randomly selected sample per genet, but estimates varied 

according to the sample choice in less diverse populations; results not shown). 

Kinship values (Fij) between genets were calculated using the multilocus 

estimator of the pairwise relatedness coefficient specifically adapted to dominant 

genetic markers (Hardy 2003). These values are relative to the population mean 

and merely the differences between classes matter. Average multilocus kinship 

coefficients per distance interval (minimum 100 pairs per distance interval) 

were computed for the following distance classes: 2, 4, 6, 8, 10, 20 m and were 

plotted against the natural logarithm of distance, together with 95 % confidence 

intervals obtained after 10,000 permutations.  

Spatial genetic structure was quantified by the slope (b) of the regression curve 

of Fij on ln(rij), the natural logarithm of the physical distance between samples i 

and j. Regressions were restricted to the first 6 m because after 6 m corellograms 

tend to flatten (Fig. 4.4). To test for significance, the observed regression slope 

was compared with those obtained after 1000 random permutations of samples 

among positions. This procedure has the advantage that all the information is 

contained in one single test statistic, and the results are independent of 

arbitrarily set distance intervals (Vekemans and Hardy 2004). Standard errors of 

b were obtained by jackknifing across loci (Vekemans and Hardy 2004). The 

approximate 95% confidence interval for each slope was obtained as ± 1.96 

times the jackknifed standard errors. Values of b were considered to be 

significantly different if their 95% confidence intervals did not overlap.  
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To allow comparison of the SGS pattern in M. perennis with the strength of 

patterns observed in other species, the Sp-statistic was also calculated. The Sp 

statistic is equal to –b/(1 –F(1)) where F(1) is the average Fij between 

individuals belonging to the first distance class (here F(1) is 2 meter).  

All autocorrelation analyses were performed using SPAGeDi v. 1.2 (Hardy and 

Vekemans 2002). 

4.4 Results 

4.4.1 Ploidy variation 

A mean Mercurialis/Pisum ratio of 0.628 (five samples) for the genome size 

analysis (SD among repeats: 0.006; SD five samples: 0.016) renders a 2C-value of 

5.67 pg (Pisum 2C=9.09 pg). Males (2) and females (3) did not differ (mean ratio 

males: 0.622, SD: 0.020; mean ratio females: 0.632, SD: 0.015). Relative to the 

published genome size estimate of 2C=4.70 pg for octaploid (2n=8x=64) M. 

perennis (Bennett 1972), this infers decaploidy (2n=10x) as the most likely 

prevailing mode in the studied geographical region which is consistent with 

published chromosome counts for a couple of samples from Belgium and the 

North of France (Krähenbuhl and Küpher 1995). One measured sample had a 

different DNA-content of 2C=6.90 pg, which infers dodecaploidy 

(6.90/5.67=1.21). Only for nine samples, retrieved from three different 

populations, the ploidy was different from the other samples (mean normal 

Mercurialis/Lolium ratio: 1.74, SD: 0.09). Clearly deviating samples had a ratio of 

2.13 (one sample, 2n=12x); 2.51 (five from one genet, SD: 0.03), 2.64 (one 

sample) and 2.74 (one sample). No deviations were found within genets. 

4.4.2 Population characteristics 

The measured average penetration of diffuse light (DIFN) in a site corresponded 

well to the visually estimated degree of canopy closure (Table 3.1). As expected, 

the proportion of flowering male shoots was highly correlated with both the 
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overall light penetration of a site (DIFN: 0.012-0.070; rDIFN-Fmale= 1; p<0.01; 

identical order) and the distance between sexes (rDsex-Fmale=0.943; p<0.01) (Fig. 

4.2a). Variation in shoot density and the frequency of flowering shoots were not 

related to differences in any of the factors studied. The frequency of flowering vs. 

non-flowering shoots did not vary largely across populations (frequency 

flowering: 0.58-0.69; Table 4.1) and was not correlated with other studied 

factors.  

 

Table 4.1. Summary of population characteristics.  

ID Coordinates D FFL Fmale Dsex DIFN 

closedA 98405, 170756 114.2 0.63 0.508 0.39 0.0120 

closedB 98277, 170865 94.2 0.65 0.548 0.47 0.0125 

small_gapsA 104744,181831 73.9 0.61 0.614 0.59 0.0150 

Small_gapsB 99203, 171731 70.7 0.58 0.645 0.64 0.0370 

Large_gapsA 99149, 172021 84.0 0.63 0.686 0.87 0.0550 

Large_gapsB 104106, 181614 117.2 0.69 0.812 1.22 0.0740 

ID based on the visually assessed degree of canopy closure; D: density of 

flowering shoots per m2; FFL: mean frequency of flowering shoots per quadrat; 

Fmale: male frequency per quadrat (mean number of flowering male 

shoots/FFL); Dsex: average distance between the sexes (m); DIFN: diffuse non-

intercepted light value 
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Figure 4.2. Correlations of the sex ratio (the frequency of male shoots, Fmale) with: a) 

distance between sexes and diffuse non-intercepted light value DIFN; b) the Pareto 

distribution index; c) overall, male and female genotypic diversity, and d) the degree of 

spatial genetic structure defined by parameter [b], the absolute value of the jackknifed 

estimate and standard error of spatial autocorrelation slopes. 

4.4.3 Clonal diversity and genet size and distribution 

AFLP analysis rendered high-quality AFLP-profiles for 389 out of 412 sampled 

shoots. Out of 124 consistent markers, 63 were polymorphic. Because the results 

of the kinship analysis remained similar whether the nine samples with deviating 

ploidy level were included or not, they were kept for further analysis. Out of 244 

AFLP-phenotypes, 203 were recognized as individual genets using the set 

thresholds of which 86 were female, 98 male and 19 with unidentified sex. No 

genets were shared among populations and sampled flowering male and female 

shoots were in all cases confined to different genets (Fig. 4.1).  
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Clonal growth was widespread in all studied populations (Fig. 4.1), but both the 

number (G:N: 0.31-0.74; mean: 0.52) and the distribution of genotypes (βPareto: 

0.31-1.95; mean: 1.05) varied largely between populations (Table 4.1, Figs. 4.2b 

and 4.2c). The patterns found did not differ significantly from a Pareto-

distribution.  

Genet diversity decreased and the distribution of the number of ramets within 

genets was more skewed as the proportion of male shoots increased (rG/N-Fmale: 

0.943, p<0.01; rcPareto-Fmale: 0.943, p<0.01) (Fig. 4.2b). Particularly the genet 

diversity of male clones showed an almost four-fold decrease from 0.72 to 0.21 

as the proportion of male shoots increased from 0.51 to 0.81 (rG/Nmale-Fmale: 0.943; 

p<0.01), whereas female genotypic diversity remained rather constant. Genet 

diversity of males (mean: 0.43) was lower than that of females (mean: 0.65) in all 

populations (Fig. 4.2c). As expected, the ramet sex ratio based on shoot counts, 

i.e. the proportion of flowering male shoots, corresponded well to the ramet sex 

ratio based on analysed genotypes (after assigning non-flowering individuals to 

sexes when possible), underpinning the reliability of this estimate.  

The probability of finding two samples belonging to the same genet was always 

higher for the shortest than for subsequent larger distance classes (Fig. 4.3), 

consistent with an aggregated distribution of ramets within clones. The 

probability of clonal identity tended to increase with increasing male frequency 

(Fig. 4.3), supporting that clones, especially male clones (see Fig. 4.2c), were 

larger in number of shoots (Table 4.2) and extended over a larger spatial 

distance (Fig. 4.3) in populations in better-lit sites. In the most illuminated 

population with the highest proportion of male shoots, large_gapsB, clonal 

structure and diversity was dominated by a few outsized largely aggregated male 

clones (Fig. 4.1, Fig. 4.3) (largest (male) clone size: 10.06 m; Table 4.2).  
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Table 4.2. Summary of clonal diversity and estimates of clonal structure. 

ID G:N G:Nmale G:Nfemale G:Nunidentified βPareto 

closedA 0.74 (49/66) 0.72 (23/32) 0.78 (21/27) 5/5 1.95 (0.60) 

closedB 0.66 (43/65) 0.56 (18/32) 0.76 (23/30) 2/2 1.22 (0.14) 

Small_gapsA 0.54 (36/66) 0.46 (18/39) 0.57 (12/21) 6/6 0.93 (0.10) 

Small_gapsB 0.40 (27/67) 0.33 (14/42) 0.50 (12/24) 1/1 0.97 (0.13) 

Large_gapsA 0.46 (29/62) 0.34 (15/44) 0.67 (10/15) 4/4 0.87 (0.16) 

Large_gapsB 0.31 (19/61) 0.21 (10/47) 0.62 (8/13) 1/1 0.34 (0.03) 

G:N: number of genets vs. number of ramets analyzed; βPareto: Pareto-parameter and 

estimate of uncertainty 

 

Table 4.3. Summary of kinship correlation parameters based on autocorrelation 

analysis among genets.  

ID F (2m) B Sp 

closedA 0.068 -0.049 (+/-0.011) 0.052 

closedB 0.050 -0.038 (+/-0.012) 0.040 

Small_gapsA 0.068 -0.070 (+/-0.013) 0.075 

Small_gapsB 0.074 -0.091 (+/-0.012) 0.098 

Large_gapsA 0.076 -0.095 (+/-0.020) 0.10 

Large_gapsB 0.061 -0.083 (+/-0.024) 0.088 

F(2m): mean Fij for the first distance interval; b: jackknifed estimate and standard 

error of the regression slope of Fij on ln(rij) within the first 6 m; Sp-statistic 
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Figure 4.3. Probability of clonal identity (Fr) versus distance classes (m).  
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Figure 4.4. Spatial genetic structure among genets. Correlograms of kinship (Fij) versus distance 

(ln-scaled).  

4.4.4 Spatial genetic structure among genets 

In all six populations, kinship values (Fij) showed an approximately linear 

decrease with the natural logarithm of distance ln (rij) as predicted under 

isolation by distance processes (Fig. 4.4). Mean kinship values among genets 

were generally positive and significant in the first two distance intervals (0-2 and 

2-4 m) with the highest values found in the first interval (Table 4.3; Fig. 4.4). 

Spatial autocorrelation analysis showed significant spatial genetic structure in all 

populations: all slope-values, b, of the regression of Fij on ln(rij) were significantly 

higher (p<0.0001) than the permuted values. Differences between slopes were 
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significant for some pairs of populations for which 95% jackknifed confidence 

intervals did not overlap, e.g. closedA vs. large_gapsB (Table 4.3, Fig. 4.2d). The 

degree of spatial genetic structure, estimated as the absolute value of the 

regression slope, tended to increase with sex bias (rb-Fmale: 0.77; p<0.1; Fig 4.2d) 

and reduced genotypic diversity (rb-G:N: - 0.71; p=0.11). However, slopes did only 

statistically differ between population closed_B and small_gapsB (based on 95% 

confidence intervals approximated as +/-1.96 times the jacknifed standard 

error). Sp statistics ranged from 0.040 to 0.010 (Table 4.3).  

4.5 Discussion 

4.5.1 Clonal diversity and spatial distribution of genets 

Strong vegetative reproduction resulted in largely aggregated sex-specific clones, 

occasionally larger than a few meters (Fig. 4.1, Fig. 4.3). The few gaps within 

genets likely result from sampling along axes and the polycentric shape of clones, 

perhaps in combination with some fragmentation of genets (Jefferson 2008) (e.g. 

small_gapsB in Fig. 4.1). Individuals of opposite sex were in all cases confined to 

different genets suggesting a genetic base of sex determination (Fig. 4.1). The fact 

that males and females did not show a different DNA-content makes the presence 

of true sex chromosomes unlikely, similarly to the closely related species 

Mercurialis annua, where multiple sex-determining loci are distributed in 

different chromosomes (Durant and Durant 1991, Khadka et al. 2005). Although 

seeds are produced in great quantities, vegetative propagation seems to be the 

main mode of reproduction (see Jefferson 2008). Nonetheless, the presence of 

genetic relatedness among nearby genets (Fig. 4.4; Table 4.3) and the moderate 

levels of genet diversity (G:N= 0.31-0.74; Table 4.2) – the mean G:N is 0.51 for 

AFLP studies found in literature (Honnay and Jacquemyn 2008) – suggest 

recurrent recruitment from seed within M. perennis stands (Soane and 

Watkinson 1979, Watkinson and Powell 1993, Stehlik and Holderegger 2000, 

Jacquemyn et al. 2005). Given the very dense shoots and rapid clonal 
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propagation of seedlings, it is, however, extremely difficult to observe and 

quantify seedling recruitment within M. perennis populations. 

The inferred large aggregated sex-specific clones agree with observational 

studies. Male and female shoots tend to grow in discrete patches (Mukerji 1936a, 

Wade et al. 1981) and morphologically different clones appear to remain distinct 

rather than mixing with adjacent ones (Wilson 1968, Rackham 2003, M.J. 

Hutchings, pers. comm.). This discrete pattern does not seem to be transient or to 

fade with population age. It is also present in very ancient M. perennis stands 

(M.J. Hutchings pers. comm., own observations). The phalanx-like development 

of dense interconnected shoot and root masses leaves few gaps for other species 

or other clones to invade the interior of occupied areas (Jefferson 2008 and 

references therein). Competition within M. perennis clones is limited, however 

(Hutchings and Barkham, 1976, Hutchings 1983). Competition and intermingling 

between clones is likely peripheral, thus, restricted to the interclonal boundaries. 

Interclonal boundaries may (temporally) persist under equivalent competition 

between well-matched clones (De Kroon et al. 1992, Ferell 2005). Less-adapted 

genets may get rather quickly displaced (Ferell 2005). 

4.5.2 Different response of male and female clones to canopy opening 

We found an increase in the proportion of flowering male shoots and increased 

distances between the sexes in sites with increased illumination (Fig. 4.2a), in 

agreement with earlier reports on distribution patterns and the effects of canopy 

removal (Mukerji 1936a, Wade et al. 1981). The dominance of male shoots seems 

to reflect larger aggregated male clones in canopy gaps in the first place, 

sometimes spreading over several meters (Fig. 4.1, large_gapsB; Fig. 4.2a-b). This 

seems consistent with the findings of Wade (1981a): transplanted male shoots 

grew relatively better than female shoots in canopy openings in terms of total 

plant dry weight, rhizome dry weight and the number of rhizome nodes 

produced, whereas under closed canopy the sexes grew similarly. In clonal 

dioecious species, biomass allocation patterns sometimes differ between sexes, 

usually attributed to the lower cost of sexual reproduction in males (Geber et al. 
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1999). Male plants commonly allocate more resources to clonal structures, such 

as creeping roots in Rumex acetosella (Putwain and Harper 1972, Escarré and 

Houssard 1991, Houssard et al. 1992) and runners in the dioecious strawberry 

(Darwin 1877, Hancock and Bringhurst 1979). This disparity may also vary 

across environments. Males of Xanthoxylum americanum allocate more biomass 

to clonal propagation than females in open field sites, but in continuous forest, 

where seed production was more prone to failure, both sexes exhibited similar 

biomass allocation patterns (Popp and Reinartz 1988). Similarly, in M. perennis 

an increased investment into (heavier) seeds in canopy gaps perhaps alters the 

trade-off between clonal and sexual reproduction. Female M. perennis genets in 

canopy gaps then reduce on average their investment into clonal propagation 

whereby male clones may gain a relative benefit in terms of clonal spread. A 

second hypothesis, as suggested by Wade (1981a,b), is that male M. perennis 

genotypes are more likely to persist in gaps because their lower investment into 

sexual reproduction may allow them to cope better with less favourable 

situations such as non-shade tolerating herbs invading gaps. To determine the 

underlying cause of the described environment-dependent disparity in male and 

female clone sizes reflected as variable gender proportions in terms of shoots, 

further study is needed, however. 

Hence, at the level of intra-genet interactions, male M. perennis clones most likely 

show superior vegetative growth relative to female clones in canopy openings 

whereas male and female clones are probably better matched under the 

conditions of closed canopy. This seems to be confirmed in the studied 

populations. Under closed canopy relatively small male and female clumps 

alternated (as also described by Mukerji 1936a and Wade et al. 1981). Because 

these clumps roughly correspond to different clones, the high number of 

approximately even-sized genets explains the more balanced sex ratios and the 

small distances between sexes. In addition, low, but repeated seedling 

recruitment throughout the whole population area may have assisted 

maintaining high genet diversity and even clone sizes (Watkinson and Powell 

1993).  
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After the creation of canopy gaps, some well-adapted male clones dominate. The 

less-adapted female shoots are likely rather quickly displaced and vigorous male 

clones may easily overgrow small sexual seedlings. In addition, heavy M. perennis 

seeds tend to fall near the mother plant (Jefferson 2008). Therefore, seed 

production and sexual recruitment in male-dominated areas likely became more 

and more limited and restricted around the fewer female plants. This pattern is 

supported by the observed more skewed distribution of clones and a reduced 

genet diversity of populations in overall more-lit sites (Fig. 4.2b-c), similar to the 

pattern predicted by simulations of intra-genet competition when sexual 

recruitment is reduced or absent (Watkinson and Powell 1993). As canopy light 

penetration within a population decreases (equivalent areas were sampled), the 

dominance of few male genets in gaps (see large_gapsB, largest male clone 

spreading over 10 m; Fig. 4.1, Fig. 4.3) seems to result in a skewed distribution of 

clone sizes and larger clones (Fig. 4.2b, Fig. 4.3). Also the number of both male 

and female genets, and so overall population genet diversity, decreases with an 

overall lower degree of canopy light diffraction. Using 0.5 m as an inter-sample 

distance may, however, have overestimated the decrease in genet diversity. 

Small persisting genets in canopy gaps may have been overlooked. Yet, the 

observed difference in genet diversity among the most and least diverse 

population was very large (2.5 fold). 

4.5.3 Spatial genetic structure among genets 

The isolation by distance concept predicts significant spatial genetic structure 

(SGS), i.e. increased genetic relatedness among neighbouring genotypes, under 

localized seed dispersal and recruitment, intensified by limited mating distances 

(Wright 1943, Crawford 1984, Vekemans and Hardy 2004). Likely, the pattern of 

aggregated large male and female clones, in addition to localized seed 

recruitment, contributed to the overall very high degree of genetic relatedness 

among nearby genets through local sib-mating. The degree of spatial genetic 

structure (SGS) among genets was strong and significant in all populations (see 

Figs. 4.2d, Table 4.3). Kinship coefficients decreased approximately linearly with 
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the natural logarithm of distance as can be expected under isolation by distance 

(Vekemans and Hardy 2004, Epperson 2007), underpinning the presence of 

sexual recruitment nearby the mother plant (Fig. 4.4). Seeds of M. perennis are 

indeed large and heavy and the species colonization capacity is very limited 

(Peterken and Game 1984, Honnay et al. 1999b). The observed degree of SGS (Sp: 

0.04-0.10, Table 4.3) was, however, very high compared to that of other 

outcrossing plant species (Vekemans and Hardy 2004, but see also Alberto et al. 

2005), which supports the assumption of sib-mating. Limited pollen dispersal 

distances have been reported by Eppley and Pannell (2007) in the closely 

related, wind-pollinated Mercurialis annua. Similarly, high levels of sib-mating 

were recorded by Holderegger and Stehlik (1999) in a single small population of 

the clonal, dioecious Mercurialis ovata. 

Yet, the degree of spatial genetic structure tended to increase in populations with 

larger canopy gaps compared to populations under closed canopy, likely due to 

variable levels of the degree of sib-mating. The fine-scale mix of approximately 

even-sized male and female clones in population under closed canopy should 

have resulted in overlapping seed and pollen dispersal shadows between genets, 

which is consistent with the observed significant but less pronounced spatial 

genetic structure among genets (e.g. see Fig. 4.4 for closedA, closedB). In the 

populations with larger canopy gaps, the increased distances between the sexes 

and larger, mostly male clones (see Fig. 4.1, Fig. 4.4) may have reduced mating 

opportunities, increasing the chances on sib-mating, and increasing genetic 

relatedness between nearby genets. Moreover, more isolated sexual recruitment 

and mating events, centred on the fewer females (mostly outside the gaps), likely 

resulted in less overlapping seed and pollen dispersal shadows compared to 

populations under continuous canopy. This could have reduced genetic 

relatedness over larger distances, additionally increasing the steepness of 

autocorrelation slopes (see Fig. 4.2d). 
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4.6 Conclusion 

There was already some evidence that sexual recruitment of understorey forest 

herbs can be suppressed by unfavourable environmental conditions resulting in 

low-diverse populations (Kudoh et al. 1999, Jacquemyn et al. 2005). Forest 

management practices such as the cutting and removal of trees and the 

establishment of paths strongly affect the degree of canopy closure. Yet, in spite 

of the general tendency that understorey herb populations flourish in canopy 

gaps (Whigham 2004), reflected in a higher clonal diversity (Kudoh et al. 1999, 

Lezberg et al. 2001), our study emphasizes that increased illumination may also 

negatively affect clonal diversity, in terms of an uneven distribution of clone 

sizes, and probably also reduced genet diversity, of a shade-tolerant understorey 

herb. This is very likely the result of high intra-genet competition in addition to 

reduced sexual recruitment in overly-lit gaps. Prolonged clonal growth may 

temporarily assure a population’s persistence under suboptimal conditions. On 

the other hand, genetically homogeneous or nearly homogeneous clonal patches 

also seem to be more susceptible for pathogens and parasites (Schmid 1994), 

whereas increased genetic relatedness can affect offspring fitness (Keller and 

Waller 2002).  
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Patterns of sex ratio variation and genetic diversity in the dioecious forest 
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5.1 Summary 

In small populations of plant species with separate sexes, it can be expected that 

besides the local environment also stochastic events influence population sex 

ratios. Biased sex ratios may in turn negatively affect genetic diversity due to 

increased genetic drift and, in clonal plants, due to reduced sexual reproductive 

output. Empirical evidence for these processes is scarce, however. We 

investigated the pattern of sex ratio variation and the distribution of genetic 

variation of the dioecious clonal forest herb Mercurialis perennis using AFLP 

markers. Analysis of molecular variance indicated a pronounced genetic 

structure within and among forests. Overall within-population genetic diversity 

was moderate and local sex ratios were slightly male biased. The proportion of 

male to female plants in large populations slightly increased with increasing light 

penetration to the herb layer. Small populations, on the contrary, displayed high 

variability in sex ratios, unrelated to the local light environment. Genotypic 

diversity decreased with more male-biased sex ratios. We conclude that 

stochastic events related to small population size and the local forest 

environment, related to canopy closure, affect the proportion of female plants 

and indirectly influence local genotypic diversity, likely through the degree of 

sexual reproduction. This is one of the first studies to report a clear association 

between gender proportions and genetic diversity of a dioecious plant species in 

a fairly large survey. 

5.2 Introduction 

Dioecious plant species, which make up ca. 4 % of all plant species (Ainsworth 

2000), often show variation in the local proportion of male to female plants. Sex 

ratios frequently covary with environmental conditions, a phenomenon recorded 

in over 20 plant families (Bierzychudek and Eckhart 1988). Environment-

dependent differences between the sexes in survival and growth rates can result 

in variable gender proportions along environmental gradients (Bierzychudek 

and Eckhart 1988, Popp and Reinartz 1988, Eppley 2001, Stehlik and Barrett 
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2005, Dudley 2006). In isolated small populations, however, an excess of females 

or males can also result from stochastic events (Engen et al. 2002, Lande et al. 

2003).  

A biased sex ratio may, in turn, negatively affect population genetic diversity for 

(at least) two reasons. First, sex ratios differing from the theoretically predicted 

1:1 population sex ratio reduce effective population size compared to 

populations with equal numbers of females and males and therefore allelic 

diversity may decrease through increased genetic drift (Hedrick 2000). Second, 

in plants, an unbalanced sex ratio may affect genetic diversity through reduced 

reproductive output. Low male density and large distances between the sexes 

can reduce seed set due to pollen limitation per female (Eppley 2005, Stehlik et 

al. 2008), while a reduced density of females directly affects the quantity of seeds 

produced and may accordingly reduce seedling recruitment within a given 

population. In short-lived dioecious plant species, reduced seedling recruitment 

should directly impair local persistence, while long-lived clonal dioecious plant 

species may persist through vegetative reproduction. However, prolonged clonal 

growth without sexual reproduction may typically result in a decreasing genetic 

diversity due to clonal death and the out-competition of locally less adapted 

genets (Eriksson 1993, Watkinson and Powell 1993, Balloux et al. 2003).  

In dioecious plant species, obligate outcrossing should naturally maintain high 

genetic diversity within populations and low genetic differentiation among 

populations compared to self-compatible plants (Hamrick and Godt 1996). With 

increased spatial isolation restricting gene flow, populations may lose alleles due 

to genetic drift, especially if small (Young et al. 1996). However, vegetative 

reproduction might mitigate the impact of genetic drift in long-lived clonal 

dioecious plants, because generations are long (Nunney 1993, Young et al. 1996).  

Although the amount of genetic variation can have important biological 

consequences as it can affect population fitness and persistence (Bell 1991, 

Schmid 1994, Reusch et al. 2005), the relationship between sex-ratio variation 

and genetic diversity remains largely unstudied (but see Hilfiker et al. 2004). We 

investigated the distribution of genetic variation and the pattern of sex ratio 
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variation of the dioecious rhizomatous forest perennial Mercurialis perennis 

(Dog’s mercury). The frequency of male M. perennis shoots is reported to 

increase in canopy openings (Mukerji 1936, Wade et al. 1981, Chapter 4), which 

could cause environmentally induced variation in sex ratios among populations 

apart from a stochastic sex bias in small populations. In a previous study on fine-

scale genetics in six M. perennis populations, we demonstrated extensive clonal 

growth and limited dispersal distances. In addition, clones tended to be larger in 

male-dominated areas (Chapter 4), indicating that sex ratio might relate to 

genotypic diversity through the contribution of sexual vs. clonal reproduction. 

Our study area is one of the historically most densely populated areas of Europe. 

Forest clearance resulted in a heterogeneous landscape with deciduous forest 

fragments surrounded by urban and agricultural areas. Forest herbs in such a 

landscape show a patchy distribution with populations of different sizes in 

various habitat conditions.  

Using AFLP genetic markers (Vos et al. 1995), we tried to answer the following 

questions: 

• How is genetic diversity partitioned among the studied M. perennis 

populations within and among forests?  

• Do small populations display a higher variability in the sex ratio, 

independent of canopy closure, compared to large populations?  

• Are local sex ratios related to genetic diversity?  

5.3 Materials and methods 

5.3.1 The species 

The clonal M. perennis occurs in most parts of Europe, where it grows in patchy 

dense stands, often as a predominant herbaceous element of the flora of beech, 

oak, ash, elm or other woodlands (Mukerji 1936). In general, it is abundant in 

undisturbed shady sites (Brunet et al. 1996). Its abundance declines in more 
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disturbed circumstances, such as sites subjected to timber extraction and 

trampling (Barkham 1992, Kirby and Thomas 2000, Rackham 2003, Jefferson, 

2008). The species is wind-pollinated and females produce two to 20 seeds. 

Seeds are relatively large and weigh 4 to 10 mg (Jefferson 2008). 

M. perennis usually forms discrete male and female clones (Mukerji 1936, Wade 

et al. 1981, Jefferson 2008) that vary in size but often span one up to several 

meters in diameter and can consist of hundreds to thousands of flowering male 

or female ramets (Chapter 4). Local sex ratios vary, but male-biased patches are 

prevalent (Mukerji 1936, Wade et al. 1981). In the closely related M. annua, 

multiple sex determining loci distributed over different chromosomes are 

responsible for sex-determination (Durand and Durand 1991, Ainsworth 2000).  

5.3.2 Study area 

The studied area is situated to the East of the river Scheldt between Ghent and 

Oudenarde in the North-West of Belgium (UTM50: Northing 544540.75-

557163.98: Easting 5632446.455-5649842.114). Forest fragmentation reached 

very high levels already in the 7th century in this region (Tack et al. 1993). 

Digitalized historical maps of 1775 (De Keersmaker et al. 2001) demonstrated 

that the landscape structure remained relatively constant over the last centuries. 

Here, sufficient generations should have passed to be able to detect the genetic 

consequences of forest fragmentation. We found M. perennis only in ancient 

forests, which have been present at least since 1775 (Fig. 5.1). This demonstrates 

its limited colonization capacity (Peterken and Game 1981).  
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Figure 5.1. Map of the forests in the studied region in Belgium. Shaded areas indicate old 

forests, present since at least 1775. 

5.3.3 Population characteristics and sample collection 

We studied 20 populations in eight forest fragments, out of appr. 30 populations 

in the region (Fig. 5.1). Populations were defined as roughly continuous patches 

separated by at least 50 m from other M. perennis plants. Population size was 
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approximated by the area covered by M. perennis (measured as the diameter 

through the population and its perpendicular) times the density of flowering 

ramets (counted in ten 1m2 quadrants). To allow a large difference in size, 

populations with less than 4000 flowering ramets (‘small’, maximum covered 

area 48m2, n=9) and populations with more than 12.000 ramets (‘large’, 

minimum area 112m2, n=11) were studied. However, note that the actual 

number of genets is much lower than the number of flowering ramets (see 

above).  

In each population, young leaves from 18 ramets were sampled at regular 

distances along the perpendicular axes of a 5 x 5 m area reflecting average 

population characteristics in large populations. This sampling area approximated 

the complete area of the studied small patches and corresponded to the size of 

most of the smaller patches we retrieved in our study region. Equivalent areas 

were sampled to evaluate the influence of local sex ratio via the contribution of 

sexual vs. clonal reproduction on the local number of genotypes. Samples were 

immediately immersed in liquid nitrogen and later transferred to a -80°C freezer. 

The local sex ratio (in terms of ramets that may or may not belong to different 

genets) was estimated as the average percentage of flowering male shoots 

relative to male plus female flowering shoots counted in ten 1m2 quadrants 

within the delimited 5 x 5 m sampling area. Clones commonly bear a proportion 

of non-flowering shoots, which, however, does not strongly bias estimates of 

gender proportions (Wade et al. 1981).  

Canopy closure in the 5 x 5 m squares were quantified in June 2007 using a LAI-

2000 Canopy Analyzer (LI-COR Biosciences, Lincoln, USA), simultaneously 

measuring diffuse radiation by means of a fisheye light sensor in five distinct 

angular bands, with central zenith angle of 7°, 23°, 53° and 68°. The mean LAI 

(leaf area index, decreases with increased light penetration) value of ten 

measurements just above M. perennis plants was contrasted with the mean of 

two measurements in a nearby open field under overcast conditions.  
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5.3.4 Genetic analysis 

We used AFLPs (Vos et al. 1995) for the polyploid M. perennis (x = 8, 2n = 8 and 

10 in Belgium, Krähenbühl and Küpher 1995). This method results in a large 

amount of dominant markers. There is no need to make inferences about allele 

frequencies. Details of the DNA-extraction and AFLP protocol are described in 

Jacquemyn et al. (2006). Three (E-ACA(fam) + M-CAG; E-ACG(hex) + M-CTT and 

E-AGC(ned) + M-CCA) primer combinations were used. Fragment separation and 

detection were performed on an ABI Prism 3130xl capillary sequencer. The 

presence or absence of each AFLP marker between 50 and 400 bp in all samples 

was scored using GeneMapper v4.1 (Applied Biosystems). To assess the 

reproducibility of the protocol, two and three AFLP runs from independent DNA 

extractions were carried out for 17 and twelve samples, respectively. The error 

rate was low (1.1 % for samples repeated twice; 1.8 % for samples repeated tree-

times).  

Flow cytometric analysis following the protocol of De Schepper et al. (2001) on 

40 samples (two per population) with DAPI-staining and Lolium perenne ‘Bellem’ 

as internal standard showed no ploidy variation among populations (peak ratios 

Mercurialis/Lolium = 1.70-1.74) 
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Table 5.1. Population characteristics and genetic variables of 20 populations of 

Mercurialis perennis from Belgium.  

ID Forest % of males LAI Size G P M 

1a T’ Ename South 59 5.75 L 0.67 0.39 0.14 

1b T’ Ename South 51 5.34 L 0.61 0.35 0.14 

1c T’ Ename South 15 3.61 S 0.61 0.31 0.10 

1d T’ Ename South 49 5.53 L 0.71 0.32 0.12 

1e T’ Ename South 34 5.58 S 0.45 0.17 0.06 

2a T’ Ename North 65 3.64 L 0.50 0.21 0.08 

2b T’ Ename North 69 4.19 L 0.50 0.23 0.09 

2c T’ Ename North 72 4.08 L 0.53 0.21 0.08 

3a ‘t Hoeksken 63 5.18 L 0.65 0.28 0.10 

3b ‘t Hoeksken 59 5.18 S 0.56 0.28 0.11 

3c ‘t Hoeksken 100 5.70 S 0 0 - 

4a Bruinbos 85 4.24 S 0.41 0.30 0.12 

4b Bruinbos 74 3.90 L 0.44 0.28 0.11 

5a Private forest 72 4.84 L 0.63 0.31 0.12 

5b Private forest 100 4.09 S 0 0 - 

5c Private forest 88 3.48 L 0.24 0.15 0.07 

6 Munte 61 4.73 S 0.58 0.30 0.11 

7 Oosterzele 69 4.44 S 0.71 0.41 0.16 

8a ‘t Aalmoeseneie 71 4.35 S 0.38 0.14 0.06 

8b ‘t Aalmoeseneie 79 4.05 L 0.31 0.24 0.10 

µ(SD)  66.7(20.3) 4.60(0.74)  0.47(0.21) 0.24 (0.11) 0.09(0.03) 

ID: population (Figure 5.1); % of males (sex ratio); LAI: leaf area index; population size: large 

(L>12.000 flowering shoots), small (S<4000 flowering shoots); G: genotypic richness; P: 

proportion of polymorphic loci; M: marker diversity. SD: standard deviation 

5.3.5 Data analysis 

5.3.5.1 Local sex ratio 

To identify factors affecting the sex ratio, Pearson correlations were calculated 

between sex ratio and light conditions (LAI). All metric variables in Table 5.1 fit 

the normal distribution. Differences in sex ratio and the variance in sex ratio 
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between small and large populations were analyzed with a two sample t-test and 

a Levene’s test for equality of variances, respectively.  

5.3.5.2 Effect of local sex ratio on within-population genetic variation 

To correct for scoring and PCR errors, MLGs (multi locus genotypes) were 

identified using a clonal threshold of 0.97 Dice genetic similarity based on the 

bimodal frequency distribution of genetic distance (Meirmans and Van 

Tienderen 2004, Arnaud-Haond et al. 2007). In each population genotypic 

richness (G) was quantified as the number of MLGs minus 1, divided by the 

number of samples genotyped minus 1, so the measure ranges between 0 and 1 

(Arnaud-Haond et al. 2007). For all further calculations, a data set including only 

one randomly chosen sample per recurring MLG was used. The proportion of 

polymorphic AFLP bands (P) and marker diversity (M), the mean proportion of 

non-matching AFLP bands between MLG pairs (Bonin et al. 2007) were 

calculated per population using R v.2.6.2 scripts (The R-project). Pearson 

correlations were calculated to analyze the relationship between sex ratio and G, 

P and M. Data were analyzed using SPSS 16.0 (SPSS Inc.). 

5.3.5.3 Distribution of genetic variation  

To investigate the partitioning of genetic variation, hierarchical analyses of 

molecular variance (AMOVA) on Euclidean distances among MLGs were 

performed within and among populations and forests using 10.000 

permutations. Pair-wise AMOVA values of genetic differentiation, FST, among 

populations were related to log-transformed geographic distances using a Mantel 

test and the first two axis of a principal coordinate analyis (PCA) were plotted. 

Populations with a single MLG were excluded from these analyses in Genealex 6 

(Peakall and Smouse 2005) . 
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5.4 Results 

5.4.1 Local sex ratio 

The sex ratio varied between 15% and 100% male plants with an average sex 

ratio of 67% males (Table 5.1) in agreement with other observations (Mukerji, 

1936). Sex ratio was not related to LAI (r = -0.18, p>0.1). Although average sex 

ratios were similar in large (67%) and small populations (66%), variance was 

larger in the small than in the large populations (SD = 11.62 vs. SD = 28.30, 

respectively; p=0.047; Fig. 5.2). When analyzing small and large populations 

separately, a negative correlation between LAI and the percentage of males was 

found in large (r = -0.80; N=11, p<0.01) but not in small populations (r = 0.16, 

N=9, p>0.1; Fig. 5.2). 

 

Figure 5.2. Relationship between sex ratios (% of males) and light 

conditions (LAI) in 9 small (<4000 flowering shoots, open 

triangles) and 11 large (>12.000 flowering shoots, black triangles) 

populations of M. perennis. Regression line of the significant 

relationship in large populations (r = -0.80; p < 0.01). 
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5.4.2 Within-population genetic variation 

Out of a total of 134 scored AFLP loci, 86 were polymorphic. Applying a clonality 

threshold, 167 MLGs were selected out of 202 AFLP phenotypes (340 genotyped 

samples for all three primer combinations). The number of MLGs ranged from 1 

to 13 per population. All measures of genetic variation (G, P and M) varied 

considerably among populations (Table 5.1). P, the proportion of polymorphic 

loci, and G, genotypic richness, were strongly positively correlated (r = 0.92, N = 

20, p < 0.01, Fig. 5.3). P was borderline significantly correlated to M, marker 

diversity (r = 0.47, N = 18, p = 0.05). G was not (r = 0.24, p > 0.1). 

The percentage of males was strongly negatively correlated to G (r = -0.69, N = 

20, p < 0.01; Fig. 5.3) and to a lesser extent to P (r = -0.54, N = 20, p = 0.02) but 

not to M, marker diversity, (r = 0.02, N = 18, p > 0.1). The negative correlation 

between the percentage of males and G remained significant (r = -0.48; N = 18, p 

= 0.04) after deleting the two completely male-biased populations (3c, 5b; Table 

5.1), the correlation between the percentage of males and P did not (r = -0.20; N 

= 18, p > 0.1).  

 

Figure 5.3. Relationship between sex ratio and genotypic richness (G) in 20 M. perennis 

populations (r = -0.69, p < 0.01). Black triangles represent large populations (>12.000 

flowering shoots) and open triangles small (<4000 flowering shoots). 
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5.4.3 Distribution of genetic variation  

AMOVA based on genets only resulted in an overall FST of 0.39 (p < 0.01): 60.1% 

of total variation was attributed to within-population variability, 15.9% to 

populations within forests and 24.4% to populations among forests. Pairwise 

population differentiation was significant for all combinations at the α = 0.05 

level. A plot of the first and second PCA axis, explaining 38.3 % of the variation, 

shows that the most northern populations (forest 8) deviate (Fig. 5.5). 

Populations of nearby forests tend to cluster together. However, differences 

between most populations in the northern (in forest 3, 4 and 5) and southern 

part (in forests 1 and 2) are relatively limited, as would be expected if genetic 

divergence is essentially a random process. A Mantel-test showed a significant 

correlation between pairwise log-transformed spatial distances and FST values 

(rm = 0.50; p <0.01; Fig. 5.4). However, whitout population 8a and 8b this 

correlation was no longer significant at the 0.05 nominal level. 

8b

8a

7
6

4b

4a

5c
5a

3b3a

2c
2b2a

1e

1d
1c

1b

1a

PCA1

P
C

A
2

 

Figure 5.4. PCA plot of genetic distances among M. perennis populations (based on genets). 
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Figure 5.5. Relationship between pairwise FST values and log-

transformed spatial distances among populations of M. perennis 

from Belgium. Top: all populations (rm = 0.50; p < 0.01), 

bottom: without the most northern populations 8a and 8b (rm = 

0.17; p > 0.05).  

 

5.5 Discussion 

5.5.1 Sex ratio variation 

In the studied M. perennis populations, canopy closure affected the proportion of 

male to female ramets in large populations only, while there was no 

corresponding correlation in small populations (Fig. 5.2). Small populations 

displayed a higher variation in sex ratio, unrelated to canopy closure. Likely 

stochastic events in some of the studied small M. perennis population were 

stronger drivers than the environmental factors introducing mild gender bias 
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(Fig 5.2, see Chapter 4 for an explanation). Because small populations contain 

fewer individuals than large ones, the probability was higher for having an 

unequal representation of females and males. One to 12 individuals (genets) 

were detected in small populations compared to 19 to 49 individual genets in 

large populations (Chapter 4).  

5.5.2 Sex ratio variation and local genetic variation 

Genotypic richness (G) decreased with the proportion of male shoots (Fig. 5.3). 

The correlation between sex ratio and the percentage of polymorphic loci (P) 

seems driven by the two monoclonal, completely male-biased populations and 

there was no such correlation with marker diversity (M), suggesting no influence 

of sex ratio on allelic variation through genetic drift.  

In plant species capable of vegetative and sexual reproduction, the relative 

contribution of sexual and vegetative reproduction may vary in space and time 

depending on the prevailing biotic and abiotic conditions. Situations favoring 

sexual recruitment have been shown to result in a higher genetic diversity in 

forest herb species. Kudoh et al. (1999) showed higher genotypic diversity in 

Uvularia perfoliata under forest conditions promoting flowering. Similarly, 

Jacquemyn et al. (2006) attributed higher genotypic diversity in Paris quadrifolia 

in moist as opposed to dry sites to higher seed production and recruitment rates. 

Prolonged clonal propagation, on the other hand, along with very infrequent 

recruitment from sexually produced seeds may result in a decreasing genetic 

diversity due to clonal death and outcompetition of less adapted genets (Kleijn 

and Steinger 2002, Honnay et al. 2006). In the studied M. perennis populations, 

the reduced local abundance of females in male-dominated areas likely 

constrains sexual recruitment. A higher shoot density in male-dominated lighter 

areas (Wade 1981) may additionally inhibit the successful establishment of 

seedlings. Heavy M. perennis seeds fall near the mother plant (Jefferson 2008), as 

is known for most forest herbs (Whigham 2004). These results support previous 

analyses of fine-scale clonal structure within large populations showed that a 
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higher frequency of male shoots in canopy gaps coincides with larger male clone 

sizes and a reduced number of genotypes (Chapter 4).  

5.5.3 Distribution of genetic variation 

Many of our study populations showed levels of genotypic diversity comparable 

to other clonal plants (0.51, Honnay and Jacquemyn 2008). The overall level of 

polymorphism is within the range of moderate values reported for RAPD studies 

(0.64 compared to a mean of 0.71 in Nybom and Bartish 2000).Given the large 

clone sizes and the low number of seedlings found in M. perennis (Jefferson, 

2008, Chapter 4), this supports current knowledge that limited, but recurrent 

sexual recruitment is enough to maintain moderate levels of genetic variation 

within populations (Watkinson and Powell 1993, Stehlik and Holderegger 2000, 

Jacquemyn et al. 2005).  

Genetic differentiation (FST = 0.39) among M. perennis populations was 

substantial, especially given obligate outcrossing. However, not the complete 

area of larger populations was sampled, which probably inflated FST. Significant 

within-forest genetic structuring suggests that even within continuous forest 

fragments, gene flow between populations is limited. Heavy seeds (Jefferson 

2008) and a limited colonization capacity (Peterken and Game 1984) support 

restricted ability for seed dispersal in M. perennis. Furthermore, even in wind-

pollinated herbs, pollen movement can be limited (Stehlik et al. 2008). 

Generation time in M. perennis is long which should alleviate the effects of 

genetic drift (Young et al. 1996). However, low levels of genetic drift and no or 

limited gene flow can cause genetic divergence among populations (Hutchison 

and Templeton 1999). Moreover, (historical) population bottlenecks in disturbed 

sites, such as sites subjected to trampling or sites that were temporally clearcut 

(Brunet et al. 1996, Kenderes and Standovár 2003), may have added to random 

genetic divergence. 

Forest clearance in the studied area of Belgium goes back more than 1000 years 

(Tack et al. 1993). Long-lasting isolation of forest fragments over sufficient 

generations can increase genetic divergence of populations from different forests 
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(Jump and Peñuelas 2006, Bacles and Ennos 2008). Most of the genetic 

differentiation could indeed be attributed to among-forest partitioning. However, 

the increased level of genetic divergence among forests relative to within forests 

and the correlation between genetic and geographic distances (Fig. 5.5) are 

mostly the result of a different genetic composition of populations in the forest in 

the most northern part of the study area (8a and 8b in Fig. 5.4). Historical 

colonization patterns and a naturally fragmented genetic structure likely explain 

the observed patterns of genetic structure.  

5.6 Conclusions 

In conclusion, this is one of the first studies to report a clear association between 

gender proportions and genetic diversity of a dioecious plant species in a fairly 

large survey. Stochastic events, related to small population size and the local 

forest environment, related to light penetration to the herb layer seem to affect 

the local gender proportion in M. perennis. Large M. perennis populations in 

shady forest sites are more likely to maintain balanced gender proportions and 

higher genetic variation likely because of higher levels of sexual reproduction 

compared to populations under less favorable conditions and small male-biased 

populations subjected to a stochastic sex bias. In the extreme case, no sexual 

recruitment is to be expected in completely male-biased monoclonal 

populations. How the observed pattern of sex ratio variation and genetic 

variation in M. perennis relates to ecological traits such as reproductive success, 

offspring viability and population persistence needs further study. 
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mate quantity versus mate diversity in a wind-pollinated plant. Acta Oecologica, 
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6.1 Summary 

Since most pollen travels limited distances in wind-pollinated plants, both the 

local quantity and diversity of mates may limit female reproductive success. Yet 

little evidence exists on their relative contribution, despite the importance of 

viable seed production to population dynamics. To study how variation in female 

reproductive success is affected by the quantity versus the diversity of 

surrounding mates contributing pollen, we integrated pollination experiments, 

data on natural seed set and seed viability, and AFLP genetic marker data in the 

wind-pollinated dioecious clonal forest herb Mercurialis perennis. Pollination 

experiments indicated weak quantitative pollen limitation effects on seed set. 

Among-population crosses showed reduced seed viability, suggesting 

outbreeding depression due to genetic divergence. Pollination with pollen from a 

single source did not negatively affect reproductive success. These findings were 

consistent with results of the survey of natural female reproductive success. Seed 

set decreased with the distance to males in a female plants’ local neighborhood, 

suggesting a shortage of pollen in isolated female plants, and increased with the 

degree of local genetic diversity. Spatial isolation to other populations and 

population size did not affect seed set. None of these variables were related to 

seed viability. We conclude that pollen movement in M. perennis is likely very 

limited. Both male proximity and the local degree of genetic diversity influenced 

female reproductive success. 

6.2 Introduction 

As plants often mate and disperse offspring locally, one important question in 

plant reproductive ecology is to what extent female reproductive success in 

outcrossing plants is affected by surrounding mates contributing pollen. 

Increased reproductive success after manual pollinations is commonly attributed 

to insufficient pollen due to a shortage of mates or pollinators in natural 

conditions (reviewed in Burd 1994, Ashman et al. 2004). In contrast, recent 

evolutionary models predict that seed output should at evolutionary equilibrium 
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never be limited by the quantity of pollen (Harder and Barrett 2006, Harder et al. 

2008). The widespread observation of pollen-limited reproduction in 

angiosperms could, therefore, represent the effects of poor pollen quality rather 

than insufficient pollen (Harder et al. 2008). Indeed, genetic studies support the 

idea that low mate diversity can negatively affect reproduction through poor 

pollen quality. A low number of different mates can reduce seed set and viability 

due to reduced pollen competition or selection (Marshall and Ellstrand 1986, 

Winsor et al. 2000, Paschke et al. 2002), while a declining genetic diversity 

among mates, for instance due to mating among relatives, can increase seed and 

embryo abortion through the accumulation of deleterious alleles (Charlesworth 

1989, Waser and Pride 1989, Keller and Waller 2002). However, available studies 

so far (reviewed in Ashman et al. 2004 and Ghazoul 2005) rarely weighed the 

influence of the diversity versus the quantity of mates (but see Campbell and 

Husband 2007). This is certainly true for wind-pollinated plants where pollen-

limited reproduction was recognized only recently (Knapp et al. 2001, Davis et al. 

2004).  

Wind-dispersed pollen typically shows a leptokurtic dispersal curve from static 

point sources with most pollen deposited near the source and a long flat tail 

characterized by low deposition (Levin and Kerster 1974, Tonsor 1985). Therefore, 

the proportion of fertilized ovules can rapidly decrease with the distance to, and 

local number of mates, in outcrossing wind-pollinators (Allison 1990, Knapp et 

al. 2001, Davis et al. 2004, Steven and Waller 2007, Stehlik et al. 2008). Yet, as 

most pollen is deposited near the source, female reproductive success of wind-

pollinated plants might also be particularly sensitive to the diversity of mates in 

the local neighborhood. Unlike the less predictable pattern of pollen dispersal by 

insects, the quality of the pollen received by any given plant could therefore be 

closely related to the local diversity or genetic relatedness of potential mates 

present within the range most pollen travels.  

In the wind-pollinated dioecious forest perennial Mercurialis perennis, increased 

kinship with decreasing spatial distance suggests local mating and dispersal of 

offspring (Chapter 4). Male (pollen-producing) and female (pollen-receiving) M. 
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perennis plants typically occur in discrete patches due to clonal replication 

(Jefferson 2008, Chapter 4). This spatial structure results in considerable 

variation in male proximity which could expose isolated female M. perennis 

plants to a shortage of pollen. On the other hand, clonal replication creates a 

discrepancy between the quantity of mates and the actual number of genetically 

different mates (genets). The spatial aggregation of clones with local mating 

increases the chances of mating between relatives (Handel 1985, Charpentier 

2002).  

Here we investigate how female reproductive success in M. perennis is affected 

by the quantity versus the diversity of surrounding mates contributing pollen. 

We combined an experimental and observational approach. The ability of pollen 

quantity and quality to affect reproductive success was evaluated applying 

within and among-population crosses and open-pollinated controls. Results of 

pollination experiments were compared with a survey of natural reproductive 

success in relation to male proximity and local mate diversity. We measured the 

local number of genotypes and genetic diversity amongst them based on AFLPs 

(Vos et al. 1995). Populations of contrasting size with variable levels of spatial 

isolation to other populations were included as both may influence the overall 

level of pollen availability and quality (Waites and Agren 2004, Kolb 2005).  

6.3 Materials and methods 

6.3.1 The study species and study area 

Mercurialis perennis is widespread through Europe, often as one of the 

predominant herbaceous elements of the flora of deciduous primary woodlands. 

Shoot height varies between 10 and 45 cm. Wind-pollination is facilitated by 

male plants releasing vast numbers of pollen grains from erect inflorescences 

that are held above the plant and in between leaf axils. The inconspicuous female 

flowers have large, spreading styles and stigmas with an aviscid and papillose 

surface which can trap pollen grains. Pollen grains are as average 39 μm long by 
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20 μm broad. The number of flowers per female plants varies from 1 up to 30. 

Each flower contains two ovules and each ovule can set one seed. Seeds are 

rather large and heavy (4-10 mg) (reviewed in Mukerji, 1936a,b, Jefferson, 

2008). 

In 2006, pollination experiments were performed in nine (ID 1 to 9 in Table 6.1) 

of the 16 M. perennis populations where natural reproductive success, male 

proximity and local genetic diversity were extensively characterized in 2007. The 

studied populations are situated at the East of the river Scheldt between Ghent 

and Oudenarde in the North-West of Belgium (UTM50: Northing 544540.75-

557163.98: Easting 5632446.455-5649842.114, see Chapter 5).  

6.3.2 Experimental determination of quantitative and qualitative pollen 

limitation  

In March 2006, forty-five randomly selected female shoots per population (n = 9) 

were randomly subjected to one out of three treatments (15 plants per 

treatment): i) pollination with pollen from a nearby male; ii) pollination with 

pollen from a male from a large population from another forest; iii) open-

pollinated controls to evaluate the following expectations:  

• If a high degree of genetic relatedness among neighboring mates is a 

limiting factor, reproductive success of among-population crosses should 

increase relative to within-population crosses; 

• If controls naturally receive pollen from diverse sources and this 

positively influences reproductive success, pollinations with pollen from a 

single source should reduce reproductive success compared to open 

pollinated controls; 

• If not the quality but the quantity of pollen is a limiting factor, manual 

pollination with pollen from a nearby male should increase reproductive 

success relative to the open-pollinated controls.  

Females were bagged with gauze before flowers opened. Pollination was 

performed by transplanting flowering male plants together with soil clumps 



 

  M e r c u r i a l i s  p e r e n n i s  | 107 

 

adjacent to the selected female plants. Male and female inflorescences were 

gently wrapped. Inflorescences were then tightened together to prolong the 

chances of successful pollination. Pairs of male/female plants were bagged with 

gauze. To check whether the gauze was pollen proof, 12 bagged females in one 

population were not pollinated resulting in 5.4 % seed set. Three weeks after the 

pollination, pairs in which the transplanted males had wilted were removed from 

the experiment. As also some tagged control plants could not be retrieved, we 

retrieved data on 301 female plants (within-population crosses: 102; among-

population-crosses: 95; controls: 104).  

Fruits per plant were harvested and dried for two months. Next, the number of 

seeds per plant was counted. All seeds were sown in pots with 96 small 

compartments of 4 x 4 cm (quickpots, 1 seed per compartment). Pots were 

placed in a greenhouse where windows were closed when temperature dropped 

below 0° C. Seeds started to germinate in February 2007. The number of 

germinated seeds per plant was counted the last week of March. The week 

thereafter, no new seeds germinated.  

Based on the hierarchical data structure (plants within populations), we applied 

generalized linear mixed models (GLMMs) using the GLIMMIX procedure in SAS 

9.1 (SAS Institute, 2005) to test for differences among pollination treatments 

(within and among population crosses, and open-pollinated controls; fixed 

classes) in the dependent variables seed set (the proportion of ovules that 

developed into seeds) and seed viability (the proportion of seeds that 

germinated). Population was entered as a random effect to correct for among-

population variance in seed set or seed viability estimated using restricted 

maximum likelihood. We used a logit link function to accommodate the binomial 

distribution of seed set (seeds= events; ovules= trials) and seed viability (viable 

seeds= events, seeds=trials). The Kenward–Rogers approximation was used to 

determine appropriate denominator degrees of freedom (Littell et al. 2002). 

Orthogonal contrast statements were made to evaluate differences among 

pollination treatments based on F-statistics. Least square mean statements with 

the ilink option were made to derive parameter estimates and standard errors on 
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the original scale of seed set and seed viability. The Tukey correction was applied 

to correct significance levels for multiple testing.  

6.3.3 Determination of natural reproductive success in relation to the 

number and diversity of mates 

For all 16 studied populations, the mean distance to the three nearest 

populations was calculated as a measure of spatial isolation to other populations. 

Population size was approximated as the area covered times the mean flowering 

shoot density counted in ten 1m2 quadrats. Population sizes were considered 

small if estimated less than 4000 flowering shoots (n = 4) and large if estimated 

over 12.000 shoots (n = 12). One plot of 5 x 5 m was chosen within each 

population. This area approximately reflected the complete cover of small 

populations. Within these plots, we measured AFLP genetic diversity, male 

proximity, and, reproductive success.  

For AFLP analysis, leaves from 18 shoots within the 5 x 5 m plot in each 

population were sampled, frozen in liquid nitrogen and stored at -80°C. Details of 

the DNA-extraction and AFLP protocol are as described in Chapter 4. Three 

primer combinations (E-ACA(fam) + M-CAG; E-ACG(hex) + M-CTT and E-

AGC(ned) + M-CCA) used for fingerprinting resulted in 86 polymorphic loci. To 

assess the reproducibility of the protocol, three and two AFLP runs from 

independent DNA extractions were carried out for twelve and 17 samples, 

respectively. The error rate was 1.8 % for samples repeated three-times and 1.1 

% for samples repeated twice. To correct for these scoring or PCR errors, 

genotypes were selected using 0.97 Dice genetic similarity as a threshold based 

on the frequency histogram of genetic distances as outlined in Meirmans and Van 

Tienderen (2004). Local genotypic richness (G) was calculated as the number of 

genotypes per plot minus one divided by the number of samples genotyped 

minus one. This measure represents the number of different genotypes within 

the 5 x 5 plots and serves as a proxy of the number of different mates available. 

Previous fine-scale analyses in M. perennis support that the local number of 

genotypes varies, but the ratio of the number of male versus the number of 
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female genotypes remains rather invariable (Chapter 4). M, marker diversity, 

was calculated as the mean proportion of non-matching AFLP bands between all 

possible pairs of genotypes within a plot (Arnaud-Haond et al. 2007, Table 1.6). 

This measure of genetic diversity represents the mean Euclidean genetic distance 

among genotypes within the plot. 

In March 2007, 30 female individuals were randomly selected and tagged within 

the 5 x 5 m plot in each of the 16 populations. The distance from each selected 

female to the two nearest males was measured and the number of flowers per 

selected female was counted. Meanwhile, we counted the density of male plants 

within each plot in ten 1 m2 quadrats.  

At the beginning of May 2007, all fruits from the selected females were collected. 

As some tags could not be retrieved, we retrieved fruits from 438 plants. We 

counted the number of seeds and the number of viable seeds per plant after 

drying. All seeds per plant were soaked in water and cut with a razor blade in 

halves along the raphe to examine the embryos under a binocular microscope. 

Seeds with fully developed embryos were considered viable. 

First, generalized linear mixed model analysis (GLLMs), using the GLIMMIX 

procedure in SAS 9.1 (SAS Institute, 2005), were applied to test whether the 

probability of ovules setting seed and of seeds being viable increases with male 

proximity to individual female plants. Population was entered as a random effect 

to incorporate among-population variance in seed set or seed viability estimated 

using restricted maximum likelihood. A logit link function was applied to 

accommodate the binomial distribution of the proportional dependents seed set 

(seeds per plant = events; ovules per plant = trials) and seed viability (viable 

seeds per plant = events, seeds per plant =trials). The Kenward–Rogers 

approximation was used to determine appropriate denominator degrees of 

freedom (Littell et al. 2002). We investigated the fit of seed set and seed viability 

to different measures of male proximity as judged by the pseudo-log likelihood 

fit statistic. We ran models with the distance to the first nearest male, the 

distance to the second nearest male and the corresponding log-transformed 
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distances. The model with the second nearest male was selected (-2 Res Log 

Pseudo-Likelihood= 1154.40), yet other models rendered comparable results.  

Second, generalized linear models (GLMs), using the GENMOD procedure in SAS 

9.1 (SAS Institute, 2005), were applied to test for the effects of the mean distance 

to the second nearest male per plot, local genotypic richness (G), local marker 

diversity (M), population size (2 classes) and population spatial isolation (log-

transformed) on seed set and seed viability (Table 1.6). We applied a logit link 

function to accommodate the binomial distribution of the proportional 

dependents seed set (seeds = events; ovules = trials) and seed viability (viable 

seeds = events, seeds = trials). Х2 statistics were used to determine the 

significance of each effect and interactions among effects in the GLM model. Non-

significant terms were excluded by a stepwise backward elimination procedure if 

they did not explain a significant proportion of the variation (α=0.05). To avoid 

multicollinearity problems, male density (Table 6.1) was not included in GLM 

analysis given its strong correlation with the mean distance to the second 

nearest male (Table 6.1; r = -0.66; p < 0.01). 

Finally, the effect of male proximity was validated in 2008 in an experimental 

array. Thirty females of population 4 were excavated and replanted the first 

week of March at 1 m, 2 m and 8 m from the edge of the population (10 plants at 

each distance). Seed set following natural pollination was measured in these 

plants. 
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Table 6.1. Population, genetic and reproduction characteristics, the latter two studied 

within one 5 x 5 m plot in each of the 16 M. perennis populations.  

ID Size Iso G M Male 

density 

Male 

proximity 

N Seed 

set 

N Seed 

viability 

1 S 2795 0.38 0.06 51.54 60.00 30 0.35 21 0.40 

2 L 702 0.44 0.11 59.09 39.33 30 0.41 24 0.46 

3 L 151 0.65 0.10 55.47 24.33 30 0.39 26 0.38 

4 L 97 0.24 0.07 92.22 15.16 30 0.32 22 0.36 

5 L 184 0.63 0.12 21.81 43.14 27 0.39  17 0.64 

6 S 163 0.56 0.11 42.83 45.17 29 0.40 26 0.40 

7 L 589 0.53 0.08 44.33 51.72 29 0.36 24 0.34 

8 L 118 0.67 0.14 44.22 47.83 30 0.37 27 0.35 

9 L 53 0.63 0.12 37.92 35.51 29 0.41 29 0.35 

10 L 598 0.44 0.11 37.67 83.03 30 0.37 24 0.42 

11 L 2910 0.31 0.12 82.79 13.88 27 0.38 24 0.34 

12 L 588 0.53 0.08 11.52 80.51 29 0.23 17 0.31 

13 S 799 0.41 0.12 42.26 55.00 19 0.33 18 0.42 

14 L 80 0.61 0.10 18.84 73.14 27 0.24 23 0.24 

15 L 66 0.61 0.12 47.48 21.37 29 0.42 28 0.37 

16 S 48 0.45 0.06 18.33 45.76 13 0.25 12 0.40 

Mean 

(SE) 

 621  

(227) 

0.51 

(0.03) 

0.10 

(0.01) 

44.27 

(5.27) 

45.94 (5.34)  0.35  

(0.02) 

 0.39  

(0.02) 

Size: population size (S: smaller than 4000 plants; L: larger than 12.000 plants); Iso: the mean 

distance to the 3 nearest populations (m); G: local genotypic richness, M: local marker diversity; 

Male density per m2; Male proximity: mean distance to the second nearest male within the plot 

(cm); N: number of female plants studied. Seed set: proportion of ovules per plot that developed 

into seeds; n: number of individuals that set seed for which seed viability was studied. Seed 

viability: proportion of seeds per plot that were viable. 
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6.4 Results  

6.4.1 Experimental determination of quantitative and qualitative pollen 

limitation  

Seed set and seed viability significantly differed among pollination treatments 

(within-population crosses, among-population crosses and open-pollinated 

controls) (Table 6.2). Seed set increased for within-population crosses compared 

to controls. Seed viability for among-population crosses was much reduced 

compared to open-pollinated and within-population crosses (Fig. 6.1).  

The mean number of flowers of female plants used in the pollination experiments 

was 8.81 (range: 1-22; SE mean = 0.19). Each flower contains two ovules and the 

mean number of seeds was 6.41 (range: 0-22; SE mean = 0.20). The number of 

germinated seeds per plant was generally low (range: 0-10; mean = 1.63; SE 

mean = 0.15).  

 

Table 6.2. Summary of statistical analyses for differences among pollination 

treatments (within-population crosses, among-population crosses and open-

pollinated controls) on seed set and seed viability in M. perennis using GLMMs.  

Model Contrasted treatments Test result Estimate of contrast (SE) 

Seed set Within vs. control F1.308= 6.15* 0.16 (0.07) 

 Among vs. control F1.308= 3.45 0.13 (0.07) 

 Within vs. among F1.308 =0.16 0.03 (0.01) 

Seed viability Within vs. control  F1.297 = 0.20 0.05 (0.12) 

 Among vs. control  F1.297 =12.75** -0.47 (0.15) 

 Within vs. among F1.297 = 9.80** 0.53 (0.15) 

*: p < 0.05; **: p < 0.01 
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Figure 6.1. Effects of pollination treatments on seed set and 

seed viability (w: within-population; a: among-population; c: 

open-pollinated controls) in M. perennis. Means and standard 

errors per treatment are according to the estimates 

provided by the GLMMs. 

 

6.4.2 Effects of the number and diversity of mates on natural seed set and 

seed viability 

The distance to the second nearest male had a significant influence on seed set in 

female M. perennis plants over all populations (F1.435 = 37.33; p < 1 x 10-4, model 

generalized Х2/df = 1.88). Female plants in closer proximity of males set more 

seeds than females farther away (Fig. 6.2). Analysis per population demonstrated 

significant effects at the α = 0.05 nominal level in 9 out of 16 populations, mostly 

of low-density (GENMOD procedure, not shown). The effect of male proximity 

was confirmed in the experimental array where seed set of transplanted females 
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decreased with the distance to the population edge: 34.2 % at 1 m, 29.3 % at 2 m 

and 16.8 % at 8 m. 

 

Figure 6.2. Effect of male proximity, as the distance to the second 

nearest male, on individual seed set in M. perennis. The black line 

represents the fit according to the estimates provided by the 

GLMM. The equation for this relationship was calculated as 

following: y= e a + b*x/ (1+e a + b*distance) with a=-0.42 (SEa = 0.07), 

b=0.004 (SEb = 0.0007). 

 

Among-plot variation in the density of males results in wide variation in male 

proximity (Table 6.1). However, GLM analysis at the plot level, showed that not 

only the mean distance to the second nearest male as a measure of male 

proximity (Х1.132 = 24.01; p < 1 x 10-4), but also local genetic diversity (M) 

influenced seed set (Х1.132 = 47.48; p < 1 x 10-4; model Х2/df = 2.18). Seed set 

increases with the degree of genetic diversity among local genotypes while it 

decreases with increasing mean distance to males (Fig. 6.3). Local genotypic 

richness, population size and spatial isolation (see Table 6.1) were excluded from 

the final model (all p > 0.05). None of the studied variables significantly affected 

seed viability (α = 0.05). Means and standard errors of means of the studied 

population, reproductive and genetic characteristics are given in Table 6.1.  
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Figure 6.3. Effect of the degree of genetic diversity (M) and male proximity, 

as the mean distance to the second nearest male, on local seed set in M. 

perennis. Each of the 16 represents the population mean. The plane 

represents the fit according to the estimates provided by the GLM. The 

equation for this relationship was calculated as following: z= e a + b*x + c*y / 

(1+e a + b*x + c*y) with a=-1.13 (SEa = 0.13); b = 7.62 (SEb = 1.11), c=-0.006 (SEc 

=0.001), x = M and y = male proximity. 

 

The mean number of flowers per randomly selected female was 8.25 (range: 1 - 

26; SE mean = 0.21). The mean number of seeds was 6.81 (range: 0 - 30; SE mean 

= 0.22). The number of viable seeds per plant was generally low (range: 0 - 12; 

mean = 2.58; SE mean = 0.12) in agreement with earlier reports (reviewed in 

Jefferson 2008), and was strongly correlated to the number of seeds produced 

(rSpearman rank = 0.70; p < 1 x 10-6) 
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6.5 Discussion 

6.5.1 Limited pollen movement 

Female reproductive success was best related to the genetic diversity and 

quantity of mates in the local neighborhood, suggesting very limited pollen 

dispersal distances in M. perennis. Although reproductive success of small and 

isolated populations can suffer from the effects of low pollen availability and/or 

low pollen quality (see for instance Groom, 1998; Waites and Agren, 2004; Kolb, 

2005), pollen movement in M. perennis is probably too localized to be 

significantly influenced by population size or spatial isolation. Limited pollen 

dispersal is consistent with the strong genetic differentiation (FST = 0.4) among 

M. perennis populations in the studied region (Chapter 5) and the strong spatial 

genetic structure within populations (Chapter 4). Populations, even natural ones, 

may be qualified as isolated islands. 

6.5.2 Male proximity  

In outcrossing wind-pollinated plants, increasing isolation to mates result in 

greater pollen loss between plants, potentially increasing pollen limitation. 

Stehlik et al. (2008) showed a positive influence of male proximity on seed set 

and stigmatic pollen load in natural populations of the dioecious wind-pollinated 

herb Rumex nivalis. In the wind-pollinated androdioecious herb Mercurialis 

annua, Eppley and Pannell (2007) demonstrated a strong increase in the degree 

of self fertilization of hermaphrodite plants 0.5 meter away from male plants in 

an experimental array. Here, male proximity had a significant positive influence 

on natural seed set in M. perennis with a decrease in the percentage of ovules that 

set seeds of ca. 15 % in females 2 m away from the second nearest male relative 

to females within centimeters from males (Fig. 6.1). Due to the very strong 

positive correlation between the number of seeds and the number of viable seeds 

produced, male proximity indirectly influences the proportion viable seeds 

produced per ovules (data not shown).  
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While most pollen is deposited near the pollen source in wind-pollinated plants, 

the long tail of wind-vectored pollen distribution guarantees some seed set in 

isolated plants (Levin and Kerster 1974, Tonsor 1985, Goto et al. 2006). This 

seems consistent with the relatively slow decrease of seed set and the fact that 

females that were separated by at least 8 meters from males showed reduced 

seed set but still set seed in the experimental array.  

These patterns agree with the overall small increase in seed set after manual 

pollen addition with population-own pollen (Fig. 6.1). Quantitative pollen 

limitation seems weak but present. Pollen supplementation raised the value of 

reproductive success often moderately and researchers have rarely been able to 

detect extremely high pollen limitation (Burd 1994, Ashman et al. 2004, Knight et 

al. 2005).  

6.5.3 Mate diversity 

In addition to male proximity, the degree of genetic diversity (M) within the local 

neighborhood influenced seed set (Fig. 6.3). As local genotypes were genetically 

more distinct, seed set increased. Given strong isolation by distance within M. 

perennis populations (Chapter 4), aggregated clones and local mating and 

dispersal of offspring must incur mating between relatives (Handel 1985, 

Charpentier 2002), which could result in low overall seed viability (Table 6.1). It 

is possible that variation in the local degree of biparental inbreeding influenced 

seed set through early seed abortion due to genetic load (Charlesworth, 1989, 

Waser and Price 1989, Keller and Waller 2002, Lienert and Fisher 2004). Yet, 

note that a decrease in M does not necessarily reflect more inbreeding.  

The comparable seed set of among-population crosses and crosses with pollen 

from a nearby male (Fig. 6.1) runs counter to this relationship. Moreover, seed 

viability in among-population crosses was significantly reduced compared to 

within-population crosses (Fig. 6.1). However, when populations have strongly 

genetically diverged from each other (as is the case, FST = 0.39; Chapter 5), 

outbreeding depression might be manifested as reduced reproductive success of 

interpopulation crosses compared to intrapopulation crosses (Waser and Price 
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1994, Fisher and Mathhies 1997, Tallmon et al. 2004, Heiser and Shaw 2006). 

Outbreeding effects support the notion of the studied patchy populations as 

isolated islands. Crossing populations of different forests may have masked a 

negative influence of increased genetic relatedness between neighboring mates 

on seed set.  

Plants pollinated with a single source showed no considerably reduced seed set 

or seed viability compared to naturally pollinated plants (Fig. 6.1). 

Correspondingly, local genotypic richness (G) as a proxy of the number of 

different mates within the local neighborhood, did not affect natural seed set or 

seed viability. Limited mating distances and large aggregated clones (Chapter 4) 

could naturally result in a low number of male genotypes contributing pollen. In 

such a case, it is not be surprising to find no effects of the local number of pollen 

donors (Paschke et al. 2002). 

Yet, far from all ovules set seed after manual pollination and seed set remained 

variable after correcting for the influence of measures approximating the 

contribution of surrounding mates. This suggests that seed set in the studied M. 

perennis is partly resource limited (Mc Call and Primack 1987). Variable seed 

production, apart from the influence of surrounding mates, might be an 

evolutionary response to the stochastic environmental conditions experienced 

by early-spring flowering forest herbs, with the consequences of suboptimal seed 

output being mitigated by clonal reproduction. Furthermore, wind-pollination 

mitigates the consequences of a stochastic pollination environment (Wilcock and 

Neiland 2002) as insects are rare in early spring. 

6.6 Conclusion 

Short-distance dispersal of pollen (Gonzales et al. 2006) seems more common 

than previously assumed in wind-pollinated plants and can play an important 

role in causing variable seed production, especially in small plant species (Davis 

et al. 2004, Jacquemyn and Brys 2008). The influences of mate quantity and 

diversity have to our knowledge not been simultaneously addressed before, 
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however. In the studied wind-pollinated dioecious clonal herb, pollen movement 

was likely very restricted. Both male proximity and local genetic diversity relate 

to seed set, possibly through a shortage of pollen in isolated females and poor 

pollen quality due to genetic load. 
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Chapter  7 .   G e n o t y p i c  d i v e r s i t y  

a n d  r e p r o d u c t i v e  s u c c e s s  o f  L i l l y  o f  t h e  

v a l l e y  a n d  t h e  r o l e  o f  t h e  l o c a l  f o r e s t  
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forest environment.  
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7.1 Summary 

Clonal growth is a common phenomenon in plants and allows them to persist 

when sexual life-cycle completion is impeded. Very low levels of recruitment 

from seed will ultimately result in low levels of genotypic diversity. The situation 

can be expected to be exacerbated in spatially isolated populations of obligated 

allogamous species, as low genotypic  diversities will result in low availability of 

compatible genotypes and low reproductive success. Here we studied 

populations of the self incompatible forest herb Lilly of the valley (Convallaria 

majalis) and aim at inferring the relative importance of sexual and asexual 

recruitment. Second, we aimed at establishing a relation between genotypic 

diversity, sexual reproduction and the local forest environment. We used highly 

polymorphic microsatellite markers to investigate clonal diversities and 

population genetic structure of 20 populations of C. majalis in Central Belgium. 

Most studied populations consisted of a single genotype and linkage 

disequilibrium within populations was high, manifesting clonal growth as the 

main mode of reproduction. Population consisting of multiple genotypes mainly 

occurred in locations with a thin litter layer and high soil phosphorus levels, 

suggesting environment-mediated sporadic recruitment from seed. Significant 

genetic differentiation suggested limited gene flow among populations. In 

agreement with the self-incompatibility of C. majalis, monoclonal populations 

showed very low or even absent fruit set. Lack of sexual recruitment in spatially 

isolated C. majalis populations has resulted in almost monoclonal populations 

with reduced or absent sexual reproduction, potentially constraining their long-

term persistence. Local forest environment may play an important role 

mediating sexual recruitment in clonal forest plant species.  

7.2 Introduction  

Clonal growth, the proliferation through genetically identical individuals, is a 

common phenomenon in plants (Klimes et al. 1997). The capability of 

populations of clonal plants to persist when the completion of the sexual life-
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cycle is temporally inhibited due to, for example, unsuitable environmental 

conditions has been advocated as an important advantage of clonality (Honnay 

and Bossuyt 2005, Silvertown 2008). However, the long-term persistence of 

clonal plant populations depends to some extent on sexual recruitment (Eriksson 

1993, Watkinson and Powell 1993), as monoclonal plant assemblages are more 

prone to infectious diseases (Schmid 1994, Zhu et al. 2000) and may be less able 

to respond to changing environmental conditions (Reusch et al. 2005) compared 

to multi-clone assemblages. Although relatively low levels of seedling 

recruitment may be sufficient to maintain considerable levels of genotypic 

diversity (Stehlik and Holderegger 2000, Richards et al. 2004), too sporadic or 

completely absent sexual recruitment may ultimately result in a large quantity of 

genetically identical ramets (Watkinson and Powell 1993).  

In forest herbs, substantial differences in genotypic diversity have been 

recorded, depending on factors such as canopy closure (Kudoh et al. 1999, 

Chapter 4) or vegetation type (Jacquemyn et al. 2005), which can strongly affect 

flowering, germination and/or the establishment of sexual offspring. In addition, 

it can be anticipated that soil characteristics such as the thickness of the litter 

layer, soil acidity and nutrient content shape the level of genotypic diversity as 

they can have a direct effect on the level of germination and seedling recruitment 

(Facelli and Pickett 1991, Eriksson 1995, Ehrlén et al. 2006, Dupuy and Chazdon 

2008). Low rates of sexual recruitment and the associated low genotypic 

diversity can further affect the population’s long-term ability to reproduce 

sexually (Eckert 2002). In self-incompatible plants species, low genotypic 

diversity may have a negative effect on reproductive success, due to a shortage of 

compatible mates (Handel 1985, Charpentier, 2002, Honnay et al. 2006). This 

will in turn further lower the rate of sexual reproduction and seedling 

recruitment, which may become particularly evident when populations are 

spatially isolated. In this case, gene flow among populations will be too low to 

restore genotypic diversity through inflow of pollen or seeds. In the most 

extreme case, this process may cause local sexual extinction (Eckert 2000, 

Honnay and Bossuyt 2005). Empirical evidence of limited sexual production in 
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clonal populations of allogamous species is however scarce so far (Jacquemyn 

and Honnay 2008). 

Here we present an investigation of the genetic structure of twenty spatially 

isolated populations of the allogamous European Lily of the valley (Convallaria 

majalis), one of the best-known forest perennials due to its ornamental and 

pharmaceutical value (Ohara et al. 2006). As many herbs carpeting the floor of 

temperate forests, C. majalis is a rhizomatous long-lived perennial combining 

clonal proliferation with occasional seed production (Whigham 2004). As it is 

notoriously difficult to infer the contribution of infrequent sexual reproduction 

to clonal diversity from observational data in rhizomatous herbs, we genotyped 

shoots using microsatellite markers. Levels of clonal diversity in the studied 

populations were then related to light penetration through the canopy, local 

vegetation, soil chemical characteristics and reproductive success. Our specific 

objectives were to: 

• Infer the relative importance of sexual and asexual reproduction in 

populations of C. majalis using different genetic marker-based criteria;  

• Determine the influence of environmental variation on the level of clonal 

diversity;  

• Relate genotypic diversity levels with reproductive success. 

7.3 Materials and methods 

7.3.1 Species characteristics 

The genus Convallaria (Liliaceae) consists of three very similar rhizomatous 

herbaceous species: the Asian (C. keiskei), American (C. majuscula) and European 

Lilly of the valley (C. majalis). The two-leaf generative shoots produce white, 

nodding, bell-shaped flowers spreading a sweet fragrance. Non-flowering shoots 

bear one or two leaves (Ohara et al. 2006). Usually five to seven shoots are 

connected by rhizomes (Araki and Ohara 2008).  
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C. majalis occurs throughout most of Europe in deciduous forests on acid soils 

(Tutin et al. 1993). The species typically inhabits ancient forests (Bossuyt et al. 

1999). Flowers bloom from April to May and are visited by insects (mostly 

Bombus sp. in the studied populations). Each flower can set one fruit which 

develops into a red berry usually containing two to four seeds. Flowering and 

fruit set are often limited and vary strongly among populations (Eriksson 1999, 

Kosinski 2001). Germination in the lab exceeds 90% (unpublished data). 

Seedlings emerge after two to three years (Eriksson 1999). 

In agreement with the findings of Araki et al. (2005) for the Asian Lilly of the 

valley, a preliminary pollination experiment confirmed almost complete self-

incompatibility of C. majalis in our study area. Fruit and seed set were 

significantly higher in a natural population (fruits/flowers = 40/68; 91 seeds) 

than in ten manually self-pollinated (fruits/flowers: 5/65; 4 seeds) and ten 

untreated flowering shoots (fruits/flowers = 3/68; 2 seeds) grown in an insect-

proof greenhouse.  

7.3.2 Data collection 

We sampled 20 populations in different forest stands of 15 isolated fragments 

from two regions in the central part of Belgium (region A = ID 1 to 10 and region 

B = ID 11a to 15b in Table 6.1). The largest distance between populations within 

a region is 10 km, and the two regions are separated by approximately 50 km 

[see Jacquemyn et al. (2003) and Honnay et al. (2006) for a detailed description 

of regions A and B, respectively]. In both regions, C. majalis typically occurred as 

discrete patches in unproductive ancient forest parcels belonging to the Quercion 

alliance on moderately moist to dry sandy loam soils. C. majalis most often co-

occurred with Maianthenum bifolium, Polygonatum multiflorum and Anemone 

nemorosa.  

In each the 20 studied C. majalis populations a 6 x 6m plot was established in 

May 2008. All data reported were collected within these plots. All plant species 

were identified and their abundance was estimated using the modified Braun-

Blanquet scale (Westhof and van der Maarel 1973). The number of flowering and 
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non-flowering C. majalis shoots was counted in five 1 m2 quadrats laid at random 

within the plot, and for 20 flowering shoots the number of flowers and developed 

fruits was counted. The mean LAI (leaf area index, decreases with increasing 

light penetration) value of ten measurements in the 6 x 6m plot taken just above 

the herbaceous layer was contrasted with the mean of two measurements in a 

nearby open field under overcast conditions. A LAI-2000 Canopy Analyzer (LI-

COR Biosciences, Lincoln, USA) measuring diffuse radiation by means of a fisheye 

light sensor was used. Litter depth was measured at ten randomly chosen points 

using a ruler (0.1cm accuracy), and mineral soil samples (5-15cm depth) were 

collected for chemical analyses using an auger. Ten soil samples were taken per 

plot, thoroughly mixed and transferred to the lab in closed plastic bags. Soil 

samples were dried at 70°C. Total nitrogen content was determined using 

Kjedahl distillation. The pH was determined in 0.1M Calcium chloride. The free 

inorganic phosphate content, i.e. phosphate that is readily available to plants, 

was estimated using the ascorbic acid molybdenum blue method and the 

absorbance was measured using a Technicon autoanalyzer (Technicon 

corporation, New York). Total soil organic matter was estimated using loss-on-

ignition (ashing temperature: 630°C). All protocols were as described in Page et 

al. (1982). 
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Table 7.1. Reproductive and clonal characteristics, and, multilocus substructure 

estimators of 20 Convallaria majalis populations in Belgium. Populations 1-10, 

region A; populations 11a to 15b, region B.  

ID X Y Census size Fruit set MLGs G:N GD rD 

1 190691 174101 500 0.01 1 0.05 (1/20) 0  

2 191771 175036 2000 0.06 1 0.05 (1/20) 0  

3a 189049 175028 600 - 1 0.05 (1/19 0  

3b 188909 175038 1200 - 3 0.15 (3/20) 0.42* 0.91* 

4 190557 175730 >5000, <10000 0.04 1 0.05 (1/20) 0  

5 187403 175152 70 - 1 0.05 (1/20) 0  

6 188427 174519 500 0.11 3 0.15 (3/20) 0.80* 0.85* 

7 191815 172724 170 0.00 1 0.05 (1/20) 0  

8 192934 172345 >2000, <5000 0.08 1 0.05 (1/20) 0  

9 190149 176228 280 0.00 1 0.05 (1/20) 0  

10 193618 171402 >10000 0.06 2 + 2(1) 0.10 (4/40) 0.90* 0.53* 

11a 162368 195660 >5000, <10000 0.11 4 0.21 (4/19) 0.59* 0.43* 

11b 162327 195836 500 0.00 1 0.05 (1/20) 0  

12a 161543 196601 1000 0.06 1 0.05 (1/20) 0  

12b 161434 196587 400 0.00 1 0.05 (1/20) 0  

13a 164639 196721 >2000, <5000 0.23 3 0.15 (3/20) 0.51* 0.74* 

13b 164535 196647 1500 0.39 2 0.10 (2/20) 0.44* 1.00* 

14 166062 197242 >10000 0.28 2 + 1(1) 0.08 (3/40) 0.31* 0.97* 

15a 163852 192246 >10000 0.08 2 + 1(1) 0.08 (3/40) 0.32* 0.85* 

15b 164356 192440 800 0.20 3(2) 0.10 (2/19) 0.51* 0.99* 

ID: populations with identical numbers were sampled in different parcels of the same forest 

fragment. Lambert 72 coordinates were approximated from forest maps (http://geo-

vlaanderen.gisvlaanderen.be). Census size: the approximated number of flowering plus non-

flowering shoots. Fruit set is average number of fruits per flower. The number of MLG, 

population G:N, the number of genotypes over the sample size and GD, genotypic diversity (see 

materials and methods) are shown. The coefficient of multilocus linkage disequilibrium, rD 

(Agapow and Burt 2001), is calculated for each population.  (1): 20 additional shoots were 

sampled in this large population; (2): the number of putative genets is MLG minus one as likely a 

somatic mutation occurred;*: P<0.001 based on 1000 permutations. 
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7.3.3 Microsatellite analysis 

For microsatellite analysis, young leaf material was collected from 20 randomly 

chosen shoots in each of the 20 studied plots, stored in liquid nitrogen and 

transferred to a -80 °C freezer. In the three largest populations (ID 10, 14 and 

15a), spreading over 50m2, 20 additional shoots were sampled outside the 

studied plot to get more reliable estimates of the genetic variation present within 

these populations. In one population (ID 12a), twenty additional shoots were 

sampled every 20 cm along a 4 m axis throughout the population to test the 

accuracy of the sampling effort. 

We used microsatellite markers developed for the closely related C. keiskei by 

Araki et al. (2006). Protocols were optimized for 8 primer combinations. 

Multiplex PCR amplification and conditions were as described in Chapter 2. 

Fluorescent labels, multiplex combinations and annealing temperatures are 

summarized in Table 7.2. Fragment separation and detection were performed on 

an ABI Prism 3130xl capillary sequencer using GeneScan 500 Liz-labeled size 

standard (Applied Biosystems). Microsatellite patterns were scored using 

Genemapper version 3.7 (Applied Biosystems).  

 

Table 7.2. Locus performance. 

Locus_label Ta (°C) Multiplex Range (bp) N n 

CK19_PET 58 1 161-175 6 479 

CK24_VIC 58 1 107-139 11 478 

CK20_NED 58 1 175-198 9 479 

CK3_FAM 60 2 166-187 10 477 

CK38_FAM 60 2 107-111 4 477 

CK48_VIC 60 3 122-173 19 477 

CK12_NED 55 4 172-190 11 477 

CK41_PET 55 4 109-111 2 271 

Ta = annealing temperature ; N: number of alleles; 

 n: number of individuals genotyped. 
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To assess the reproducibility of the protocol, two runs from independent DNA 

extractions were carried out for 20 samples. No errors were detected. The 

discriminative power of the used set of polymorphic markers to differentiate the 

genotypes was ascertained by plotting the number of Multi Locus Genotypes 

(MLG) versus the number of loci used for all possible combinations: a plateau 

was reached using 4 to 5 markers (Fig. 7.1). As locus 41 (2 alleles) was prone to 

failure and did not distinguish additional MLG, it was removed from the dataset 

for further analysis. 

 

Figure 7.1. Discriminative power of the set of 8 loci to 

distinguish between genotypes. Squares represent the 

mean number of MLGs found using all possible 

combinations of a given number of loci and bars the 

minimum and maximum number of MLGs. If the 

discriminative power is sufficient a plateau should be 

reached; as is the case using four to five loci. 

7.3.4 Data analysis 

Apart from the replication of individuals genotyped at set of loci, also the degree 

of linkage disequilibrium among loci and the apportionment of genetic diversity 

shows the signature of strong clonal reproduction (Balloux et al. 2003, de Meeûs 

and Balloux 2004). Vegetative propagation mimics complete physical linkage 

over the entire genome and heterozygosity can increase due to the accumulation 

of somatic mutations in plant species that essentially rely on clonal reproduction 
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(Weir 1979, Rasmussen and Kollmann 2008). Therefore, we evaluated the rate of 

asexual and sexual reproduction using the multicriteria approach proposed by 

Halkett et al. (2005), which is based on clonal replication, degree of linkage 

disequilibrium (LD) and the apportionment of genetic diversity within and 

among populations. As recommended (Balloux et al. 2003, de Meeûs and Balloux 

2004), all samples per population, including replicates, were used in these 

calculations.  

For each population, G:N (the ratio of the number of MLG found over the number 

of sampled individuals) and GD (multilocus genotypic diversity, i.e. the 

probability that two individuals taken at random from the population have 

different genotypes), were calculated. GD is equivalent to:  
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where pi is the frequency of the ith genotype and n is the number of individuals 

sampled. This value ranges between 0, if the population consists of one MLG, and 

1, if all samples belong to different MLGs.  

To assess the degree of LD, the multilocus standardized linkage disequilibrium 

measurement rD was calculated for each population (de Meeûs and Balloux 2004, 

Halkett et al. 2005). This estimate is based on the association index [IA, (Brown et 

al. 1980)] and was modified by Agapow and Burt (2001) to make it independent 

of the sample size. Genotypic diversity and multilocus linkage disequilibrium 

were calculated using the Multilocus 1.3 software (Agapow and Burt 2001). 

Significance of GD and rD values was tested by comparing the observed dataset 

with 1000 simulated datasets in which sexual recombination was imposed by 

randomly reshuffling the alleles among individuals, independently for each locus.  

F-statistics were calculated for each locus according to Nei (1978) and Weir and 

Cockerham (1984). Significant deviations from zero were tested by randomizing 

alleles between individuals within populations using 1000 randomizations using 

FSTAT v. 2.9.3.2. (Goudet 1995).  
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As most populations consisted of a single genotype (Table 7.1) and preliminary 

inspection of environmental variables and sexual recruitment showed little 

variation between populations consisting of two genotypes and those consisting 

of more than two genotypes, the effect of environmental variability on sexual 

recruitment was assessed using a backwards logistic regression model 

comparing mono- with multiclonal populations. Independent variables were leaf 

area index (LAI), scores of the sample plots on the two first axes of a detrended 

correspondence analysis on the recorded vegetation data (DCA1, DCA2), plot 

scores on the axes of a factor reduction analysis on soil variables (PCA1, PCA 2 

and PCA3) and Region (2-level factor). Vegetation gradients based on converted 

Braun-Blanquet scores (1-9, van der Maarel 2007) were determined using 

Detrended Correspondence Analysis (DCA) by means of the PC-ORD software 

(Mc Cune and Mefford 2006). The first three DCA-axes represented 24.7%, 

23.7% and 18.5 % of the variance. Soil characteristics [N-content, P-content 

(mg/100g), percentage organic matter, pH, C:N ratio and leaf litter depth, Table 

7.3] were orthogonalized by PCA extraction of axes with an eigenvalue >1, 

applying a VARIMAX rotation and Kaiser normalization in SPSS 16.0 (SPSS Inc.). 

Axes explained 34.2, 26.7 and 19.93 % of the variance (Table 7.3). All variables fit 

the normal distribution.  

Finally, fruit set and the density of flowering and non-flowering individuals was 

compared between mono- and multiclonal populations using 2-sample 

independent t-tests. Statistical analyses were performed using SPSS 16.0 (SPSS 

Inc.). 

7.4 Results 

7.4.1 Multilocus genotypes 

Thirty-nine different MLG were characterized among the 477 analyzed C. majalis 

shoots, based on 70 microsatellite alleles (Table 7.2). Eleven out of 20 

populations consisted of only one MLG. In the nine populations that consisted of 
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more than one genotype, two to four MLG were found (Table 7.1). All MLG were 

population-specific. No additional genotypes were found in population 12a 

among 20 additional shoots sampled every 20cm along a 4m axis. In the three 

largest populations, larger than the studied plot area, additional sampling 

rendered one or two additional genotypes (population ID 10, 14 and 15a in Table 

7.1). A histogram of genetic distances among MLG (Arnaud-Haond and Belkhir 

2007, Arnaud-Haond et al. 2007) shows that allelic differences between MLG are 

large (Fig. 7.2). Only one MLG pair, which belonged to population 15b, differed at 

a single allele.  

Genetic distance (number of distinct alleles)
14131211109876543210

Fr
eq

ue
nc

y

26

24

22

20

18

16

14

12

10

8

6

4

2

0

 

Figure 7.2. Frequency distribution of allele differences among the 40 

different C. majalis multilocus genotypes based on 7 microsatellite loci 

(locus CK41 excluded for the calculations). 

7.4.2 Within-population genetic variation 

Population G:N ratios varied between 0.05 and 0.21 (mean = 0.09; N = 20; 

standard deviation = 0.05). Multilocus linkage disequilibrium (mean rD = 0.82; N 

= 9; SD = 0.20) and genotypic diversity (mean GD = 0.25; N = 9; SD = 0.30) were 

significantly different from the expectation under random sexual recombination 

in the nine populations with more than one genotype (see Table 7.1). There was 

a significant heterozygote excess in the populations [FIS = -0.48 (where FIS 

measures the deviations from panmixia within each population), p < 0.001; HO = 

0.53 > HS = 0.36, (where HO and HS are respectively the average observed and 

expected heterozygosity within each population)]. This heterozygote excess was 
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foremost the result of the maximal negative FIS values in monoclonal populations 

and was limited but still significant in the populations consisting of more than 

one MLG (FIS = -0.12; p < 0.001; HO = 0.54 > HS = 0.47). Variance in FIS among loci 

in the latter analysis was large (mean SD = 0.58), as simulations predict when sex 

occurs (Balloux et al. 2003). As the contribution of a given locus to FIS varied 

among populations (not shown), variance is not caused by null alleles.  

The occurrence of multiple genotypes, assumed to be derived from sexual 

recombination (genets), was significantly correlated with local environmental 

variables. The second PCA axis, representing the negatively correlated variables 

litter depth and soil phosphorus content (rPearson = -0.60; N=20; p < 0.01), was 

selected in the logistic regression model (Wald Х2 = 5.77; p = 0.01). The 

occurrence of multiple genets coincided with reduced litter depth (2-sample 

independent t-statistic = 3.56; p < 0.01) and increased phosphorus soil content (t 

= -3.40; p < 0.01; means and standared deviations are depicted in Fig. 7.3). None 

of the other studied environmental variables (Table 7.3) did significantly differ 

between mono- and multiclonal populations (α = 0.05).  
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Figure 7.3. Relationships between the environmental 

parameters litter depth (A) and soil soluble phosphorus 

content (B), and the occurrence of multiple genets. Means 

and standard deviations are depicted. 

 

Table 7.3. Descriptive statistics of habitat variables plus factors loadings of the 

measured soil variables on the extracted PCA axis (all Eigenvalue>1). 

Habitat variable Range Mean SD PCA1 PCA2 PCA3 

Soil percentage nitrogen 0.18 - 0.74 0.44 0.16 0.89 0.13 0.11 

Soil soluble phosphor content (mg/ 

100g) 

0.53 - 1.16 1.00 0.30 0.05 0.90 -0.10 

Soil percentage organic matter 6.48 - 32.20 15.52 7.44 0.96 0.09 -0.09 

Soil pH 2.56 - 3.30 2.86 0.19 0.06 -0.01 0.92 

Soil C:N ratio 9.06- 35.35 20.74 5.39 0.56 0.05 -0.53 

Leaf litter depth 2.50 - 9.00 5.25 1.81 -0.14 -0.88 -0.06 

Leaf area index of the canopy (LAI) 0.58 - 6.03 3.97 1.21    
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7.4.3 Distribution of genetic variation 

Genetic differentiation among populations was very high [FST = 0.52; HS = 0.36 < 

HT = 0.75 (where HS and HT are respectively the expected heterozygosity or gene 

diversity within each population and over all populations according to (Nei 

1978)]. FST according to Weir and Cockerham (1984) was almost identical (0.51, 

p < 0.001). Analysis including only putative genets of populations with multiple 

putative genets rendered an FST of 0.17 (p < 0.001). 

7.4.4 Reproductive success 

Fruit set was overall low (mean = 0.10, SD = 0.11, Table 7.1). Fruit set was absent 

or nearly absent in monoclonal populations and was significantly lower than in 

multiclonal populations (t = -3.90; p < 0.01; means and standard deviations are 

depicted in Fig. 7.4). There was no significant difference between mono- and 

multiclonal populations in flowering shoot density (range: 0-27/m2; mean = 6.48; 

N=20; SD = 7.71) or the density of all shoots (range: 18-212/m2; mean = 88.96; N 

= 20; SD = 48.02). Flowering shoot density tended to increase in better-lit sites 

(not shown).  

 

 

Figure 7.4. Fruit set in mono- and multiclonal C. majalis 

populations in Belgium. Fruit set increases in multiclonal 

populations. Means and standard deviations are depicted.  
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Census population size (using the lower estimate in Table 7.1) was correlated to 

the total number of genets found (Spearman Rank r = 0.62, p < 0.01) and to a 

lesser extent to the second PCA axis (r= 0.43, p = 0.04) and the third DCA axis (r = 

0.51, p = 0.02), the latter positively related to the % of soil nitrogen (r = 0.55, p = 

0.01).  

7.5 Discussion 

Although it has been suggested that clonal reproduction has little influence on 

the population genetics of plant species (Ellstrand and Roose 1987; Hamrick and 

Godt 1996), we found extremely low clonal diversities (55% of the studied 

populations consisted of a single clone), a high degree of linkage disequilibrium, 

pronounced heterozygote excess (Table 7.1). Following the multicriteria 

approach of Halkett et al. (2005), we can conclude that the studied populations 

essentially rely on clonal reproduction and that the role of sexual reproduction is 

very limited (see for instance Koffi et al. (2009) and Nebavi et al. (2006) for 

similar results in clonal human disease). During our two-year survey of these 

populations, we indeed did not observe any seedling recruitment. It is, however, 

notoriously difficult to spot sexual seedlings within dense populations, and newly 

emerging ramets can not be distinguished from sexual recruits without 

excavating them. The fact that rhizome connections between shoots often 

disintegrate makes the detection of new sexually recruited clones even more 

difficult (Araki and Ohara 2008).  

The mean G:N ratio (0.09) is exceptionally low compared to values reported for 

other clonal herbs of temperate forests [Anemone nemorosa: 0.91 and 0.95 

(Stehlik and Holderegger 2000, Rusterholz et al. 209); Viola riviniana: 0.93 (Auge 

et al. 2001); Circea lutetiana: 0.82 (Verburg et al. 2000); Trillium cuneatum: 0.81 

(Gonzales et al. 2008); Maianthenum bifolium: 0.55 and 0.70 (Arens et al. 2005, 

Honnay et al. 2006); Mercurialis perennis 0.52 (Chapter 5) and 0.43 in Paris 

quadrifolia (Jacquemyn et al. 2006)]. Interspecies comparison of genotypic 

diversities may be complicated by the genetic marker system used and the 
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sampling effort (Honnay and Jacquemyn 2008). The use of genetic markers that 

lack the power to distinguish between genotypes and an inadequate sampling 

effort obviously reduce the number of genotypes found. In a survey of 35 clonal 

plant studies, Honnay and Jacquemyn (2008) reported an average G:N ratio of 

0.44 for SSR based, and of 0.55 for dominant marker (AFLP, RAPD and ISSR) 

based studies. Nonetheless, the discriminative power of the set of microsatellite 

loci used in this study appears to be sufficient (Fig. 7.1). Furthermore, the higher 

sampling effort in population 12a did not yield any additional MLG. Although it 

can not be completely excluded that the actual number of genotypes was 

underestimated in this study, the conclusion that diversities are very low and the 

distinction between mono- and multiclonal populations seems fairly robust. 

Finally, our results are in agreement with those of other studies on Convallaria 

species. Analyzing three samples per population, Chwedorzewska et al. (2008), 

mostly found identical AFLP genotypes within C. majalis populations in Poland. 

Araki et al. (2007) reported an ISSR genotype spreading over 40 m2 in a large 

population of the closely related C. keiskei in Japan where seedling recruitment is 

also rare (Araki et al. 2009).  

Some of the sampled populations (Table 7.1) consisted of more than one 

genotype. Given the long life span of forest perennials (Whigham 2004), these 

could represent ancient clonal lineages that have accumulated somatic mutations 

over time (Klekowski 1997). Small allelic differences between genotypes could 

be the result of somatic mutations. However, in this study only few genotypes 

differed at a single allele (Fig. 7.2). In addition, heterozygote excess in multiclonal 

populations was limited and the variance across loci was large, as modeling 

studies predict in clonal populations where some sex occurs (Balloux et al. 2003, 

Halkett et al. 2005). Furthermore, a small heterozygote excess is also 

characteristic for small, sexually reproducing obligate outcrossing populations 

(Stoeckel et al. 2006). 

The relationship between the occurrence of multiple genotypes and 

environmental factors suggests that sexual recruitment is mediated by the 

environment (Fig. 7.3). Populations growing at sites with a thin litter layer and 
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high phosphorus content were characterized by higher genotypic diversity. 

These results are in agreement with other studies that have shown that seedling 

recruitment increases as the litter depth decreases, or as the proportion of bare 

soil increases (Facelli and Pickett 1991, Eriksson 1995, Lennartsson and 

Oostermeijer 2001, Dupuy and Chazdon 2008, de Vere et al. 2009). As seed 

viability per se is high in these C. majalis populations (unpublished data), a thick 

litter layer may inhibit seed recruitment and therefore decrease clonal diversity 

because clones that disappear over time are not replaced. A thinner litter layer, 

in contrast, may promote both recruitment from seeds and improve the survival 

chances of clonal lineages by providing space for new ramets to establish. The 

higher soil phosphorus level apparently associated with thinner litter depths 

may be due to the locally higher organic matter mineralization rate (Harrison 

1987, Kaspari and Yanoviak 2008). 

The restricted dispersal of clonal offspring, clonal replication and reproductive 

isolation probably all contributed to the high FST value  (0.52, p < 0.001). Transfer 

of vegetative plant parts such as rhizomes by animal activity would relocate 

genotypes and ancient clonal lineages could be expected to occur in more than 

one location, contributing to a reduction of FST. All genotypes were population-

specific, however. Furthermore, the replication of genotypes in a population 

results in low within-population gene diversity [HS, (Nei 1978)], which adds to 

FST. When the influence of clonality is removed, FST drops but remains highly 

significant (FST = 0.17, p <0.001; clonal replicates and monoclonal populations 

not included), although FST of self incompatible plants is usually low (Hamrick 

and Godt 1996). This could stem from a lack of gene flow among populations 

because most populations are situated in forest fragments that have been 

separated by agricultural land for at least one century (Jacquemyn et al. 2003, 

Honnay et al. 2006) or because pollen and seed exchange is naturally limited. Yet, 

the low number of putative genets complicates accurate analyes of genetic 

structure.  

Fruiting success was almost zero in monoclonal populations, suggesting that the 

availability of different genotypes is critical to maintain sexual reproduction (Fig. 
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7.4). Some genetic studies of other obligate outcrossing clonal herbs support the 

idea of decreasing fruit set with decreasing genetic diversity (Araki et al. 2007, 

Honnay et al. 2006). Pollination experiments in Linnaea borealis have confirmed 

that low reproductive success in within-population crosses is due to the absence 

of compatible genotypes in small populations with no flower color variation, 

presumed monoclonal (Scobie and Wilcock 2009). Fruiting success seems 

generally maintained in the study populations, as long as some genotypic 

variation is present, while monoclonality appears to result in sexual extinction of 

the populations (e.g. Populations 1, 7, 9, 11b and 12b). That some fruit set is still 

present in some monoclonal populations (e.g. Populations 2 or 8) may result 

from a very small amount of selfing within shoots or clones (incomplete self-

incompatibility), among population pollen flow, or our inability to detect some 

genotypes. Furthermore, oversized clones may reduce mate availability and 

abundant within-clone pollinations can reduce reproductive success through 

stigma saturation and style clogging (Dejong et al. 1993, Charpentier 2002). 

7.6 Conclusions 

We can conclude that low reproductive success and sporadic sexual recruitment 

seem to maintain mainly clonal growth in the studied C. majalis populations. At 

face value, our results indicate that when leaf litter accumulates, the negative 

interaction between genotypic diversity and reproductive success in this obligate 

outcrossing plant might result in complete abandonment of sexual reproduction. 

Furthermore, restricted gene flow will likely hamper isolated monoclonal 

populations to restore genotypic diversity through sexual reproduction. As 

monoclonality has been shown to reduce disease resistance (Schmid 1994) and 

the potential to adapt to changing conditions (Reusch et al. 2005) in other clonal 

plant species, the long-term persistence of remnant populations through merely 

clonal reproduction is uncertain. To confirm the role of the depth of the litter 

layer on the genotypic diversity through sexual recruitment, a seed sowing 

experiment should compare the long-term establishment of new clones and their 

influence on genotypic diversity between high and low litter plots.  
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8.1 Outline of main results 

Current biodiversity research includes two main areas: the genetics of small, 

isolated populations and the influence of habitat quality (Ouborg et al. 2006). 

Research often concentrates on one element. However, in order to fully 

understand why populations decline and to develop conservation solutions, both 

aspects need to be considered jointly (e.g. Vergeer et al. 2003, De Vere et al. 

2008). Ouborg et al. (2006) further state that the effects of population size and 

spatial isolation should not be treated as interchangeable factors.  

This is certainly true for forest herbs populations in anthropogenic landscapes 

characterized by high spatial and environmental heterogeneity. This study aimed 

to broaden our understanding of the influence of the landscape configuration and 

variable forest conditions in our present-day, cultural landscapes on the genetic 

diversity of forest herbs and its relationship with fitness (Chapter 1). As only 

three forest herbs, differing in degree of clonality, dispersal ability and mating 

system (Table 8.1) were investigated, generalizations should be treated 

cautiously.  

Table 8.1. Overview of traits of the studied species. 

 Occurrence Lifespan/ 

clonality 

Seed dispersal Mating system 

Geum 

urbanum 

Ancient and 

secondary 

forests 

Ca. 8 years, non-

clonal (1) 

High seed production, 

epizoochorous dispersal 

(hairy seeds have a long 

hook ) 

Mainly selfing, 

pollination by a 

broad range of 

insects 

Mercurialis 

perennis 

Ancient Perennial, clonal 

life spans 

estimated at least 

80 years (2) 

Moderate seed 

production, heavy seeds 

lack dispersal structures 

Dioecious,  wind-

pollinated 

Convallaria 

majalis 

Ancient Ramets ca. 10 

years, clonal life 

time must be very 

long 

Low berry production, 

possible locally dispersed 

by small rodents (3, 4) 

(Partial) self-

incompatible, 

pollinated by 

bumblebees 

(1) Taylor (1997) and references therein, (2) Jefferson (2008) and references therein, (3) Kosinski 
(2001), (4) Araki et al. (2005) 
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The population genetics of G. urbanum, differing from typical forest herbs in its 

high seed production, relatively good seed dispersal ability and lack of clonal 

structures (Table 8.1), is affected by the fragmented landscape configuration. 

Levels of allelic diversity within populations of G. urbanum were best explained 

by connectivity, population size (the number of plants occurring in a patch) and 

the interaction between both (Chapter 2). Populations were strongly genetically 

differentiated (FST = 0.43), as would be expected in a predominantly selfing 

species. Though gene flow was likely sufficient to prevent founder events 

(genetic bottlenecks) from being reflected in secondary fragments, restricted 

gene flow towards the more isolated forest fragments could apparently not 

counteract genetic drift in, and the genetic divergence of, small populations. 

Genetic erosion of G. urbanum populations did, however, not affect fitness. 

Populations did not benefit from gene inflow and we found no evidence of 

reduced fitness in small, genetically depaupered, populations compared to large 

populations. Germination of crosses beyond the landscapes scale was a little 

lower than within-population crosses, signifying fitness reduction or outbreeding 

depression. Frequent selfing (selfing rate estimated ca. 90 %) may reduce 

inbreeding depression as (partially) recessive mutations of large effect are 

quickly eliminated. The random process of genetic drift in small populations did 

apparently not result in the accumulation and fixation of deleterious alleles 

related to the examined fitness variables. 

The genetics of the rhizomatous, dispersal-limited dioecious M. perennis and self-

incompatible C. majalis, on the other hand, were predominantly determined by 

local forest conditions as a result of human actions or natural environmental 

variability. In the studied regions, M. perennis and C. majalis only occurred within 

ancient forests and several discrete populations were found in some fragments. 

Within-fragment genetic structuration revealed that ‘population’ (in contrast to 

‘fragment’) was the appropriate unit for populaton genetic analyses.  

M. perennis populations in shady, relatively undisturbed forest conditions appear 

more likely to maintain balanced sex ratios and moderate to high levels of 

genetic variation through limited but recurrent recruitment from seed. Genotypic 
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diversity was reduced in sites with large canopy gaps, probably due to the vast 

vegetative spread of a few locally well-adapted male genets and locally reduced 

seedling recruitment (Chapter 4). M. perennis’ abundance is reported to decline 

in disturbed conditions, such as sites subjected to trampling (Barkham 1992, 

Kirby and Thomas 2000, Rackham 2003). Small populations consist of fewer 

genets and face increased risks of a stochastic sex bias (Chapter 5). Strong fine-

scale spatial genetic structure among genets suggested localized mating and 

offspring dispersal (Chapter 4). In combination with (historical) population 

bottlenecks, a naturally fragmented genetic structure due to low levels of gene 

flow probably explains the high genetic differentiation within and among forests 

in this outcrossing herb (overall FST = 0.39 excluding replicates). Seed set was 

affected by the local degree of genetic similarity and the proximity of males, but 

not by spatial isolation towards other populations or by population size. 

However, both effects were modest and unlikely to exceed the impact of the 

density of flowering female shoots on overall seed production. In the few all-male 

populations investigated, no sexual recruitment is to be expected. The positive 

influence of male proximity on the reproductive success of females underpins 

localized pollen dispersal (Chapter 6). The influence of genetic similarity hints 

that increased levels of mating between relatives reduce reproductive success. 

Among-forest crosses did, however, not increase seed set. On the contary, 

germination of among-forest crosses was reduced compared to within-

population crosses. Outbreeding depression as a result of gene inflow from a too 

distant source may have masked genetic rescue effects. 

Many of the studied ‘populations’ of C. majalis likely consisted of a single genet. 

Multiclonal populations occurred mainly in locations with a thin litter layer. A 

thick leaf litter layer could to hamper seed germination, suggesting a mediating 

role of the local forest environment in sexual life-cycle completion. No genotypes 

were shared among populations. Overall FST was relatively high for an obligate 

outcrosser (FST = 0.17 excluding replicates, Hamrick and Godt 1996, Duminil et 

al. 2009). Bumblebees are unlikely to travel large distances (Wilcock and Neiland 

2002), especially not through a hostile matrix and seed dispersal appears 



 

148 | C h a p t e r  8  

 

fecundity-limited. However, the limited number of genets complicates the 

accurate assessment of spatial genetic structure. Fruit set in the self-

incompatible C. majalis was overall low. Fruiting depended on the occurrence of 

multiple genotypes. Monoclonal populations showed very limited or absent 

reproductive success. Although initially related to local forest conditions habitat 

fragmentation may exacerbate this process if gene flow among fragments is too 

low to restore genotypic diversity through some inflow of compatible pollen.  

8.2 Influence of clonality 

Little effort has been made thus far to include the influence of clonality in 

population genetic models. The modelling study by Baloux et al. (2003, Fig. 6) 

demonstrated that for a fixed population census size (including replicates) 

increased levels of clonal vs. sexual reproduction reduce genotypic diversity but 

not allelic diversity or FST, as long as some sexual recruitment occurs. Near 

strictly clonal reproduction, values were unpredictable. Furthermore, because 

the effect of genetic drift on genetic diversity largely depends on the number of 

generations during which the population remains small (Wright 1931, Young et 

al. 1996), it can be expected that the loss of variability through drift is relatively 

small in forest plant species with long generation times, prolonged clonal growth, 

low seed production and limited seedling recruitment (Honnay et al. 2005). 

Their longevity and clonal persistence might delay the effects of reduced 

population size with old established genotypes reflecting historical levels of 

variation (Oostermeijer et al. 1994, Luijten et al. 2000). Such plant species 

appear more likely to lose alleles via population bottlenecks, sudden reductions 

in population size that reduce the local number of genotypes (Prober et al. 1997, 

Tomimatsu and Ohara 2003).  

Indeed, small fragmented populations of some forest herbs with relatively short 

generation times and repeated seedling recruitment such as Viola pubescens and 

Primula elatior appear to have lost genetic variation likely via genetic drift 

(Culley and Crubb 2002, Van Rossum et al. 2002, Culley et al. 2007), while no 
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such patterns are found in the long-lived rhizomatous herbs showing little 

seedling recruitment such as Microseris lanceolata and Maianthenum bifolium 

(Prober et al. 1997, Honnay et al. 2006, reviewed in Honnay et al. 2005). 

Tomimatsu and Ohara (2003) explained the loss of genetic variation in some 

small fragmented populations of Trillium camschatcense by population 

bottlenecks. Our findings agree with this pattern. The relatively short life spans, 

lack of clonal reproduction, and high levels of seedling recruitment in G.urbanum 

(Table 8.1) likely enable genetic drift, while the long lifespans of M. perennis 

clones and the limited levels of sexual recruitment likely mitigate the influence of 

genetic drift. The nearly strictly clonal reproduction in C. majalis (genotypic 

diversities are the lowest reported for a forest herb thus far) must prevent 

segregation and maintain heterozygosity. 

Furthermore, persistent clonal plant populations may display the genetic 

signature of an unsuitable local forest environment via the impediment of sexual 

life cycle completion. Non-clonal plants with short life spans should more rapidly 

disappear. Indeed, as summarized above, clonal diversity of the clonal C. majalis 

and M. perennis appears mostly affected by local forest conditions in relation to 

human actions and/or natural variation, most likely through their impact at the 

level of sexual recruitment. These findings agree with the few examples available 

in literature. The genotypic variation of Paris quadrifolia increases is moist sites 

(Jacquemyn et al. 2004), genotypic diversity of Anemone nemorosa populations 

subjected to trampling declines (Rusterholz et al. 2009) and non-flowering 

Uvularia perfolatia populations under closed canopy have lower diversity than 

flowering populations in gaps (Kudoh et al. 1997). These are all typical forest 

herbs characterized by strong clonal growth. 

8.3 Influence of dispersal ability  

The genetic impact of habitat fragmentation should depend on its spatial extent 

relative to a plant species’ natural breeding and seed dispersal neigborhood 

(Young et al. 1996, Hamrick 2004, Aguilar et al. 2008). That is, in order to affect 
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plant genetics, spatial isolation should interfere with the extent of gene flow. 

Interfragment gene flow, most likely the result of this species’ seed adhering 

capacity, seems insufficient to counteract the loss of allelic variation in small 

populations of G. urbanum in more spatially isolated fragment. Small populations 

in well-connected fragments on the contrary maintain levels of allelic diversity 

comparable to large populations. If both gene flow and genetic drift shape spatial 

genetic structure, a pattern of isolation by distance is expected which may level 

off over larger distances (Hutchison and Templeton 1999, Koizumi et al. 2006; 

Fig. 8.1 A). This seems to be the case. Genetic differentiation among populations 

in neighbouring fragments is reduced but the pattern becomes random over 

larger distances (Chapter 2).  

M. perennis, on the other hand, most likely has a naturally fragmented genetic 

structure due to local mating and offspring dispersal. A random among-

population genetic structure (no isolation by distance) in such species will 

essentially be the result of drift and genetic bottlenecks (Hutchison and 

Templeton 1999, Fig. 8.1 B). Whithout the two most northern populations, there 

was indeed no significant relationship between genetic and geographic distances 

(Chapter 5).  
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Fig. 8.1. Relationships between genetic and geographic distances. A. Gene flow among nearby 

populations and genetic drift shape spatial genetic structure. B. Gene flow among populations 

is very limited and genetic structure is essentially the result of random drift. C. High levels of 

gene flow among populations prevent spatial genetic structure (adapted from Hutchison and 

Templeton, 1999). 
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Notwithstanding the possible influence of spatial isolation on gene flow, forest 

fragmentation can impact plant genetics if populations in small fragments 

contain genetically eroded, small populations (Young et al., 1996). This 

relationship is however rarely detected in forest herbs for which the abundance 

of several herbs relates to local forest conditions (e.g. Van Oijen et al. 2005, Kolb 

2005, but see Jacquemyn et al. 2002). Here, the population size of G. urbanum 

was marginally correlated to the local environment (Chapter 2) and there was no 

relationship between patch area, population size or genetic diversity. Several 

authors reported a declining abundance of M. perennis in more disturbed forests 

(Barkham 1992, Kirby and Thomas 2000, Rackham 2003). The number of C. 

majalis shoots and genets tended to be lower in the least productive forest sites 

(Chapter 7).  

8.4 Influence of mating system 

Apart from the influence of spatial isolation, local selection processes and 

colonization patterns, the genetic stucture of plants is mediated by a plant’s 

mating system (Barett and Kohn 1991, Slatkin 1993). Selfing will generally 

increase genetic differentiation due to its impact on gene flow (reduced pollen 

flow under selfing) and on genetic drift (higher drift under selfing due to 

inbreeding) (Duminil et al. 2009). Levels of genetic differentiation among 

populations are indeed higher in G. urbanum (FST = 0.43) than in C. majalis (0.17 

only genets) but comparable to M. perennis (0.39). 

In a recent meta-analysis of exisiting literature Leimu et al. (2006) showed 

stronger correlations between within-population genetic variation and fitness in 

self- incompatible than self-compatible plants species. This difference has been 

explained by reduced inbreeding depression as a result of the purging of 

(sub)lethal (partial) recessive alleles in habitually selfing plants (Lande and 

Schemske 1985, Johnston and Schoen 1996, Byers and Waller 1999, Crnokrak 

and Barrett 2003) and, of greatest impact, the lack of compatible mates in self-

incompatible plants (Wilcock and Neiland 2002, Aguilar et al. 2006, Leimu et al. 
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2006). Our findings agree with this general pattern. While reduced genetic 

variation did not affect G. urbanum, increased levels of genetic similarity mildy 

reduced female reproductive success in M. perennis and monoclonal C. majalis 

populations showed virtually no fruit set. 

8.5 Conserving the genetic diversity of forest herbs? 

Conservation actions encompass two aspects: i) the reinstallement of previously 

lost habitat, here the reestablishment of forests, to enlarge habitat area and 

connectivity and, ii) the restoration and improvement of local site conditions in 

existing habitats. As resources are usually limited, choices have to be made. If 

local habitat conditions are the main determinant of population fitness, 

conservation efforts should focus on the conservation and/or restoration of local 

habitat conditions. If, in contrast, habitat fragmentation effects hamper future 

persistence, conservation efforts should be directed towards the extension of 

habitat (Young 2000). In addition, it is questionable whether the conservation of 

genetic diversity, if not related to population fitness, is in itself a priority because 

neutral genetic diversity and adaptive diversity do not necessarily relate (Reed 

and Frankham 2001).  

The studied species are still (relatively) common herbs. We used them to study 

the role of fragmentation, forest age and the local environment in shaping the 

genetic diversity of extant populations and associated (reproductive) fitness 

consequences, potentially constraining future population persistence. Results 

obtained here suggest a greater impact of habitat conditions than the fragmented 

landscape structure. The landscape configuration marks genetic patterns of the 

relatively well-dispersing G. urbanum but the loss of (neutral) genetic diversity 

was not related to fitness. Furthermore, although G. urbanum currently 

principally occurs in forest fragments in the studied region, its seed adhering 

capacity and high seed production allow G. urbanum to increase its frequency via 

the colonization of new forests and other suitable habitats such as hedgerows 

and gardens (Taylor 1997, Schmidt et al. 2009). The reproductive fitness of the 
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rhizomatous C. majalis and, to a lesser extent, of the rhizomatous M. perennis, on 

the other hand, depends on genetic variation, which seems affected by the local 

habitat conditions in the ancient forests they occur. The local persistence of 

plants that show no or hardly any gene flow among populations or colonization 

of new sites and, that can be highly persistent for instance through longevity and 

clonal growth, is expected to mainly depend on local population dynamics in 

relation to local site conditions (cf. regional ensembles in Freckleton and 

Watkinson 2002).  

These two typical forest herbs, however, thrive under different conditions. M. 

perennis prospers in relatively undisturbed conditions (Barkham 1992, Kirby 

and Thomas 2000, Rackham 2003). Human actions that result in large canopy 

gaps such, as the creation of paths and the cutting of trees, and disturbances such 

as trampling appear to negatively affect local genotypic variation (Chapter 4) and 

abundance of M. perennis (Barkha 1992, Kirby and Thomas 2000, Rackham 2003, 

Jefferson, 2008). C. majalis, on the other hand, may benefit from disturbances 

that reduce the thick litter layer creating litter gaps for seedlings to establish and 

from increased levels of light to enhance flowering. In such a case, populations 

potentially benefit from the reinstallement of traditional management actions 

that disturb the litter layer and increase the light availability like coppicing, in 

which young tree stems are repeatedly cut down to near ground level (Van 

Calster et al. 2008).  

This hints that conservation efforts should focus on: i) the obvious conservation 

of ancient forests as forest turnover will reduce the frequency of dispersal-

limited herbs even if the total forest area increases; ii) the creation of habitat 

variability by different management regimes in different forest sites. 

Furthermore, the introduction of pollen, seeds or plants from other forests may 

be the only way to restore sexual reproduction in remnant monoclonal C. majalis 

populations. Although the results of this study support the current idea that 

caution is warranted when population sizes are boosted by the introduction of 

genetic material because of outbreeding depression due to genomic and 

cytoplasmatic incompatibilities (Hufford and Maser 2003, Edmands 2007); there 
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is no reason to expect that the introduction of material from nearby populations 

would worsen the current state of these populations. Though the influence of 

among-population crosses in C. majalis was not investigated in this study, fruit 

set strongly increased after among population crosses in the related self-

incompatible Maianthemum bifolium (Honnay et al. 2006) and in other 

Convallaria (Araki et al. 2005). 

8.6 Shortcomings and research perspectives 

First, obvious shortcomings related to the limitations imposed by a four-year 

study include the limited number of species, populations and individuals per 

populations and the fact that G. urbanum and M.perennis were studied in only one 

region (no replication of patterns across landscapes). To obtain population 

genetic parameters, around twenty samples per population and twenty 

populations per species were genotyped. These numbers were originally 

suggested as the lowest bound to accurately estimate classical population genetic 

parameters by Berg and Hamrick (1997) and are still used as “a rule of thumb” in 

conservation genetic research [but note that Berg and Hamrick (1997) actually 

advised 30 samples per populations as an optimal sampling size]. However, 

optimal sampling strategies vary among species and even among study areas 

within species (Gapare et al. 2009). A subsampling procedure of population 

genetic diversity parameters (HE, AR) over the sampling size would help to 

determine accurate sampling efforts following a preliminary study and to asses 

the accurancy of the sample size or. The number of populations needed to 

accurately estimate FST can be assessed using a similar subsampling approach.  

Second, shortcomings that could have been avoided include the assignment of 

populations to population size classes (Chapter 3, 5 and 6). This limits the 

statistical power to detect population size effects or, at best, does not allow 

studying the type of relationships between population size, fitness and genetic 

diversity (e.g. linear, logaritmic). In addition, species were studied in different 

anthropogenic landscapes with a different fragmentation history. This 
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complicates studying whether life history traits confer vulnerability to 

fragmentation effects. An ideal study of the genetic consequences of forest 

fragmentation should compare a large set of populations choosen to represent a 

range of population sizes in anciently fragmented landscapes with populations of 

comparable size sampled over comparable distances in a large continuous 

forests (see for instance Jump and Peñuelas 2006).  

Third, different processes including isolation-by-distance, local selection and, 

recent and historical gene flow barriers and colonization patterns shape the level 

of genetic differentiation among populations (Godt et al. 1996, Duminil et al. 

2009). Hence, the presence of high FST values compared to plant species with 

similar characteristics is in itself no conclusive evidence of impeded gene flow 

due to a fragmented landscape structure. A straightforward landscape genetic 

approach is the direct quantification of contemporary pollen and seed flow using 

a combination of paternity analysis and maternally inherited markers. Gene flow 

patterns can then be related to geographic distances and landscape barriers 

(Manel et al. 2003, Storfer et al. 2006). However, such an approach is only 

practicable for a relatively rare species. In addition, a combination of ordination 

techniques and gradient analysis (e.g. Canonical analysis such as detrended 

Canonical Correspondence analysis or Redundancy analysis) instead of (partial) 

Mantel tests allows quantifying the relative contribution of spatial and 

environmental variables(Storfer et al. 2006) . 

Fourth, DNA-based marker techniques such as SSR and AFLP measure mostly 

neutral genetic variation (“junk” DNA). Such technques are certainly usefull to 

study genome-wide processes such as drift and gene flow or to delineate 

between genotypes. However, consequential questions such as “do small 

populations display lower functional genetic variation” or “how does landscape 

heterogeneity affect the distribution of adaptive variation” are more difficult to 

address because  neutral (genome-wide) and selective processes (at a limited set 

of loci) do not operate at the same pace (Luikart et al. 2003, Ouborg et al. 2006). 

Yet, the study of the distribution of functional diversity, without the need of 

intensive phenotyping, and, the characterization of adaptive genes in natural 
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populations becomes more and more feasible given cheaper, recently developed 

sequencing technologies (next-generation sequencing, e.g. 454-pyrosequencing 

and Illumina Genome Analyzer), the increasing availability of sequence 

information in model organisms as well as functional genomic knowledge (Bonin 

2009, Primmer 2009).  

Finally, regarding the influence of habitat conditions and management actions, 

the presented studies were observational and should first be confirmed by 

manipulative studies creating different conditions and comparing the evolution 

of clonal diversity and reproductive fitness over consecutive years with control 

plots. 
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