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Summary 

Deforestation and fragmentation of once large and continuous forests are probably 

one of the most important and widespread human-induced changes that have been 

made to forests worldwide. Small forest fragments will contain small tree 

populations, which are more prone to extinction and to losses of genetic variation 

through increased random genetic drift, selfing and mating among closely related 

individuals. A good understanding of the processes that shape genetic diversity 

across generations within tree populations is therefore indispensable for the 

evaluation and conservation of the evolutionary potential of trees in the long term 

and for increasing individual tree performance in the short term.  

Nevertheless, despite the field of forest landscape genetics has been an 

attractive science domain throughout the past decades, our knowledge of the genetic 

consequences of anthropogenic disturbances for tree populations remains relatively 

limited. Furthermore the effects of forest fragmentation and forest management 

practices on the genetic diversity of tree populations are highly debated in the 

scientific literature, resulting in what is known as the “paradox of forest 

fragmentation genetics”. This thesis aimed at gaining better insights into the effects 

of human land use and forest management activities on the genetic diversity, gene 

flow and inbreeding of small and fragmented pedunculate oak populations (Quercus 

robur L.). To do so, a multidisciplinary approach was adopted, in which we first 

conducted a meta-analysis of the available literature on forest landscape genetics. 

Subsequently we examined the maintenance of genetic diversity, contemporary gene 

flow and individual tree performance in small and fragmented pedunculate oak 

stands in Northern Belgium.  

Based on our meta-analysis, we could reject the traditional idea that woody 

plant species are relatively resistant to genetic losses following habitat fragmentation, 

as they were as prone to genetic erosion as herbaceous species studied in earlier 

meta-analyses. Although wind-pollinated species are presumed to have extensive 

pollen flow, we found evidence for pollen limitation and genetic losses, which were 

similar to those observed in insect-pollinated species.  



 

 
 

When we compared the results of this meta-analysis with what was found in 

our in-depth study on pedunculate oak, no clear losses of genetic diversity were 

observed across generations in the studied pedunculate oak stands. This suggest that 

the effective population sizes (Ne) were large enough to avoid the negative impacts of 

genetic drift and inbreeding. Since high out-of-plot pollen immigration rates were 

observed in all study plots, extensive pollen flow may have counteracted the 

negative genetic consequence associated with small tree populations. Nevertheless, 

even under high out-of-plot pollen immigration rates, we found that an important 

fraction of mating events occurred at short distances between neighbouring trees. 

Also in our study plots, less diverse local pollen pools were obtained in small and 

low-density forest stands, which suggested that pollen limitation due to a restricted 

number of local mating partners was not totally compensated by the observed high 

out-of-plot pollen immigration rates. Ultimately, this may increase the likelihood of 

inbreeding in subsequent generations. The heterozygosity level of tree individuals 

should however be maximized in natural populations, as we detected a weak but 

significant relationship between heterozygosity and tree performance. Moreover our 

study was one of the first that showed an effect of high drought stress levels on the 

strength of the observed heterozygosity-fitness correlations. This suggests that in 

view of climate change the genetic consequences of forest fragmentation could be 

further exacerbated. 

To mitigate the potential negative genetic consequences through increased 

inbreeding and to maintain rare, potentially adaptive alleles in small pedunculate 

oak stands, Ne. should be maximized in the seedling cohort. In this respect 

conservation resources should be directed to establish genetic connectivity across 

fragmented oak populations. However this is not always realistic in the highly 

fragmented forest landscapes of Northern Belgium, through which more customized 

management practices are needed to maintain or increase Ne. Supplementation of 

natural regeneration by composite provenancing may be a good option to maintain 

and increase genetic diversity in small and fragmented oak stands and to enlarge the 

evolutionary potential to current and future environmental changes.  



Samenvatting 

De ontbossing en versnippering van grote en aaneensluitende bossen zijn één van de 

meest ingrijpende en wijdverspreide veranderingen geweest die door de mens 

aangericht werden in bossen overal ter wereld. Kleine gefragmenteerde bossen 

herbergen kleinere populaties van bomen, dewelke meer kans hebben om lokaal te 

verdwijnen en om genetische diversiteit te verliezen door een verhoogde genetische 

drift, zelfbestuiving en inteelt. Een goed wetenschappelijk inzicht in de processen die 

de genetische diversiteit van generatie op generatie vorm geven is daarom cruciaal 

voor de evaluatie en het behoud van het evolutionair potentieel van boomsoorten op 

lange termijn en voor het verhogen van de individuele fitness op korte termijn.  

Ondanks dat de landschapsgenetica van bosbomen een aantrekkelijk studie-

domein was gedurende de afgelopen decennia, is onze kennis van de genetische 

consequenties van menselijke verstoringen op bomenpopulaties relatief beperkt. 

Daarenboven is er in de wetenschappelijke literatuur controverse over het effect van 

bosfragmentatie en bosbeheer op de genetische diversiteit van bomen. Dit doctoraat 

heeft als doel een beter inzicht te verkrijgen in de effecten van menselijke 

landgebruik en bosbeheer op de genetische diversiteit, gene flow en inteelt van 

kleine en gefragmenteerde zomereikenpopulaties (Quercus robur L). Om dit te 

bewerkstelligen werd voor een multidisciplinaire aanpak gekozen, waarbij we eerst 

een meta-analyse van de beschikbare literatuur over de landschapsgenetica van 

bosbomen uitvoerden. Vervolgens onderzochten we de genetische diversiteit, 

hedendaagse gene flow en de individuele fitness van zaailingen in kleine en 

gefragmenteerde zomereikenbestanden in Vlaanderen. 

Op basis van onze meta-analyse, konden we de traditionele gedachte dat 

houtige plantensoorten relatief resistent zijn tegen het verlies van genetische 

diversiteit na habitatfragmentatie verwerpen. Bomen en struiken bleken zo gevoelig 

voor genetische erosie als kruidachtige soorten bestudeerd in eerdere meta-analyses. 

Ook vonden we effecten van pollen-limitatie en verlies aan genetische diversiteit bij 

wind-gepollineerde soorten, die vergelijkbaar waren met de effecten waargenomen 

bij door insecten bestoven boomsoorten.  



 

 
 

In tegenstelling tot de resultaten van onze meta-analyse werd in onze meer 

diepgaande studie op zomereik geen duidelijk verlies van genetische diversiteit 

tussen generaties waargenomen. Dit suggereert dat de effectieve populatiegroottes 

(Ne) van de onderzochte bestanden voldoende groot waren om de negatieve effecten 

van genetische drift en inteelt te vermijden. Aangezien een aanzienlijk gedeelte van 

de pollen afkomstig was van buiten de studie plots, konden de negatieve genetische 

gevolgen geassocieerd met kleine populaties tegengewerkt worden door een 

omvangrijke pollen flow. Toch vonden we dat ondanks een sterke pollenimmigratie, 

een belangrijk deel van de bestuivingen plaatsvond op korte afstanden tussen 

naburige bomen. In de kleinere en lage-densiteits eikenbestanden observeerden we 

ook een verminderde pollendiversiteit. Dit suggereert dat de pollen-limitatie die 

veroorzaakt werd door het beperkte aantal lokale reproductieve partners, niet 

gecompenseerd werd door een sterke pollenimmigratie, wat de kans op inteelt in 

volgende generaties verhoogt. De heterozygositeit van bomen zou echter behouden 

moeten blijven in natuurlijk populaties, aangezien we een zwakke maar significante 

relatie tussen heterozygositeit en individuele fitness terugvonden. Bovendien is onze 

studie één van de eerste die een effect van droogte stress op de sterkte van de 

waargenomen heterozygositeits-fitness correlaties kon aantonen. Wat aangeeft dat de 

gevolgen van genetische erosie in gefragmenteerde eikenpopulaties versterkt zouden 

kunnen worden door een mogelijke klimaatsverandering.  

Om de mogelijke negatieve genetische gevolgen van verhoogde inteelt tegen te 

gaan, en potentieel adaptieve allelen te behouden, zou Ne gemaximaliseerd moeten 

worden in de zaailingengeneratie. Met dit als doel, zouden de beschikbare middelen 

in de eerste plaats aangewend moeten worden om de genetische connectiviteit tussen 

gefragmenteerde eikenpopulaties te verzekeren. Dit is echter niet altijd realistisch in 

het sterk gefragmenteerde boslandschap van Vlaanderen, waardoor meer aangepaste 

beheerspraktijken nodig zijn om Ne te vergroten. Het aanvullen van de natuurlijke 

verjonging door reproductief materiaal verzameld van lokale en niet-lokale bronnen 

is een veelbelovende optie om de genetische diversiteit in kleine en gefragmenteerde 

bestanden te behouden, en om het evolutionair potentieel van bomen te vergroten en 

ze beter te wapenen tegen huidige en toekomstige omgevingsveranderingen.   
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1.1 Forests in a changing world 

Trees and shrubs are keystone species in many terrestrial ecosystems on earth 

(Lindenmayer & Franklin 2002). As ecosystem engineers, they determine the 

architecture and the micro-climate conditions of forests, creating resource niches for 

numerous other organisms (Wright & Jones 1996; Lonsdale et al. 2008). Moreover, 

trees and shrubs provide a multitude of ecosystem services beneficial for human life, 

including climate mitigation, water regulation and biomass production (Myers 1997). 

Despite their global importance, the functioning and sustainability of forest 

ecosystems have been increasingly challenged by various anthropogenic threats. 

Deforestation is one of the most important and widespread human-induced changes 

that have been made to the Earth’s surface (Williams 2002). Both in tropical and 

temperate regions, increasing demands for food and changes in land use have 

replaced once large and continuous forests by a mosaic of forest patches embedded 

in an agricultural or urban matrix (Riitters et al. 2000). Globally, the cumulative loss 

of forest area over the last 5000 years have been estimated at 1.8 billion hectares 

(Williams 2002), resulting in a forest cover of about 31 percent (ca. 4 billion hectares) 

of the earth’s land surface today (FAO 2010). During the last decades the rate of 

forest clearance showed signs of slowing down (Figure 1.1), however losses of forest 

Figure 1.1: Estimated deforestation of tropical and temperate forests throughout their history. 

Figure adapted from Williams (2002). 
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area still remain high as ca. 13 million ha of forests were annually removed during 

the period 2000 - 2010. These losses can be almost completely attributed to 

deforestation in tropical regions, as the removal of temperate forest area strongly 

decreased during the twentieth century (Figure 1.1, Williams 2002).  

1.1.1 The fragmented forest landscape in Western Europe 

Current forest areas in all of Europe are stable or increasing, covering about 32.2% of 

the land in Europe (without the Russian Federation), nevertheless they bear the 

imprint of historical human-induced land-use changes (Forest Europe 2011). 

Especially the densely populated and highly urbanized regions in North-western 

Europe experienced several periods of strong deforestation, which coincided with 

changes in economic and social development. The extremely fragmented temperate 

forests in the northern part of Belgium (Flanders) are representative for this drastic 

modification of the forest landscape (Vandekerkhove 2013). In Flanders, the amount 

of forest cover reached a first bottom line during the Roman period, with ca. 12% of 

the land area forested. After the fall of the Roman Empire in the fifth century, forests 

recovered during the ensuing centuries. The Flemish forest landscape was further 

shaped by several cycles of deforestation and afforestation, which resulted in a 

minimum forest cover of less than 10% around 1300, and a dramatically low amount 

of forest area (6%) during the industrial revolution (1775 - 1880) (Tack et al. 1993; 

Hermy & Verheyen 2007). At the end of the nineteenth century, the rate of 

deforestation decreased, as most of the remaining forests were not suitable for 

agricultural land and wood was gradually replaced by fossil fuels as primary energy 

source. Furthermore, and more recently, the reforestation of abandoned agricultural 

land was encouraged in the context of multifunctional forests by several national and 

regional policies throughout Europe (Williams 2002). 

As a result of the above historical land-use changes, today, Flanders is one of 

the least forested regions in Europe, with a forest cover of approximately 11% 

(146,381 ha) (Vandekerkhove 2013). Several periods of deforestation not only 

reduced the total forest area, but also increased fragmentation of the remaining 

forests. This has resulted in a complex pattern of forest patches, characterized by 
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reduced fragment size and limited connectivity between fragments, and which are 

embedded in a to forest species hostile landscape matrix. The western part of 

Flanders provides a good example of this historical fragmentation process as the total 

forest area in this region strongly decreased throughout its history, from more than 

20% in 1000 AD to 12.8% in 1775, reaching a minimum forest cover of ca. 2.3% in 

1990 (Figure 1.2, Tack et al. 1993). Moreover, the current average forest fragment size 

in Flanders is small, with 85% of the remnants smaller than 5 ha, and 38% smaller 

than 1 ha (Van Coillie et al. 2007).  

Figure 1.2: Forest fragmentation in the western part of Flanders throughout its history. Figure 

adapted from Tack et al. (1993). 

1.1.2 Forest management  

Next to strong deforestation, major socio-economic changes have induced structural 

shifts in forest management practices (Riitters et al. 2000; Williams 2002). In Europe, 

forestry evolved from the production of mainly timber during industrialization, to a 

balanced management of multiple forest goods and services in more recent times. At 

first, timber was simply harvested from natural forests, and forest management was 

primarily focused on controlling the rate and pattern of wood exploitation. By the 

beginning of the industrial revolution, timber stocks were becoming exhausted, after 

which considerable efforts were made to restore European forests. Forestry shifted 

from a passive to a more active forest management, in order to ensure a steady 

supply of timber. During this period artificial reforestation and afforestation resulted 

in production monocultures, including trees of similar ages, and rotation cycles that 

maximized wood production (Farrell et al. 2000). In the middle of the twentieth 

century, the public attitudes towards forests dramatically changed. Forestry shifted 

towards a more close-to-nature forest management with strong emphasis on the 
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conservation and sustainable use of forest products (Lindenmayer et al. 1999; Forest 

Europe 2011). Today, this type of forest management is strongly encouraged in 

Flanders and many parts of Western Europe, and it has promoted the transformation 

of production monocultures into a fine-grained forest landscape with more mixed, 

multifunctional and uneven-aged forest stands (ProSilva 1999; Maes et al. 2011). In 

general, these shifts in forest management practices may influence the stand 

structure of forests, and therefore may have profound effects on the tree densities 

and population sizes of forest stands (Finkeldey & Ziehe 2004).  

1.2 Genetic consequences of habitat fragmentation and reduced plant 

density 

Habitat fragmentation is often recognized as the main driving force behind the loss 

of biodiversity in many terrestrial ecosystems around the world (Sala et al. 2000). 

Also at the lowest level of biodiversity, i.e. genetic diversity, fragmentation of once 

continuous habitats can have major consequences for plant species (Young et al. 

1996). Theoretically, small and spatially isolated plant populations are expected to 

lose genetic variation due to a combination of several genetic processes, namely (1) 

increased random genetic drift, (2) inbreeding and (3) reduced gene flow between 

habitat fragments (Young et al. 1996; Jump & Pe uelas 2006). 

1.2.1 Reduced population size 

A decreasing population size may immediately create a genetic bottleneck, as only a 

small sample of the original gene pool will remain after rapid elimination of, 

especially, rare alleles (Young et al. 1996; Lowe et al. 2005). Other genetic processes 

will reduce genetic diversity when plant populations remain small over successive 

generations. Random genetic drift may alter allele frequencies due to a random 

sampling of alleles from one generation to the next (Figure 1.3). In addition, elevated 

levels of inbreeding will further reduce genetic diversity over time (Ellstrand & Elam 

1993). In plants, inbreeding arises from increased levels of selfing in self-compatible 

plants, or through mating among closely related individuals (biparental inbreeding) 

(Barrett & Kohn 1991). Genetic drift and inbreeding eliminate or fix both rare and 



General Introduction   7 

 
 

more common alleles. This will reduce the allelic richness and heterozygosity within 

populations, and may ultimately lead to the fixation of recessive deleterious alleles 

(Lande 1988). To maintain genetic diversity over generations, the 50 - 500 

conservation ‘‘rule’’ is often cited as a general guidance among taxa (Franklin 1980; 

Frankham et al. 2013). According to this guideline, the minimum effective population 

size (Ne), which is the size of an ideal population (random mating, no migration, 

mutation and selection), has to be higher than 50 to prevent populations against 

inbreeding and demographic stochasticity. Whereas, The 500 part of the rule, states 

that populations with an Ne of 500 individuals are able to retain evolutionary 

potential, based on the balance between mutation (adding genetic variation) and 

random genetic drift for a quantative trait (genetic losses). However, many factors 

may influence Ne in natural populations including variance in family size, age 

structure and sex ratios (Crow & Kimura 1970), which complicate the estimation of 

Ne. Furthermore, based on the inbreeding depressions that have been reported in 

laboratory populations, and based on more recent alternative quantitative genetic 

theory, the 50 - 500 rule should be doubled (100 - 1000 rule) to avoid inbreeding and 

to limit the total fitness loss (< 10%) in the short term (5 generations) and for 

maintaining the evolutionary potential of natural populations (Frankham et al. 2014).  

 

 

 

Figure 1.3: Schematic representation of a genetic bottleneck following fragmentation, and the 

effect of genetic drift on allele frequencies in subsequent generations. Different colours represent 

different alleles. By chance, blue alleles may become overrepresented (and eventually fixed) in 

subsequent generations.  

  Original                       Bottleneck                     Surviving             Next generations 

population                        event                         individuals             1                       2 

 

                                                                                                      Genetic drift 
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1.2.2 Decreased connectivity between habitat fragments 

Next to reduced population sizes, increased isolation between patches of suitable 

habitats may further increase extinction risks, as species distribution patterns are 

disrupted and dispersing individuals are forced to cross a hostile landscape matrix 

(Ewers & Didham 2006). Therefore, the maintenance of gene flow through pollen and 

seed movement plays an important role in conserving genetic diversity in small and 

isolated plant populations. Genetic connectivity among habitat remnants may 

increase the effective population size of small populations through the 

supplementation of gene pools with alleles from neighboring populations (Ellstrand 

& Elam 1993). This may counteract the negative effects of genetic drift and 

inbreeding on allele frequencies and on the genetic diversity of small plant 

populations (Tallmon et al. 2004). To mitigate changes in allele frequencies due to 

genetic drift, only low levels of gene flow (1 migrant per generation in an idealized 

population) are required (Wang 2004). However, higher gene flow levels have been 

suggested to be necessary for preventing genetic differentiation among plant 

populations due to inbreeding and local adaptation (5 - 20 migrants, Lacy 1987). The 

amount of gene flow among remnant populations will depend on the degree of 

geographical isolation between habitat fragments, the quality of the intervening 

landscape matrix and the diversity of pollen and seed sources that contribute to the 

local gene pool (Sork & Smouse 2006; Bacles & Jump 2011). Moreover, since gene 

flow estimates are based on the infinite island model of Wright (1931), violation of 

model assumptions can produce biased estimates. For example, when the diversity of 

pollen and seed sources from neighboring fragments that contribute to the local gene 

pool is restricted, high rates of gene flow will not necessarily protect a population 

against genetic bottlenecks (Sork & Smouse 2006).  

1.2.3 Effect of plant density 

Human-mediated changes in population density may also have profound effects on 

mating and gene flow patterns within populations (Eckert et al. 2010). Reduced local 

plant density may alter mate availability, such that the number of near neighbours 

surrounding a focal plant decreases, and the pollination distance between mates 
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increases. When the distance between neighbouring plants exceeds the scale of 

pollen dispersal, pollen exchange within the population will be much more 

restricted, and plants will become reproductively isolated (Sork et al. 2002; Van 

Rossum et al. 2004). A low diversity of the local pollen pool may increase the 

relatedness in the next generations, leading to mating among closely related 

individuals and inbreeding in subsequent generations (Young et al. 1996). 

Furthermore, in low-density populations of self-compatible plants, or in populations 

with a pre-existing genetic structure, pollen limitation may directly increase levels of 

selfing and biparental inbreeding, as proportionally more pollen in the local pollen 

pool will originate from closely related individuals (Breed et al. 2013b). The extent to 

which a plant’s mating system shifts from outcrossing to selfing (reproductive 

assurance strategy) will determine the evolutionary outcome of pollen limitation 

(Eckert et al. 2010). Ultimately, smaller pollen loads may not only have fitness costs 

through increased selfing and biparental inbreeding, but may also decrease pollen 

competition, increasing the proportion of recessive deleterious alleles within the local 

pollen pool (Goubitz et al. 2002).  

1.2.4 Relationship between genetic diversity and fitness 

Maintaining genetic diversity within populations is of fundamental importance for 

the performance, persistence and evolution of plants in fragmented landscapes 

(Jump et al. 2009). The elimination of rare, potentially adaptive alleles, may increase 

the genetic vulnerability of fragmented plant populations to changing environmental 

conditions over time (Young et al. 1996; Lowe et al. 2005). Although these low-

frequency alleles might not confer a fitness advantage under current environmental 

conditions, they may be beneficial for plant fitness and survival under changed 

selection pressures in future populations (Barret & Schluter 2008). Next to the loss of 

low-frequency alleles, increased levels of consanguineous mating and genetic drift 

may lead to the fixation and accumulation of deleterious recessive alleles in the 

homozygous state. This “genetic load” can affect the fecundity, seedling 

establishment, and survival of individuals, and may further reduce the population 

size and viability of fragmented tree populations (Husband & Schemske 1996). 
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Theoretically, the above processes can lead to a genetic extinction vortex as 

environmental, demographic and genetic factors exacerbate one another in a 

downward spiral, driving populations to extinction (Ellstrand & Elam 1993; Figure 

1.4). However, empirical evidence of genetic extinction vortices in natural 

populations are scarce, and it has been suggested that other factors (such as 

environmental stochasticity) may drive a population to extinction before deleterious 

genetic changes become evident (Matthies et al. 2004). 

Figure 1.4: The extinction vortex of the small-population paradigm. Theoretically, small 

populations will fall into a vortex of positive feedback loops in which genetic losses and 

subsequent reductions in fitness will further reduce population size.  

Although one would expect that reductions of individual fitness (i.e., 

inbreeding depressions) are expressed more readily in self-compatible species, strong 

selection against inbred individuals may reduce the frequency of deleterious 

recessive alleles within populations of self-compatible plants (Keller & Waller 2002). 

Such “purging” of genetic load will be less likely in outcrossing plant species, as 

deleterious recessive alleles are masked through higher levels of individual 
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heterozygosity, which will lead to more pronounced inbreeding depressions in 

fragmented plant populations. In addition, purging will be less efficient to mildly 

deleterious alleles, which make up most of the genetic load in plants, and will 

depend on several demographic (population size, gene flow) and genetic factors 

(Young et al. 1996; Bijlsma et al. 1999). 

1.3 Genetic effects of population fragmentation on trees 

Tree species are characterized by one of the highest levels of genetic diversity of all 

plant species. Contrary to herbaceous plants, most of this genetic variation is 

distributed within populations, while genetic differentiation among populations is 

on average low (Hamrick et al. 1992). The usual explanation for this general pattern, 

is that tree species exhibit certain life-history traits, which make them less susceptible 

to genetic erosion and that promote the maintenance of high levels of within-

population diversity (Hamrick 2004). However, the idea that trees are relatively 

resistant to genetic erosion following forest fragmentation, remains highly debated in 

forest conservation genetics (Kramer et al. 2008).  

1.3.1 Life-history traits 

Life-history traits such as high longevity, broad phenotypic plasticity, strong 

outcrossing and extensive gene flow may influence the genetic response of trees to 

forest fragmentation (Hamrick 2004). Tree species generally display long generation 

times and delayed reproduction, through which they may persist with low numbers 

in forest remnants for a long time, without showing direct genetic losses due to 

genetic drift and inbreeding. As indicated earlier, the impact of both processes on 

genetic diversity will depend on the number of generations that a population is 

subjected to fragmentation conditions. Consequently, short-lived plant species are 

expected to show stronger negative effects of genetic drift and inbreeding in the short 

term than long-lived tree species (Young et al. 1996). This idea is, however, 

complicated by the fact that long-lived plant species may reproduce in overlapping 

generations, which may increase matings among close relatives in tree species 

(Finkeldey & Ziehe 2004). Next to long lifespans, trees also display high levels of 



12   Chapter 1 
 

phenotypic plasticity, which enable them to respond to a wide variety of ecological 

conditions on timescales shorter than an individual’s lifetime ( ump    e uelas 

2005). Especially in sessile long-lived organisms, phenotypic plasticity is crucial for 

survival during periods of adverse and disturbed environmental conditions 

following forest fragmentation (Hampe & Petit 2005; Valladares et al. 2007).  

Perhaps the most important factors that may alleviate the genetic consequences 

of population fragmentation are high outcrossing rates and extensive gene flow. 

First, in many tree species outcrossing is enforced by mechanisms such as dioecy and 

self-incompatibility (Hamrick & Godt 1992). Dioecy and self-incompatibility 

mechanisms are more frequently present in woody plant species than in herbaceous 

species, as the reproductive assurance benefit of selfing is of less importance in long-

lived plant species (Ehrlén & Lehtilä 2002; Vamosi & Vamosi 2004). In addition, 

given that adult trees may reproduce during most of their long lifespan and given 

the large number of offspring that are produced upon which selection may work, 

strong inbreeding depression, and thus high mortality rates at the seedling stage, 

may be an acceptable strategy to promote the presence of outcrossed adults in later 

life stages (Husband & Schemske 1996; Kaufmann et al. 1998). Besides strong 

outcrossing, woody plant species also have a high potential for gene flow (Hamrick 

2004). Due to their large size, trees will not only produce immense amounts of pollen 

and seeds, but their tall stature will also promote the pollen and seed dispersal 

process. The higher release height of propagules strongly increase the dispersal 

distance of wind-dispersed pollen and seeds, while the strong production of flowers 

and fruits will attract large quantities of animal pollinators and seed dispersers 

(Nathan et al. 2002; Ghazoul 2005). Especially gene flow via pollen has been 

suggested to be extensive in both wind- and animal-pollinated tree species (pollen 

flow over 5 - 10 km), and thus should buffer tree populations against genetic losses 

following fragmentation (Nason & Hamrick 1997; Hamrick 2004). However, besides 

this long-distance component, short-distance pollen and seed flow will also play an 

important role in local recruitment patterns (Chybicki & Burczyk 2010).  
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1.3.2 The paradox of forest fragmentation genetics 

Although numerous studies on woody plant species have supported the common 

view that trees are relatively resistant to genetic losses following forest fragmentation 

(Hamrick 2004), this has been questioned by a growing body of research showing 

negative fragmentation effects on gene flow, inbreeding and genetic diversity 

(Kramer et al. 2008; Pautasso 2009; Bacles & Jump 2011). This so-called “paradox of 

forest fragmentation genetics” can be attributed to several confounding factors, 

which entangle the genetic response of tree species to anthropogenic changes. First, 

given the long generation time of trees and the relative recent fragmentation of 

forests (i.e., < 200 years), the adult cohorts of forest fragments often predate habitat 

fragmentation, which complicate the detection of genetic losses (Young et al. 1996). 

This implies that recently fragmented tree populations still have to lose a 

considerable amount of genetic variation in the future, creating a genetic extinction 

debt (Honnay et al. 2006).  

Second, the negative genetic effects of forest fragmentation may differ between 

temperate and tropical tree species. Temperate forests are less species diverse than 

tropical forests, through which they exhibit higher densities and population sizes of 

conspecific trees within forest remnants. As a consequence of this high mate 

availability, temperate trees should suffer less from the genetic effects of forest 

fragmentation than tropical trees. However, since tropical tree species were subjected 

to low tree densities during their evolutionary history, they are assumed to be 

stronger adapted to long-distance gene flow, and thus better buffered against genetic 

isolation (White et al. 2002; Hardy et al. 2006). 

Finally, tree species can vary widely in their biological attributes. Consequently, 

a thorough understanding of life history traits, such as pollination and seed dispersal 

biology, are necessary to understand or predict the genetic response of trees to 

habitat loss (Montoya et al. 2008; Breed et al. 2013b). For example, animal-pollinated 

tree species are expected to be more susceptible to habitat fragmentation than wind-

pollinated species, as changes in landscape configuration will disrupt unique biotic 

interactions between trees and their pollinators (Nason & Hamrick 1997; Farwig et al. 
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2008). A modification of the composition, abundance and behaviour of animal pollen 

vectors, can ultimately influence pollen flow and decrease genetic connectivity 

between populations. Nevertheless, also in wind-pollinated tree species mixed 

empirical signals of fragmentation of tree populations have been found (Bacles & 

Jump 2011). Although some studies demonstrated evidence of pollen limitation in 

wind-pollinated species (Sork et al. 2002; Fernández-Manjarrés & Sork 2005; Jump & 

Penuelas 2006), others found similar or even increased levels of pollen flow within 

and among forest fragments (Bacles et al. 2005). Reduced population sizes and tree 

densities can increase the number of long-distance pollination events, which may 

lead to an enhanced realized gene flow, as a greater proportion of pollen in the local 

pollen pool will come from distant trees (Robledo‐Arnuncio et al. 2004; Wang et al. 

2010). Furthermore, the opening up of the landscape may improve air movements 

within and between forests, and thus enhance pollen flow, counteracting the 

negative genetic impacts of forest fragmentation (Okubo & Levin 1989; Sork & 

Smouse 2006). In general, when the scale of isolation between neighbouring and 

distant trees exceeds the scale of long-distance pollination, pollen limitation may 

occur, even in wind-pollinated tree species (Sork & Smouse 2006).  

1.4 Genetic effects of forest management on trees 

The amount and distribution of genetic diversity within tree populations can also be 

strongly modified as a result of forest management practices (Finkeldey & Ziehe 

2004). First, the method of forest regeneration will have strong consequences for the 

genetic make-up of a tree population. Artificial forest regeneration, through sowing 

or planting, can be expected to induce stronger genetic changes than natural 

regeneration, since it fundamentally disrupts the transmission of genes from one 

generation to the next (Muona & Harju 1989). Moreover, permanent selection on the 

natural regeneration will favour better adapted local individuals in natural 

regenerated forest stands (Lefèvre 2004).  

Second, in species with very high fecundity and high mortality at early life 

stages, the variance in reproductive success will be high in natural regenerated forest 
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stands (Hedrick 2005). Consequently, since variance in family size among seedlings 

may influence the Ne of a population, we can expect that Ne/N ratios will be much 

lower in natural regenerated forest stands compared to artificial regenerated seedling 

cohorts.  

Third, regulation of the stand structure through silvicultural treatments can 

rapidly reduce tree densities of forest stands, and may in turn have profound 

impacts on mating and gene flow patterns within tree populations (Eckert et al. 

2010). For example, under classic shelterwood systems, trees are progressively 

removed to increase light availability and to promote regeneration (“preparation and 

establishment cut”). Nevertheless, this gradual removal of adult trees will directly 

reduce the size and density of the standing population, through which the number of 

local mating partners within a forest stand decreases and the distance between 

neighbouring trees increases (Breed et al 2013b). As indicated earlier, this may lead to 

less diverse local pollen pools, and can ultimately reduce the effective population 

size and genetic variation of tree populations (Young et al. 1996).  

In a context of close-to-nature forest management, the above genetic effects of 

low conspecific tree density are increasingly expected to occur in future forests, as a 

result of the transformation of production monocultures into more mixed and 

multifunctional forest stands (ProSilva 1999; Maes et al. 2011). Moreover, such close-

to-nature forest stands will often have an uneven-aged structure, which will increase 

the opportunity for reproduction in overlapping generations, especially in tree 

species with limited pollen or seed dispersal (Finkeldey & Ziehe 2004). 

Consequently, this may enhance mating among relatives and lead to inbreeding and 

stronger pronounced inbreeding depressions in the offspring cohort.  

1.5 Heterozygosity-fitness correlations (HFCs) in trees  

Increased homozygosity resulting from inbreeding may affect individual tree fitness, 

through influencing morphological, physiological and life-history traits. The latter 

relationships are generally known as heterozygosity-fitness correlations (HFCs), and 

have been investigated for several decades in a large number of organisms, ranging 
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from bivalve moluscs to pine trees (Ledig et al. 1983; Bush et al 1987; Zouros 1987; 

David & Jarne 1997). Empirical evidence has shown that these heterozygosity-fitness 

correlations (HFCs) are often absent or very weak, only explaining a small 

proportion (0.07 - 3.3%) of the total variance of a fitness trait (Balloux et al. 2004; 

Szulkin et al. 2010). The large amount of null results in the literature suggests that 

some species are more suited to examine HFCs than other (David et al. 1998). Tree 

species are expected to exhibit stronger relationships between genetic diversity and 

fitness traits than other organisms, as a consequence of their sessile nature, flexible 

breeding systems and high genetic load (Klekowski 1988; Petit & Hampe 2006; 

González Váro et al. 2012). HFCs also vary strongly among studies. For example, 

Ledig et al. (1983) found a strong and positive relationship between heterozygosity 

and growth rate in Pinus rigida, whereas in Pinus sylvestris no evidences of HFCs 

were found (Savolainen & Hedrick 1995). The inconsistency of HFCs across species 

and studies can be attributed on the one hand to the different underlying genetic 

mechanisms of HFCs (direct, local or general effect) and, on the other hand, to 

methodological differences between studies. 

Three primary hypotheses have been proposed to explain the existence of HFCs 

in natural tree populations (Figure 1.5, Ledig et al. 1983; David 1998; Hansson & 

Westerberg 2002). The “direct effect” hypothesis suggests that functional 

overdominance and partial or total dominance at the loci examined results in a 

fitness advantage of heterozygous individuals. This is especially important when 

non-neutral markers such as allozymes are used to quantify genetic diversity, since 

selection on the allelic variants of an enzyme may directly affect the metabolism and 

physiology of an individual (Mitton 1997). However, in studies using selectively 

neutral molecular markers such as microsatellites, the correlation between multi-

locus heterozygosity and fitness cannot be readily attributed to functional 

overdominance (Queller et al. 1993; Savolainen & Hedrick 1995). To account for 

HFCs in selectively neutral marker studies, two alternative hypotheses have been put 

forward. First, the “local effect” hypothesis is based on non-random associations 

(linkage disequilibrium) of neutral marker loci with genes directly coding for fitness 

traits. Significant levels of linkage disequilibrium may arise as a result of genetic 
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drift, selection or migration. Also demographic processes, such as bottlenecks or 

founder events followed by rapid population growth may increase linkage 

disequilibrium in natural populations (Weir & Hill 1980; David 1998). Second, the 

“general effect” hypothesis suggests that inbreeding will increase homozygosity over 

the whole genome, allowing the expression of recessive deleterious alleles and 

associated fitness costs (i.e., classical inbreeding depression) (David 1998; Hansson & 

Westerberg 2002; Szulkin et al. 2010). Both hypotheses rely on associative 

overdominance either at the linked fitness loci (local effect) or at genome wide 

distributed loci (general effect), and are more likely to occur in small nonrandom-

mating populations (Szulkin 2010). 

Figure 1.5: Schematic representation of the three primary hypotheses explaining how HFCs arise 

from inbreeding. Green arrows represent statistical correlations. Figure adapted from Szulkin et 

al. (2010). 

Next to these different hypotheses, the strength of HFCs may also be influenced 

by several other factors. First of all, the fitness trait under study has been put forward 

as an important source of variation. Phenotypic traits such as the growth rate and 

survival of seedlings, which exhibit directional dominance and are typically 

controlled by numerous loci, are expected to show stronger heterozygosity-fitness 

correlations than morphological traits (Houle 1998). Second, when phenotypic traits 

are measured directly in the forest, they may be influenced by several sources of 
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environmental variation, obscuring the relationship between heterozygosity and 

fitness. Whereas under a controlled greenhouse environment, variability in fitness 

traits will better reflect its genetic basis (Ledig et al. 1983, López-Pujol et al. 2008). A 

final source of variation in HFCs can be attributed to the age of the studied 

individuals. HFCs will be stronger in early life-cycle stages, as growth and survival 

are stronger affected in seedlings than in adult trees (David 1998), and because less fit 

homozygotes, still present in the seedling cohort, may be absent in the adult 

generation (Honnay et al. 2008). 

1.5.1 The effect of environmental stress on HFCs 

It is frequently claimed that HFCs are more pronounced in stressful environments 

than under optimal conditions. Although some studies have demonstrated 

significant interactions between environmental stress and HFCs (Armbruster & Reed 

2005), others have failed to find such an inbreeding-environment interaction, through 

which this topic remains controversial (Fox et al. 2011). The contrasting findings of 

empirical studies can be explained by the type and level of stress to which organisms 

are exposed. Environmental stress can occur under a wide range of conditions 

(drought, light, competition, etc.), and only above a certain threshold level, the effect 

of stress on HFCs may become apparent (Fox & Reed 2011). The interaction between 

environmental stress and HFCs may become particularly important under climate 

change, which will, for example, increase the number and intensity of drought events 

in temperate forests (Stocker et al. 2013). During such events, the negative genetic 

effects of inbreeding on the individual tree fitness may be exacerbated by drought 

stress, and could ultimately lead to mortality, especially in the seedling cohort (Bond 

2000).  

1.6 Aims and thesis outline 

At present, the effects of forest fragmentation and forest management practices on 

the genetic diversity of tree populations remain highly debated, resulting in what is 

known as the “paradox of forest fragmentation genetics” (Kramer et al. 2008). A 

better understanding of the processes that shape genetic diversity across generations 



General Introduction   19 

 
 

within tree populations is therefore indispensable for the evaluation and 

conservation of genetic variation in current and future forests. In addition, examining 

the relationship between genetic diversity and fitness under different environmental 

stress conditions, may give insight into how increased inbreeding (reduced 

heterozygosity) may affect individual tree performance in benign and stressful 

environments.  

Consequently, the general aim of this thesis was to contribute to solving the 

paradox of forest fragmentation genetics, on the one hand by conducting a 

systematic and quantitative review of the available literature (meta-analysis), and on 

the other hand through studying the maintenance of genetic diversity, contemporary 

gene flow and individual tree performance in small and fragmented pedunculate oak 

stands in Northern Belgium (Figure 1.6). Currently, studies that have examined and 

integrated the processes that shape genetic diversity within several fragmented forest 

stands are relatively rare, especially in temperate, broadleaved tree species. The 

extremely fragmented temperate forests in the northern part of Belgium (Flanders) 

provides a good study area for this kind of research.  

As study species, we selected the temperate broadleaved tree species 

pedunculate oak (Quercus robur L.), which is a common and economically important 

tree species of many European forest ecosystems. In Flanders, Q. robur is the most 

predominant broadleaved tree species, with monospecific pedunculate oak stands 

covering almost 5% of the total forest area (7,173 ha) and with an estimated total 

growing stock of 3,605,000 m3 (Jacques & De Cuyper 1998; Waterinckx 2001). 

Furthermore, pedunculate oak is also a major constituent of mixed forests and plays 

an important role in the reforestation and afforestation of forest stands, as more than 

40% of new forest sites in Flanders are planted with oak trees (Coart et al. 2001). Q. 

robur exhibit a high level of genetic diversity that is amongst the highest of all tree 

species (Kremer & Petit 1993). This can be attributed to the nearly complete 

gametophytic self-incompatibility system through which selfing rates are low (2 - 5%; 

Steinhoff 1993), and to the potential for long-distance pollen flow which is enhanced 

by the very small (26 - 29 μm, Rushton 1976) and light pollen of pedunculate oak that 
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is dispersed by wind. Moreover, since large numbers of offspring are produced 

during the long lifespan of Q. robur, selection will be efficient, promoting the 

presence of outcrossed adults and the maintenance of genetic diversity in later life 

stages (Husband & Schemske 1996; Kaufmann et al. 1998). In monospecific Q. robur 

stands, however, the recruitment window that contribute to the future adult cohort 

can be much more restricted, as seedlings require high irradiance and thus forest 

canopy opening for their further growth and development (Vera et al. 2006; Bary-

Lenger & Nebout 1993).  

More specifically we aimed to answer the following questions:  

 To which extent are woody plant species at risk to lose genetic variation 

through forest fragmentation? 

 Is the loss of genetic variation in woody plants following habitat 

fragmentation mediated by life-history traits such as mating system, 

longevity, and seed and pollen dispersal vectors? 

 How much genetic diversity is maintained between adults and recent 

naturally established oak seedlings in fragmented Quercus robur stands? 

 Is the intergenerational transmission of genetic variation in oak stands 

mediated by stand characteristics and how is this process affected by 

patterns of contemporary gene flow?  

 What is the role of stand characteristics such as population size, tree density, 

spatial isolation and the type of the landscape matrix on local pollen pool 

diversity and mating system parameters of pedunculate oak? 

 Is there a relationship between the level of genetic diversity and individual 

tree performance in oak? Is this relationship stronger under environmental 

stress conditions? 
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Figure 1.6: Schematic overview of this thesis in which we tried to disentangle the paradox of 

forest fragmentation, on the one hand by conducting a meta-analysis (chapter 2) and on the 

other hand by studying the effects of fragmentation on genetic diversity, pollen flow and fitness of 

pedunculate oak stands (chapter 3,4 & 5).  

The different aims in relation to the different chapters of this thesis are 

schematically presented in Figure 1.6. Since a systematic and quantitative review of 

the genetic effects of forest fragmentation on woody plant species was completely 

lacking in the literature, a meta-analysis was conducted on this topic (chapter 2). In 

this meta-analysis we examined if the genetic diversity of woody plants was lower in 

small and fragmented populations compared to large continuous ones. Moreover, we 

evaluated the influence of several life-history traits (e.g. pollen and seed dispersal 

vector and longevity) on the genetic response of woody plants to habitat 

fragmentation. In chapter 3 the transmission of genetic diversity in pedunculate oak 

stands in Belgium was investigated through comparing genetic diversity between 

adults and recently established seedlings in four small oak stands (< 4.5 ha) that 
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varied in tree density. We were interested whether the benefits of natural 

regeneration of Q. robur were jeopardized in small and low-density forest stands, as 

the genetic diversity of the standing population could be affected by genetic drift and 

inbreeding. In this chapter we also quantified mating patterns and gene flow to 

better understand the processes that shape genetic diversity across generations in the 

studied oak populations. The latter processes were investigated in more detail in 

chapter 4, where we studied the impact of different stand characteristics (population 

size, tree density, isolation and type of the landscape matrix) on mating patterns and 

pollen-mediated gene flow of pedunculate oak. In chapter 5 we focused on the 

potentially interacting consequences of habitat fragmentation (low genetic diversity) 

and climate change-induced drought stress, on the individual fitness of pedunculate 

oak seedlings. Therefore we performed a greenhouse experiment to investigate the 

relationship between heterozygosity and fitness traits (transpiration and growth 

traits) in Q. robur seedlings, and examined whether the fitness responses of oak 

seedlings to low levels of heterozygosity were more pronounced under drought 

stress than under optimal water conditions. In the final chapter, chapter 6, the main 

findings of the previous chapters were summarized and discussed. Based on this 

information, we evaluated the current and future genetic risks faced by fragmented 

pedunculate oak stands and highlighted some forest management practices that 

could potentially maximize genetic diversity in small fragmented forest stands. 

Finally, some suggestions for future research were proposed 
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Vranckx G, Jacquemyn H, Muys B, Honnay O. 2012. Meta-analysis of susceptibility 

of woody plants to loss of genetic diversity through habitat fragmentation. 

Conservation Biology 26: 228-237. 
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2.1 Abstract 

Shrubs and trees are assumed less likely to lose genetic variation in response to 

habitat fragmentation because they have certain life-history characteristics such as 

long lifespans and extensive pollen flow. To test this assumption, we conducted a 

meta-analysis with data on 97 woody plant species derived from 98 studies of habitat 

fragmentation. We measured the weighted response of four different measures of 

population-level genetic diversity to habitat fragmentation with Hedge’s d and 

Spearman rank correlation. We tested whether the genetic response to habitat 

fragmentation was mediated by life-history traits (longevity, pollination mode, and 

seed dispersal vector) and study characteristics (genetic marker and plant material 

used). For both tests of effect size habitat fragmentation was associated with a 

substantial decrease in expected heterozygosity, number of alleles, and percentage of 

polymorphic loci, whereas the population inbreeding coefficient was not associated 

with these measures. The largest proportion of variation among effect sizes was 

explained by pollination mechanism and by the age of the tissue (progeny or adult) 

that was genotyped. Our primary finding was that wind-pollinated trees and shrubs 

appeared to be as likely to lose genetic variation as insect-pollinated species, 

indicating that severe habitat fragmentation may lead to pollen limitation and 

limited gene flow. In comparison with results of previous meta-analyses on mainly 

herbaceous species, we found trees and shrubs were as likely to have negative 

genetic responses to habitat fragmentation as herbaceous species. We also found that 

the genetic variation in the offspring cohort was generally less than that of adult 

trees, which is evidence of a genetic extinction debt and probably reflects the genetic 

diversity of the historical, less-fragmented landscape. 
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2.2 Introduction 

In many parts of the world, increasing demands for food and changes in land use 

have increased the fragmentation of forests (Millennium Ecosystem Assessment 

2005). This has resulted in landscapes with forest patches that are scattered in a 

matrix of agricultural or urban land and thus in small and spatially isolated 

populations of trees and shrubs. In small and isolated populations, the combination 

of increased random genetic drift, inbreeding, and reduced gene flow may 

substantially reduce genetic variation (Aguilar et al. 2008).  

The loss of genetic variation may have both short and long-term detrimental 

effects on population fitness and viability. In the short term, an increased degree of 

homozygosity may cause the expression of deleterious recessive alleles, which can 

decrease individual fitness (i.e., inbreeding depression) (Husband & Schemske 1996; 

Reed & Frankham 2003). In the long term, lowered genetic diversity can affect the 

potential of a species to adapt to changing environmental conditions (Willi et al. 

2006). The genetic response of plants to habitat fragmentation is strongly affected by 

their life-history traits. Self-incompatible plant species, for example, are more likely 

to lose genetic diversity through genetic drift than self-compatible species (Honnay & 

Jacquemyn 2007; Aguilar et al. 2008). 

It has been suggested that tree and shrub species are relatively unlikely to lose 

genetic variation in response to habitat fragmentation. First, due to their long 

lifespan woody plants may persist in remnant populations for a long time, even 

without sexual reproduction (Hamrick 2004; Lowe et al. 2005). As a result, in 

landscapes with a similar fragmentation history, genetic drift will affect populations 

of trees and shrubs for a smaller number of generations than is the case for species 

with short generation times (Young et al. 1996). Second, woody plants are 

characterized by high levels of phenotypic plasticity, which allows them to adapt to 

environmental change (Hamrick 2004). In this way, woody species are able to 

respond to adverse changes in the environment on a time scale shorter than an 

individual’s lifetime (Jump & Pe uelas 2005; Valladares et al. 2007), which allows 

trees and shrubs to survive in small, often disturbed, habitat fragments. Finally, due 
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to their large size and massive pollen and seed production, woody perennials have a 

high potential for gene flow. Pollen flow in tree and shrub species, particularly in 

species in which pollen is dispersed by wind, can be extensive and thus may 

counteract loss of genetic variation following habitat fragmentation (Nason & 

Hamrick 1997; Hamrick 2004).  

The idea that woody species are relatively resistant to the loss of genetic 

diversity has been challenged recently by study results showing that there is limited 

pollen flow between fragmented populations (Knapp et al. 2001; Sork et al. 2002). 

Habitat fragmentation is associated with increased levels of inbreeding, high 

population divergence, and reduced genetic diversity in fragmented stands of 

common beech (Fagus sylvatica) (Jump & Pe uelas 2006). Similar results have been 

reported for wind-pollinated oak species (Quercus douglasii, Q. lobata, & Q. robur), 

where forest fragmentation has reduced the number of available pollen donors and 

limited pollen dispersal (Knapp et al. 2001; Sork et al. 2002; Vakkari et al. 2006). 

However, no systematic and quantitative review of the effects of habitat 

fragmentation on the genetic diversity of woody plant species has been conducted. 

We performed a meta-analysis of 98 studies that reported data on the relation 

between population size and fragmentation status or population-level genetic 

diversity. We examined the independence of the studies by testing whether a 

phylogenetic signal and a publication bias were present. Specifically, we examined 

the following questions:  

 Is the genetic diversity of woody plants in small and fragmented populations 

low relative to large continuous populations? 

 Are the genetic effects of habitat fragmentation larger in progeny than in 

adults?  

 Does the genetic response differ among pollination modes (wind, birds, and 

insects)?  

 Is the probability of reduced genetic variation in woody plants following 

habitat fragmentation associated with other life-history traits such as mating 

system, longevity, and seed dispersal vectors? 
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2.3 Materials and Methods 

2.3.1 Study selection and coding 

In December 2009, we conducted an extensive search of the literature in the Thomson 

Reuters Web of Science (ISI) database. We used a combination of the following 

keywords: habitat fragmentation*, genetic*, woody plants*, trees*, and shrubs*. We 

include in our meta-analysis only papers that reported genetic diversity measures, 

population sizes or fragmentation status, and the number of samples used in the 

genetic analyses. In the selected studies, genetic diversity was determined with both 

dominant (amplification fragment length polymorphism (AFLP) and random 

amplified polymorphic DNA (RAPD)) and codominant (simple sequence repeats 

(SSR) and allozymes) markers. For codominant data most studies reported the 

number of alleles per locus (A), percentage of polymorphic loci (P), expected 

heterozygosity (He), and inbreeding coefficient (FIS). Because dominant markers do 

not allow distinguishing a homozygous genotype for the dominant allele from a 

heterozygote genotype (Mueller & Wolfenbarger 1999), most researchers applying 

dominant markers reported only P and He. When genetic diversity measures were 

not reported, we extracted raw data from graphs and tabulated it with GetData 

Graph Digitizer 2.24 (Fedorov 2008). In some cases, FIS was calculated as the ratio 

between observed and expected heterozygosity. 

2.3.2 Univariate data analyses 

We used two methods to calculate effect sizes, such that we could include as many 

studies as possible. For studies reporting population sizes, we calculated the 

Spearman rank correlation coefficient (rs) between population size and 4 measures of 

population-level genetic diversity (A, P, He, and FIS). We did not perform a Fisher z 

transformation on the individual correlation coefficients because this leads to more 

biased effect sizes (Field 2001). For studies that distinguished clearly between small 

fragmented populations and large continuous ones, we used Hedge’s d as a measure 

of effect size. We calculated Hedge’s d as the unbiased standardized mean difference 

of genetic diversity metrics between fragmented and continuous habitats as follows: 
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where 
FX and 

CX  are the mean values of a given genetic parameter in fragmented 

and continuous habitats, S is the pooled standard deviation of both groups, and J is a 

factor that accounts for the effects of small sample sizes (Gurevitch & Hedges 2001). 

A positive Spearman correlation effect size and a negative Hedge’s d both imply 

negative effects of habitat fragmentation on population level genetic diversity. Each 

study was weighted 1/2(( 2) )A N  according to (Reed & Frankham 2003), where A is 

the number of populations studied, and N is the mean number of individuals 

genotyped. We examined the possibility of publication bias graphically. We plotted 

effect sizes versus study weight in funnel plots and tested the significance of this 

relation with a Spearman rank correlation test (Light & Pillemer 1984; Palmer 1999). 

We used MetaWin 2.1 software (Rosenberg et al. 2000) for the meta-analysis 

and applied a random effects model. We assessed the heterogeneity among effect 

sizes with Q statistics (Hedges & Olkin 1985). In particular, we examined the p values 

of the Q between statistics because we were interested in the variation in effect sizes 

due to differences between the categories of a moderator variable (Lipsey & Wilson 

2001). In addition to Q heterogeneity statistics, we calculated 95% bias-corrected 

bootstrap CIs (4999 iterations) of the effect sizes across studies (Adams et al. 1997). 

2.3.3 Moderating variables 

If the Q statistic was significant, we evaluated the significance of the following life-

history traits as a moderator variable: dominant pollen vector (wind, insects, or 

birds); dominant seed dispersal vector (gravity, wind, birds, ants, or a combination of 

birds and mammals); mating system (obligate outcrossing, self-compatible, but 

mainly outcrossing or self-compatible); and longevity of individuals of the species (< 

100 or > 100 years).  

Because the methods we used to assess the effect of habitat fragmentation on 

genetic diversity may also affect the results, we included sampling method as a 

moderating variable. We tested whether the marker system used (allozymes, SSRs, 
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RAPDs, or AFLPs) was associated with the genetic response to habitat 

fragmentation. Because the effect of habitat fragmentation may depend on the plant 

material used (stronger genetic responses to habitat fragmentation can be expected 

when progeny tissue is used), we examined whether genetic diversity of the adult 

generation differed significantly from that of the progeny. However, plant tissue 

from adult trees collected in old fragmented forests may have reduced genetic 

variation; thus, we also incorporated the amount of time elapsed after a 

fragmentation event in the meta-analysis. Because most authors only gave rough 

estimates of when fragmentation started, we assigned studies to two categories: > 1 

generation or < 1 generation after fragmentation. To test for potential interactions 

among moderator variables, we measured the pairwise degree of association with 

chi-square tests (Honnay & Jacquemyn 2007). 

2.3.4 Phylogenetic signal 

A potential problem when analyzing data on many taxa is their shared phylogenetic 

history (Gitzendanner & Soltis 2000). A phylogenetic signal may be present because 

taxa that are closely related tend to be more similar in morphology and ecology than 

distantly related taxa. Therefore, we also tested for the presence of a phylogenetic 

signal with phylometa 1.0 beta (Lajeunesse 2009). We calculated phylogenetically 

independent statistics of fixed and random-effects models and conducted 

homogeneity tests. We constructed a phylogenetic tree of the studied species in 

Mesquite 2.72 (Maddison & Maddison 2009) (Appendix 2.1). We used the plant 

phylogeny of Soltis et al. (2000) as a reference tree. Inter- and infrafamilial and 

infragenus phylogenetic relations were obtained from Chen et al. (1999), Mast and 

Givnish (2002), Li et al. (2004), Wojciechowski et al. (2004), Gernandt et al. (2005), 

Schönenberger et al. (2005), Wilson et al. (2005), Crayn et al. (2006), Weston and 

Barker (2006), and Potter et al. (2007). For the genera Acacia, Eucalyptus, and Grevillea, 

we could not resolve infragenus relations, so we left these taxa as soft polytomies. 

Because it was not possible to obtain dated estimates of divergence times, we applied 

four arbitrary branch-length assumptions: all branch lengths equal 1; branch length 

equals the number of species in a clade minus one with all the species constrained to 



Genetic Loss in Woody Plants   33 

 
 

be contemporaneous (Grafen 1989); species are contemporaneous, but all internode 

branch lengths are equal to one (Pagel 1992); and branch length from the tip to a 

current node equals the logarithm (base 10) of the number of tip species descending 

from that node (Nee’s method, Purvis 1995). To allow comparisons, we calculated 

log-likelihood values and Akaike’s information criterion (AIC) for all models. The 

probability that a given model was the best fit compared with all other models was 

determined by its Akaike weight (Burnham & Anderson 2001), which is the 

likelihood of the model divided by the sum of the likelihoods of all models. 

2.3.5 Multivariate linear mixed model 

We ran a full linear mixed model that included moderator variables and their 

interactions as fixed effects and the random effect “author”, which removed the 

variability in our data caused by studies associated with the same lead authors. Both 

Spearman rank correlation and Hedge’s d effect sizes were fitted with this model for 

every genetic parameter (A, P, He, and FIS). Although this multivariate linear mixed 

model accounted for the covariance between explanatory variables, this approach 

also has some major shortcomings. First, the sampling variances in the individual 

studies are not addressed by weighting. Second, a multivariate analysis would 

require that for each study we have information on all tested moderator variables, 

which would reduce the size of the data set considerably. An average loss of data 

points of 35% and the absence of a study weight reduced power of the multivariate 

analysis and led to nonsignificant results compared with the results of the univariate 

analyses. Thus, the results of the mixed models are not reported because their 

statistical power was limited and no new information was provided. 

2.4 Results 

2.4.1 Generalities of meta-analysis 

We retrieved 98 published studies on 97 woody plants, which yielded 105 data points 

(Appendix 2.2). Each data point included one or more measures of genetic diversity 

(Appendix 2.3). Population sizes were reported for 91 data points, whereas only 60 of 
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the 105 records allowed calculation of Hedge’s d. There was no evidence of 

publication bias; funnel plots of effect size versus study weight for the four tested 

measures of genetic diversity were funnel shaped and symmetrical for both measures 

of effect size (Appendix 2.4 & 2.5). Moreover, none of the corresponding Spearman 

rank correlation tests between study weight and effect size, calculated with both 

Spearman rank correlation (A, 0.001; P, 0.079; He, 0.043; FIS, -0.198) and for Hedge’s d 

(A, 0.142; P, 0.118; He, 0.061; FIS, 0.058), were significant (p > 0.05 in all cases).  

For both measures of effect size, the best model fit (lowest AIC values and 

highest Akaike weights) was obtained when phylogenetic information was excluded 

from the meta-analysis (Table 2.1). The four other evolutionary models (Grafen, 

Pagel, Nee, and branch lengths equal to 1) resulted in similar weighted effect sizes, 

none of which were significantly different from those of the basic meta-analysis 

(results not shown). Therefore, we used a standard random-effects model in all 

subsequent analyses (Rosenberg et al. 2000). 

2.4.2 Genetic consequences of habitat fragmentation 

The use of different genetic markers to study genetic variation did not significantly 

influence effect sizes (results not shown). Overall, the mean weighted effect sizes for 

A, P, and He were significantly different from zero (p < 0.05). Spearman rank 

correlation effect sizes were all positive, indicating that forest stands with small 

populations had lower genetic diversity than larger populations. Similarly, values of 

Hedge’s d were all negative, indicating that genetic diversity in forest fragments was 

lower than in large continuous fragments (Figure 2.1). The inbreeding coefficient 

(FIS), however, was not significantly (p > 0.05) associated with habitat fragmentation 

(Figure 2.1). 

The following pairwise associations between moderator variables were 

significant (p < 0.05): pollination mode and longevity, pollination mode and dispersal 

mode, marker and progeny material, and longevity and dispersal mode. However, 

longevity, seed dispersal, mating system, and genetic marker were not significant 

effects, which excludes the possibility of misinterpretation of the mediating factors 

associated with loss of genetic diversity. 
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Table 2.1. Results of Akaike information criterion (AIC) analyses of 5 evolutionary random-effects 

models of plant phylogeny (meta-analysis without and with phylogenetic signal (branch lengths = 

1, Grafen’s, Pagel’s and Nee’s)). 

 
Spearman rank 

correlationb 
 Hedge’s db 

Measure of genetic diversity and 

modela 
-2log(Li) AIC wi  -2log(Li) AIC wi 

No. of alleles/locus (A)        

no phylogeny 196 198 > 0.999  141 143 > 0.999 

BL = 1 291 293 < 0.001  209 211 < 0.001 

Grafen’s 409 411 < 0.001  288 290 < 0.001 

 agel’s 314 316 < 0.001  221 223 < 0.001 

Nee’s 257 259 < 0.001  184 186 < 0.001 

Percentage of polymorphic loci (P)        

no phylogeny 172 174 > 0.999  87 89 > 0.999 

BL = 1 252 254 < 0.001  121 123 < 0.001 

Grafen’s 357 359 < 0.001  160 162 < 0.001 

 agel’s 271 273 < 0.001  126 128 < 0.001 

Nee’s 220 222 < 0.001  107 109 < 0.001 

Expected heterozygosity (He)        

no phylogeny 252 254 > 0.999  175 177 > 0.999 

BL = 1 382 384 < 0.001  253 255 < 0.001 

Grafen’s 545 547 < 0.001  347 349 < 0.001 

 agel’s 412 414 < 0.001  268 270 < 0.001 

Nee’s 336 338 < 0.001  226 228 < 0.001 

Inbreeding coefficient (FIS)        

no phylogeny 201 203 > 0.999  144 146 > 0.999 

BL = 1 301 303 < 0.001  216 218 < 0.001 

Grafen’s 425 427 < 0.001  301 303 < 0.001 

 agel’s 325 327 < 0.001  232 234 < 0.001 

Nee’s 267 269 < 0.001  190 192 < 0.001 
 

aThe best model fit (lowest AIC values and highest Akaike weights) was the no-phylogeny model for 

every genetic parameter. 

bAbbreviations: log(Li), natural logarithm of the maximum likelihood for model i; wi, Akaike weight. 
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Figure 2.1. Overall weighted mean effect sizes (measured with Spearman rank correlation 

coefficient and Hedge’s d) and 95% bias-corrected bootstrap CIs for four measures of genetic 

diversity in woody plants (A, number of alleles per locus; P, percentage of polymorphic loci; He, 

expected heterozygosity; FIS, inbreeding coefficient). 

For both measures of effect size, the highest proportion of variation in the data 

set was explained by the pollination vector. The loss of genetic diversity of trees 

pollinated by wind and insects was more strongly associated with habitat 

fragmentation than genetic variation of species pollinated by birds. For the 

correlational measure of effect size, A (Qbetween = 6.11; p < 0.05) differed significantly 

among species pollinated by insects, wind, and birds. Hedge’s d showed significant 

heterogeneity for A (Qbetween = 16.66; p < 0.001) and He (Qbetween = 6.47; p < 0.05) (Figure 

2.2). 
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Figure 2.2. Weighted mean effect sizes and 95% bias-corrected bootstrap CIs calculated for 

different pollination mechanisms (wind, insects, birds) in woody plants (Q statistic significance 

between pollinator groups, * 0.05 ≤ p < 0.1; ** 0.001 ≤ p < 0.05; *** p < 0.001; A, number of 

alleles per locus; P, percentage of polymorphic loci; He, expected heterozygosity). 

For the methodological moderator variables, type of plant tissue genotyped 

(adult versus progeny) differed significantly. For the correlational measure of effect 

size, A for adults was significantly greater than A for progeny (Qbetween = 6.12; p < 

0.05), whereas Hedge’s d had significantly greater P (Qbetween = 6.54; p < 0.05) relative 

to progeny (Figure 2.3). This difference increased when we included the amount of 

time elapsed after a fragmentation event. Studies in which progeny or adult material 

was collected in historical habitat fragments in which time of fragmentation exceeded 

the lifespan of the species had effect sizes that were significantly different from zero 

for both the Spearman rank correlation and Hedge’s d. In contrast, adult trees in 

areas fragmented for < 1 generation did not show signs of loss of genetic variation. 

The Qbetween statistics (p < 0.5) were significant for the Spearman rank correlation for 

A, P, and He, whereas for Hedge’s d the lowest p values for Qbetween ranged between 

0.05 and 0.1 for P and He (Figure 2.4). 
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Figure 2.3. Weighted mean effect sizes and 95% bias-corrected bootstrap CIs calculated for adult 

(ad) and progeny (prog) woody plants. Only genetic parameters with a significant Q statistic 

between groups (p < 0.05) (A and P) and He (0.05 ≤ p < 0.1) are shown for both types of effect 

size (A, number of alleles per locus; P, percentage of polymorphic loci; He, expected 

heterozygosity). 

Figure 2.4. Weighted mean effect sizes and 95% bias-corrected bootstrap CIs calculated for 

habitat fragmentation studies with different amounts of time since fragmentation (< 1 generation 

versus > 1 generation; significant Q statistics between groups, * 0.05 ≤ p < 0.1; ** 0.001 ≤ p < 

0.05; *** p < 0.001; A, number of alleles per locus; P, percentage of polymorphic loci; He, 

expected heterozygosity). 
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2.5 Discussion 

Results of our meta-analysis showed that population-level genetic diversity of 

woody species is negatively affected by habitat fragmentation. Moreover, our results 

are largely consistent with results of previous meta-analyses conducted by Honnay 

and Jacquemyn (2007) and Aguilar et al. (2008). This consistency is striking because 

these authors studied effects of fragmentation on predominantly herbaceous species. 

The correlation effect sizes of Honnay and Jacquemyn (2007) for A (0.36), P (0.35), He 

(0.23), and FIS (-0.04) are almost identical to the effects sizes we found. This was also 

the case for Hedge’s d values for A and P (effect size ≈ -0.7) reported by Aguilar et al. 

(2008). Moreover, our finding that genetic variation of woody plant species was 

responsive to habitat fragmentation as genetic variation of herbaceous species is 

consistent with results of recent empirical studies (Knapp et al. 2001; Sork et al. 2002; 

Jump & Pe uelas 2006) that also challenge the common idea that woody species are 

relatively unlikely to lose genetic diversity.  

The metrics A and P were most strongly associated with habitat fragmentation; 

they were more affected to the loss of rare alleles than He. Following fragmentation, a 

reduction in population size will lead directly to a smaller allele pool through the 

elimination of especially rare alleles (Young et al. 1996; Lowe et al. 2005). Other 

processes acting over more generations, including random genetic drift and elevated 

levels of inbreeding, will further reduce genetic diversity (A, P, and He) because both 

rare and more common alleles are eliminated (Lande 1988; Young et al. 1996). 

The inbreeding coefficient (FIS) was not significantly associated with habitat 

fragmentation. The presence of a Wahlund effect or selection against homozygotes 

during recruitment could have affected the response of FIS. With a Wahlund effect, 

heterozygosity is lower than expected as a result of the subdivision of a small, 

isolated population (Lowe et al. 2004), whereas selection against homozygotes at 

early life stages could give the impression of heterozygote superiority and 

corresponding lower inbreeding coefficients (Remington   O’Malley 2000; Hufford 

& Hamrick 2003). The likelihood of population substructuring will be greater in large 

populations and lead to upward-biased inbreeding coefficients (Young et al. 1999; 
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Vakkari et al. 2006). Small and fragmented populations will instead exhibit a 

heterozygosity excess and consequently a downward-biased FIS value (Raijmann et 

al. 1994). Eventually the combination of both processes will decrease the differences 

between the inbreeding coefficients of large and small populations. 

2.5.1 Pollination mechanism 

Fragmentation was negatively associated with genetic variation in insect-pollinated 

trees and shrubs. This is consistent with the results of several studies that 

demonstrate insect pollinators stay within a habitat fragment, rather than moving 

among fragments (e.g., Didham et al. 1996; Goverde et al. 2002). Moreover, habitat 

fragmentation has a strong influence on animal pollinators because it affects their 

population size and foraging behavior (Ashworth et al. 2004), which, in turn, may 

contribute to the strong association of genetic variation in insect-pollinated trees with 

habitat fragmentation.  

Bird-pollinated species, however, maintained genetic diversity; the mean 

weighted effect sizes of bird pollination were not significantly different from zero. 

Movement of pollen by birds among forest fragments may promote outcrossing and 

provide access to a larger mating pool (Murcia 1996). Kramer et al. (2011) recently 

reported lower genetic differentiation in Bridges penstemon (Penstemon rostriflorus), 

which is pollinated by hummingbirds, than in Scabland penstemon (P. deustus), 

which is pollinated by bees. This difference indicates birds may more effectively 

connect distant populations through long-distance pollination. The higher mobility 

of birds relative to insects might be explained by their higher energy needs. As the 

number of food sources decreases, birds will have to visit several food sources to 

satisfy their needs and therefore promote gene flow among sites (Stiles 1978). There 

is empirical evidence that the foraging of birds among isolated populations is 

increased by habitat fragmentation because food resources (seeds, nectar) in small 

remnants are quickly depleted (Bacles et al. 2004; Farwig et al. 2006). In contrast, 

some argue that pollen flow through birds tends to be very localized (Coates & 

Hamley 1999; Llorens et al. 2004) because birds visit more flowers within rather than 

among plants, even in continuous forests. Wind-pollinated trees and shrubs appear 
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to be as likely to lose genetic diversity as insect-pollinated species, indicating that 

severe habitat fragmentation may lead to pollen limitation and limited gene flow, 

even in tree species that are presumed to have efficient ways of gene dispersal. It is 

likely that due to leptokurtic dispersal of wind-borne pollen, the efficiency of wind 

pollination will drop sharply as distances from a pollen source increase (Levin & 

Kerster 1974; Honig et al. 1992). Once a threshold value of spatial isolation has been 

reached, less pollen will be transferred successfully between forest stands. Moreover, 

wind pollination within stands may be affected by small population sizes and low 

habitat quality in fragments. Knapp et al. (2001), for example, observed a decline in 

acorn production as stand density of blue oak (Q. douglasii) decreased. A smaller 

pollen cloud combined with increasing distances among individuals also decreases 

the efficiency of pollen transfer within stands (Whitehead 1983; Knapp et al. 2001). 

2.5.2 Future loss of genetic variation 

The genetic effects of habitat fragmentation were less pronounced in studies in which 

adult plant tissue was used than in studies in which progeny tissue was used (Figure 

2.3). Moreover, studies in which adult plant tissue from populations fragmented for  

< 1 generation were used showed no significant genetic responses (Figure 2.4), which 

suggests that the reported genetic diversity reflects that of the historical, less-

fragmented landscape and therefore can be considered to be in a prefragmented 

state. This time lag between forest fragmentation and loss of genetic variation may 

have created a so-called genetic extinction debt (Honnay et al. 2006). Because woody 

plants have long life-spans, decreases in their genetic variation are more likely to be 

affected by these time lags (Vellend et al. 2006; Kuussaari et al. 2009). This implies 

that recently fragmented tree populations may lose a large amount of their genetic 

variation, which could eventually lead to local extinction as they pay off their 

extinction debt. In addition, studies that investigated adult genetic diversity in 

recently fragmented forest patches, may have seriously underestimated the genetic 

effects of habitat fragmentation. We found that the response of tree populations to 

habitat fragmentation depended on the characteristics of the fragmented system. 

Genetic loss between generations may be limited if populations remain large and 
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continuous enough so as not to exceed fragmentation thresholds below which 

genetic variation is lost over time (Ezard & Travis 2006).  

The difference between the genetic variation of adults and progeny depended 

heavily on the genetic diversity measure that was used. For adult and progeny tissue, 

A was significantly associated with habitat fragmentation, whereas for P and He, the 

mean weighted effect sizes of adult tissue did not differ significantly from zero. This 

can be explained by the fact that A is more sensitive to the early effects of 

fragmentation, whereas heterozygosity requires longer periods of fragmentation 

before its effects become detectable (Young et al. 1996; Kramer et al. 2008). 



 

 
 

 

 



 

 

 



 

 
 

 

 

Chapter 3. 

Transmission of genetic variation from 

the adult generation to naturally 

established seedling cohorts in small 

forest stands of pedunculate oak  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adapted from: 

Vranckx G, Jacquemyn H, Mergeay J, Cox K, Kint V, Muys B, Honnay O. 2014. 
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3.1 Abstract 

Natural regeneration is being increasingly encouraged as the preferred regeneration 

method for sustainable forestry. However, the benefits of natural regeneration may 

be jeopardized in small and low-density forest stands, as genetic drift and inbreeding 

may reduce genetic diversity of the standing population. Particularly in light-

demanding tree species, which are characterized by a narrow recruitment window, 

conservation of genetic diversity during natural regeneration can be challenging in 

small forest stands. In this study, we investigated intergenerational transmission of 

genetic diversity in stands of the light-demanding tree species pedunculate oak 

(Quercus robur L.) by comparing genetic diversity between adults and recently 

established seedlings (1-3 years old) in four small stands of Q. robur (< 4.5 ha) that 

varied in tree density. We also quantified mating patterns and gene flow to 

investigate their role in shaping the genetic diversity and spatial genetic structure of 

the populations. When all stands were pooled, the adult trees showed a slightly but 

significantly higher allelic richness (Ar) than the offspring cohort (Ar = 11.5 and 10.7, 

respectively). However, at the stand level, no significant negative effects on the 

genetic diversity of the seedling cohort were found. As expected, acorn dispersal was 

restricted to a few meters from mother trees, resulting in significant small-scale 

spatial genetic structure in the progeny. Pollen inflow from outside the study plots 

varied strongly among stands, but all plots showed a significant correlated paternity 

(rp), with higher estimates of rp found in small and low-density stands. Given that 

high rp-levels may increase the probability of biparental inbreeding and may incur 

fitness costs in subsequent generations, we recommend that in small scale forestry of 

Q. robur, population sizes and tree densities should be sufficiently large to maintain 

genetic diversity over the long term. Allowing gene flow between tree populations 

through reducing the spatial isolation among stands, can help to increase Ne in small-

scale silvicultural systems of pedunculate oak, but also in other species characterized 

by a narrow recruitment window. 
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3.2 Introduction 

One of the major challenges in sustainable forestry is the conservation of biological 

diversity, including forest genetic resources (Lindenmayer et al. 1999). By providing 

the raw material for evolution, genetic diversity is generally considered important 

for adaptation of forest trees to changing environmental conditions, and thus for the 

maintenance of vital and productive forests (Jump et al. 2009). In the face of ongoing 

climate change, maintaining high genetic diversity within forest stands will increase 

the likelihood that well adapted genotypes are present and increase the long-term 

viability of tree populations (Hamrick 2004).  

The sessile nature, longevity and high fecundity of tree species imply that the 

most important changes in the amount and distribution of genetic diversity within 

forest tree populations can be expected during the regeneration phase. This is 

because in naturally regenerated forest stands mortality rates of seedlings can be 

very high (Kaufmann et al. 1998; Vranckx et al. 2012), particularly in light-

demanding tree species (Götmark 2007). Although light-demanding seedlings can 

tolerate low amounts of daylight during the first years of regeneration through 

surviving on the nutrients in their seeds and storage organs, insufficient canopy 

opening may rapidly result in massive dying off of seedlings within 3 - 5 years after 

germination (Lemée 1987; Vera et al. 2006). As a result of this typically small window 

of recruitment opportunity, selection against less adapted genotypes can be expected 

and therefore natural regeneration is generally considered as an effective way to 

maintain genetic diversity and the evolutionary potential of trees (Finkeldey & Ziehe 

2004). Compared to artificial regeneration, natural regeneration also has considerable 

economic and ecological advantages (Bürgi & Schuler 2003; Shono et al. 2007; 

Chazdon 2008), and the risk for outbreeding depression, which may occur through 

the transfer of seeds or seedlings from different provenance regions, will be avoided 

in natural regenerated forest stands (Kramer & Havens 2009).  

Natural regeneration is, however, not necessarily a safeguard against losses of 

genetic diversity between generations because the exact way alleles are transferred 

from the parental generation to progeny also depends on silvicultural practices 
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(Robledo-Arnuncio et al. 2004; Piotti et al. 2011), and stand characteristics such as 

stand size and tree density (Young et al. 1996; Eckert et al. 2010). For example, under 

classic shelterwood systems, trees are progressively removed to increase light 

availability and to promote natural regeneration. However, at the same time the 

effective population size of the parental population is reduced, which may decrease 

the genetic diversity of recruits on the short term through random genetic drift 

(Finkeldey & Ziehe 2004). Moreover, removal of adult trees and decreasing tree 

density may directly affect pollen and seed dispersal patterns. This can, in turn, 

increase the relatedness in the next generations and result in mating among closely 

related individuals and increased inbreeding in later generations (El-Kassaby et al. 

2003; Sork et al. 2002). The negative effects of reduced stand density on mating 

patterns were recently supported by a meta-analysis conducted by Breed et al. 

(2013b). In this study, animal-pollinated woody plants showed less diverse pollen 

pools and increased selfing rates in forest stands with low tree density. These 

interactions between tree density and mating patterns are not only found in animal 

pollinated woody plants, even in wind-pollinated tree species, which are generally 

characterized by extensive gene flow, positive relationships were found between the 

density of a forest stand and the estimated number of pollen donors contributing to 

the offspring (Sork et al. 2002; Fernández-Manjarrés & Sork 2005). Besides changes in 

within-stand genetic variation and mating system, altered patterns of seed and 

pollen dispersal associated with changes in stand characteristics can also be expected 

to affect the spatial genetic structure of tree populations (Vekemans & Hardy 2004). 

While it has been suggested that distant pollen movement can be facilitated by 

opening up the landscape (Bacles et al. 2005), small and low-density forest stands, 

which are generally characterized by large inter-tree distances, are likely to be 

particularly susceptible to generate a significant spatial genetic structure as a result 

of limited gene dispersal over greater distances (Hamrick et al. 1993; Sagnard et al. 

2011).  

Although natural regeneration is likely the best strategy to maintain genetic 

diversity and evolutionary potential in most forest tree species with large effective 

population sizes, it is, questionable whether this is also the best strategy for low-
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density, small and isolated stands of light-demanding tree species. These forest 

stands are, however, common in many parts of Western Europe mainly as a 

consequence of past deforestation and fragmented forest ownership (Hyttinen 2001; 

Wiersum et al. 2005). Moreover, the transformation of monocultures into mixed and 

uneven-aged forest stands has reduced the number and size of monospecific forest 

patches (Maes et al. 2011). Studies that have extensively documented 

intergenerational transmission of tree genetic diversity in small-scale forest 

management systems (< 5 ha) are relatively rare, and most of them focused on 

conifers (Rajora et al. 2000; Kettle et al. 2007; Parker et al. 2001) or tropical tree species 

(Dayanandan 1999; Farwig et al. 2008). Furthermore, the few studies that have been 

conducted on broadleaved temperate tree species focused on elucidating patterns of 

pollen flow through genotyping seed material that was directly obtained from 

mother trees (Piotti et al. 2011; Butcher et al. 2005; Hoebee et al. 2007). Whereas such 

studies can identify pollen flow patterns that result in fruit set, they do not provide 

any information regarding the genetic composition of the progeny that effectively 

recruited into the population.  

To better understand the processes that shape genetic diversity across 

generations in small and low-density forest stands, we analysed mating system and 

gene flow patterns in the common temperate broadleaved tree species pedunculate 

oak (Quercus robur L.) and compared genetic diversity between adult trees and 

naturally established seedling cohorts. Analyses were conducted in four closed 

canopy forest stands that were located in a matrix of agricultural land or stands of 

other tree species such as Pinus sylvestris L., P. nigra Arnold and Fagus sylvatica L. 

Since Q. robur is a light-demanding tree species characterized by a narrow 

recruitment window, only a recently established seedling cohort (1-3-year old) was 

found in the studied monospecific forest stands. This is not uncommon in European 

oak forests (Vera et al. 2006), and may influence the intergenerational transfer of 

genetic diversity. More specifically, we aimed:  
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 To assess to what extent genetic diversity is maintained between adults and 

recent naturally established seedling cohorts in small and low-density oak 

stands. 

 To quantify mating patterns and within-stand gene flow. 

 To compare fine-scale spatial genetic structure (SGS) between the two 

studied life-history stages.  

3.3 Materials and Methods 

3.3.1 Study species 

Pedunculate oak (Quercus robur L.) is an indigenous tree species belonging to the 

white oak section (subgenus Lepidobalanus). Its natural range extends from Southern 

Scandinavia to the south of Europe, and eastwards to the Ural Mountains (Bary-

Lenger & Nebout 1993). Q. robur occurs on a wide range of soils and is a keystone 

species of many European forest ecosystems. It is a monoecious and wind-pollinated 

species that has a highly outcrossing breeding system (selfing rate: 2 - 5%, Steinhoff 

1993). The distinct male and female flowers are borne on staminate and pistillate 

inflorescences, respectively, which are carried on the same branches (Ducousso et al. 

1993). Fertilization occurs 8 - 10 weeks after pollination, followed by rapid 

development of the acorns. These are dispersed during autumn by gravity, small 

rodents or birds, most notably the European Jay (Garrulus glandarius L.). A large 

number of acorns is produced during mast years, which may lead to a strongly 

increased propagule pressure and induce regeneration waves (Bary-Lenger & 

Nebout 1993). Acorns can germinate and establish under closed canopy cover. 

Seedlings, however, require high irradiance and thus strong forest canopy opening 

(30 - 40% crown projection area) for further growth and development (Vera et al. 

2006; Bary-Lenger & Nebout 1993). 

3.3.2 Study populations and sampling 

In the summer of 2010 and the spring of 2012 we sampled four monospecific 

pedunculate oak stands in the central and eastern part of Flanders (Northern 
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Belgium), with population sizes ranging from 32 to 682 adult individuals, and 

densities ranging from 65 trees/ha to 195 trees/ha (Table 3.1). The investigated forest 

stands were part of old forests, which occur on the historical De Ferraris 

topographical maps (1772 - 1779) and which all have a past history of forest 

fragmentation and tree planting (Tack et al. 1993). Research permits for all forests 

were provided by the Agency for Nature and Forests of the Flemish government. 

Stands were either located in a matrix of agricultural land or other tree species. They 

also differed in their degree of isolation from the nearest Q. robur stand (Table 3.1). 

Because the study sites were characterized by a closed canopy cover, only recently 

established seedling cohorts (1-3-year old) were present in these closed canopy 

forests. The seedlings sampled most likely originated from acorns produced during 

the years 2009 and 2011, which were mast years for oak in Flanders (Sioen & 

Roskams 2012).  

Table 3.1. Characteristics of the 4 studied pedunculated oak stands. 

Forest 

stand 

Latitude 

(N) 

Longitude 

(E) 

Area 

(ha) 

Population 

size 

Density 

(trees/ha) 

Plot size 

(ha) 

Isolation 

(m) 

Keffers 50°50'26" 4°42'00" 3.04 328 118 0.49 400 

Vos 50°49'27" 4°39'33" 3.97 682 195 0.24 175 

Hornebos 50°43'02'' 5°15'34'' 4.5 242 65 0.78 1000 

Chartreuse 50°54'45'' 4°46'25" 0.43 32 74 0.43 135 

In the centre of each stand, one large circular plot containing 35 pedunculate 

oak adults was established, ranging in size from 0.24 - 0.78 ha. All adult trees in this 

plot were sampled in the summer of 2010. In the smallest population (Chartreuse) all 

adult trees (32) present were sampled. At the same time, a subplot of 20 x 20m was 

established in the centre of each large circular plot. We followed this subplot 

approach in order to (1) increase the probability of assigning offspring to parents in 

the parentage analysis, and (2) conduct analyses of fine-scale spatial genetic structure 

and mating system. 100 arbitrarily selected seedlings were sampled in these subplots 

(Figure 3.1). Since these 100 seedlings might be half- or even full-sibs and thus 
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pseudo-replicates, they were not used in further analyses comparing genetic 

diversity between the adult generation and progeny. To allow for comparisons of 

genetic diversity (Ar, Ho, He, FIS, rare alleles) between generations, an additional 35 

recently established Q. robur seedlings were arbitrarily selected and sampled in 

spring 2012, across the large circular plots where also the adult generation was 

sampled.  

 

Figure 3.1. Sampling design of the study, with A: Adults and S: Seedlings. 

To avoid that this seedling cohort contained various offspring from the same 

mother tree (half-sibs), a parentage analysis (CERVUS 3.0.3; Marshall et al. 1998) was 

conducted to assign these 35 seedlings to their mother trees. Seedlings that shared 

the same mother tree were not used in further analyses comparing genetic diversity 

between generations. Per stand we could obtain 25 seedlings, which all originated 

from different mother trees. All individuals were positioned up to the nearest cm 

using a FieldMap digital forest mapping system (IFER Ltd., Czech Republic), 



54   Chapter 3 

connected with the Laser Rangefinder ForestPro and electronic compass MapStar 

Module II (both Laser Technology Inc., Colorado, USA). The sampled leaf tissue from 

adult trees and seedlings was dried on silica gel for DNA extraction. 

3.3.3 Genetic markers 

Dried leaf samples were ground up for DNA extraction using the Nucleospin Plant II 

kit (Macherey-Nagel). Ten nuclear microsatellite markers were selected for genetic 

analysis, six isolated from Quercus petraea: QpZAG9, QpZAG108, QpZAG46, 

QpZAG15, QpZAG110, QpZAG104 (Steinkellner et al. 1997), three from Quercus 

macrocarpa: MSQ4, MSQ13, MSQ16 (Dow et al. 1995; Dow & Ashley 1996) and one 

from Quercus robur: QrZAG112 (Kampfer et al. 1998). The microsatellites were 

located on seven different linkage groups (Barreneche et al. 1998). The Polymerase 

chain reaction amplifications were performed using the Multiplex PCR Master Mix 

kit (QIAGEN) and amplifications were carried out in a thermocycler programmed for 

the following PCR profiles: 15 min 94°C, followed by 30 cycles of 45 s 94°C, 45 s 50°C 

and 45 s 72°C and a final elongation step of 10 min at 72°C. Analysis of the amplified 

fragments was done with an SCE9610 genetic analyzer and GenoSpectrumTM 

software (version 3.0.0 beta) for the samples collected in 2010 and an ABI 3500 

genetic analyzer (Applied Biosystems, Foster City, USA) and GeneMapper sotware 

(version 4.1.) for the 2012 samples. Reference samples with known genotypes were 

used to align the genotypic data of 2012 to the dataset of 2010. The software Micro-

Checker (Van Oosterhout et al. 2004) was used to detect genotyping errors resulting 

from the presence of null alleles, stutter peaks and large allele drop-out. A high null 

allele frequency (0.12 - 0.18) was consistently observed in one locus (MSQ16), which 

was removed from further analyses. The other microsatellites showed low null allele 

frequencies (< 0.05) in most populations. One microsatellite QpZAG108 showed 

stutter bands in a number of samples, leading to higher null allele frequencies 

(Appendix 3.1). For microsatellites with a high number of alleles (> 20 alleles), the 

total number of studied individuals (539 individuals) was sufficient to ensure a good 

representation of the allelic diversity (Appendix 3.2).  
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3.3.4 Data analysis 

We calculated the following measures of genetic diversity: allelic richness (Ar), 

observed heterozygosity (Ho), Nei’s unbiased expected heterozygosity (He) and 

Wright’s inbreeding coefficient (FIS), using GenAlEx (version 6.2, Peakall & Smouse 

2006). We used the rarefaction approach described by El Mousadik and Petit (1996) 

to account for differences in sample size when calculating allelic richness. The 

percentage of rare alleles per study plot and per generation was calculated by 

dividing the number of low-frequency alleles (< 0.05) by the total number of alleles 

present in a stand. Differences in levels of Ar, Ho, He and FIS between adults and 

progeny were analysed using the comparison among groups of samples test in Fstat 

(version 2.9.3.2; Goudet 1995) computing 1000 permutations. Estimates of effective 

population size (Ne) based on linkage disequilibrium were calculated for each forest 

stand using LDNe (Waples & Do 2008). Only alleles with a minimum frequency of 

0.05 (Pcrit) were included in the analysis, since lower frequencies strongly increase the 

upward bias of Ne when sample size is smaller than 50 (Waples & Do 2008). 

Confidence intervals (95%) for Ne were obtained by jackknifing across loci. The 

presence of a substantial bias of Ne as a consequence of sample sizes much smaller 

than Ne was tested by sub-sampling the available sample at a range of sizes up to the 

full sample size (5 - 35 samples). Ne estimates were then plotted against these sample 

sizes (Appendix 3.3). Our sample size was appropriate to obtain correct estimates of 

Ne using LDNe, as the estimates of Ne stabilized with increasing sample size (England 

et al. 2006). Other assumptions of the linkage disequilibrium method (closed 

populations, discrete generations) might not apply to many natural populations. 

However, we tried to obtain closed populations by locating stands in a matrix of 

agricultural land or other tree species. Furthermore Ne was calculated solely for the 

seedlings collected in the spring of 2012.  

We performed a parentage analysis using CERVUS 3.0.3. (Marshall et al. 1998) 

based on multilocus genotypes of 100 seedlings, sampled in each 20 x 20m subplot, 

and 35 adults per study plot (Figure 3.1). This subplot was established in the centre 

of the adult plot to increase the probability of identifying both parent trees. High 
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exclusion probabilities for parental assignment (single parent exclusion ≥ 0.998 and 

parent pair exclusion ≥ 0.999) were obtained with the used set of SSR markers. The 

most likely parents and parent pairs were detected using LOD (log-likelihood ratio) 

scores (Marshall et al. 1998). LOD-score thresholds for parental assignment were 

determined by simulating 10,000 offspring. For all analyses, the proportion of 

mistyped loci and the error rate for likelihood calculations were set to 0.01 (default 

settings). The number of candidate parents used in the simulation studies ranged 

between 32 and 682 (all mature trees in the studied forest stands) with 100% to 5.1% 

of the candidate parents sampled. Parent-offspring matches were made based on the 

CERVUS 80% threshold level, and a simple exclusion analysis based on the 

multilocus genotypes of seedlings and adults (Nakanishi et al. 2005). Because 

previous studies on oak species indicated that acorn dispersal was more limited than 

pollen movement (Dow & Ashley 1996; Chybicki & Burczyk 2010), the following 

assumptions were made. First, offspring were assigned to both a mother and a father 

tree if the LOD-score threshold for parental pairs was exceeded by the parental pair 

with the highest LOD-score. In that case, the parent nearest to the seedling was 

designated as the mother tree. Second, when only the single parent LOD-score 

threshold was exceeded, the adult tree with the highest LOD was assumed to be the 

seed parent. After parental assignment, seed dispersal distances were calculated as 

the distance between established seedlings and their mother trees (distance from the 

stem), whereas pollen flow (inter-parent) distances could only be obtained if both 

parents were assigned to a seedling. 

We investigated the effect of gene flow on the extent of fine-scale spatial genetic 

structure (SGS), since limited gene flow is considered the most important factor in 

the establishment of SGS (Vekemans & Hardy 2004; Jacquemyn et al. 2006). We 

assessed the extent of SGS in each population using Nason’s kinship coefficient Fij 

(Loiselle et al. 1995). Kinship coefficients were calculated both within (adult pairs and 

seedling pairs) and between generations (adult-seedling pairs). The multilocus 

genotypes of 100 seedlings, sampled in each 20 x 20m subplot, and 35 adults per 

study plot were used in these analyses. The extent of SGS between the adult and 

seedling cohort may provide insights into the role that gene dispersal from the 
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parent generation plays in shaping spatial genetic patterns within forest stands 

(Hamrick et al. 1993). Distance intervals were chosen according to recommendations 

of Hardy and Vekemans (2003), implying that at least 100 pairs of individuals were 

included within each distance class, and that 50 percent of the individuals were 

represented at least once in a pairwise comparison in each distance interval. 

Consequently, distance classes differed among generations and studied stands. To 

visualize SGS, kinship coefficients were plotted against distance classes to generate 

spatial genetic autocorrelograms. To verify the significance of kinship coefficients 

and Sp statistics, confidence intervals (95%) were obtained by permuting individuals 

among locations 10,000 times. All analyses were conducted using SPAGeDi 1.3 

(Hardy & Vekemans 2002).  

We conducted a mating system analysis using the program MLTR version 3.2 

(Ritland 2002). MLTR was applied to a subset of progeny that was categorically 

assigned to their mother tree in the parentage analysis. Only families composed of 

more than 5 seedlings per mother tree were included in the analyses. Maximum-

likelihood estimates of single-locus (ts) and multilocus (tm) outcrossing rates were 

based on mixed mating models, and the difference between both parameters (tm - ts) 

was calculated to determine biparental inbreeding. Correlated paternity (rp) was 

estimated as the probability that two seedlings drawn at random from the same 

mother tree shared the same father tree. The effective number of pollen donors per 

mother tree was estimated as 1/rp. Confidence intervals (95%) for the estimated 

mating system parameters were obtained by re-sampling families within populations 

using 1000 bootstraps. These 95% confidence intervals were used to evaluate whether 

estimates were significantly different from each other and from zero. 

In addition, the TWOGENER method was used to characterize correlated 

mating (Smouse et al. 2001), as implemented in the software package POLDISP 1.0c 

(Robledo-Arnuncio et al. 2007). Contrary to the MLTR method, the TWOGENER 

method account for spatial information and does not consider selfing and 

immigration (Gauzere et al. 2013). The molecular differentiation between global 

pollen pools ΦFT, and a corresponding variance estimator s2Φ, was calculated for the 
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above TWOGENER-dataset following Smouse et al. (2001). The parameters 2ΦFT and 

1/2ΦFT were used as an alternative estimator for correlated paternity and the effective 

number of pollen donors. Confidence intervals (95%) around ΦFT were based on the 

estimated standard deviation (sΦ). 

3.4 Results 

For the 539 studied individuals, the total number of alleles per locus ranged from 11 

(QpZAG9) to 36 (QpZAG104), with an average of 21.6 (± 2.7) (means are followed by 

SE in parentheses). The pooled sample of naturally established seedlings across all 4 

forest stands showed a significantly higher (exact test, 1000 permutations, p = 0.043) 

allelic richness (Ar) in adult trees 11.5 (± 0.2) than in the seedling cohort 10.7 (± 0.2) 

(Table 3.2). Higher levels of Ar in adults compared with seedlings were also detected 

for each population separately. However, the standard errors of Ar were large, 

suggesting that the observed trends were rather weak. Contrary to the mean Ar 

across populations, observed heterozygosity (Ho), expected heterozygosity (He) and 

inbreeding coefficient (FIS) did not differ between the adult and progeny cohort 

(exact test, 1000 permutations, p > 0.05) (Table 3.2). The percentage of rare alleles 

clearly decreased (28.4%) across generations in the forest stand Vos, which exhibited 

the highest proportion of rare alleles in the adult generation (Figure 3.2). In all    

Figure 3.2. Percentage of rare alleles ± standard errors compared between adults and seedlings 

present in the four studied forest stands. 
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stands, the effective population size (20 - 60 individuals) was smaller than the census 

population size (32 - 682 individuals) and decreased with declining census 

population size (Table 3.2).  

3.4.1 Parentage analysis 

Of the 100 seedlings sampled in each 20 x 20 m subplot, a high percentage (81 - 93%) 

could be unambiguously assigned to a mother tree from within the study plot 

(Appendix 3.4). In the stands Chartreuse, Keffers and Vos, 90% of the assigned 

seedlings were growing within a 10 m radius from the stem of their mother tree 

(Appendix 3.5). Seed dispersal distances were small in these stands, with average 

values ranging from 4.2 m (± 0.03) to 4.9 m (± 0.03). Higher levels of seed dispersal 

were found in Hornebos, where an average distance of 15.4 m (± 1.2) was observed, 

with 75% of the seedlings present within 20 m of their mother. The number of 

seedlings assigned to a pollen donor differed between the sampled forest stands 

(Appendix 3.4). Pollen flow from outside the study plot was extensive in the stands 

Keffers and Vos, where 67% and 79% of the seedlings resulted from pollination by 

pollen from trees outside the study plot respectively. In Chartreuse and Hornebos, 

however, most seedlings (68% and 60%) originated from fathers within the plot.  

3.4.2 Fine-scale spatial genetic structure (SGS) 

No significant spatial genetic structure was observed for the parent trees (results not 

shown), whereas seedlings and seedling-adult pairs showed significant spatial 

genetic structure (Appendix 3.6). Kinship coefficients peaked outside the 95% 

confidence interval at the smallest distance intervals, followed by a steep decline at 

greater distance classes (Figure 3.3). In Chartreuse, Keffers and Vos, between-

generation SGS was detected up to a distance of 8 - 10 m (Figure 3.3), resulting in 

significant Sp-statistics (95% CI excludes zero) that varied between 0.016 and 0.019. 

Hornebos, however, showed significant positive values of Fij that occurred at larger 

distances (up to 14 m, Sp = 0.008). Negative Fij-estimates were observed at 8 and 13 m 

in Vos and Keffers (Figure 3.3), indicating that a smaller number of alleles was 

shared between individuals than expected by chance.  
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Table 3.2: Estimates of effective population size (± confidence intervals) and genetic diversity measures (± standard errors) for adults and progeny 

from four Q. robur populations based on 9 microsatellite loci.  

 Ne Ar* Ho He. FIS 

 (Pcrit = 0.05) Adult Progeny Adult Progeny Adult Progeny Adult Progeny 

Keffers 45.7 (29.3-86.1) 12.0 (1.2) 11.1 (1.1) 0.772 (.036) 0.813 (.036) 0.825 (.028) 0.824 (.023) 0.066 (.029) 0.014 (.051) 

Vos 58.4 (32.3-168.2) 11.8 (1.2) 10.4 (1.1) 0.819 (.041) 0.786 (.034) 0.823 (.033) 0.822 (.027) 0.006 (.033) 0.045 (.028) 

Hornebos 34.6 (23.8-55.6) 11.1 (1.2) 10.8 (1.1) 0.793 (.039) 0.813 (.047) 0.818 (.028) 0.817 (.031) 0.031 (.039) 0.005 (.034) 

Chartreuse 22.6 (14.6-38.0) 11.1 (1.4) 10.4 (1.4) 0.808 (.025) 0.805 (.051) 0.818 (.033) 0.805 (.031) 0.013 (.020) -0.001 (.042) 

Mean** 40.3 11.5 (0.2) a 10.7 (0.2) b 0.798 (.010) a 0.804 (.010) a 0.821 (.002) a 0.817 (.004) a 0.029 (.013) a 0.016 (.010) a 
 

Ne, effective population size with Pcrit the minimum frequency for alleles to be included in the analysis; Ar, allelic richness; Ho, observed heterozygosity; He, 

expected heterozygosity; FIS, inbreeding coefficient;  

*allelic richness based on a minimum sample size of 25 individuals 

**means across populations followed by the same letter are not significantly different at the p < 0.05 level (1000 permutations, Fstat) 

 

 



Intergenerational Transmission of Genetic Diversity in Oak 61 

 
 

Figure 3.3. Auto-correlograms of Nason’s kinship coefficients (Fij) ± standard deviations for adult-

seedling pairs in the four studied forest stands: Keffers (A), Vos (B), Hornebos (C), Chartreuse 

(D). The dashed lines indicate upper and lower 95% confidence intervals (10,000 permutations).  

3.4.3 Mating system analysis  

High levels of multilocus outcrossing were observed for the four studied populations 

(tm = 0.984 - 1.000), supporting the outcrossing nature of Q. robur (Table 3.3). 

Estimates of biparental inbreeding were in general low across all study plots (tm - ts = 

0.029 - 0.063), but they were significantly higher than zero (95% CI excludes zero) in 

the forest stands Chartreuse and Vos. The presence of significant biparental 

inbreeding in these stands was most likely the result of single-locus outcrossing 

rates, which were significantly lower than one (95% CI excludes one). The 95% 

confidence intervals of all estimates of correlated paternity (rp, MLTR and 2ΦFT, 

TWOGENER) did not include zero, suggesting the presence of full sibs within the 

seedling cohort. Using Ritland’s MLTR model, we found significantly higher levels of 
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correlated paternity in the stand Chartreuse (rp = 0.135) compared to the other forest 

stands (non-overlapping 95% CI, rp = 0.036 - 0.063) (Figure 3.4). The values obtained 

with the TWOGENER method showed a similar tendency, although somewhat 

lower. In this case, the correlated paternity of Chartreuse differed only significantly 

with the stands Keffers and Vos (Figure 3.4). For both models, the average ‘‘paternal 

mating pool’’, the estimated number of pollen donors per mother tree (1/rp, MLTR 

and 1/2ΦFT, TWOGENER) was low in Chartreuse (respectively 7.4 and 11.2 fathers), 

whereas in the remaining populations ca. 2 to 4 times more fathers per mother trees 

were estimated (Table 3.3).  

Figure 3.4. Estimators of correlated paternity (rp and 2ΦFT) and 95% bootstrap confidence 

intervals for the four studied Q. robur stands. 
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Table 3.3 Mating system estimates and their standard errors (in parentheses) for the four studied Q. robur stands. 

Forest stand tm ts tm - ts 
Correlated paternity 

estimators 
  # Pollen donors 

    rp 2ΦFT   1/rp 1/2ΦFT 

Keffers 0.987 (0.009) 0.950 (0.020)* 0.037 (0.022) 0.036 (0.008)* 0.021 (0.003)*   27.8 47.3 

Vos 1.000 (0.000) 0.960 (0.009)* 0.040 (0.009)* 0.039 (0.007)* 0.037 (0.004)*   25.6 27.3 

Hornebos 0.984 (0.015) 0.956 (0.025) 0.029 (0.018) 0.063 (0.005)* 0.057 (0.014)*   15.9 17.4 

Chartreuse 1.000 (0.000) 0.937 (0.017)* 0.063 (0.017)* 0. 135 (0.017)* 0.090 (0.015)*   7.40 11.2 
 

tm, multilocus outcrossing rate; ts, single-locus outcrossing rate; tm - ts, biparental inbreeding; rp, correlated paternity estimated with Ritland’s mixed mating 

model (2002);ΦFT, Paternity differentiation between families TWOGENER method; 1/rp and 1/2ΦFT,  Effective number of pollen donors from MLTR and 

TWOGENER respectively.  

*Significantly less than 1 for tm and ts, and significantly greater than zero for tm - ts, rp  and 2ΦFT (p < 0.05) 
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3.5 Discussion 

3.5.1 Genetic diversity of adults and seedlings 

No clear differences (large standard errors) between the genetic diversity measures 

of the offspring cohort and adult generation were found in the small and low-density 

forest stands that were studied. Only the naturally established seedlings in the stand 

Vos showed a strong decrease (-28.4%) of the number of rare alleles. Such 

unpredictable fluctuations in allele frequencies can likely be attributed to genetic 

drift, since drift may rapidly remove low frequency alleles (Young et al. 1996; 

Ellstrand & Elam 1993). However the overall effect of genetic drift on allelic richness 

(Ar) was rather limited, and only when all stands were pooled, the adult cohort 

showed a slightly but significantly higher allelic richness than the recently 

established (1-3-year old) seedling cohort. This may indicate that effective population 

sizes (Ne) were large enough to avoid strong losses of genetic diversity during 

reproduction (Lande 1995; Franklin & Frankham 1998). The non-significant changes 

across generations that were obtained for observed heterozygosity (Ho) and the 

inbreeding coefficient (FIS) support this finding, and suggest that inbreeding was low 

or negligible. However, FIS and Ho are less sensitive indicators of low Ne than Ar, and 

may require extended periods of low Ne before changes in Ho or FIS become detectable 

(Young et al. 1996). Furthermore, because we only sampled recently established 

seedling cohorts (1-3-year old) and because adult trees may reproduce during many 

decennia, the above results need to be interpreted with caution as they may have 

underestimated the total genetic diversity that could be transferred during natural 

regeneration of the stands. The genetic composition of seedlings may vary across 

years, due to stochasticity and variation in environmental factors that affect mating 

system, gene flow and early mortality (Petit & Hampe 2006). Although the 

recruitment window of light-demanding tree species such as Q. robur is restricted in 

time (mast years) and space (light requirement), it would be beneficial to sample 

seedlings over a larger number of seasons to get a better idea of seasonal fluctuations 

in gene flow and genetic composition of the seedlings. 
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3.5.2 Contemporary gene flow 

The high outcrossing rates observed in all stands (Table 3.3) support the nearly 

complete self-incompatibility system in the genus Quercus, which can be attributed to 

the gametophytic control of the pollen tube growth in the style (Ducousso et al. 

1993). Artificial pollination experiments conducted by Aas (1991) and Steinhoff 

(1993) revealed that most of the studied oak individuals possess this gametophytic 

self-incompatibility system, through which selfing is rarely distributed over oak 

populations. The selfing rates found here (s = 0.7%) were lower than the estimates 

reported by Steinhoff (s = 1.8%, 1993). However, contrary to Steinhoff (1993), who 

analysed control-pollinated seeds, we measured the realized outcrossing rate at the 

seedling stage, where early selection and random drift effects might have eliminated 

less fit homozygotes (Honnay et al. 2008). Despite the predominantly outcrossing 

nature of Q. robur, and the small proportion of biparental inbreeding that was 

observed (tm - ts = 0.029 - 0.063), significant spatial genetic structure (SGS) was found 

within the seedling cohort. In contrast, the adult generation did not show a 

significant SGS in all forest stands, which could be explained both by tree planting in 

the past and by the spatial scale of the adult plots which was insufficiently large 

(only 32 - 35 trees) to span the SGS of the adult generation (Dostálek et al. 2011). The 

SGS in the seedling cohort was observed at the shortest distance classes (< 10 m) and 

can most likely be attributed to half- and full-sibs typically growing beneath the 

canopy of their mother trees, as an important fraction of acorns falls beneath the 

canopy of the mother tree (Streiff et al. 1998). Indeed, we found that most seedlings 

(81 - 93%) originated from mother trees within the study plot (Appendix 3.4 & 3.5). 

Apart from the limited seed dispersal, the low tree density may also have 

contributed to the observed SGS. Overlapping seed shadows, which are more likely 

to occur in high-density forests, may decrease levels of spatial genetic structure 

(Nakanishi et al. 2005). In the low-density forest stands (Chatreuse and Hornebos) we 

found significant SGS which occurred at larger distances compared to the stands 

with higher tree densities (Vos and Keffers). Although restricted seed dispersal is a 

general characteristic of oak species (Dow & Ashley 1996; Chybicki & Burczyk 2010), 
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some studies have indicated that dispersal by birds could strongly increase the long-

distance component of the dispersal kernel (Gómez 2003; Moran & Clark 2011). Our 

estimates of the average seed dispersal distance (4.9 - 15.4 m) were similar to 

dispersal distances found for Quercus robur and Q. petraea by Chybicki & Burczyk 

(2010) (8.8 - 15.6 m). Furthermore, the higher levels of seed dispersal (15.4 m) that 

were found in Hornebos may be partly caused by the larger mean tree height and 

larger crown sizes in this stand (Cousens & Rawlinson 2001).  

In all study plots, relatively low seed immigration rates (7 - 19%) were 

observed, confirming that gene flow was mainly mediated by pollen. On the other 

hand, the proportion of pollen originating from outside the study plots was much 

higher (32 - 79%). High percentages of immigrant pollen are not necessarily due to 

long distance pollination events, but may also result from pollination of adult trees 

from outside the study plot that were located within the oak stand. High percentages 

of out-of-plot pollen immigration rates are known for Quercus species, usually 

ranging between 50 - 70% (Chybicki & Burczyk 2010; Nakanishi et al. 2005). 

However, Valbuena-Carabana et al. (2005) obtained lower pollen immigration rates 

(< 40%) for Q petraea and Q. pyrenaica. The differences in pollen immigration rates 

between study plots suggest that stand characteristics in small scale forestry systems 

can have a major impact on pollen flow patterns. In the case of small or low-density 

stands, few trees may contribute pollen (Smouse & Sork 2004; Breed et al. 2013b). 

Indeed, the smallest stand Chartreuse (32 individuals), which was also characterized 

by a low tree density, showed a significantly higher correlated paternity, and thus a 

lower estimated number of pollen donors per mother tree than the other stands 

(Figure 3.4). Similar results were found in the wind-pollinated tree Pinus sylvestris by 

Robledo-Arnuncio et al. (2004). In this study, seed trees of the smallest stand (36 

individuals) showed 100-fold higher estimates of correlated paternity than the larger 

stands (> 105 individuals).  

Contrary to Robledo-Arnuncio et al. (2004) who did not find a clear effect of 

tree density on correlated paternity, tree density may have influenced pollen flow in 

our study. For example, the medium-sized forest stands Hornebos (242 individuals) 
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and Keffers (328 individuals), which differed in tree densities (65 trees/ha and 118 

trees/ha respectively), showed differences in correlated paternity (0.063 versus 0.036) 

and pollen immigration rates (40% versus 67%). These results are consistent with 

earlier studies in other Quercus species (Q. humboldtii, Q. alba, Q. lobata), which 

showed a positive relationship between the density of a forest stand and the 

estimated number of pollen sources contributing to the offspring (Sork et al. 2002; 

Fernández-Manjarrés & Sork 2005). However, although the forest stand Vos 

exhibited the largest population size (682 individuals) and highest tree density (195 

trees/ha), the estimates of correlated paternity were similar to the ones found in the 

stand Keffers (328 trees, 118 trees/ha). This may indicate that in dense oak 

populations local mating may play a major role, together with high rates of pollen 

immigration (Chybicki & Burczyk 2010; Fernández-Manjarrés et al. 2006). 

3.5.3 Perspectives for maintaining genetic diversity in small oak stands 

In the literature, the 50 - 500 conservation “rule” is often cited as a general guidance 

to maintain viable populations among taxa (Franklin 1980). According to this 

guideline, a minimum effective population size (Ne) of 50 individuals is necessary to 

prevent populations against the immediate effects of inbreeding depression, whereas 

effective population sizes of at least 500 individuals have been proposed to be 

necessary for the conservation of the evolutionary potential in the long term 

(Franklin & Frankham 1998). However, based on the inbreeding depressions that 

have been reported in laboratory populations and based on more recent alternative 

quantitative genetic theory, the 50 - 500 rule should at least be doubled (100 - 1000 

rule) to avoid inbreeding and to limit the total fitness loss (< 10%) in the short term (5 

generations) and for maintaining the evolutionary potential of natural populations 

(Frankham et al. 2014). 

Although we obtained low Ne estimates in all studied stands (22.6 - 58.4 

individuals), no selfing and only very marginal estimates of biparental inbreeding 

were observed. However, higher estimates of correlated paternity were found in 

stands with low Ne. Consequently, stronger effects of biparental inbreeding in 

subsequent generations may be expected, as high levels of correlated paternity will 
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increase the probability of mating among half- and full-sibs (Young & Brown 1999). 

In addition, reduced pollen diversity may have fitness costs on future offspring 

generations independently of inbreeding, as a lower diversity of pollen can increase 

the number of recessive deleterious alleles within the paternal mating pool and 

decrease pollen competition (Breed et al. 2012). Although each population separately 

showed the tendency of lower Ar in the offspring, no strong differences between the 

genetic diversity measures of the offspring cohort and adult generation were found. 

This supports the findings that genetic drift and inbreeding were minimal or may not 

yet have been detectable in the studied stands and indicates that other factors may 

influence or mitigate the genetic consequences of small population size (Williamson-

Natesan 2005). An important factor that may increase the effective population size in 

natural regenerating oak forests is extensive pollen flow (Dow & Ashley 1998). The 

high (> 30%) pollen immigration rates that were observed in our study, may have 

counteracted the negative genetic consequences associated with small forest stands. 

In oak species, pollen may travel up to several kilometres, maintaining high levels of 

genetic diversity within oak stands (Dow & Ashley 1998; Buschbom et al. 2011). 

However, UV light may degrade oak pollen (Schueler et al. 2005) and local matings 

may limit effective pollen dispersal distances (Ducousso et al. 1993), which can 

eventually lead to population subdivision (Sork et al. 2002; Fernández-M & Sork 

2005). To allow gene inflow from neighbouring stands, limiting isolation between 

monospecific stands may be more important than previously thought, even in highly 

outcrossing tree species. To maintain and increase genetic diversity in small scale 

forestry systems, natural regeneration could be supplemented by planting and 

sowing using genetically diverse reproductive material (Broadhurst et al. 2008; 

Vander Mijnsbrugge et al. 2010). Furthermore, the practice of transferring seeds or 

seedlings from different provenance regions may broaden the evolutionary potential 

to adapt to future environmental changes (Broadhurst et al. 2008; Breed et al. 2013a). 
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4.1 Abstract 

The loss and fragmentation of forests have resulted in landscapes with isolated forest 

patches embedded in an agricultural or urban landscape matrix. At the same time, 

stand characteristics such as tree population size and tree density have been strongly 

modified as a result of anthropogenic activities. Because increased geographical 

isolation can impede gene flow among forest fragments, and because decreased 

population size and tree density may reduce the number of local mating partners, 

this can be expected to lower the opportunity to trees for outcrossing, and to result in 

increased inbreeding, negatively impacting the viability of the tree populations. In 

this study, we examined eight stands of the wind-pollinated tree species Q. robur that 

strongly differed in population size, tree density and spatial isolation. In the centre of 

each stand, adult leaves and seeds were collected in a circular plot, in which we 

evaluated the diversity and differentiation of the local pollen pool, and examined 

mating patterns. Most forest stands showed high proportions of out-of-plot pollen 

flow (range: 0.24 - 0.77), which were positively correlated with the number and 

density of adult trees within the stands. Despite high outcrossing rates (> 0.998), 

seeds within seed families were stronger related than what could be expected under 

panmixia, which could be attributed to small but significant levels of correlated 

paternity (0.018 - 0.107) and biparental inbreeding (0.025 - 0.118) within the study 

plots. Next to increased coancestry coefficients, deviations from random mating also 

resulted in significant pollen pool differentiation (0.008 - 0.059) among seed parents. 

We also found that stand population size and tree density were significantly 

correlated to the relatedness of the seedlings and the degree of pollen differentiation 

within the study plots. These results suggest that, in small and isolated low density 

forest stands, reduced mate availability may decrease pollen pool diversity, 

increasing the likelihood of consanguineous mating and pollen pool differentiation in 

the next generations. We conclude that preserving high levels of pollen flow within 

and between forest fragments may be more important in wind-pollinated tree species 

than what was previously thought.  
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4.2 Introduction 

In many parts of the world, once large and continuous forests have been replaced by 

a mosaic of forest fragments embedded in an agricultural or urban matrix (Riitters et 

al. 2000). Stand characteristics such as tree population size and tree density can also 

be strongly modified following anthropogenic disturbance, which in turn may have 

important consequences for tree pollen flow patterns and mating (Ouborg et al. 2006; 

Eckert et al. 2010). Increased geographical isolation can impede gene flow among 

forest fragments, whereas decreased population size and tree density reduce the 

number of local mating partners within forest stands (Smouse & Sork 2004; Breed et 

al. 2013b). Altogether, this can be expected to lower the opportunity for trees to 

outcrossing and can result in increased inbreeding, which may in the long term 

negatively impact on the genetic diversity and viability of fragmented tree 

populations (Ellstrand & Elam 1993; Young et al. 1996; Vranckx et al. 2012). 

Although there is evidence of pollen limitation in tree species (Sork et al. 2002; 

Fernández-Manjarrés & Sork 2005; Jump & Penuelas 2006; Breed et al. 2012), the 

extent of it remains highly debated in forest conservation genetics, resulting in what 

is known as the “paradox of forest fragmentation genetics” (Kramer et al. 2008). 

Some studies have indeed not found a reduction of the diversity of the pollen pool 

following forest fragmentation (O'Connell et al. 2007), or have even demonstrated an 

increased diversity (Bacles et al. 2005). The latter can be explained by the smaller size 

and the lower tree density of forest fragments. When there are fewer nearby trees 

available as a pollen source, pollen competition between distant and nearby trees will 

be lower. As a result, the proportion of pollen from distant (unrelated) trees 

increases, and consequently the average realized pollination distance will be larger 

(Robledo‐Arnuncio et al. 2004; Bacles & Ennos 2008; Wang et al. 2010). Moreover, a 

reduction in tree density and opening up of the landscape may improve air 

movements within and between forests (Okubo & Levin 1989). This can promote 

pollen flow, especially in wind-pollinated tree species, which produce large amounts 

of small and lightweight pollen (Young et al. 1993; Dyer & Sork 2001; Bacles et al. 

2005). Such enhanced realized pollen dispersal can ultimately increase the effective 
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population size and thus mitigate the expected negative impacts of forest 

fragmentation on genetic diversity (Sork & Smouse 2006; Bacles & Jump 2011). 

However, when the number of adult trees within a forest stand decreases too 

strongly, the larger average effective pollination distances may not totally 

compensate for the reduction in population size (Sork et al. 2002; Sork & Smouse 

2006). This may not only affect the fitness of future offspring cohorts through 

increased selfing and biparental inbreeding (Sork et al. 2002; Breed et al. 2013b), but 

smaller pollen loads may also reduce the diversity of the local pollen pool, through 

which the proportion of recessive deleterious alleles within the paternal mating pool 

increases (Goubitz et al. 2002; Breed et al. 2012). In addition, supplementation of the 

local pollen pool with high rates of out-of-plot pollen flow is not necessarily a 

safeguard against genetic bottlenecks, as the number and diversity of pollen sources 

from outside a forest fragment that contribute to the local pollen pool can be small 

(Sork & Smouse 2006). Fernández-Manjarrés and Sork (2005) found higher pollen 

immigration rates of Quercus humboldtii Bonpl. in small forest fragments, but genetic 

diversity in the seedling cohort was significantly lower, suggesting that only a small 

effective number of pollen donors contributed to the pollen pool of the fragmented 

forest stands. 

A better understanding of the combined effects of reduced adult numbers and 

average pollination distances on the local pollen pool diversity is indispensable for 

understanding the genetic consequences of forest fragmentation (Sork & Smouse 

2006). In this study, we investigated the effects of different stand characteristics on 

mating patterns and pollen-mediated gene flow in forest stands of the common 

temperate broadleaved tree species pedunculate oak (Quercus robur L.). Studies that 

have documented the relationship between a range of population parameters 

(population size, tree density and isolation) on the one side and mating and pollen 

flow patterns on the other in more than four forest stands are relatively rare 

(Robledo-Arnuncio et al. 2004; Byrne et al. 2007; Breed et al. 2013b; Ismail et al. 2012; 

Llorens et al. 2012), and we are unaware of such studies in temperate deciduous tree 

species. We selected eight forest stands that strongly differed in population size, tree 
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density and isolation and which were located in a matrix of agricultural land or of 

stands of different tree species (Pinus sylvestris L. or Fagus sylvatica L.). The oak 

stands are representative for the typically strongly fragmented forest landscape of 

Northern Belgium (most fragments < 5ha), but also for other densely populated and 

highly urbanized regions in Europe (Vandekerkhove 2013). More specifically, we 

aimed at:  

 Evaluating pollen competition between distant and nearby trees, by 

comparing the proportion of seeds that originated from fathers within the 

established study plots with pollen-mediated gene flow from outside the 

study plots, based on a traditional (maximum likelihood) paternity analysis 

(Marshall et al. 1998). 

  Examining local pollen donor diversity and mating system parameters using 

both a correlated-mating model (Ritland 2002) and a two-generation analysis 

of pollen flow within forest stands (Smouse et al. 2001).  

 Clarifying the role of stand characteristics such as population size, tree 

density, spatial isolation and the type of the landscape matrix on local pollen 

pool diversity and mating system parameters. 

4.3 Materials and methods 

4.3.1 Study species 

Pedunculate oak (Quercus robur L.) is a common tree species of many European 

deciduous lowland forests. It occurs from sub-Mediterranean Europe to southern 

Scandinavia, and eastwards to the Ural Mountains (Bary-Lenger & Nebout 1993). 

Although Q. robur has a wide ecological range, it grows best on neutral, well-drained 

soils. Q. robur is monoecious and possesses a nearly complete gametophytic self-

incompatibility system. As a result, selfing rates are low (2 - 5%, Steinhoff 1993). 

Separate staminate and pistillate flowers that are carried on the same branches 

further contribute to the low selfing rates. Trees flower generally from April to the 

end of May in Belgium (Ducousso et al. 1993). The pollen of pedunculate oak is one 

of the smallest (26 - 29 μm, Rushton 1976) and lightest among wind-pollinated 
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woody plant species, enhancing the potential for long-distance pollen flow (Chybicki 

& Burczyk 2010). Eight to ten weeks after pollination, fertilization and rapid fruit 

(acorn) development occur. Acorns of Q. robur are primarily dispersed beneath the 

canopy of the mother tree by gravity (Streiff et al. 1998), although dispersal by 

rodents and especially birds (most notably the European Jay (Garrulus glandarius L.) 

is known to substantially increase the long-distance potential component of the seed 

dispersal kernel (Gómez 2003; Moran & Clark 2011).  

4.3.2 Study sites and sampling 

We sampled eight pedunculate oak stands across the Flanders region of Belgium. Q. 

robur was the dominant tree species in these forest stands, and the understory was 

mainly composed of Q. robur seedlings, Rubus species and small trees of Acer 

pseudoplatanus and Corylus avellana. Stand characteristics were determined from 

forest registers (Bosprog-Bosdat v. 2.33, ANB 2006), using GIS data layers of the 

studied forest stands and from measurements with a FieldMap digital forest 

mapping system (IFER Ltd., Czech Republic). Stands differed in size (range: 32 - 704 

individuals), tree density (range: 52 - 195 individuals/ha) and degree of isolation 

(distance from the nearest Q. robur stand, range: 135 - 5000m) (Table 4.1). The 

sampled stands were either located in a matrix of forest composed of other tree 

species, or in a matrix of agricultural land. In the centre of each Q. robur stand we 

established a circular plot containing ca. 35 adult trees (Table 4.1). Trees were 

mapped to the nearest cm using a FieldMap digital forest mapping system (IFER 

Ltd., Czech Republic) and from each sampled tree a leaf was sampled for 

microsatellite analysis. Within each circular plot, five seed traps (1.5 m2 each) were 

randomly placed, with each seed trap positioned under the canopy of a single 

mother tree. From each seed trap ten acorns were randomly collected in the Autumn 

of 2011. Since 2011 was a mast year for pedunculate oak in Flanders (Sioen & 

Roskams 2012), acorn production was high and most seed traps contained plenty of 

acorns. The collected acorns were stored at 5°C for 4 weeks to increase the percentage 

and synchronization of seed germination (Manzanera et al. 1993). After cold storage 

the acorns were sown in seed trays containing commercial soil (20% organic matter, 
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pH = 6, EC = 750 μS cm-1, N:P:K 14:16:18 1 kg m-3), and grown in a greenhouse under 

controlled environmental conditions (12/12h day/night light regime, 20°C). One 

month after seedlings emerged, leaves were taken from each individual for DNA 

extraction.  

4.3.3 Microsatellite analyses 

Leaf samples from both adult trees and seedlings were stored on silica gel prior to 

DNA extraction. 200 mg dried leaf tissue was homogenized to a fine powder 

followed by DNA extraction with the Nucleospin Plant II kit (Macherey-Nagel). Ten 

microsatellites were used, which were isolated from Q. robur: QrZAG112 (Kampfer et 

al. 1998), Quercus. petraea: QpZAG9, QpZAG108, QpZAG46, QpZAG15, QpZAG110, 

QpZAG104 (Steinkellner et al. 1997) and Quercus macrocarpa: MSQ4, MSQ13, MSQ16 

(Dow et al. 1995; Dow & Ashley 1996). Microsatellites were amplified in three 

multiplex PCRs using the Multiplex PCR Master Mix kit (QIAGEN). PCR cycling was 

carried out in a thermocycler programmed as follows: 30 rounds of 45 s 94 °C, 45 s 50 

°C and 45 s 72 °C and a final extension step of 10 min at 72 °C. The PCR products 

were analyzed on an ABI 3500 genetic analyzer (Applied Biosystems, Foster City, 

USA). Microsatellite alleles were visualized and scored using GeneMapper v. 4.1. We 

checked the microsatellites for possible genotyping errors such as null alleles, stutter 

peaks and large allele drop-out, using the software Micro-Checker (Van Oosterhout 

et al. 2004). The frequencies of null alleles were estimated using GENEPOP 4.0 

(Rousset 2008). One locus (MSQ16) showed consistently high null allele frequencies 

(0.05 - 0.15), and was therefore removed from further analyses. In most forest stands, 

the 9 remaining microsatellites showed low null allele frequencies (< 0.05) (Appendix 

4.1). 
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Table 4.1. Characteristics of the eight studied pedunculate oak stands.  

Forest stand 
Latitude 

(N) 

Longitude 

(E) 

Area 

(ha) 

Population 

size 

Density 

(trees/ha) 

Isolation 

(m) 

Landscape 

matrix 

Plot size 

(ha) 

Sampled 

adults 

Sampled 

seedlings 

Number of 

familiesa 

Keffers 50°50'26" 4°42'00" 3.04 328 118 400 Forest 0.49 35 50 4 

Vos 50°49'27" 4°39'33" 3.97 682 195 175 Forest 0.24 35 50 5 

Hornebos 50°43'02'' 5°15'34'' 4.50 242 65 1000 Agriculture 0.78 37 50 4 

Chartreuse 50°54'45'' 4°46'25" 0.43 32 74 135 Forest 0.43 32 49 5 

Overheide 51°25'17" 5° 03'16" 1.05 139 132 360 Forest 0.28 36 48 5 

Hoge Vijvers 51°21'28" 5° 06'27" 3.80 704 186 240 Forest 0.19 36 49 5 

Meikensbos 50°58'40" 3°22'52" 1.64 171 104 > 2 km Agriculture 0.33 35 50 5 

Egemse Veldekens 51°02'02" 3°16'59" 6.24 324 52 > 5 km Agriculture 0.88 35 50 5 

aNumber of families used for the estimation of gene flow and mating system parameters in the 8 stands. 
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4.3.4 Data analysis 

First, we calculated the following population genetic diversity measures for the adult 

trees: number of different alleles (An), allelic richness (Ar), observed heterozygosity 

(Ho), Nei’s unbiased expected heterozygosity (He) and Wright’s inbreeding coefficient 

(FIS), using GenAlEx (version 6.2; Peakall & Smouse 2006). When calculating allelic 

richness, the rarefaction approach described by El Mousadik and Petit (1996) was 

used to account for differences in sample size. The percentage of rare alleles for the 

adults per study plot was calculated by dividing the number of low-frequency (< 

0.05) alleles by the total number of alleles present in a stand. 

Second, we verified whether the adult trees that covered the seed traps with 

their canopies were seed parents by performing a simple exclusion analysis based on 

the multilocus genotypes of seedlings and mother trees (Nakanishi et al. 2005). 

Seedlings with genotypes incompatible with those of their putative mothers were 

eliminated from the seed families that were used in further analyses. To investigate 

the effect of stand characteristics on pollen competition between distant and nearby 

trees, we estimated the proportion of pollen that originated from fathers within the 

study plot in each forest stand. Therefore, we performed a maximum likelihood 

paternity analysis using CERVUS 3.0.3. (Marshall et al. 1998) to assign paternity to 

the grown seedlings. The used set of microsatellite markers yielded high exclusion 

probabilities for paternal assignment (> 0.995). The most likely father trees were 

detected using LOD (log-likelihood ratio) scores (Marshall et al. 1998), which were 

based on the following simulation parameters: 10,000 simulated offspring, 0.01 

(default settings) as the proportion of mistyped loci, and the number of candidate 

fathers ranging between 32 and 704 individuals (all mature trees in the studied forest 

stands). Father-offspring matches were conducted using the CERVUS 80% threshold 

level, and were verified by a straightforward exclusion analysis based on the 

genotypes of seedlings and adult trees (Nakanishi et al. 2005). When the threshold 

LOD-score for paternity was exceeded, the adult tree with the highest LOD-score, 

was designated as the father tree of a seedling. Based on the Euclidean distance 
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between pollen donors and maternal trees (distance from the stem), we calculated the 

average realized pollination distances within the study plots. 

Since forest fragmentation may lower the opportunity to trees for outcrossing 

and potentially result in increased inbreeding, we characterized in each study plot a 

range of mating system parameters. This was done by using the mixed and 

correlated mating model implemented in the software package MLTR version 3.2 

(Ritland 2002). MLTR was only applied to seed families composed of more than 5 

seedlings per mother tree. Based on maximum likelihood procedures, we estimated 

single-locus (ts) and multilocus (tm) outcrossing rates, biparental inbreeding (tm - ts), 

and multilocus correlated paternity (rp). Standard errors and confidence intervals       

(95%) were estimated for the mating system parameters using 1000 bootstrap 

replicates, re-sampling families within forest stands. Deviations from random mating 

through biparental inbreeding and correlated paternity may possibly increase the 

relatedness of the seedlings within seed families. This was examined by using the 

results of the mating system analysis for the calculation of the average coancestry 

coefficient within families (Θxy), which was estimated following Sousa et al. (2005):

= 0.125(1+ )(1- )xy P pΘ F r , with Fp the inbreeding coefficient in the parental generation. 

Additionally, we investigated the genetic structure within progeny by estimating the 

variance effective size within seed families: = 0.5e(v) xyN Θ  (Cockerham 1969). In an 

idealized panmictic population the maximum value of Ne(v) within families 

corresponds to four unrelated individuals. However, deviations from random 

mating may reduce Ne(v). Also the microsatellite data of the 35 adult trees within the 8 

study plots was examined for possible significant spatial autocorrelation, by 

calculating the Nason’s kinship coefficient Fij (Loiselle et al. 1995) and their 

confidence intervals (95%; 10,000 permutations) using SPAGeDi 1.3 (Hardy & 

Vekemans 2002) (Appendix 4.2). 

The diversity of the male gametes that contribute to the offspring of each 

mother tree may also shape the differentiation of the pollen gene pool among seed 

trees. To quantify the divergence in sampled pollen pools among the mother trees, 

the pollen pool differentiation (ΦFT) among maternal plants was estimated with the 
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TWOGENER method (Smouse et al. 2001) as implemented in the software package 

POLDISP 1.0c (Robledo-Arnuncio et al. 2007). This analysis uses an AMOVA 

(analysis of molecular variance) approach, and is based on the genotypes of the seed 

families and their seed trees combined with spatial data of the mother trees (Excoffier 

et al. 1992). Confidence intervals (95%) around ΦFT estimates were computed using 

10,000 permutations among progeny. Finally, we also calculated the total genetic 

differentiation between families within the eight studied forest stands. This was done 

based on Nei’s unbiased genetic distance (D) between seed families using GENALEX 

(version 6.2, Peakall & Smouse 2006).  

4.3.5 Correlations of pollen flow and mating system parameters with forest stand 

characteristics 

A Spearman’s rank correlation coefficient (rs) was used to investigate the 

relationships between stand characteristics (population size, tree density and 

isolation) and measures of pollen flow and mating system parameters. We applied a 

nonparametric test, since the number of data points was limited. The stand 

characteristics were not significantly correlated to each other (rs (size vs. isolation)  = 0; rs (size vs. 

density) = 0.48 and rs (density vs. isolation) = -0.59, all p > 0.05). The effect of the landscape matrix 

(forest vs. agricultural land) on the estimated pollen flow and mating system 

parameters was examined using a Mann–Whitney U test. The forest stands that were 

located within agriculture land were characterized by a higher degree of isolation 

and tended to have lower tree densities. All statistical analyses were performed using 

SPSS (SPSS 20.0; SPSS Inc., Chicago, IL). 

4.4 Results 

A high percentage (> 90%) of seedlings was successfully grown from the acorns 

collected in the seed traps. In total, we sampled leaves of 281 adult trees and 396 

grown seedlings. The nine microsatellites were highly variable, with the number of 

alleles per locus ranging from 11 (QpZAG9) to 36 (QpZAG104), with an average of 

22.9 (± 2.8) (means are followed by SE in parentheses). Most stands showed high 

levels of genetic diversity in the adult cohort (Ar > 11.3; Ho > 0.772 and He > 0.803). In 
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the stand Hoge Vijvers, however, lower estimates for Ar = 8.5 (± 1.0); Ho = 0.728 (± 

0.037) and He = 0.763 (± 0.034) were found (Table 4.2). The vast majority of the 396 

grown seedlings (96%) showed genotypes that were consistent with the genotypes of 

their putative mother trees. In total, we detected 38 seed families that were composed 

of more than 5 seedlings per mother tree, and which were used for the estimation of 

gene flow and mating system parameters in the 8 stands (Table 4.1).  

Table 4.2: Estimates of genetic diversity measures (± standard errors) for adults from eight Q. 

robur populations based on 9 microsatellite loci.  
 

 

An, number of different alleles; Ar, allelic richness; Ho, observed heterozygosity; He, expected 

heterozygosity; FIS, inbreeding coefficient;*allelic richness based on a minimum sample size of 23 

individuals 

When we compared the proportion of pollen that originated from nearby trees 

(within the study plot) with that of more distant trees, we found extensive pollen 

flow (0.50 - 0.77) from outside the study plot in most forest stands. Only in the stands 

Chartreuse and Hornebos a larger proportion of seeds originated from fathers within 

the study plot (Table 4.3). Stand characteristics significantly influenced the 

distribution of the pollen pools, as the proportion of pollen donors found within the 

study plots was significantly related to the size of the stands (rs = -0.74, p = 0.037, 

Figure 4.1A) and tree density (rs = -0.74, p = 0.037, Figure 4.1C). Besides decreased out-

Forest stand An Ar* 
Rare 

alleles (%) 
Ho He. FIS 

Keffers 14.1 (1.5) 12.1 (1.2) 62.2 (4.9) 0.772 (.036) 0.825 (.028) 0.064 (.029) 

Vos 14.0 (1.6) 12.0 (1.3) 58.8 (6.2) 0.819 (.041) 0.823 (.033) 0.005 (.033) 

Hornebos 13.0 (1.6) 11.4 (1.3) 51.5 (5.5) 0.793 (.039) 0.818 (.028) 0.031 (.039) 

Chartreuse 12.3 (1.6) 11.3 (1.4) 50.1 (3.7) 0.808 (.025) 0.818 (.033) 0.012 (.020) 

Overheide 13.3 (1.6) 11.4 (1.3) 51.3 (5.4) 0.775 (.028) 0.803 (.024) 0.035 (.024) 

Hoge Vijvers 9.3 (1.1) 8.5 (1.0) 41.1 (7.1) 0.728 (.037) 0.763 (.034) 0.046 (.028) 

Meikensbos 14.0 (1.8) 12.2 (1.5) 60.4 (5.8) 0.800 (.041) 0.805 (.034) 0.006 (.027) 

Egemse Veldekens 12.8 (1.4) 11.3 (1.2) 55.2 (5.3) 0.775 (.039) 0.803 (.029) 0.035 (.033) 

Mean 12.9 (0.5) 11.4 (0.4) 53.8 (2.4) 0.784 (.010) 0.807 (.007) 0.029 (.007) 



84  Chapter 4 

Table 4.3. The results of the maximum likelihood paternity analysis conducted with CERVUS 3.0.3.  

 

 

 

 

 

 

 

 

 

 

Nseeds, the number of seeds examined in the paternity analysis; Nlocal fathers, the number of seeds assigned to a father tree from within the study plot; EPp, 

exclusion probabilities for paternal assignment; proportion local fathers, Nlocal fathers / Nseeds.  

a Within the study plot 

 

Forest stand Nseeds Nlocal fathers EPp 
Proportion 

local fathers 

Proportion of the seed cohort 

with different father trees 

Mean pollen dispersal 

distance (m) a 

Keffers 45 13 0.998 0.289 0.86 (0.07) 18.8 (2.9) 

Vos 45 14 0.999 0.311 0.66 (0.22) 13.4 (1.9) 

Hornebos 46 35 0.999 0.761 0.63 (0.14) 32.9 (2.5) 

Chartreuse 49 29 0.999 0.592 0.64 (0.09) 20.0 (2.8) 

Overheide 46 15 0.998 0.326 0.75 (0.19) 17.2 (2.1) 

Hoge Vijvers 48 11 0.995 0.229 0.73 (0.18) 17.0 (2.6) 

Meikensbos 50 25 0.998 0.500 0.74 (0.12) 22.4 (3.1) 

Egemse Veldekens 48 21 0.998 0.438 0.89 (0.07) 47.5 (8.5) 
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Figure 4.1. Spearman rank correlations (rs) between stand characteristics and mating system and pollen dispersal parameters for eight forest 

stands of Quercus robur. (A) Percentage pollen donors from within the study plot (based on paternity assignment, CERVUS) vs. population size, 

(B) pollen pool differentiation (ΦFT, based on TWOGENER method) vs. population size, (C) percentage pollen donors from within the study 

plot vs. tree density, (D) mean pollen dispersal distance within study plots (based on paternity assignment) vs. tree density, (E) coancestry 

coefficient within families (Θxy, based on estimates obtained with MLTR) vs. tree density. 
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of-plot pollen flow, low density forest stands also showed significantly higher 

genetically realized pollen flow distances within the study plot (rs = -0.98, p < 0.001, 

Figure 4.1D). Furthermore, these effective pollination distances were significantly 

higher in forest stands surrounded by agricultural land (Z = -2.24, p = 0.036). 

Reductions in stand size or conspecific density did not alter the opportunity for 

outcrossing in the studied plots, as all forest stands showed high multilocus 

outcrossing rates (tm > 0.998), indicating that selfing was almost completely lacking (s 

≤ 0.002, Table 4.4). Moreover, the level of biparental inbreeding (tm - ts) was also low 

(0.025 - 0.118), although values were significantly different from zero in all plots. The 

average biparental inbreeding per study plot was significantly and positively related 

to the estimated mean genetic differentiation (Nei’s D) between seed families within 

study plots (rs = 0.83, p = 0.010, Figure 4.2A). Next to biparental inbreeding, most 

study plots showed a significant (p < 0.05) presence of full sibs within the seed 

families, only in the stands Keffers and Hoge Vijvers the 95% confidence intervals of 

correlated paternity (rp) included zero (Table 4.4). The above deviations from random 

mating also increased the relatedness of the seedlings within seed families. The 

average coancestry coefficient (Θxy) was higher (0.132 - 0.142) than the value expected 

in half-sib families (Θxy = 0.125), whereas the variance effective size within seed 

families (Ne(v)) was lower than 4 (3.52 - 3.80), indicating the presence of an increased 

genetic structure within the progeny cohort. Contrary to the grown seedlings, no 

significant genetic structure within the adult generation was found in the 8 study 

plots, as the mean kinship coefficient Fij fell within the 95% confidence interval for all 

distance classes (Appendix 4.2). Although the range in coancestry coefficients was 

restricted, stand characteristics influenced the relatedness of the seedlings, as Θxy was 

significantly negatively related to tree density (rs = -0.76, p = 0.028, Figure 4.1E) and 

increased with increasing pollen flow distances within the study plots (rs = 0.83, p = 

0.010). Furthermore, significantly higher estimates of Θxy were found in forest stands 

surrounded by a matrix of agricultural land (Z = -2.26, p = 0.036). Mating system 

parameters were also affected by the diversity of the male gametes that contributed 

to the pollen pool. Both rp and Θxy estimates strongly decreased with increasing 
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pollen flow from outside the study plot (rs = -0.81, p < 0.015, Figure 4.2B and rs = -0.79, 

p < 0.021 respectively).  

Finally, the estimates of the TWOGENER analysis showed significant pollen 

pool differentiation among maternal plants (ΦFT) in most of the forest stands (95% CI 

excludes zero) and were significantly negatively correlated to stand size (rs = -0.79, p 

= 0.021, Figure 4.1B). Pollen pool differentiation among mother trees was also 

affected by the relatedness of the seedlings, as we found that ΦFT estimates increased 

with increasing values of Θxy (rs = 0.74, p = 0.037, Figure 4.2C). 

Figure 4.2. Spearman rank correlations (rs) between mating system and pollen dispersal 

parameters for eight forest stands of Quercus robur. (A) Unbiased genetic differentiation between 

seed families (Nei’s D) vs. biparental inbreeding (tm - ts), (B) correlated paternity (rp) vs. the 

percentage pollen donors from within the study plot, (C) pollen pool differentiation (ΦFT) vs. the 

coancestry coefficient within families (Θxy). 
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Table 4.4. Mating system estimates and pollen pool differentiation (with standard errors in parentheses) for the eight studied Q. robur stands. 

tm, Multilocus outcrossing rate; ts, singlelocus outcrossing rate; tm - ts, biparental inbreeding; rp, correlated paternity estimated with Ritland’s 

mixed mating model (2002); 1/rp, effective number of pollen donors; Θxy, coancestry coefficient within families; Ne(v), variance effective population 

size within families; ΦFT, Pollen pool differentiation among maternal plants estimated with the TWOGENER method (Smouse et al. 2001).  

*Significantly less than 1 for tm and ts, and significantly greater than zero for tm - ts, rp and ΦFT (p < 0.05). 

 

Forest stand tm ts tm - ts rp 1/rp Θxy Ne(v) ΦFT 

Keffers 0.998 (0.000) 0.949 (0.009)* 0.049 (0.009)* 0.033 (0.021) 30.3 0.134 3.73 0.009 (0.007) 

Vos 0.998 (0.001) 0.948 (0.010)* 0.050 (0.009)* 0.057 (0.020)* 17.5 0.132 3.80 0.008 (0.007) 

Hornebos 0.998 (0.000) 0.973 (0.006)* 0.025 (0.006)* 0.083 (0.017)* 12.1 0.140 3.57 0.034 (0.008)* 

Chartreuse 0.998 (0.000) 0.937 (0.012)* 0.061 (0.012)* 0.078 (0.026)* 12.8 0.135 3.70 0.059 (0.007)* 

Overheide 0.999 (0.001) 0.936 (0.008)* 0.062 (0.007)* 0.028 (0.005)* 35.7 0.135 3.71 0.026 (0.005)* 

Hoge Vijvers 0.999 (0.000) 0.881 (0.010)* 0.118 (0.010)* 0.018 (0.011) 55.6 0.134 3.73 0.025 (0.005)* 

Meikensbos 0.998 (0.000) 0.956 (0.008)* 0.042 (0.008)* 0.107 (0.042)* 9.4 0.142 3.52 0.038 (0.006)* 

Egemse Veldekens 0.999 (0.000) 0.939 (0.011)* 0.060 (0.011)* 0.039 (0.008)* 25.6 0.136 3.68 0.012 (0.006)* 
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4.5 Discussion 

4.5.1 Rates of pollen dispersal into and within the study plots  

The high proportions of out-of-plot pollen-mediated gene flow (0.24 - 0.77) that were 

found in our study, are consistent with those detected in previous gene flow studies 

in Quercus species (0.35 - 0.70: Streiff et al. 1999; Nakanishi et al. 2005; Valbuena-

Carabana et al. 2005; Chybicki & Burczyk 2010; Vranckx et al. 2014). Similar to our 

study, the plots in these studies were part of larger forest stands and were thus 

characterized by a relatively low level of geographic isolation from neighboring oak 

trees (< 1000 m). It can be expected that when the scale of isolation between 

neighboring and distant trees exceeds the scale of pollen dispersal, pollen exchange 

will be much more restricted, even in wind-pollinated tree species (Ellstrand 1992; 

Sork & Smouse 2006). This was demonstrated by Schuster and Mitton (2000) and 

Bittencourt and Sebbenn (2007), who obtained lower rates of out-of-plot pollen flow 

(0.065 and 0.1 respectively) in stronger isolated (> 2000 m to the nearest adult tree) 

study plots of Pinus flexilis and Araucaria angustifolia. Since our study plots (35 

genotyped adult trees) were surrounded by a large proportion of ungenotyped father 

trees, one would expect high rates of pollen flow into all of our study plots. 

However, the proportion of seeds that originated from fathers from outside our 

study plots varied strongly between forest stands. For example out-of-plot pollen 

flow was three times higher in the forest stand Hoge Vijver (0.77) compared to the 

plot located in Hornebos (0.24). Contrary to the findings of Robledo‐Arnuncio et al. 

(2004), who observed increased pollen flow rates after conspecific tree density 

decreased, we found significant positive correlations between out-of-plot pollen flow 

and the number and density of adult trees within the forest stands. Reduced adult 

numbers may decrease the proportion of ungenotyped adult trees, relative to the 

total forest stand, whereas low conspecific density will increase the pollination 

distances between the 35 genotyped adults and the ungenotyped trees from outside 

the study plot (Smouse & Sork 2004; Bianchi & Cunningham 2012; Breed et al. 2012). 

As a result, a larger proportion of pollen in the local pollen pool may originate from 

adult trees within the study plot.  
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Based on the paternity analysis performed in Cervus, we also demonstrated 

that the Euclidean distances between pollen donors and mother trees were strongly 

negatively correlated with the tree density of the forest stands, and were significantly 

higher in forest stands surrounded by agricultural land. It has been shown before in 

Fraxinus excelsior, Q. robur and Q. petraea that low conspecific tree density increased 

the average distance between mates (Robledo‐Arnuncio et al. 2004; Bacles & Ennos 

2008; Wang et al. 2010). The most likely explanation for this observation is that pollen 

competition between distant and nearby trees decreases when there are fewer nearby 

trees available as a pollen donor, through which the average realized pollination 

distance will be greater. Furthermore, in more open landscapes, airborne pollen 

movement will be facilitated, as winds in open landscapes are typically stronger than 

winds in a canopy closed forest matrix (Nathan et al. 2002; Bacles et al. 2005). 

4.5.2 Mating patterns and local pollen diversity 

Our results suggest that not only population size, but also tree density has a major 

impact on local pollen flow patterns, and may ultimately influence mating patterns 

and local pollen diversity in small scale forestry systems of Q. robur (Stacy et al. 1996; 

Kamm et al. 2009). Although high outcrossing rates (tm > 0.998) were observed in all 

stands, the estimates of both the average coancestry coefficient (Θxy > 0.125) and 

variance effective size within families (Ne(v) < 4) suggested that seeds within seed 

families were stronger related than what was expected under panmixia (Sousa et al. 

2005; Bittencourt & Sebenn 2008). Such deviations from random mating can be 

attributed to several factors such as selfing, correlated paternity and mating among 

relatives (Robledo‐Arnuncio et al. 2004; Bittencourt & Sebenn 2008). Since oak species 

possess a nearly complete gametophytic self-incompatibility system (Ducousso et al. 

1993; Steinhoff 1993), only negligible selfing rates could be detected (s = 0.1 - 0.2%). In 

contrast, low but significant levels of correlated paternity and biparental inbreeding 

were obtained, which may both have contributed to the observed genetic structure 

within the studied seed families. The non-significant spatial genetic structure that 

was observed in the adult generation can be attributed to several factors, such as: tree 
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planting in the past, the restricted spatial scale of the adult plots (only 32 - 35 trees) 

and the limited number of samples used in the SGS analyses. 

Although the range in coancestry coefficients was restricted, the relatedness of 

the seeds within families decreased, with increasing tree density. Reduced local tree 

density may alter mate availability, such that the number of nearby pollen sources 

surrounding a mother tree decreases and the pollination distance between mates 

increases (Sork et al. 2002; Eckert et al. 2010; Breed et al 2013b). However, this larger 

average effective pollination distance did not totally compensate for the reduction in 

conspecific tree density, through which the diversity of the pollen pool contributing 

to each seed tree was lower than under high tree density, which ultimately resulted 

in slightly more related progeny (Robledo‐Arnuncio et al. 2004; Sork & Smouse 

2006). Next to tree density, the landscape matrix significantly influenced the 

relatedness of the seeds within seed families. Although we found some evidence for 

higher pollen flow distances in more open landscapes, higher coancestry coefficients 

for the seedling cohort were found, indicating less diverse pollen pools compared to 

forest stands that were located in a matrix of other forests. This is in contrast with 

what was expected based on the study of Bacles and Ennos (2008), who found higher 

pollen pool diversities in forest remnants that were located in open landscapes. The 

effects of the landscape matrix could, however, be confounded by stand isolation and 

tree density in our study, as the forest stands that were surrounded by a matrix of 

agricultural land, were much more isolated from the nearest Q. robur stand than the 

stands located in a forest matrix and tended to have lower tree densities. This could 

have lowered the number of pollen sources contributing to the local pollen pool, both 

as a result of increased pollination distances between mates and through reduced 

gene inflow from outside the forest stands when isolation between stands became too 

high (Sork & Smouse 2006). Reduced mate availability may ultimately have led to 

less diverse local pollen pools and stronger biparental inbreeding, through which the 

proportion of outcrossed half- and full-sibs in the progeny cohort increases (Lowe et 

al. 2005; Sork et al. 2002). High levels of pollen exchange may possibly mitigate the 

negative effects of small and low density forest stands on mating patterns, through 

enlarging the diversity of pollen sources within the local pollen pool (Sork & Smouse 
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2006). Such positive effect of strong pollen flow has been demonstrated in previous 

studies in wind-pollinated tree species (O’Connell et al. 2006; Bittencourt   Sebenn 

2007; Wang et al. 2010), and was also confirmed in our study, as we found a 

significant negative correlation between pollen flow from outside the study plots and 

the estimates of both the correlated paternity and coancestry coefficient.  

Next to the slightly higher coancestry coefficients, the occurrence of correlated 

paternity and biparental inbreeding may also produce pollen pool differentiation 

among seed parents (Austerlitz & Smouse 2001; Hardy et al. 2004; Bittencourt & 

Sebbenn 2007). Our study supports this, as the measures that were used to quantify 

genetic differentiation between pollen pools and seed families (ΦFT and Nei’s D 

respectively) showed positive, significant relationships with biparental inbreeding 

and correlated paternity. The estimates of pollen pool heterogeneity obtained with 

the TWOGENER approach (ΦFT = 0.008 - 0.059) were significant in 6 out of 8 stands, 

and were consistent with ΦFT-values reported in previous oak studies (ΦFT = 0.011 - 

0.087) (Smouse et al. 2001; Nakanishi et al. 2005; Fernández-Manjarrés et al. 2006; 

Pakkad et al. 2008). Furthermore, ΦFT-estimates significantly increased with 

decreasing population size, suggesting less diverse local pollen pools, and 

consequently, an increased likelihood of consanguineous matings in small forest 

stands (Robledo‐Arnuncio et al. 2004). In general, any factor (tree density, stand size, 

isolation, etc.) that may disrupt mating patterns and genetic structure within forest 

stands, will increase the differentiation among maternal pollen pools (Austerlitz & 

Smouse 2001; Gram & Sork 2001).  

4.5.3 Implications for current and future forest management 

The presence of significant levels of correlated mating and reduced local pollen 

diversity may have implications for forest management aiming at maximizing 

genetic diversity in fragmented Q. robur stands. First, compared to random mating 

conditions, our results suggest that a larger number of seed trees have to contribute 

to the offspring cohort to retain minimum effective population sizes within forest 

stands (Bittencourt & Sebbenn 2008). This is especially important when forest 

reproductive material used for artificial regeneration is harvested in one of these 
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forest stands. Preferably seeds should be harvested in one or several large, 

continuous and higher-density forest stands, to avoid the collection of inbred seed 

material (Breed et al. 2013a). Second, our data showed significant relationships 

between stand characteristics (population size, tree density and landscape matrix) 

and several mating and pollen flow parameters, emphasizing the role of forest 

management in shaping mating patterns and pollen-mediated gene flow within Q. 

robur stands. Removal of adult trees and decreasing tree density directly increased 

the genetic structure within the studied offspring cohort. This may not only affect 

future tree fitness through increasing the likelihood of consanguineous matings 

(among half and full-sibs) in subsequent generations (Young & Brown 1999), but the 

significant levels of pollen pool differentiation and reduced local pollen diversity 

may directly reduce pollen competition within the paternal mating pool, through 

which the proportion of recessive deleterious alleles increases in the progeny cohort 

(Breed et al. 2012).  

Our results should be interpreted with some caution, as the studied seedlings 

were grown under controlled greenhouse conditions, whereas natural selection in 

the field may possibly shape patterns of relatedness across generations. A gradual 

decrease of less fit homozygotes from the seedling cohort to the adult generation will 

potentially reduce the number of individuals that originated from biparental 

inbreeding in the adult generation. Furthermore, we collected seeds from one 

masting year only, whereas adult trees may reproduce during many decades. 

Nonetheless, light-demanding tree species such as Q. robur are characterized by a 

narrow recruitment window, restricted in time (mast years) and space (light 

requirement) and therefore the number of reproduction events contributing to the 

future adult generation are limited (Vera et al. 2006; Bary-Lenger & Nebout 1993). 

Finally, part of the shortcomings in this study resulted from the limited number of 

populations and individuals that were examined. Consequently, some of the stand 

characteristics (isolation and density) were confounded with the landscape matrix. 

To disentangle these confounding effects and to allow rigorous statistical testing of 

the effects of stand characteristics on mating and pollen flow patterns, more forest 

stands differing in tree density, isolation and matrix type were necessary. The 
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analyses of multiple forest stands in our study also had a price: sample sizes in all 

stands were restricted. The examination of more seed trees, adults and seedlings per 

site would have made the estimations of geneflow and mating system parameters 

much more robust. 

Since small and low density forest stands are common in the extremely 

fragmented forest landscapes of Northern Belgium and other parts of Europe 

(Vandekerkhove 2013), high levels of pollen flow within and between forest 

fragments should be maintained to counteract the negative genetic processes 

associated with forest fragmentation. However, increasing the genetic connectivity of 

natural regenerated forest stands is not always realistic in highly fragmented forest 

landscapes, through which more customized management practices are needed to 

maintain or increase Ne. Selecting the best regeneration method (natural or artificial 

regeneration, or both) should be determined by its likelihood to maintain a high 

genetic diversity on the long term, and will consequently depend on the 

characteristics of the forest stand. 
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5.1 Abstract 

The interaction between forest fragmentation and predicted climate change may pose 

a serious threat to tree populations. In small and spatially isolated forest fragments, 

increased homozygosity may directly affect individual tree fitness through the 

expression of deleterious alleles. Climate change-induced drought stress may 

exacerbate these detrimental genetic consequences of forest fragmentation, as the 

response to low levels of individual heterozygosity is generally thought to be 

stronger under environmental stress than under optimal conditions. To test this 

hypothesis, a greenhouse experiment was performed in which various transpiration 

and growth traits of 6-month-old seedlings of Quercus robur differing in multilocus 

heterozygosity (MLH) were recorded for 3 months under a well-watered and a 

drought stress treatment. Heterozygosity-fitness correlations (HFC) were examined 

by correlating the recorded traits of individual seedlings to their MLH and by 

studying their response to drought stress. Weak, but significant, effects of MLH on 

several fitness traits were obtained, which were stronger for transpiration variables 

than for the recorded growth traits. High atmospheric stress (measured as vapour 

pressure deficit) influenced the strength of the HFCs of the transpiration variables, 

whereas only a limited effect of the irrigation treatment on the HFCs was observed. 

Under ongoing climate change, increased atmospheric stress in the future may 

strengthen the negative responses of trees to low MLH. This indicates the necessity to 

maximize individual multilocus heterozygosity in forest tree breeding programmes. 
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5.2 Introduction 

Forests are essential to life on earth as they provide a multitude of ecosystem 

services, including climate mitigation, water regulation and biomass production 

(Lindenmayer & Franklin 2002; Thompson et al. 2009). Over recent decades the 

functioning and sustainability of forests have been increasingly challenged by 

various anthropogenic threats (Simberloff 1999; Millennium Ecosystem Assessment 

2005). One of the most important threats is climate change (Noss 2001; Lindner et al. 

2010). For Europe, climate projections predict increasing temperatures and irregular 

precipitation patterns during summer, which will increase the number and intensity 

of drought events (Stocker et al. 2013). During such events, soil water shortage can be 

expected to induce the closure of stomata, which may directly damage leaf tissue of 

trees through the inhibition of leaf cooling (Bréda et al. 2006). At more severe levels 

of drought stress, water transfer within the xylem may be irreversibly disrupted 

hrough vessel embolism (cavitation), which may result in losses of roots or twigs. 

Next to cavitation, tree mortality after long-term drought may also be caused by 

carbon starvation. This process induces the depletion of carbon resources during 

drought stress, as stomatal closure will lower carbon assimilation such that it is 

insufficient to supply the required amounts of carbon (McDowell et al. 2008). 

Drought-induced physiological disorders will not only affect biomass production in 

the short term, but may also increase the susceptibility of trees to secondary stresses 

such as frost, fungal infections and insect attacks, which may affect tree health and 

eventually lead to tree death (Bréda et al. 2006; Lindner et al. 2010).  

Next to climate change, the loss and fragmentation of forests through land-use 

changes poses a second major worldwide threat to forest sustainability (Hamrick 

2004; Millennium Ecosystem Assessment 2005). Forest fragmentation results in small 

and spatially isolated forest fragments in which increased random genetic drift and 

inbreeding may erode genetic diversity of the tree populations (Jump & Pe uelas 

2006; Vranckx et al. 2012). Genetic diversity is crucial, however, for the maintenance 

of vital and productive forests (Jump et al. 2009), since population genetic variation 

provides the raw material for evolution, allowing adaptation of forest trees to 
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environmental changes (Willi et al. 2006). Moreover, increased homozygosity 

resulting from inbreeding may directly affect individual tree fitness, through the 

expression of deleterious alleles that influence morphological, physiological and life-

history traits. The relationships between heterozygosity and fitness traits are 

generally known as heterozygosity-fitness correlations (HFCs), and are more likely to 

occur in small, non-random mating populations that typically occur in fragmented 

habitats (David 1998; Hansson & Westerberg 2002; Szulkin et al. 2010). Quantifying 

HFCs may give insight into the effects of inbreeding on individual tree performance 

(Hedrick & Kalinowski 2000; Reed & Frankham 2003) and is also relevant to forest 

management and forest tree breeding programmes designed to maximize biomass 

production (Aravanopoulos & Zsuffa 1998; Alig et al. 2003).  

The detrimental genetic consequences of forest fragmentation may be 

exacerbated by climate change-induced drought stress because the response of tree 

species to low levels of heterozygosity is generally thought to be more pronounced 

under environmental stress than under optimal conditions (Armbruster & Reed 

2005). However, the effects of environmental stress on HFCs are not always clear 

(Keller & Waller 2002), and beyond a certain level of stress HFCs may become less 

apparent (Audo & Diehl 1995; David 1998). Whereas the relationships between 

heterozygosity and fitness traits have been examined frequently in conifers (e.g. 

Mitton et al. 1981; Ledig et al. 1983; Bush et al. 1987; Savolainen & Hedrick 1995), 

similar studies are rare for broadleaved species (Aravanopoulos & Zsuffa 1998). 

Furthermore, we are not aware of any study that has focused on the potentially 

detrimental interaction between climate change and habitat fragmentation by 

studying the effects of drought stress on HFCs.  

Here we investigated HFCs and their response to drought stress in the 

economically important broadleaved tree species pedunculate oak (Quercus robur). 

We selected different transpiration variables and various growth traits as fitness 

variables (Van Hees 1997; David 1998; Bréda et al. 2006). First, growth is an 

important fitness component, especially in indeterminate growers such as trees, 

which are characterized by size-dependent fecundity (David 1998). Rapid early 
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growth and strong biomass production will increase the competitive ability of 

seedlings, through which they may outcompete neighbouring seedlings when 

competition for light and resources is strong (King 1981; Bush et al. 1987; Scotti-

Saintagne et al. 2004). Furthermore, since the crown size of many tree species is 

strongly correlated with stem diameter (Hemery et al. 2005), larger oak trees may 

also have greater crown areas for flowering and acorn production (Greenberg 2000). 

Second, transpiration variables, such as stomatal conductance, water potential and 

the water content of seedlings, may give an indication of the water status of a plant 

and may influence the physiological processes that determine carbon fixation and 

growth (Bréda et al. 2006). Low soil water content and high atmospheric evaporative 

demand may decrease the leaf water potential of oak seedlings and induce stomatal 

closure (Fort et al. 1997; Cavender-Bares & Bazzaz 2000). This may reduce the rate of 

stomatal conductance, limiting water fluxes at the cost of reduced photosynthesis 

and biomass production (Bréda et al. 2006). Furthermore, although transpiration 

efficiency (ratio of biomass production to transpiration) generally increases during 

drought stress, Donovan and Ehleringer (1991) and Cavender-Bares and Bazzaz 

(2000) have suggested that this increase in transpiration efficiency may be lower 

during seedling establishment, when it is accompanied by increased seedling 

growth. 

HFCs are likely to emerge in Q. robur since forest stands of this tree species are 

small in many parts of Western Europe due to past deforestation and fragmented 

forest ownership (Wiersum et al. 2005). Moreover, recent research has revealed 

variation in individual multilocus heterozygosity within small oak stands in northern 

Belgium, despite high heterozygosity levels at the population scale (Vranckx et al. 

2014). Therefore, it can be hypothesized that: 

 This within-stand variation in individual multilocus heterozygosity may be 

correlated to the variation in transpiration and growth traits of the seedlings 

 These HFCs are stronger under stress conditions.  

To test these hypotheses, we quantified multilocus heterozygosity based on nine 

neutral microsatellite loci in 150 seedlings originating from three populations (50 
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seedlings per population). A greenhouse experiment was performed in which 

seedlings of Q. robur that differed in multilocus heterozygosity were grown under 

standardized environmental conditions. Various transpiration and growth traits of 6-

month-old seedlings were recorded for 3 months under both a well-watered and a 

drought stress treatment. 

5.3 Materials and Methods 

5.3.1 Study species 

Pedunculate oak (Quercus robur L.) is a keystone tree species of many European 

forest ecosystems, with a large natural range extending from southern Scandinavia to 

sub-Mediterranean Europe, and eastwards to the Ural Mountains (Bary-Lenger & 

Nebout 1993). This monoecious, wind-pollinated tree species occurs on a wide range 

of soils, and displays a medium degree of drought tolerance, which may be 

attributed to its deep rooting system and the maintenance of high rates of stomatal 

conductance during moderate levels of drought stress (Epron & Dreyer 1993). 

Compared with its closest congener Quercus petraea, Q. robur prefers to grow on 

neutral soils characterized by good water-holding capacity or soils with a permanent 

water table within reach of the root system (Bary-Lenger & Nebout 1993). Flower 

fertilization is followed by rapid development of acorns, which are dispersed during 

autumn by gravity, small rodents and birds. Although acorns can germinate and 

establish under a closed canopy, forest canopy openings are required for further 

seedling growth and development (Bary-Lenger & Nebout 1993). 

5.3.2 Seed collection and experimental set-up 

Acorns of Q. robur were collected in the autumn of 2011 in three small (< 4 ha) 

monospecific pedunculate oak stands in the centre of Flanders (Northern Belgium). 

These forest stands had been studied previously (Vranckx et al. 2014) and showed 

high heterozygosity values at the population level, which were consistent with what 

was found in other population genetic studies of Q. robur (Mariette et al. 2002; 

Hampe et al. 2010). The maximum distance between these stands was less than 15 



104  Chapter 5 

km, and all were located in a matrix of forest stands composed of other tree species 

and/or agricultural land (Table 5.1). Pollen exchange among the three forest stands 

(Vos, Keffers and Chartreuse) was rather limited, as the minimum geographical 

distance between stands (~ 3400 m) was much greater than the average pollen 

dispersal distances (130 - 210 m) for the three studied stands, based on the 

neighbourhood model implemented in the program NM+ (Chybicki and Burczyk 

2010). A circular plot containing 35 adult trees was established in the centre of each 

Q. robur stand, in which five seed traps (1.5 m2 each) were randomly located. At the 

end of September, ten acorns from each seed trap were collected and stored at 5 °C 

for 4 weeks. Cold storage increased both the percentage and synchronization of seed 

germination (Manzanera et al. 1993). After cold storage, 50 Q. robur seeds per forest 

stand were weighed and sown in the centre of 3 L open-bottom pots filled with 

commercial soil (20% organic, pH ~ 6, electrical conductivity = 750 μS cm-1, 14:16:18 

N:P:K 1 kg m-3). The pots were randomly placed in a greenhouse under controlled 

climatic conditions with a 12/12 h day/night light regime, and kept at field capacity 

using an automatic drip irrigation system. The irrigation water contained a Peters 

professional nutrient mixture (20:20:20 N:P:K, including trace elements; Everris 

International, Geldermalsen, the Netherlands). High germination percentages were 

obtained (> 95%), with most of the seeds germinating in week 4 after sowing. 

Table 5.1. Characteristics of the three pedunculated oak stands were acorns were collected 

forest stand 
Latitude 

(N) 

Longitude 

(E) 

Area 

(ha) 

Population 

size 

Density 

(ind/m2) 

Plot size 

(ha) 

Isolation 

(m) 

Keffers 50°50'26" 4°42'00" 3.04 328 0.0118 0.49 400 

Vos 50°49'27" 4°39'33" 3.97 682 0.0195 0.24 175 

Chartreuse 50°54'45'' 4°46'25" 0.43 32 0.0074 0.43 135 

5.3.3 Microsatellite analyses 

After 6 months growing (April 2012) under controlled climatic conditions all 

seedlings were genotyped. A single leaf was taken from each seedling and stored in 

silica prior to DNA extraction. Dried leaf samples (200 mg) were ground before DNA 
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extraction with a Nucleospin Plant II kit (Macherey-Nagel). We selected ten 

microsatellite loci that had been developed for Q. petraea (QpZAG9, QpZAG108, 

QpZAG46, QpZAG15, QpZAG110, QpZAG104; Steinkellner et al. 1997), Quercus 

macrocarpa (MSQ4, MSQ13, MSQ16; Dow et al. 1995; Dow & Ashley 1996) and Q. 

robur (QrZAG112; Kampfer et al. 1998). Polymerase chain reaction amplifications 

were carried out using a Multiplex PCR Master Mix kit (Qiagen) with the 

thermocycler programme of 15 min at 94 °C followed by 30 cycles of 45 s at 94 °C, 45 

s at 50 °C and 45 s at 72 °C and final extension at 72 °C for 10 min. The amplified 

fragments were analysed with an ABI 3500 genetic analyser (Applied Biosystems, 

Foster City, CA, USA) and GeneMapper software (version 4.1). The microsatellite 

data were first analysed using the software Micro-Checker version 2.2.3 (Van 

Oosterhout et al. 2004) to check for possible genotyping errors, including null alleles, 

stutter peaks and large allele drop-out. We observed a consistent high null allele 

frequency at one locus (MSQ16), which was removed from further analyses.  

Neutrality of the microsatellites was first checked with the Ewens-Watterson 

homozygosity test of neutrality (Manly 1985) using Popgene version 1.32 (100,000 

permutations; Yeh et al. 1999). This test compares observed allele frequencies with 

those expected under mutation-drift equilibrium, and is therefore useful for 

detecting deviations from neutrality due to selection or demographic changes. We 

found no significant departures from neutrality for any loci; however, the observed F 

(sum of squares of allele frequencies) for locus QpZAG104 was close to the lower 

limit of the 95% confidence interval (Appendix 5.1). Second, We also conducted a Fst 

outlier test implemented in Arlequin v.3.5. (Excoffier & Lischer 2010). This method 

evaluates the probability of a locus to be under selection, based on the relationship 

between Fst and expected heterozygosity (He). This relationship is then compared to a 

simulated neutral null distributions, which is obtained by simulating samples under 

a hierarchical island model using a coalescent approach (Excoffier et al. 2009). All the 

applied microsatellites showed non-significant p-values (p > 0.05) for the Fst outlier 

test, suggesting the neutrality of the loci (Appendix 5.2).  
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The following population genetic diversity measures were calculated for the 

studied seedlings: number of different alleles (An), allelic richness (Ar), observed 

heterozygosity (Ho), Nei’s unbiased expected heterozygosity (He) and Wright’s 

inbreeding coefficient (FIS), using GenAlEx (version 6.2; Peakall & Smouse 2006). 

When calculating allelic richness, the rarefaction approach described by El Mousadik 

and Petit (1996) was used to account for differences in sample size. The percentage of 

rare alleles for the seedlings was calculated by dividing the number of low-frequency 

(< 0.05) alleles by the total number of alleles present in a stand. 

Subsequently, three different metrics were calculated to detect HFCs in the 

genotyped oak seedlings. First, multilocus heterozygosity (MLH) was measured in 

each seedling as the percentage of microsatellite loci for which an individual was 

heterozygous, corrected for non-scored loci (Slate & Pemberton 2002; Chapman et al. 

2009). A second microsatellite-based metric that has been proposed for the study of 

HFCs is mean d2, which is the squared difference (in repeat units) between the two 

alleles at a locus, averaged over all the microsatellite loci for which an individual was 

examined (Coulson et al. 1998; Hedrick et al. 2001; Slate & Pemberton 2002). Mean d2 

was calculated as follows: 
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where ni1 and ni2 are the lengths in repeat units of the two alleles at the ith locus and 

N is the number of scored loci examined in an individual. Finally, we also calculated 

the standardized mean d2 (sMd2), which limits the influence of highly polymorphic 

loci on the metric. Therefore, d2 was standardized with its locus-specific variance 

(Pemberton et al. 1999). By studying the above genetic metrics, we actually 

investigated different ecological processes. MLH has been considered to better detect 

recent inbreeding events than d2, whereas d2 may also contain information about 

historical events in an individual’s ancestry, such as the influence of population 

admixture (hybrid vigour, high d2) (Coulson et al. 1998; Pemberton et al. 1999). To 

assess the relationship between the three tested genetic measures (MLH, d2 and 

sMd2), Spearman rank correlation coefficients (rs) were calculated.  
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5.3.4 Treatment phase 

After 6 months at field capacity, 100 of the 150 seedlings were exposed to the 

treatment phase (8 May 2012) and the 50 remaining seedlings were harvested for 

initial biomass estimation. The 100 seedlings subjected to the treatment phase were 

selected in such a way that individuals with high and low MLH values originated 

equally from all three forest stands. Subsequently, these seedlings were assigned to 

two irrigation treatments such that MLH levels and forest stands were uniformly 

represented within and between treatments. These drought stress regimes were 

established based on relative extractable soil water (REW):  

REW V WP

FC WP

 

 





 

and measurements of the actual volumetric moisture content (θV) with a TRIME TDR 

FM3 sensor (IMKO, Ettlingen, Germany). The volumetric soil water contents at field 

capacity (θFC, suction pressure (pF) = 2.0) and at wilting point (θWP, pF = 4.2) were 

measured and calculated for the applied commercial soil (40.8 and 5.8%, 

respectively). The normal water treatment consisted of 50 seedlings subjected to a 

relative extractable soil water above 0.80 (θV = 33.8%), which greatly exceeds the 

general water deficit threshold for trees (REW = 0.30 - 0.40; Granier et al. 2007). To 

determine the effect of severe drought stress, the remaining seedlings were irrigated 

up to a relative extractable soil water content of 0.10 (θV = 9.3%). This value 

corresponds to the estimates (REW = 0.05 - 0.2) recorded by Bréda et al. (2006) in 

European forests during the severe summer drought of 2003. Target weights for 

watering were calculated for all seedlings based on relative extractable soil water and 

the relationship between pot weight and soil moisture content. This relationship was 

regularly checked (weeks 1, 4 and 10) and adjusted for changes in plant weight. 

Seedlings were watered three times a week up to their target weight and pots were 

weighed before and after irrigation. To prevent soil evaporation and percolation, the 

surface and bottom of the pots were covered with aluminium and plastic foil 

respectively. Five control pots without seedlings were weighed to correct for soil 

evaporation. During the entire experiment, air temperature (Ta), relative air humidity 
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(RH) and photosynthetically active radiation (PAR) were measured every 5 min. 

PAR was converted from Wm-2 to the more usual µmolm-2s-1, based on the 

conversion factors of McCree (1972). Mean daytime values of Ta, PAR and vapour 

pressure deficit (VPD, calculated using Ta and RH) are given in Table 5.2. Pots were 

fully randomized every week to reduce position effects within the greenhouse. 

Sulphur vaporization and preventive spraying with acaricides (Floramite, Nissorun) 

were successfully applied for the control of powdery mildew (Microsphaera 

alphitoides) and red spider mite (Tetranychus urticae). 

Table 5.2: Mean values and their standard errors (in parentheses) for air temperature (Ta), VPD 

and PAR during the treatment phase and during the measurements of stomatal conductance (gs) 

and leaf water potential (ψ) in Q. robur 

Time Variable Ta (°C) VPD (kPa) PAR (µmolm-2s-1) 

Treatment 

period 
    

Entire day  22.8 (0.1) 1.30 (0.017) 359.3 (29.9) 

Morning  20.7 (0.1) 0.90 (0.019) 285.2 (39.1) 

Midday  24.7 (0.2) 1.67 (0.028) 619.6 (50.6) 

Day 35     

Morning gs 20.7 (1.2) 0.81 (0.211) 237.8 (62.1) 

Midday gs 23.0 (0.5) 1.31 (0.097) 432.2 (109.5) 

Day 49, midday gs 25.6 (0.4) 1.88 (0.094) 511.1 (155.9) 

Day 65, midday  gs 22.6 (0.8) 1.61 (0.108) 868.9 (159.2) 

Day 92, midday  ψmd 21.8 (0.3) 0.97 (0.047) 145.8 (12.9) 

Day 93, predawn ψpd 17.9 (0.1) 0.19 (0.004) 0 

 

5.3.5 Measurements  

At the start of the treatment phase, we recorded the following morphological 

variables: number of leaves (Ln) and branches (Bn), stem length (SL), stem diameter at 

base (SD,base) and top (SD,top), branch length (BL) and diameter at the base (BD,base) and 

top of the branches (BD,top). These measurements were repeated every 3 weeks and at 

the end of the treatment phase. Total woody volume (Vtot, stem + branches) was 

derived using Smalian’s formula (West 2009): 
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where Abase and Atop are the areas at the base and top of the stem or branches, 

respectively. On days 35, 49 and 65, leaf stomatal conductivity (gs) was measured on 

two randomly selected top leaves of all seedlings using a steady-state SC-1 leaf 

porometer (Degacon Devices, Pullman, WA, USA). These measurements were 

performed in two rounds between 0900 - 1200 h and 1230 - 1530 h local time on day 

35, whereas on the other days gs was measured only once (between 1230 and 1530 h), 

since climatic conditions were not homogeneous during the mornings of days 49 and 

65. Midday (ψmd) and predawn (ψpd) leafwater potentials were determined on day 92 

(1230 - 1500 h) and 93 (0300 - 0530 h) respectively, using a Scholander pressure 

chamber (model 615, PMS instruments, Albany, USA). In total, we examined ψmd and 

ψpd for 60 seedlings, in each of which two top leaves were randomly selected. These 

seedlings were characterized by low (≤ 0.67) and high (≥ 0.89) levels of MLH. The 

water potential range (Δψ) per seedling was calculated as ψpd - ψmd. Climatic 

conditions during measurements of leaf stomatal conductivity and water potential 

are given in Table 5.2. 

At day 100 of the treatment phase (16 August 2012) all seedlings were harvested 

and measurements of fresh (WF) and dry weight (WD, 48h at 85°C) of the woody parts 

(stem + branches), leaves, roots and whole plants were performed. We calculated for 

each seedling above-ground biomass (WAG) and water content (WC) as follows: 

D

F

WC 100 (1 )
W

W
   

5.3.6 Calculated variables 

To estimate the initial biomass of the seedlings followed during the treatment phase, 

we established linear regression models between biomass data (WF, WD and WAG) and 

morphological input variables (ln(Vtot), ln(SL), ln(Ln) and Bn), which were obtained 

from the 50 seedlings harvested at the start of the treatment phase. The models with 

the highest 
2

adjR  (0.84 - 0.97) were selected for initial biomass estimation (Appendix 

5.3). A good model fit was also confirmed by Mallow’s Cp selection criterion, as the 
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Cp value was equal to the number of regressors in the chosen models (Gagné & 

Dayton 2002). The relative growth rates (RGRs) of various morphological and 

biomass variables were calculated as: 

2 1
X

2 1

ln( ) ln( )
RGR

X X

t t





 

where X1 and X2 are the values of the studied variables at times t1 and t2 respectively 

(Evans 1972). Daily transpiration rate (TR) was determined by weighing the pots 

before and after watering and correcting for soil evaporation (blank pots) and leaf 

loss. We also accounted for differences in the number of leaves per seedling by 

dividing the transpiration rate by the ln(Ln) of the seedlings. Transpiration efficiency 

(TE) was calculated as the ratio between the amount of dry biomass produced during 

the treatment phase and the total amount of water consumed during this period. We 

also estimated biomass water productivity (WP), which can be defined as the total 

dry biomass produced per unit of water transpired, normalized for atmospheric 

conditions (Steduto 2003; Steduto et al. 2007). Many studies have shown that WP is 

approximately constant for a given species, regardless of the growth conditions 

(irrigation treatment), after the variation in atmospheric conditions is normalized 

(Steduto 2003; Steduto et al. 2007). To calculate WP we first normalized cumulative 

transpiration (CT) for daily mean VPD measured between 0800 and 1800 h on day j 

(VPDj) 
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Secondly, we constructed a linear regression model that included irrigation 

treatment, the cumulative transpiration normalized for atmospheric conditions (CTi), 

MLH and irrigation treatments as input variables, and total dry biomass production 

as dependent variable. Main effects and interaction terms that were not significant (p 

> 0.05), were excluded from this model using a backward selection procedure. 

Finally, biomass water productivity was estimated as the regression coefficient of the 

final regression model with CTi and irrigation treatment as input variables and dry 

biomass production as dependent variable (Steduto et al. 2007). 
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5.3.7 Statistical analyses 

We used linear regression models to examine the effects of irrigation treatment 

(factor), multilocus heterozygosity (covariate) and their interaction term on the 

response variables measured and calculated during the treatment phase. To test for 

variation caused by environmental differences between the three seed collection 

sites, the forest stand in which the acorns were collected was included in the model 

as a fixed factor. Forest stand was not included as a random effect in our model, since 

the number of independent clusters within forest stands was too limited (three 

stands) to properly estimate its standard deviation. We also accounted for the effect 

of seed size on the measured response variables by including log seed weight in the 

initial model. Non-significant stand and seed size effects were excluded from the 

initial models (Appendix 5.4), such that well-fitting final models (highest 2

adjR ) were 

obtained. For all tested models, 2

adjR  values and their significance levels were 

calculated as a measure of goodness of fit, and partial R2 coefficients ( 2

pR ) were 

obtained for each fixed effect to compare them between the different final models. To 

examine the effect of time of measurement, repeated measures ANOVAs with 

between-subject factors forest stand, irrigation regime and MLH were applied to 

transpiration rates corrected for the number of leaves per seedling (within-subject 

effect = irrigation event, 39 levels) and to stomatal conductance measured on day 35 

(within-subject effect = time of measurement, 2 levels). If the assumption of sphericity 

was not met (significant Mauchly’s test), the Huyn-Feldt statistic was used for 

within-subject tests. All statistical analyses were performed using SPSS software 

(SPSS 20.0; SPSS, Chicago, IL). 

5.4 Results 

A total of 146 of the 150 studied seedlings (97.3%) were successfully genotyped for all 

nine microsatellite loci. The markers were highly polymorphic, with an average 

number of 17.7 ± 2.01 (SE) alleles per locus. At the population scale we found high 

allelic richness and heterozygosity levels for the seedlings (Ar ≥ 11.2; Ho ≥ 0.794 and 

He ≥ 0.800; Table 5.3). Individual multilocus heterozygosity (MLH) ranged between 
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0.44 and 1, whereas d2 varied between 9.3 and 751.7 and sMd2 between 4.3 x 10-5 and 

8.0 x 10-3. The three variables were significantly correlated with each other. MLH was 

more strongly correlated to the standardized mean sMd2 (rs = 0.39, p < 0.0001) than to 

the mean d2 (rs = 0.27, p = 0.006). In addition, the statistical power of d2 and sMd2 to 

detect significant HFCs was much more limited (lower 2

pR  values (< 0.1 - 2.1%)) 

compared with MLH (3 - 11%) (cf. Coltman & Slate 2003; Slate & Pemberton 2002; 

Chapman et al. 2009). Therefore, we only report the outcome of the HFC tests based 

on MLH.  

Table 5.3: Estimates of population genetic diversity measures (± standard errors) for the studied 

seedlings from three Q. robur populations based on 9 microsatellite loci.  

An, number of different alleles; Ar, allelic richness; Ho, observed heterozygosity; He, expected 

heterozygosity; FIS, inbreeding coefficient;  

*allelic richness based on a minimum sample size of 48 individuals 

5.4.1 Water use and transpiration 

Almost all transpiration and water use variables strongly differed (p < 0.05) between 

the two irrigation treatments (Table 5.4A), with significantly higher estimates for 

seedlings subjected to normal water conditions compared to drought-stressed 

seedlings (Figures 5.1 & 5.2). Changes in stomatal conductance (gs) during the day 

also differed significantly between the two irrigation treatments (significant time x 

stress effect, p < 0.05). For drought-stressed seedlings, gs decreased by 9.6% from 67.7 

± 5.8 (SE) mmol m-2s-1 in the morning of day 35 to 61.3 ± 5.2 (SE) mmol m-2s-1 at 

midday, whereas gs of well-watered seedlings significantly increased (p < 0.05) by 

32.5% from 337.6 ± 28.5 (SE) to 447.1 ± 44.3 (SE) mmol m-2s-1 at midday. More 

importantly, the results of the linear regression models indicated that gs and water 

Forest 

stand 
An Ar* 

Rare 

alleles (%) 
Ho He. FIS 

Keffers 12.8 (1.5) 12.7 (1.5) 48.8 (5.0) 0.796 (.037) 0.800 (.029) 0.005 (.025) 

Vos 12.2 (1.0) 12.2 (1.0) 50.1 (3.2) 0.794 (.048) 0.806 (.031) 0.015 (.042) 

Chartreuse 11.2 (1.2) 11.2 (1.2) 39.7 (3.4) 0.820 (.034) 0.814 (.030) -0.007 (.032) 

Mean 12.1 (0.7) 12.0 (0.5) 46.2 (3.3) 0.803 (.022) 0.807 (.017) 0.005 (0.007) 
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content were significantly correlated (p < 0.05) with the MLH of the seedlings, 

whereas ψmd and Δψ showed marginally significant relationships (0.05 ≤ p < 0.1) 

(Table 5.4A). For all of these variables, estimates increased with increasing MLH 

(Figure 5.2), except for Δψ, for which the opposite relationship was observed in the 

drought-stressed seedlings (Figure 5.2D). Although significant HFCs were found, 

only a small proportion of the variance ( 2

pR  = 4 - 11%) could be explained by MLH 

(Table 5.4A). Marginally significant interaction terms (0.05 ≤ p < 0.1) between 

irrigation treatment and MLH were obtained for measures of gs on day 49 and for Δψ 

(Table 5.4A). These interactions are visualized in the non-parallel regression lines in 

Figure 5.2A and Figure 5.2D, where estimates of respectively gs on day 49 and Δψ 

were more strongly correlated with MLH under water stress than under normal 

water conditions. The effects of forest stand and seed weight on the transpiration 

variables were limited. A few variables showed significant differences between the 

three seed collection sites (Table 5.4), but no effects of seed weight were found. 

Figure 5.1. Daily transpiration rates of Q. robur corrected for the number of leaves per seedling, 

under drought stress and normal water conditions. Seedlings were divided into two groups with 

MLH ≤ 0.78 and > 0.78. 
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Table 5.4. results of the linear regression models performed to examine the effect of irrigation regime, MLH and their interaction on (A) transpiration 

and (B) growth trait variables for Q. robur.  

To account for the differences between forests and seed sizes, forest stand and log seed weight were included in the analysis as a fixed effect. Non-significant 

stand and seed effects were excluded from the final models, such that we obtained well-fitting models (highest 
2
adjR ). F-statistics, 

2
pR coefficients and 

significance levels for main effects and interactions are presented for the final models. (∗) 0.05 ≤ p < 0.1; ∗∗ 0.001 ≤ p < 0.05; ∗∗∗ p < 0.001. 

  
Correlation 

model 
Irrigation MLH 

Irrigation x 

MLH 
Forest stand 

Log seed 

weight 

Parameter Variable Fmodel 
2

adjR  F 
2

pR  F 
2

pR  F 
2

pR  F 
2

pR  F 
2

pR  

(A) Transpiration              

Stomatal conductance log gs day35 a.m. 43.03*** 0.68 10.27** 0.10 4.76** 0.05 0.36 < 0.01 4.66** 0.09   

 log gs day35 p.m. 73.79*** 0.69 10.02** 0.10 7.13** 0.07 0.26 < 0.01     

 log gs day49 p.m. 110.81*** 0.85 35.55*** 0.27 9.06** 0.09 3.20(*) 0.03 5.57** 0.11   

 log gs day65 p.m. 121.81*** 0.86 16.43*** 0.15 11.14** 0.11 0.17 < 0.01 2.75(*) 0.06   

Leaf water potential 
ψmd 40.35*** 0.68 14.01*** 0.21 2.81(*) 0.05 1.81 0.03     

ψpd 58.93*** 0.75 5.87** 0.10 0.10 < 0.01 0.34 < 0.01     

Water potential range Δψ 9.52*** 0.31 8.61** 0.14 3.14(*) 0.06 3.93(*) 0.07     

Total transpirationcorr TR 111.79*** 0.78 3.19(*) 0.03 2.21 0.02 2.69 0.03     

Water content WC 61.47*** 0.66 6.10** 0.06 4.11** 0.04 < 0.01 < 0.01     

(B) Growth traits              

RGR (Evans 1972) RGRdiameter 69.40*** 0.74 20.06*** 0.18 3.67(*) 0.04 2.17 0.02   2.75 0.03 

 RGRlength 3.58** 0.08 0.03 < 0.01 2.95(*) 0.03 0.45 < 0.01     

 RGRwoody volume 46.26*** 0.66 15.21*** 0.14 4.53** 0.05 2.22 0.02   2.25 0.02 

 RGRdry biomass 64.86*** 0.67 7.55** 0.08 3.23(*) 0.03 0.04 < 0.01     

 RGRfresh biomass 102.28*** 0.76 14.10*** 0.13 2.78(*) 0.03 0.28 < 0.01     

 RGRaboveground 18.28*** 0.48 8.47** 0.09 2.51 0.03 1.76 0.02 5.31** 0.11   

 RGRroots 20.80*** 0.56 2.93(*) 0.03 0.12 < 0.01 0.05 < 0.01 6.55** 0.13 4.03** 0.04 

Transpiration efficiency TE 2.41(*) 0.06 0.47 < 0.01 0.05 < 0.01 0.41 < 0.01   8.51** 0.09 
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The repeated measures ANOVA model that was conducted to examine the 

effect of time on TR indicated a highly significant time (F = 5.39, p < 0.001, 2

pR = 0.06) 

and time x irrigation effect (F = 63.46, p < 0.001, 2

pR  = 0.41) (Figure 5.1). The mean TR 

of drought-stressed Q. robur seedlings declined strongly from 21.6 ± 1.5 g (SE) on day 

5 to 3.7 ± 0.1 g on day 28, after which TR stabilized. The seedlings under normal 

water conditions showed daily TRs that were highly correlated (rs = 0.72, p < 0.001) to 

atmospheric demand (VPD), with a slightly, but not significantly higher TR when 

MLH was > 0.78 compared with seedlings with MLH ≤ 0.78 (Figure 5.1).  

Figure 5.2. Relationships between MLH of Q. robur and the following transpiration variables: gs at 

(A) day 49 and (B) day 65, (C) ψmd and (D) Δψ. HFCs were compared between seedlings 

subjected to normal water conditions and drought stressed seedlings. The plotted regression 

lines are based on estimates of the significant fixed effects of the linear regression models (Table 

4). 
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5.4.2 Growth rate and biomass production 

Seedling growth was strongly affected by water availability of the soil. First, we 

observed a highly significant (p < 0.001) positive relationship between dry biomass 

production and the total amount of water transpired during the treatment phase 

(Figure 5.3). Second, most growth traits were influenced by the irrigation regime, 

with significantly higher RGRs (p < 0.05) under normal water conditions than under 

drought stress (Table 5.4B). Efficiency in producing a certain amount of dry biomass 

per unit of water transpired (TE) was 23% higher in drought-stressed seedlings (5.01 

± 0.32 (SE)) than in well watered seedlings (4.07 ± 0.23 SE). However, this difference 

between irrigation treatments was not significant (p > 0.05), and TE was also not 

associated with the MLH of a seedling (Table 5.4B). Similar results were obtained for 

biomass WP, since the regression coefficients of the linear regression model between 

CTi and dry biomass production were not significantly (p > 0.05) influenced by the 

other input variables of the model (irrigation treatment and MLH). This was 

indicated by the non-significant interaction terms (CTi × irrigation treatment and CTi 

× MLH), which were removed, together with the non-significant main effect MLH, 

from the linear regression model. 

Figure 5.3. Biomass production of Q. robur as a function of cumulative transpiration standardized 

for VPD (CTi), compared between seedlings under normal water conditions and drought-stressed 

seedlings. Regression lines are plotted for each irrigation treatment and are based on the 

coefficients of the linear regression model. 



Drought Stress and Heterozygosity-Fitness Correlations in Oak  117 

 
 

A significant effect of MLH (p < 0.05) on growth variables was obtained when 

the RGR of woody volume was tested as trait (Table 5.4B). Under drought stress, 

mean values of RGRwoody volume were 7.5 times larger in seedlings of the highest MLH 

class (MLH = 1) compared with seedlings with the lowest MLH values (MLH = 0.44) 

(Figure 5.4A). The RGR of stem diameter and RGRs of dry and fresh biomass showed 

a weak ( 2

pR = 3 - 5%), marginally significant (0.05 ≤ p < 0.1), positive relationship with 

MLH (Table 5.4B, Figure 5.4B). In contrast to some of the transpiration variables, no 

significant interaction terms between MLH and irrigation treatment were found for 

any growth trait (Table 5.4B, Figure 5.4). Finally, most of the growth traits were not 

significantly influenced by the forest stand in which the acorns were collected or by 

the weight of the acorns. Furthermore, the weight of the acorns was not significantly 

correlated with the MLH of the acorns (rs = 0.12; p = 0.23). 

Figure 5.4. Relationships between MLH of Q. robur and (A) RGR of woody volume and (B) RGR 

of dry biomass. HFCs were compared between seedlings subjected to normal water conditions 

and drought-stressed seedlings. The plotted regression lines are based on estimates of the 

significant fixed effects of the linear regression models (Table 5.4). 

5.5 Discussion 

Our results showed weak but significant effects of MLH on several transpiration and 

growth traits in the temperate broadleaved tree species pedunculate oak (Quercus 

robur). Since selectively neutral molecular markers were used to quantify genetic 

diversity, HFCs cannot readily be attributed to functional overdominance at the 
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scored loci (the so-called direct effect hypothesis) (Queller et al. 1993; Savolainen and 

Hedrick 1995), but they would require small non-random mating population 

structures to emerge. In these populations, processes such as genetic drift, inbreeding 

and recent bottlenecks are more likely to occur (Young et al. 1996), and consequently 

HFCs may arise as a result of associative overdominance, either at linked fitness loci 

(the local effect hypothesis) or at genome wide distributed loci (the general effect 

hypothesis; i.e. classical inbreeding depression) (Szulkin et al. 2010). Although Q. 

robur is a wind-pollinated species with a highly outcrossing breeding system (selfing 

rate 2 - 5%; Steinhoff 1993), it has been shown that, in tree species with similar traits, 

biparental inbreeding may lower the number of heterozygous individuals in small, 

fragmented forest stands (Jump & Pe uelas 2006; Vranckx et al. 2012). Furthermore, 

recent research conducted in the same forest stands by Vranckx et al. (2014) has 

demonstrated less diverse pollen pools and increased correlated paternity in small 

stands. Ultimately, this may lead to stronger effects of biparental inbreeding in 

subsequent generations. In this study some variation in MLH was already detected 

for individual seedlings. However, at the population scale we found high 

heterozygosity levels (Table 5.3), which were consistent with what was found in 

other population genetic studies on Q. robur (Mariette et al. 2002; Hampe et al. 2010).  

5.5.1 Strength of HFCs in Q. robur seedlings 

The observed proportion of the variance in transpiration and growth traits that was 

explained by MLH was substantially larger than that reported in earlier HFC studies 

(0.07 - 3.3%, Szulkin et al. 2010). Furthermore, explained variances of ≤ 1% for MLH 

have been reported to be common when microsatellite markers are used to quantify 

genetic diversity (Coltman & slate 2003; Chapman et al. 2009). The stronger HFCs 

that we obtained can be attributed to several factors. First, since most empirical HFC 

studies have been performed on animal species with separate sexes (Coltman & Slate 

2003; Chapman et al. 2009; Szulkin et al. 2010), significant publication bias is likely. 

Plant species can be expected to show stronger HFCs than animal species, which may 

be related to the sessile nature and often self-compatible breeding systems of plants. 

This makes them more prone to selfing and biparental inbreeding, especially when 
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habitat fragmentation occurs (González-Varo et al. 2012). Second, the choice of 

genetic metric may also influence the strength of the HFC (Slate & Pemberton 2002; 

Chapman et al. 2009). Our study indicated that MLH had a higher power to detect 

HFCs than the variables d2 and sMd2. This is consistent with the results of previous 

meta-analyses (Coltman & Slate 2003; Chapman et al. 2009) and may indicate the 

occurrence of recent inbreeding events rather than population admixture (Coulson et 

al. 1998; Pemberton et al. 1999). As already mentioned, d2 may show stronger HFCs 

than MLH when population admixture strongly increases the number of highly 

heterozygous individuals and when fast-evolving molecular markers (mutation rate 

> 0.001) are used (Goudet & Keller 2002). Third, contrary to previous studies in 

conifers (Ledig et al. 1983; Savolainen & Hedrick 1995), we examined Q. robur 

seedlings under controlled common garden conditions, which increased the 

probability of detecting HFCs (David & Jarne 1997; Keller & Waller 2002). 

Heterozygosity–fitness correlations are expected to be stronger in seedlings 

compared with adult trees, as growth and survival are most strongly affected during 

the earliest life stages (David 1998). Adult trees may cope better with stressful 

conditions such as drought stress as their roots may access deeper water sources, 

whereby higher rates of transpiration and photosynthesis are maintained (Bond 2000; 

Cavender-Bares & Bazzaz 2000). Furthermore, less fit homozygotes, still present in 

the seedling cohort, may be absent from older generations (Honnay et al. 2008). 

Because of this gradual decrease in the number of homozygous individuals from 

seedlings to adult trees and the reduced environmental stress perceived by the 

adults, one would expect that under natural conditions HFCs would have been 

absent or undetectable in adult cohorts. However, Ziehe and Hattemer (2002) still 

found positive associations between heterozygosity level and diameter growth of 

adult trees in natural populations of the temperate broadleaved tree species Fagus 

sylvatica. 

Perhaps the most important factor influencing the magnitude of HFCs is the 

fitness trait under study. In our study, transpiration and growth traits showed 

(marginally) significant relationships with MLH. HFCs were, however, stronger for 
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transpiration variables ( 2

pR = 4 - 11%) than for growth traits ( 2

pR  = 3 - 5%). When Q. 

robur seedlings are facing drought stress, stomatal conductance is directly reduced as 

a result of a highly efficient stomatal control mechanism. This allows the leaf water 

potential to remain above the critical threshold value at which cavitation damage 

occurs (Vivin et al. 1993; Cochard et al. 1996). Contrary to the growth traits, which 

were recorded over a longer period of time, the transpiration variables were 

measured at midday (1230 - 1530 h). Consequently, transpiration was strongly 

affected, as the seedlings were exposed to the highest possible values of VPD and 

high levels of PAR (Table 5.2). Similar midday depression of gas exchange has been 

reported frequently in oaks and many other tree species (Weber & Gates 1990; Epron 

& Dreyer 1993) and was confirmed in this study by the decreased midday stomatal 

conductance (29.6%) of the drought-stressed seedlings on day 35.  

Another possible explanation for the stronger correlations between 

transpiration variables and MLH is that these HFCs could be the result of an 

association with a microsatellite near the coding region of the studied trait (the local 

effect hypothesis). Although theoretical papers often suggest that transpiration and 

growth traits are both typically controlled by numerous loci (David 1998; Szulkin et 

al. 2010), recent research has detected a relatively limited number of quantitative trait 

loci (QTLs) for growth rate and several transpiration traits in Q. robur (Scotti-

Saintagne et al. 2004; Brendel et al. 2008; Gailing et al. 2008). For example, in the 

study of Scotti-Saintagne et al. (2004) three QTLs for height growth were found 

which explained between 9.5 and 18.7% of the mean variance. One of the problems of 

QTLs is that they may be specific to a given environment, growth stage or genetic 

background, because of which QTL consistency across studies is often low (Teulat et 

al. 2001). Only in the study of Gailing et al. (2008), were some of the microsatellites 

used in our study located within QTLs for height growth and stomatal density. For 

height increment, two microsatellites (QpZag 104 and QpZag 46) were positioned 

within one QTL region (LG2M), explaining 3.4% of the variance in height growth, 

whereas for stomatal density three microsatellites (QpZag 104, QpZag 46 and QpZag 

9) occurred within two QTLs (LG2F and LG7F), explaining a higher percentage (3.7 
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and 7.2%, respectively) of the phenotypic variance (Gailing et al. 2008). It has been 

shown that increased stomatal density may improve drought resistance, as stomata 

present at high density are often smaller and have small guard cells, which 

contributes to better control of transpiration (Roussel et al. 2009).  

The local effect hypothesis was, however, not supported by the Ewens-

Watterson homozygosity test of neutrality (Manly, 1985) and the Fst outlier test 

(Excoffier et al. 2009), as both tests showed no significant departures from neutrality 

for all microsatellites. Moreover, when we removed locus QpZAG104 or QpZag46 

from our dataset, similar results were obtained (appendix 5.5 and appendix 5.6) as in 

the primary analyses without exclusion of QpZAG104 or QpZag46 (Table 5.4). We 

tested the removal of both loci, as QpZAG104 was close to the lower limit of the 95% 

confidence interval of the Ewens-Watterson homozygosity test, and since they were 

reported in the study of Gailing et al. (2008) to be located within QTLs for height 

growth and stomatal density.  

5.5.2 Interaction between drought stress and heterozygosity 

It has been claimed that HFCs are more pronounced under elevated environmental 

stress levels than under optimal conditions (Armbruster & Reed 2005; Lesbarrères et 

al. 2005), possibly exacerbating climate change effects in small, inbred tree 

populations. In our study, little evidence was found to support this hypothesis, as 

most of the examined traits showed no significant interaction between irrigation 

treatment and MLH. However, for the water potential range, we found stronger 

HFCs in drought-stressed seedlings compared with well watered seedlings. Plants 

can recover from water deficits overnight through internal hydraulic redistribution, 

which removes water potential gradients among leaves and roots (Domec et al. 2004; 

Bauerle et al. 2008).This will alleviate plant water stress, as root function, cell turgor 

for growth and leaf water content are maintained (Nardini & Pitt 1999). The variation 

in recovery rate of the water potential that was observed in the drought-stressed 

seedlings was influenced by the level of midday leaf water potential, which, in turn 

was affected by the individual MLH. 
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Next to the limited effect of the irrigation treatment, the strength of the HFCs 

may also have been influenced by the atmospheric stress level. Stomatal conductance 

was more correlated with MLH on days 49 and 65, which were both characterized by 

high VPD and PAR levels (Table 5.2), whereas on day 35 there were lower 

atmospheric stress levels and weaker HFCs (Table 5.4). Previous studies on tree 

transpiration have indicated not only that the physiological response of trees to 

drought stress depends on the water status of the soil, but also that the VPD and 

PAR level may also play a major role in transpiration and growth (Van Hees 1997; 

Oren & Pataki 2001; Zweifel et al. 2005). The significant interaction between 

irrigation treatment and MLH that was observed on day 49 might be attributed to the 

combined effect of low soil moisture and high atmospheric stress (e.g. high VPD and 

PAR), which may have imposed stronger overall drought stress conditions on 

seedlings (Van Hees 1997). This is in contrast with the findings of Mitton (1993) and 

Audo & Diehl (1995), who found stronger HFCs at moderate stress levels, whereas 

we demonstrated that higher stress levels (especially atmospheric stress) exacerbated 

the effects of low genetic diversity on tree transpiration. 

5.5.3 Implications for future forest management under climate change 

The existence of HFCs in natural populations of pedunculate oak indicate that 

increased homozygosity could ultimately limit biomass production below the 

potential yield. We found that relative growth rates of biomass production and 

woody volume declined with increasing number of homozygous loci under both 

irrigation treatments. Considering ongoing climate change, the projected increase in 

temperature of 2.0 - 3.1 °C for Central Europe by 2100 (CMIP5 model, scenario 

RCP4.5, 25th - 75th percentile), will raise the VPD of the air by 3 - 6% °C-1 (Kirschbaum 

2000; Stocker et al. 2013), leading to greater exposure of trees to atmospheric drought 

stress. Since we have shown stronger relationships between transpiration rates and 

MLH under higher VPD levels and since biomass production was strongly correlated 

with total transpiration, one can expect lower biomass production in homozygous 

individuals in the future. Moreover, more frequent and severe drought events may 

also limit the water availability in the soil, which may worsen the effect of high levels 
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of atmospheric stress (Kirschbaum 2000; Zweifel et al. 2005). In our study, however, 

the effect of limited soil water availability on the strength of the HFCs was only 

observed for measurements of stomatal conductance on day 49 (highest VPD), 

indicating a large tolerance of pedunculate oak seedlings to soil water stress (Van 

Hees 1997; Bréda et al. 2006). Since the roots of adult trees may tap into deeper water 

sources, they will be even less susceptible to soil water stress than seedlings (Bond 

2000; Cavender-Bares & Bazzaz 2000). Furthermore, the drought stress conditions 

that were established under greenhouse conditions, were not totally representative 

for those prevailing in the field. One can expect higher drying rates in pots compared 

to the situation in the field. However, under more natural conditions, the effect of 

drought stress could be worsened by other stresses not examined in the present 

study such as frost, fungal infections and insect attacks.  

To narrow the gap between average and potential yields under current and 

future environmental conditions, individual MLH should be maximized in forest tree 

breeding programmes. In naturally regenerating forest stands, intense natural 

selection at the seedling stage may preserve high levels of MLH in older age classes 

(Bush & Smouse 1991). However, natural regeneration of oak is often problematic 

due to factors such as low seed quantity and quality, strong predation and the lack of 

appropriate site conditions (Lorimer 1992; Abrams 2003). Moreover, in small 

fragmented forest stands, which are common in many parts of Western Europe, 

inbreeding may reduce the number of seedlings with high MLH. Extensive gene flow 

between stands may mitigate loss of genetic diversity. However, we previously 

showed that even in wind-pollinated species, such as oak, a reduction in tree density 

or population size may decrease local pollen diversity and increase correlated 

paternity (Vranckx et al. 2014), which may lead to stronger effects of biparental 

inbreeding in subsequent generations. So, even under high pollen immigration rates 

from outside the stand, an important fraction of mating events will occur at short 

distances between neighbouring trees (Sork et al. 2002; Breed et al. 2013b). Processes 

such as biparental inbreeding and reduced gene flow may be avoided by the 

maintenance of large continuous forest stands (Jump & Pe uelas 2006; Vranckx et al. 

2012). Not only may this increase MLH, but it will also retain and enlarge the gene 
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pool for adaptation, which is probably the best strategy to counter current and future 

environmental changes (Hamrick 2004; Jump et al. 2009). 
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6.1 Outline of main results 

Given the rising public concern regarding forest fragmentation and loss of forest 

biodiversity, forest policy increasingly promotes a sustainable and multifunctional 

forest management with a strong focus on the conservation of forest biodiversity. 

Nevertheless, despite the field of forest landscape genetics has been an attractive 

science domain throughout the past decades, our understanding of the consequences 

of anthropogenic disturbance for genetic diversity of tree populations remains 

limited (Kramer et al. 2008). A general framework to assess the long term 

sustainability of fragmented forests in terms of tree genetic diversity, through 

integrating stand characteristics, species traits, population genetics and individual 

tree performance, is largely lacking in the literature.  

The general aim of this study (chapter 1) was to help resolving the debate on 

forest fragmentation genetics by providing increased insights into the effects of 

human land use and forest management activities on the genetic diversity, gene flow 

and inbreeding of oak populations. In order to achieve this aim, a multidisciplinary 

approach was adopted. First, a systematic and quantitative review of the literature 

on forest landscape genetics was performed. This allowed us to determine the extent 

to which tree species are at risk to lose genetic diversity following fragmentation of 

tree populations, and to evaluate how this genetic response was mediated by several 

life-history traits (chapter 2). The results of this meta-analysis were compared with 

what was found in a more in-depth study on pedunculate oak (Quercus robur), where 

we examined how much of the total genetic diversity was maintained in the 

naturally established offspring cohort within small oak stands (chapter 3). We also 

investigated the effects of different forest stand characteristics on this process, and 

how these affected mating patterns and gene flow (chapter 3 & 4). Finally, the 

relationships between tree genetic diversity and tree performance were explored in a 

large-scale greenhouse experiment (chapter 5). The main results of this PhD thesis 

are schematically presented in figure 6.1.  
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Figure 6.1: Schematic overview of the main results of this thesis, based on a meta-analysis 

(chapter 2) and on a more in-depth study on pedunculate oak (Quercus robur) (chapter 3,4 & 5).  

Our meta-analysis clearly showed that woody plant species were as prone to 

genetic erosion through habitat fragmentation as herbaceous species studied in 

earlier meta-analyses (Honnay & Jacquemyn 2007). This suggests that the life history 

traits that are typically associated with tree species (e.g., high outcrossing rates and 

extensive gene flow) did not alleviate the negative genetic consequences of forest 

fragmentation. On the one hand the genetic diversity of obligate outcrossing trees 

was as strongly affected by habitat fragmentation as self-compatible tree species. This 

can be explained by the fact that even in self-compatible trees mating will be 

primarily outcrossing and that, no predominantly selfing woody species are known 

(Hamrick & Godt 1996). On the other hand, wind-pollinated tree species were as 

likely to lose genetic diversity as insect-pollinated species. So, also in wind-pollinated 

tree species which are presumed to have extensive pollen flow, pollen limitation may 

occur when the scale of spatial isolation between forest fragments exceeds the scale 
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of pollen flow. Although bird-pollinated species showed no significant genetic effects 

of habitat fragmentation, one could wonder whether this was due to long-distance 

pollination events by birds (Murcia 1996; Kramer et al. 2011), or if this resulted from 

the underrepresentation of studies that examined bird-pollination in our meta-

analysis. As a consequence of the latter, the statistical power to find significant 

fragmentation effects was much lower for bird-pollinated tree species (only 13 data 

points) than for wind- and insect-pollinated species (37 and 54 data points 

respectively). Moreover, almost all bird-pollinated species in our meta-analysis were 

distributed throughout the tropics. This could have provoked stronger adaptations to 

long-distance gene flow due to the lower tree densities during their evolutionary 

history (White et al. 2002). Our study also confirmed that tree species, because of 

their long lifespan, may persist in forest remnants for a long time, without showing 

strong genetic losses (Hamrick 2004). Only studies that investigated individuals that 

were exposed to habitat fragmentation for several generations showed significant 

genetic responses. This implies that recently fragmented or recently planted small 

forest stands may lose some of their genetic diversity over time.  

Contrary to the above meta-analytical findings, no strong effects of 

anthropogenic disturbances on genetic diversity were observed in our in-depth study 

on pedunculate oak (chapter 3). However, all studied oak stands were representative 

for the typically strongly fragmented forest landscape of North-western Europe 

(forest stand sizes < 5ha). The lack of clear differences between the genetic diversity 

measures of the recently established seedling cohorts and the adult generations in 

these small and low-density forest stands could be attributed to several factors. First, 

as tree planting in Flanders was (and still is) a common silvicultural practice (Tack et 

al. 1993), and since the adult generation did not show a significant spatial genetic 

structure (SGS) in all study plots, this suggested that the studied oak stands probably 

originated from recent tree planting (< 200 years). Given the long generation time of 

oak, this might imply that the genetic diversity of the standing population did not 

yet reflect that of the current small and fragmented forest stands.  
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The maintenance of high levels of heterozygosity and allelic richness in the 

progeny cohort could also be explained by large effective population sizes (Ne), 

which, in turn, could be ascribed to extensive pollen flow in the Q. robur stands. 

Indeed, since the forest stands that were studied in chapter 3 were relatively limited 

isolated (135 - 1000m) from the nearest Q. robur stand, pollen immigration from 

outside the stand could have mitigated the negative genetic consequences associated 

with small and low-density forest stands. Although high out-of-plot pollen 

immigration rates were found in all study plots, only in the stand Chartreuse where 

all adult trees were sampled, we were sure that these estimates were entirely due to 

long distance pollination events from outside the forest stand. The other study plots 

that were studied in chapter 3 and 4, were surrounded by a large number of 

ungenotyped adult trees, through which out-of-plot pollen immigration caused by 

these ungenotyped adults could not be differentiated from long distance pollination 

events from outside the oak stands. The complete sampling of all candidate parents 

within a forest stand would have given more insight in the proportion long distance 

pollination events that contributed to the offspring cohort. 

Nevertheless, even under high out-of-plot pollen immigration rates, an 

important fraction of mating events occurred at short distances between 

neighbouring trees (chapter 4). Consequently, when the number of adult trees within 

a forest stand is too strongly reduced, the larger average effective pollination 

distances may not totally compensate for the reductions in population size, and 

pollen limitation may occur (Sork & Smouse 2006). Also in our study plots the 

relatedness of the seedlings and the degree of pollen differentiation were 

significantly correlated to the size and density of the forest stands. This suggests that 

decreasing the number of local mating partners within a forest stand may lead to less 

diverse local pollen pools, which increases the likelihood of inbreeding in subsequent 

generations. One should notice, however, that we collected offspring samples that 

originated from seeds produced during one mast year, while tree reproduction can 

be spread over many seasons. Consequently, due to stochasticity and variation in 

environmental factors that affect the mating system and gene flow of Q. robur, the 

composition of the local pollen pool may vary across years (Petit & Hampe 2006). 
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Regardless of the strongly restricted recruitment window of pedunculate oak, it 

would be beneficial to sample seedlings over several seasons to get a better idea of 

seasonal fluctuations (mast vs. normal seed years) in gene flow and genetic 

composition of the seedlings. 

Despite the high heterozygosity levels that were found at the population scale 

(chapter 3), a wide variation in multilocus heterozygosity (MLH) was detected for 

the individual seedlings. This variation was a prerequisite to explain the significant 

heterozygosity-fitness correlations that were detected for several transpiration and 

growth traits in our study (chapter 5). One could wonder, whether this variation in 

MLH was due to non-random mating population structures within the forest stands, 

or whether this variation was normal and resulted from growing seeds under 

optimal conditions in a greenhouse, through which they potentially carried a large 

genetic load. Since clear effects of genetic drift and inbreeding on genetic diversity 

were not yet observed in the offspring cohort of the studied stands (chapter 3), the 

latter explanation seems the most likely. Whether or not the observed HFCs resulted 

from inbreeding, it was particularly striking that we were able to demonstrate the 

existence of weak but significant HFCs, as this usually requires much larger sample 

sizes and a larger number of microsatellites than used in our study (Balloux et al. 

2004; Slate et al. 2004; Szulkin et al. 2010). Contrary to earlier HFC studies in 

coniferous trees, which yielded null results (Savolainen & Hedrick 1995), several 

sources of variation (seedlings versus adults, greenhouse versus field conditions) 

were removed in our study, which increased the likelihood of detecting HFCs. The 

importance of these HFCs could, however, be questioned under field conditions. 

Under natural conditions, high variability in habitat quality will have a greater 

impact on fitness than heterozygosity, while selection against homozygous 

individuals will reduce variation in MLH over time. Consequently, HFCs in natural 

populations may become increasingly undetectable from the seedling cohort to the 

adult generation. 

Besides detecting significant HFCs, our study was one of the first that found 

evidence for the detrimental interaction between increased drought stress and 
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decreased genetic variation on tree performance. These interactions were only found 

for transpiration variables under high atmospheric stress levels (e.g. high VPD and 

PAR), which suggests that only above a certain threshold level, the detrimental effect 

of environmental stress on HFCs may become apparent (Fox & Reed 2011). Since 

pedunculate oak possesses a highly efficient stomatal control mechanism, oak 

seedlings directly respond to high drought stress levels by inducing stomatal closure 

(Fort et al. 1997; Cavender-Bares & Bazzaz 2000). Although this mechanism allows 

the avoidance of cavitation damage, it will also entail important costs due to reduced 

photosynthesis and biomass production (Bréda et al. 2006). This indicates the 

necessity to maximize the individual MLH in natural populations, especially in view 

of climate change which will raise the VPD of the air in the future. Moreover, since 

forest fragmentation and habitat degradation will cause changes to various 

environmental conditions, environmental stress may occur under a wide variety of 

conditions, through which the genetic consequences of forest fragmentation are 

further exacerbated.  

6.2 Evaluation of current and future genetic risks faced by fragmented 

pedunculate oak stands 

High levels of within-population genetic variation in combination with strong and 

variable selection at the seedling stage may offer pedunculate oak a great potential 

for adaptation (Petit & Hampe 2006). To allow rapid adaptation to changing 

environmental conditions, it is therefore essential that the evolutionary potential of 

Q. robur is safeguarded through maintenance of genetic diversity, through 

transmitting it to future generations (Jump et al. 2009). Since, at first sight, no clear 

losses of genetic diversity were observed across generations in the studied 

pedunculate oak stands, one could assume that the estimated effective population 

sizes (Ne = 22.6 - 58.4 individuals) were sufficient to avoid the negative impacts of 

genetic drift and inbreeding. Furthermore, the fragmented forest stands showed high 

heterozygosity levels that were consistent with what was found in other population 

genetic studies on Q. robur (Mariette et al. 2002; Hampe et al. 2010). Such high levels 
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of genetic diversity can be attributed to the specific life history traits of pedunculate 

oak (long-distance pollen flow, strong selection at the seedling stage), which promote 

the presence of outcrossed adults and the maintenance of genetic diversity in later 

life stages (Husband & Schemske 1996; Kaufmann et al. 1998).  

On the long term, however, these small and fragmented oak stands are not 

necessarily safeguarded against the erosion of evolutionary potential. When we 

calculated the average number of generations until the loss of rare alleles (Figure 6.2; 

Kimura & Ohta 1969), alleles with a very low frequency (< 0.01) may be lost relatively 

rapidly (within 1.5 - 4 generations) from populations with a Ne ranging between 20 

and 60 individuals. These low-frequency alleles are, however, important for the long-

term response to selection and rapid adaptation to changing environmental 

conditions (Lesica & Allendorf 1992). Furthermore, based on the estimates of 

contemporary geneflow, which will more directly respond to heterogeneity and 

anthropogenic changes in a landscape, we found some evidence of increased pollen 

limitation in small and low-density forest stands. Therefore to mitigate the potential 

negative genetic consequences through increased biparental inbreeding 

in.subsequent generations and to maintain rare, potentially adaptive alleles, in small 

Figure 6.2. Number of generations until loss of rare alleles plotted against effective population 

size (Ne) (Kimura & Ohta 1969). 
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fragmented Q. robur stands, effective population sizes should be maximized in the 

seedling cohort. Selecting an appropriate regeneration strategy for pedunculate oak 

is crucial in this respect.  

In a context of close-to-nature forest management, with a strong emphasis on 

the conservation and sustainable use of forest products, natural regeneration of 

pedunculate oak has been strongly encouraged in Flanders and in many parts of 

Western Europe (Forest Europe 2011). From an evolutionary point of view, natural 

generation is generally considered as an effective way to maintain the genetic 

diversity and evolutionary potential of trees (Finkeldey & Ziehe 2004). Especially in 

pedunculate oak, which is a light-demanding and masting tree species natural 

selection will be efficient. This is because large numbers of seeds are produced 

during masting years (> 30,000 seeds per seed tree, Bary-Lenger & Nebout 1993), and 

because seedlings require high irradiance and thus forest canopy opening for their 

growth and development (Vera et al. 2006). As a result mortality rates of seedlings 

can be very high in naturally regenerated pedunculate oak stands, allowing 

permanent natural selection and favoring well adapted progeny.  

Apart from this great potential for adaptation, the reproduction-effective 

population size of natural regenerated oak forest stands can be influenced by stand 

characteristics such as population size, stand isolation and tree density (Sork et al. 

2002; Fernández-Manjarrés & Sork 2005). Also in our study we found some evidence 

of increased pollen limitation in small and low-density forest stands. Consequently, 

it is recommended to adapt the classic shelterwood system that is often applied in 

naturally regenerated pedunculate oak forests into a more passive shelterwood 

regeneration system. In a classical shelterwood system, overstory trees are removed 

in a series of cuts to prepare natural regeneration (“preparation and establishment 

cut”), which will directly reduce tree density and the effective population size. As we 

have shown, decreased tree density may lower the number of local mating partners 

and will lead to less diverse pollen pools. Ultimately, this may increase the likelihood 

of consanguineous mating and inbreeding in the next generation (Young et al. 1996). 

By postponing regeneration cuts until natural regeneration has established, a larger 
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proportion of adult trees will genetically contribute to the next generation (Finkeldey 

& Ziehe 2004).  

Another more important factor that may increase the effective population size 

in small fragmented natural regenerating oak stands is extensive pollen flow (Dow & 

Ashley 1998). In oak species, pollen may travel up to several kilometres, through 

which they are assumed to be resilient to reproductive isolation resulting from 

habitat fragmentation (Craft & Ashley 2010; Buschbom et al. 2011). In this respect, 

small pedunculate oak stands may make an important contribution to the genetic 

connectivity across the landscape, as they may serve as stepping stones for long-

distance pollen dispersal within fragmented forest landscapes. However, even in a 

wind-pollinated tree species such as pedunculate oak, the amount of gene flow 

among remnant populations will depend on the degree of geographical isolation 

between habitat fragments, the quality of the intervening landscape matrix and the 

diversity of pollen and seed sources that contribute to the local gene pool (Sork et al. 

2002; Bacles & Jump 2011). Small forest fragments that are strongly isolated and that 

have a low diversity of contributing pollen, may have an increased risk for pollen 

limitation (Sork & Smouse 2006). Also in our study plots, we found some evidence of 

increased pollen limitation in small and low-density forest stands, which suggested 

that the negative genetic consequences associated with a restricted number of local 

mating partners were not totally compensated by long-distance pollen flow from 

outside the forest stands. Although conservation resources should be directed to 

establish genetic connectivity across fragmented forest landscapes, this is not always 

realistic in the highly fragmented forest landscapes of Northern Belgium and other 

parts of Europe (Wiersum et al. 2005). Nevertheless, since small pedunculate oak 

stands may make an important genetic contribution to the effective breeding 

population in fragmented forest landscapes, their evolutionary potential should be 

protected.  

Supplementation of natural regeneration by sowing or enrichment planting 

may increase the diversity of pollen donors contributing to the progeny in small 

pedunculate oak stands. The forest reproductive material used for this purpose 
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should preferably be harvested in one or several large, continuous and higher-

density forest stands, to avoid the collection of inbred seed material. When inbred 

seeds are raised under optimal conditions in a greenhouse or nursery, they may still 

carry a large genetic load. As we have shown in our study, this may affect individual 

tree fitness through influencing growth and transpiration variables, and could 

ultimately result in a decreased performance of artificial regenerated trees under 

heterogeneous field conditions. Also the transfer of reproductive material that 

originate from different provenance regions could be applied to enlarge the 

evolutionary potential to current and future environmental changes (Broadhurst et 

al. 2008; Breed et al. 2013a). Traditionally, local seed provenances were chosen over 

multi-provenance seed material for regeneration purposes, as the latter may increase 

the risk for maladaptation and outbreeding depressions (Templeton 1986, Lynch 

1991). Nevertheless, given the current and future predicted climatic changes, the 

migrational capacity of pedunculate oak may be too limited, through which local 

genotypes are at risk of being maladapted to future conditions (Breed et al. 2013a).  

To keep pace with rapidly changing environmental conditions, assisted 

migration through combining the benefits of local and more distant seed sources 

(composite provenancing) have been increasingly applied in regeneration and 

reforestation programmes (Breed et al. 2013a). Composite provenancing will 

primarily source seeds from local provenances near the target site, but will also 

include a small proportion of material from more distant sources (Broadhurst et al. 

2008). This may facilitate the production of new gene complexes in later generations 

when local and distant genetic material is crossed. On the one hand this may lead to 

increased seedling failure when the distant material is maladapted or as a result of 

outbreeding depression. Nevertheless, this risk is relatively negligible on the 

population scale, as only a small proportion of material from distant sources is used 

for regeneration. On the other hand, some later-generation hybrids may have higher 

fitness and may be better adapted to current or changed environmental conditions 

(heterosis) than the original parental populations (Erikson & Fenster 2006). 

Subsequently, these hybrids may be rapidly spread throughout the population 

through natural selection. In conclusion, selecting the appropriate regeneration 
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strategy for pedunculate oak (natural or artificial regeneration, or both) will be best 

determined by its likelihood to maintain genetic diversity and will consequently 

strongly depend on the characteristics of the forest stand (Figure 6.3).  

Figure 6.3. Regeneration strategy decision tree. Decisions strongly depend on the characteristics 

of the forest stands where the forest reproductive material is produced. AR: artificial regeneration, 

NR: natural regeneration, CP: composite provenancing 

6.3 Research perspectives 

In this study we tried to develop a general framework to assess the long term 

sustainability of fragmented forests in terms of tree genetic diversity. However, 

making generalizations regarding the negative genetic effects of fragmentation on 

tree populations is difficult, as their response may vary widely through differences in 

life history traits (mating system, pollination and dispersal biology), ecological and 

habitat specific factors. This highlights the necessity of a better understanding of a 

species history and ecology, before one can grasp or even predict the genetic 

consequences of forest fragmentation (Petit & Hampe 2006; Montoya et al. 2008). 

Moreover, since only a limited number of populations and individuals were used in 
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our study, some of the stand characteristics (isolation, density and landscape matrix) 

were confounded with each other. To disentangle these confounding effects and to 

allow rigorous statistical testing (parametric tests and general linear models) of the 

relationships between stand characteristics and mating and pollen flow patterns, 

more forest stands differing in population size, tree density, isolation and matrix 

type should be examined. Based on these additional stands one could try to establish 

a model for predicting the effects of anthropogenic disturbances or heterogeneity in 

the landscape on contemporary geneflow in pedunculate oak. Understanding genetic 

connectivity at the landscape scale is important for predicting the impacts of 

landscape changes on tree regeneration and evolutionary processes (Finkeldey & 

Ziehe 2004).  

If geneflow is restricted between small and spatially isolated populations, 

conservation resources could be directed towards management practices that 

maintain or increase Ne in small-scale forestry systems. Although supplementation of 

natural regeneration by sowing or planting may theoretically increase Ne in small 

stands, little empirical understanding of how to select forest reproductive material to 

meet this challenge is available. Especially in view of climate change, assisted 

migration through combining local and more distant seed sources (composite 

provenancing) looks a promising regeneration method to maximize the evolutionary 

potential in small and fragmented forest stands. However, more information 

regarding the risk for outbreeding depression in artificial regenerated forest stands is 

necessary as mixed evidence for outbreeding depression exists in the scientific 

literature ranging from heterosis to poor progeny fitness (Edmands 2007). By sowing 

or planting different proportions of non-local reproductive material, collected at 

various distances from a study site (1 to several 100 kilometres), better guidelines for 

composite provenancing might be available in the future.  

Also the integration of genomic techniques in forest landscape genetics will 

further increase knowledge in this field. Compared to neutral molecular markers like 

microsatellites and ALFPs, next-generation sequencing (NGS) have several 

advantages. First, studies using NGS are able to examine much more markers (single 
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nucleotide polymorphism (SNP)) than microsatellite studies (several 10,000 versus  

10 - 100 markers), which allow the study of genome-wide genetic diversity (Ouborg 

et al. 2010). Second, contrary to microsatellites which are assumed to be selectively 

neutral, SNPs can be used to study the variation in functional genes, and hence may 

give insight in processes such as local adaptation or the evolutionary potential of 

species to respond to environmental changes (Allendorf et al. 2010). For example in 

our HFC study only the presence or absence of significant fitness responses to genetic 

erosion could be registered. Although more SNPs are needed to approximate the 

power of microsatellite loci and data interpretation will be more difficult with more 

loci, a better understanding of the genetic architecture in fragmented populations 

may become possible by using large sets of SNPs in HFC studies (Szulkin et al. 2010). 

This will provide increased insight into the relationship between genetic diversity 

and fitness and how they interact with environmental change. Such environmental 

interactions may have a major impact on the genetic consequences of anthropogenic 

disturbances in forests. Ecological factors that shape a species habitat (e.g., soil 

composition, light availability, competition with surrounding vegetation, etc.) may 

induce stronger effects on fitness than heterozygosity (Oostermeijer et al. 1994). 

Therefore predicting the exact response of tree species to global change will require a 

thorough understanding of these effects. 
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Appendix 2.1. phylogenetic tree used in the present study to test the presence of a phylogenetic 

signal using the Phylometa 1.0 beta software (Lajeunesse 2009) 
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Appendix 2.2. Woody species and studies used for the meta-analysis on the relationship between genetic diversity and population size. For each 

record we obtained: the number of populations sampled in a study, the molecular marker used, the mating system, pollination vector, seed dispersal 

vector, longevity and studied tissue. 

   
Moderator variables 

Species Study n marker Mating 

system 

Pollination 

vector 

seed dispersal 

vector 

Longevity 

(years) 

Studied 

tissue 

Abies balsamea Shea & Furnier 2002 4 alloz SC/MO wind  wind <100  adult 

Abies ziyuanensis Tang et al. 2008 7 SSR no data wind  wind >100  adult 

Acacia anfractuosa Coates et al. 2006 6 alloz SC insect  ants no data progeny 

Acacia anomala Coates 1988 10 alloz SC/MO insect  ants no data adult 

Acacia dealbata Broadhurst et al. 2008 12 alloz OO insect  ants <100 progeny 

Acer saccharum Young et al. 1993 8 alloz SC/MO wind  wind >100 progeny 

Acer saccharum Baucom et al. 2005 16 alloz SC/MO wind  wind >100 adult 

Alnus acuminata  Murillo & Finkeldey 2000 17 alloz OO wind  wind >100 adult 

Alnus hirsuta Huh & Huh 1999 15 alloz OO wind  wind <100 adult 

Alnus trabeculosa Miyamoto et al. 2001 5 alloz OO wind  wind <100 adult 

Araucaria angustifolia Auler et al. 2002 9 alloz OO wind  birds & mammals >100 adult 

Araucaria araucana Bekessy et. al. 2002 13 RAPD OO wind  birds & mammals >100 adult 
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Araucaria columnaris Kettle et al. 2007 6 SSR SC/MO wind  wind >100 progeny 

Araucaria nemorosa Kettle et al. 2007 6 SSR SC/MO wind  wind >100 progeny 

Ardisia crenata Zhao et al. 2006 16 RAPD SC/MO insect  birds <100  adult 

Atherosperma moschatum Shapcott 1994 22 alloz SC/MO insect  wind >100 adult 

Banksia cuneata Broadhurst & Coates 2004 7 alloz SC bird  wind <100  progeny 

Banksia hookeriana Krauss et al. 2006 15 AFLP OO bird  wind <100  adult 

Banksia oligantha Broadhurst & Coates 2004 7 alloz SC bird  wind <100  progeny 

Betula maximowicziana Uchiyama et al. 2006 6 SSR OO wind  wind >100 adult 

Boronia falcifolia Shapcott et al. 2010 8 SSR SC insect  ejection <100  adult 

Camellia nitidissima Xiao et al. 2008 13 SSR no data insect  gravity <100  adult 

Caryocar brasiliense Collevatti et al. 2001 10 SSR OO bat  gravity >100 adult 

Castanea dentata Huang et al. 1998 12 alloz OO insect birds & mammals >100 adult 

Castanopsis carlesii Cheng et al. 2006 22 alloz OO wind  gravity no data adult 

Changiostyrax dolichocarpa Yao et al. 2007 5 SSR SC/MO insect  gravity <100  adult 

Clematis acerifolia López-Pujol et al. 2005 9 alloz no data no data gravity <100  adult 

Dalbergia monticola Olivarimbola et al. 2006 10 RAPD SC insect  gravity  >100 adult 
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Dalbergia monticola Andrianoelina et al. 2009 18 SSR SC insect  gravity  >100 adult 

Daviesia mimosoides Young & Brown 1996 5 alloz OO insect  ants <100  progeny 

Daviesia suaveolens Young & Brown 1996 5 alloz OO insect  ants <100  progeny 

Dipteryx panamensis Hanson et al. 2008 8 SSR SC insect  mammals >100 adult 

Echinospartum ibericum Aparicio et al. 2002 5 alloz no data insect  ejection <100  progeny 

Elaeocarpus grandis Rossetto et al. 2004 21 SSR no data insect  birds & mammals >100 both 

Embothrium coccineum Mathiasen et al. 2007 6 alloz SC/MO bird  gravity no data progeny 

Eucalyptus albens Prober & Brown 1994 25 alloz SC/MO insect  bats no data progeny 

Eucalyptus benthamii Butcher et al. 2005 4 SSR SC insect  gravity >100 adult 

Eucalyptus paliformis Prober et al. 1990 6 alloz no data insect  gravity no data progeny 

Eucalyptus parvifolia Prober et al. 1990 8 alloz no data insect  gravity no data progeny 

Eucalyptus pulverulenta Peters et al. 1990 4 alloz no data insect  gravity <100  progeny 

Fagus sylvatica  ump    e uelas 2006 14 SSR OO wind  birds & mammals >100 progeny 

Fraxinus excelsior Bacles et al. 2005 5 SSR SC wind  wind >100 adult 

Grevillea caleyi Llorens et al. 2004 8 AFLP SC bird  gravity <100  adult 

Grevillea iaspicula Hoebee & Young 2001 5 alloz OO bird  gravity <100  progeny 
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Grevillea macleayana England et al. 2002 6 SSR SC bird  gravity <100  adult 

Grevillea repens Holmes et al. 2009 6 SSR OO bird  no data no data adult 

Guaiacum sanctum Fuchs & Hamrick 2010 7 alloz SC insect  birds >100 adult 

Halocarpus bidwillii Billington 1991 17 alloz OO wind  birds >100 progeny 

Hebe speciosa Armstrong & De Lange FLS 2005 6 AFLP OO insect  gravity no data adult 

Juglans cinerea Ross-Davis et al. 2008 5 SSR OO wind  mammals <100  adult 

Juniperus communis Oostermeijer & De Knegt 2004 12 alloz OO wind  birds & mammals >100 adult 

Juniperus communis Michalczyk et al. 2008 8 SSR OO wind  birds & mammals >100 adult 

Juniperus osteosperma Allphin et al.2007 5 alloz OO wind  mammals >100 adult 

Lambertia orbifolia Coates & Hamley 1999 7 alloz SC bird  no data no data progeny 

Litsea szemaois Ci et al. 2008 8 AFLP OO insect  gravity no data adult 

Magnolia sieboldii  Kikuchi & Isagi 2004 14 SSR no data insect  birds no data adult 

Magnolia stellata Tamaki et al. 2008 20 SSR SC insect  birds >100 adult 

Malus sylvestris Larsen et al. 2006 4 SSR OO insect  mammals <100  adult 

Medicago citrina Juan et al. 2004 9 SSR SC insect  no data no data adult 

Metrosideros boninensis Kaneko et al. 2008 4 SSR no data bird  wind no data adult 
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Metrosideros excelsa Schmidt-Adam et al. 2000 5 alloz SC bird  wind >100 progeny 

Myrtus communis González-Varo et al. 2010 6 alloz SC insect  birds no data progeny 

Myrtus communis Albaladejo et al. 2008 14 alloz SC insect  birds no data adult 

Neolitsea sericea Wang et al. 2005 6 RAPD OO insect  birds >100 adult 

Nothofagus alessandrii Torres-Díaz et al. 2007 7 alloz OO wind  wind >100 adult 

Persoonia glaucescens Rymer & Ayre 2006 4 AFLP OO insect  birds & mammals no data adult 

Persoonia lanceolata Rymer & Ayre 2006 4 AFLP OO insect  birds & mammals no data adult 

Persoonia mollis maxima Rymer & Ayre 2006 4 AFLP OO insect  birds & mammals <100  adult 

Persoonia mollis nectens Rymer & Ayre 2006 4 AFLP OO insect  birds & mammals <100  adult 

Picea chihuahuana Ledig et al. 1997 7 alloz SC wind  no data >100 progeny 

Picea glauca O'Connell et al. 2006 23 alloz SC wind  wind >100 progeny 

Pinus albicaulis Krakowski et al. 2003 13 alloz SC wind  birds >100 adult 

Pinus pinaster De-Lucas et al. 2009 4 SSR SC wind  wind >100 adult 

Pinus radiata Karhu et al. 2005 5 SSR no data wind  birds & mammals >100 progeny 

Pinus resinosa Boys et al. 2005 17 SSR SC wind  wind >100 adult 

Pinus rzedowskii Delgado et al. 1999 9 alloz no data wind  wind >100 both 
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Pinus strobus Buchert et al. 1997 4 alloz SC wind  wind >100 progeny 

Pinus strobus Marquardt et al. 2007 6 SSR SC wind  wind >100 adult 

Pithecellobium elegans Hall et al. 1995 8 alloz OO insect  birds >100 both 

Plathymenia reticulata Lacerda et al. 2001 6 RAPD SC/MO insect  wind >100 adult 

Protium spruceanum Almeida Vieira & de Carvalho 2008 5 alloz OO insect  birds >100 adult 

Prunus africana Farwig et al. 2008 8 SSR OO insect  birds & mammals >100 progeny 

Prunus mahaleb Jordano & Godoy 2000 7 RAPD SC/MO insect  birds & mammals >100 adult 

Pterocarpus officinalis Muller et al. 2009 7 SSR no data insect  water no data adult 

Quercus humboldtii Fernández-M & Sork 2005 6 SSR SC insect  birds & mammals >100 adult 

Quercus petraea Mariette et al. 2001 7 SSR SC/MO wind  birds & mammals >100 adult 

Quercus robur Vakkari et al. 2006 33 alloz SC/MO wind  birds & mammals >100 adult 

Quercus robur Mariette et al. 2001 7 SSR SC/MO wind  birds & mammals >100 both 

Santalum austrocaledonicum Bottin et al. 2005 5 SSR SC insect  birds >100 adult 

Sorbus aucuparia Raspé & Jacquemart 1998 17 alloz OO insect  birds & mammals >100 adult 

Sorbus aucuparia Bacles et al. 2005 8 alloz OO insect  birds & mammals >100 adult 

Sorbus torminalis Hoebee et al. 2006 10 alloz OO insect  birds & mammals >100 adult 
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Sorbus torminalis Rasmussen & Kollmann 2008 6 SSR OO insect  birds & mammals >100 both 

Spondias purpurea Miller & Schaal 2006 13 AFLP OO insect  animals no data adult 

Swietenia humilis White et al. 1999 4 SSR OO insect  wind >100 adult 

Swietenia macrophylla Novicket al. 2003 8 SSR SC insect  gravity >100 adult 

Symphonia globulifera Aldrich et al. 1998 6 SSR SC bird  birds & mammals no data progeny 

Tabebuia ochracea Moreira et al. 2009 4 SSR OO insect  wind >100 progeny 

Taxus baccata Myking et al. 2009 13 alloz OO wind bird >100 adult 

Taxus baccata Dubreuil et al. 2010 4 SSR OO wind bird >100 adult 

Taxus canadensis Senneville et al. 2000 6 alloz no data wind  birds & mammals >100 progeny 

Terminalia amazonia Pither et al. 2003 6 RAPD no data insect  wind >100 both 

Tetratheca paynterae Butcher et al. 2009 5 SSR no data insect  ants no data adult 

Ulmus laevis Vakkari et al. 2009 13 alloz OO wind  wind >100 adult 

Vitellaria paradoxa  Fontaine et al. 2004 13 RAPD SC/MO insect  birds & mammals >100 adult 

n: number of populations; Genetic marker: alloz: allozymes, SSR: microsatellites, RAPD, AFLP; Mating system: SC: self-compatible, OO: obligate 

outcrossing, SC/MO: self-compatible but mainly outcrossing; Pollination: wind, insect or bird pollination; Seed dispersal vector: wind, gravity, birds or 

mammals; longevity: less or more than 100 years; Studied tissue: adult, progeny or both.  



Appendices   151 

 
 

Appendix 2.3. The number of data points associated with the Spearman rank correlation 

coefficient, Hedge’s d and both types of effect sizes. (A: number of alleles per locus; P: 

percentage polymorphic loci; He: expected heterozygosity; FIS: inbreeding coefficient). 

 Number of data points 

Genetic diversity 

measure 

Spearman rank 

correlation 
Hedge’s d 

Both effect 

sizes 

A  68  49  38 

P  61  29  26 

He  89  59  44 

FIS  71 49  36 

 

Appendix 2.4. Funnel plots of effect size (ES) using the Spearman rank correlation coefficient 

versus study weight for four genetic diversity measures. (A: number of alleles per locus; P: 

percentage polymorphic loci; He: expected heterozygosity; FIS: inbreeding coefficient). 
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Appendix 2.5. Funnel plots of effect size (ES) using Hedge’s d versus study weight for four 

genetic diversity measures. (A: number of alleles per locus; P: percentage polymorphic loci; He: 

expected heterozygosity; FIS: inbreeding coefficient). 

Appendix 3.1. Null allele frequencies for the 10 SSR loci in the 4 studied forest stands measured 

with Genepop v.4 (Rousset 2008). 

 

Keffers Chartreuse Hornebos Vos 

QpZAG9 0.0178 0 0 0 

MSQ14 0.0316 0.0235 0.0035 0.0407 

QpZAG46 0.0338 0 0.0037 0.0312 

QpZAG15 0 0 0 0.0012 

QpZAG110 0 0.0035 0.0047 0 

MSQ13 0 0 0 0 

MSQ16 0.183 0.1155 0.169 0.1277 

QrZAG112 0 0 0 0 

QpZAG108 0.0738 0.0799 0.053 0.0496 

QpZAG104 0 0.0005 0 0 
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Appendix 3.2. The number of alleles plotted against the number of individuals, for microsatellites 

with a high number of alleles (> 20 alleles); QpZAG108 (A), QpZAG46 (B), QrZAG112 (C), 

QpZAG110 (D), QpZAG104 (E).  

 

Appendix 3.3. Estimates of effective population size (Ne) plotted against sample size (5 - 35 

samples) for the four studied forest stands, Chartreuse (A), Vos (B), Hornebos (C), Keffers (D). 
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Appendix 3.4. Percentages seedlings that were assigned to a mother and father tree from within 

the study plot. 

 

Appendix 3.5. Seed dispersal distributions inferred from the parentage analysis in four forest 

stands: Keffers (A), Vos (B), Hornebos (C), Chartreuse (D). 
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Appendix 3.6. Auto-correlograms of Nason’s kinship coefficients (Fij) for seedling pairs in four 

forest stands: Keffers (A), Vos (B), Hornebos (C), Chartreuse (D). The dashed lines indicate 

upper and lower 95% confidence intervals (10,000 permutations). 
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Appendix 4.1. Null allele frequencies for the 10 microsatellite loci in the 8 studied forest stands measured with Genepop v.4 (Raymond & Rousset 1995) 

 

 

 

Forest stand QpZAG9 MSQ14 QpZAG46 QpZAG15 QpZAG110 MSQ13 MSQ16 QrZAG112 QpZAG108 QpZAG104 

Keffers 0.01 0.047 0.077 0.021 0 0 0.146 0 0.0129 0 

Vos 0 0.053 0.06 0.015 0 0.038 0.088 0 0.045 0 

Hornebos 0 0 0 0 0 0 0.073 0 0.045 0 

Chartreuse 0.011 0 0.021 0 0 0 0.137 0 0.01 0.026 

Overheide 0 0.028 0.006 0 0 0 0.046 0 0.044 0 

Hoge Vijvers 0.011 0 0 0.043 0 0 0.05 0.032 0.056 0.02 

Meikensbos 0 0.013 0.064 0.043 0.019 0.033 0.062 0 0.032 0.011 

Egemse Veldekens 0 0 0.025 0 0 0.024 0.108 0 0 0 
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Appendix 4.2. Nason’s kinship coefficients (Fij) ± standard errors for adult pairs in the eight studied forest stands: (A) Overheide, (B) Meikensbos, (C) 

Chartreusebos, (D) Egemse Veldekens, (E) Hornebos, (F) Hoge Vijvers, (G) Keffers, (H) Vos. The dashed lines indicate upper and lower 95% 

confidence intervals (10,000 permutations).  
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Appendix 5.1. Results of the Ewens-Watterson homozygosity test of neutrality (Manly 1985). The 

95% lower and upper confidence limits (L95* and U95*) and standard errors for the observed F 

(sum of square of allele frequencies) were calculated for all microsatellites using 100,000 

simulated samples in Popgene version 1.32. For all loci the observed F value falls within the 95% 

confidence interval.  

 

 

 

 

 

 

 

 

 

Abbreviations: n: number of samples; k: No. of alleles; SE: Standard error for the observed F 

Appendix 5.2. Results of the Fst outlier test implemented in Arlequin v.3.5. (Excoffier & Lischer 

2010). Observed levels of heterozygosity, Fst and p-values for Fst were calculated for all 

microsatellites. 

 

 

 

 

 

 

 

 

 

 

Locus n k Obs. F SE L95* U95* 

MSQ14 147 17 0.116 0.005 0.113 0.399 

QpZAG108 147 25 0.086 0.002 0.080 0.250 

QpZAG9 148 14 0.154 0.009 0.133 0.494 

QpZAG110 147 14 0.288 0.009 0.133 0.494 

QpZAG15 147 10 0.295 0.016 0.174 0.660 

QpZAG46 147 22 0.239 0.003 0.090 0.297 

MSQ13 148 11 0.199 0.013 0.161 0.615 

QpZAG104 147 25 0.081 0.002 0.080 0.252 

QrZAG112 147 21 0.152 0.003 0.094 0.314 

Locus 
Observed 

Heterozygosity 

Observed 

Fst 

Fst 

p-value 

MSQ14 0.896 0.030 0.469 

QpZAG108 0.925 0.025 0.312 

QpZAG9 0.857 0.030 0.430 

QpZAG110 0.726 0.048 0.235 

QpZAG15 0.713 0.021 0.277 

QpZAG46 0.774 0.044 0.275 

MSQ13 0.814 0.037 0.313 

MSQ16 0.795 0.032 0.414 

QpZAG104 0.931 0.029 0.405 

QrZAG112 0.856 0.029 0.417 
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Appendix 5.3. Linear regression models relating biomass data to morphological input variables based on 50 harvested seedlings. Estimates for each 

forest stand were used for the calculation of initial biomass of the 100 other seedlings. 

a The models with the highest R2adj were selected for initial biomass estimation  

Abbreviations: Vtot, Total woody volume; SL, stem length; Ln, number of leaves; Bn, number of branches  

(∗) 0.05 ≤ p < 0.1; ∗∗  0.001 ≤ p < 0.05; ∗∗∗  p < 0.001 

Dependent variable Forest stand Fmodel R2adja Mallow’s Cp Constant Ln(Vtot) Ln(SL) Ln (Ln) Bn 

Total dry 

initial 

biomass 

Keffers 154.047*** 0.91 2.0 1.401*** 0.562*** / / / 

Vos 24.647*** 0.84 4.0 2.681*** 0.715*** -0.600** 0.209(*) / 

Chartreuse 133.258*** 0.95 3.0 3.371*** 1.041*** -0.840*** / / 

Total fresh 

initial 

biomass 

Keffers 84.056*** 0.91 3.0 2.846*** 0.673*** -0.172 / / 

Vos 37.018*** 0.84 3.0 2.564*** 0.433*** / 0.112 / 

Chartreuse 50.458*** 0.93 5.0 3.973*** 0.967*** -0.856*** 0.249 -0.081 

Dry 

aboveground 

biomass 

Keffers 147.128*** 0.95 3.0 -0.420(*) 0.841*** / 0.124 / 

Vos 28.095*** 0.95 3.0 -0.261 0.549*** / 0.288** / 

Chartreuse 120.555*** 0.97 5.0 0.602 0.940*** -0.607** 0.445** -0.083 
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Appendix 5.4. Results of the initial linear regression models (before model reduction) performed to examine the effect of irrigation regime, MLH and 

their interaction on (A) transpiration and (B) growth trait variables for Q. robur.  

To account for the differences between forests and seed sizes, forest stand and log seed weight were included in the analysis as a fixed effect. F-statistics, 
2Rp

coefficients and significance levels for main effects and interactions are presented for the initial models. (∗) 0.05 ≤ p < 0.1; ∗∗  0.001 ≤ p < 0.05; ∗∗∗  p < 0.001.

  
Correlation 

model 
Irrigation MLH 

Irrigation x 

MLH 
Forest stand 

Log seed 

weight 

Parameter Variable Fmodel 
2

adjR  F 
2

pR  F 
2

pR  F 
2

pR  F 
2

pR  F 
2

pR  

(A) Transpiration              

Stomatal conductance log gs day35 a.m. 35.48*** 0.68 10.16*** 0.10 4.67** 0.05 0.36 < 0.01 4.52** 0.09 < 0.01 < 0.01 

 log gs day35 p.m. 37.34*** 0.69 10.42** 0.10 5.67** 0.06 0.31 < 0.01 1.45 0.03 0.03 < 0.01 

 log gs day49 p.m. 92.28*** 0.85 35.54*** 0.28 8.21** 0.08 3.20(*) 0.03 5.74** 0.11 0.80 < 0.01 

 log gs day65 p.m. 100.56*** 0.86 16.29*** 0.15 10.57** 0.10 0.17 < 0.01 2.75* 0.06 0.75 < 0.01 

Leaf water potential 
ψmd 20.93*** 0.68 14.92*** 0.23 2.13 0.04 2.27 0.04 1.10 0.04 2.04 0.04 

ψpd 30.85*** 0.75 6.29** 0.76 < 0.01 < 0.01 0.30 < 0.01 0.93 0.03 2.13 0.04 

Water potential range Δψ 5.23*** 0.31 8.60** 0.15 2.53 0.05 4.16 0.08 0.75 0.03 2.28 0.04 

Total transpirationcorr TR 58.66*** 0.79 3.56(*) 0.04 1.34 0.02 2.54 0.03 2.39 (*) < 0.05 1.64 0.02 

Water content WC 30.03*** 0.65 5.86** 0.06 3.66(*) 0.04 < 0.01 < 0.01 0.19 < 0.01 0.13 < 0.01 

(B) Growth traits              

RGR (Evans 1972) RGRdiameter 45.31*** 0.74 19.71*** 0.18 3.37(*) 0.04 2.15 0.02 0.96 < 0.01 2.62 0.03 

 RGRlength 2.46** 0.08 0.02 < 0.01 2.47 0.03 0.42 < 0.01 1.66 0.04 1.14 0.01 

 RGRwoody volume 30.58*** 0.65 14.92*** 0.14 4.36** 0.05 2.14 0.02 0.41 < 0.01 2.65 0.03 

 RGRdry biomass 32.99*** 0.67 7.35** 0.08 1.80 0.02 0.02 < 0.01 0.61 0.01 1.47 0.02 

 RGRfresh biomass 50.99*** 0.76 14.09*** 0.14 1.98 0.02 0.29 < 0.01 0.07 < 0.01 2.04 0.02 

 RGRaboveground 15.07*** 0.47 8.38** 0.09 2.36 0.03 1.74 0.02 5.14** 0.10 0.04 < 0.01 

 RGRroots 20.80*** 0.56 2.93(*) 0.03 0.12 < 0.01 0.05 < 0.01 6.55** 0.13 4.03** 0.043 

Transpiration efficiency TE 1.69 0.04 0.50 < 0.01 0.01 < 0.01 0.43 < 0.01 0.33 < 0.01 7.60** 0.08 
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Appendix 5.5. Results of the linear regression models after exclusion of the locus QpZAG104, to examine the effect of irrigation regime, MLH and their 

interaction on (A) transpiration and (B) growth trait variables for Q. robur.  

To account for the differences between forests and seed sizes, forest stand and log seed weight were included in the analysis as a fixed effect. F-statistics, 
2Rp

coefficients and significance levels for main effects and interactions are presented for the final models. (∗) 0.05 ≤ p < 0.1; ∗∗  0.001 ≤ p < 0.05; ∗∗∗ p < 0.001 

  
Correlation 

model 
Irrigation MLH 

Irrigation x 

MLH 
Forest stand 

Log seed 

weight 

Parameter Variable Fmodel 
2

adjR  F 
2

pR  F 
2

pR  F 
2

pR  F 
2

pR  F 
2

pR  

(A) Transpiration              

Stomatal conductance log gs day35 a.m. 41.94*** 0.68 10.94** 0.11 3.52(*) 0.04 0.20 < 0.01 4.41** 0.09   

 log gs day35 p.m. 71.96*** 0.68 12.50** 0.12 5.39** 0.05 0.38 < 0.01     

 log gs day49 p.m. 108.49*** 0.84 39.24*** 0.29 8.23** 0.08 2.82(*) 0.03 5.21** 0.10   

 log gs day65 p.m. 122.38*** 0.86 17.99*** 0.16 11.59*** 0.11 0.47 < 0.01 2.66(*) 0.05   

Leaf water potential 
ψmd 40.91*** 0.68 16.37*** 0.24 3.35(*) 0.06 2.10 0.04     

ψpd 58.94*** 0.74 6.98** 0.11 0.06 < 0.01 0.37 < 0.01     

Water potential range Δψ 10.02*** 0.33 10.05** 0.16 4.07** 0.07 4.54** 0.08     

Total transpirationcorr TR 113.72*** 0.78 3.79(*) 0.04 2.72 0.03 3.45(*) 0.04     

Water content WC 62.41*** 0.66 6.44** 0.07 5.17** 0.05 0.04 < 0.01     

(B) Growth traits              

RGR (Evans 1972) RGRdiameter 69.40*** 0.74 19.96*** 0.18 4.9** 0.05 1.34 0.251   3.17(*) 0.03 

 RGRlength 4.23*** 0.09 0.20 < 0.01 4.31** 0.05 1.01 .01     

 RGRwoody volume 46.71*** 0.66 14.82*** 0.14 6.41** 0.07 1.41 0.02   2.73 0.03 

 RGRdry biomass 65.56*** 0.67 7.64** 0.08 4.12(*) 0.04 0.04 < 0.01     

 RGRfresh biomass 102.45*** 0.76 14.41*** 0.14 3.34(*) 0.04 0.05 < 0.01     

 RGRaboveground 18.07*** 0.47 7.49** 0.08 3.09(*) 0.03 0.98 0.01 5.39** 0.11   

 RGRroots 20.84*** 0.56 3.37(*) 0.04 0.18 < 0.01 0.10 < 0.01 6.55** 0.13 3.96(*) 0.04 

Transpiration efficiency TE 2.37(*) 0.06 0.40 < 0.01 0.03 < 0.01 0.33 < 0.01   8.36** 0.09 
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Appendix 5.6. Results of the linear regression models after exclusion of the locus QpZAG46, to examine the effect of irrigation regime, MLH and their 

interaction on (A) transpiration and (B) growth trait variables for Q. robur.  

To account for the differences between forests and seed sizes, forest stand and log seed weight were included in the analysis as a fixed effect. F-statistics, 
2Rp

coefficients and significance levels for main effects and interactions are presented for the final models. (∗) 0.05 ≤ p < 0.1; ∗∗  0.001 ≤ p < 0.05; ∗∗∗ p < 0.001.

  
Correlation 

model 
Irrigation MLH 

Irrigation x 

MLH 
Forest stand 

Log seed 

weight 

Parameter Variable Fmodel 
2

adjR  F 
2

pR  F 
2

pR  F 
2

pR  F 
2

pR  F 
2

pR  

(A) Transpiration              

Stomatal conductance log gs day35 a.m. 43.67*** 0.69 7.88** 0.08 5.97** 0.06 0.12 < 0.01 5.67** 0.11   

 log gs day35 p.m. 72.84*** 0.70 5.12** 0.05 7.10** 0.07 0.05 < 0.01     

 log gs day49 p.m. 108.75*** 0.85 30.85*** 0.25 7.56** 0.07 2.79(*) 0.03 6.31** 0.12   

 log gs day65 p.m. 122.39*** 0.86 13.27*** 0.12 11.57*** 0.11 0.31 < 0.01 3.55** 0.07   

Leaf water potential 
ψmd 40.15*** 0.68 12.23*** 0.19 2.69 0.05 1.62 0.03     

ψpd 58.58*** 0.76 5.91** 0.10 0.05 < 0.01 0.11 < 0.01     

Water potential range Δψ 9.03*** 0.30 6.63** 0.11 3.09(*) 0.06 2.82(*) 0.05     

Total transpirationcorr TR 108.95*** 0.77 3.90(*) 0.04 1.33 0.01 1.47 0.02     

Water content WC 60.70*** 0.65 6.65** 0.07 3.00(*) 0.03 0.07 < 0.01     

(B) Growth traits              

RGR (Evans 1972) RGRdiameter 88.41*** 0.73 18.89*** 0.17 1.32 0.01 2.39 0.03     

 RGRlength 3.78** 0.08 0.23 < 0.01 3.33(*) 0.04 0.90 0.01     

 RGRwoody volume 45.23*** 0.65 14.08*** 0.13 2.92(*) 0.03 2.23 0.02   2.03 0.02 

 RGRdry biomass 65.64*** 0.67 7.04** 0.07 3.80(*) 0.04 0.06 < 0.01     

 RGRfresh biomass 103.73*** 0.76 15.26*** 0.14 2.93(*) 0.03 0.74 < 0.01     

 RGRaboveground 18.51*** 0.51 9.39** 0.09 2.04 0.02 2.46 0.03 5.28** 0.11   

 RGRroots 20.83*** 0.58 2.92(*) 0.03 0.23 < 0.01 0.01 < 0.01 6.70** 0.13 3.91(*) 0.04 

Transpiration efficiency TE 2.53** 0.06 0.55 < 0.01 0.29 < 0.01 0.50 < 0.01   8.28** 0.08 
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