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Summary

As a fundamental component of biodiversity, genetic diversity can represent the abilities of
organisms to evolve and adapt to changing environmental conditions. An increasing number
of studies have focused on revealing spatial and temporal genetic structures of populations
and identifying the underling ecological and evolutionary processes. In this thesis, I focused
on the evergreen tree species Castanopsis eyrei, which is dominant in subtropical forests in
China, analysed its patterns of genetic diversity and structure at multiple scales and revealed

underlying processes.

The first study I investigated small scale spatial genetic structures (SGS) of C. eyrei in adults
and seedlings which were collected from six plots varying in individual density, elevation and
species richness. No significant differences in genetic diversity were found between seedlings
and adults. Significant SGS was detected in both adults and seedlings up to a maximum of 20
m, likely due to limited seed dispersal. The Sp statistic, quantifying the intensity of SGS,
showed similar values between adults and seedlings, and no correlation with habitat
conditions. The consistent SGS in seedlings and adults may be attributed to overlapping seed
shadows caused by secondary dispersal by rodents and high density of adults and suggests
that extensive pollen and seed dispersal prevents the build up of increased SGS in the seeding

stage.

In the second study, I assessed the effects of elevation and successional stage on genetic
diversity of C. eyrei controlling for neutrality of the microsatellite loci used. Diversity and
differentiation within and among 24 populations from different elevations and successional
stages were analysed by eight microsatellite loci. One locus was found to strongly deviate
from a neutral model due to either divergent selection or hitchhiking with an unknown
selected locus. Genetic variation increased with elevation for both the putatively selected
locus and the neutral loci. Additionally, significant isolation by elevation was found for both
neutral loci and the putatively selected locus. The results indicate higher gene flow among
similar elevational levels than across different elevational levels and suggest a selective

influence of elevation on the distribution of genetic diversity in C. eyrei.

Lastly, in order to reveal the effect of glacial ages on the current species distribution and

genetic structure, I carried out a phylogeographic study. Climate modelling revealed a
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potential distribution of C. eyrei in a narrow belt along the southern coastline during the Last
Glacial Maximum (LGM). Nuclear microsatellites revealed two clusters corresponding to a
split between western and eastern range, and a south-north decline of genetic variation. The
eastern cluster harboured significantly higher nuclear genetic diversity. Populations were
strongly differentiated at cpDNA with many fixations for different haplotypes, but mostly
lacked a phylogeographic structure. Both data sets indicated higher genetic differentiation in
the western than in the eastern cluster. The results provide evidence for at least two putative

refugial regions during the LGM and a postglacial re-colonization from the South.

With this PhD thesis I'm able to evaluate the responses of genetic structure of C. eyrei to
some biotic and abiotic factors and its historic dynamics. It provides insights into the
dynamics of genetic structure over life stages, underlines the fact that both neutral and
adaptive processes interact in determining population genetic structure, and likely represents a
template for evolutionary history and phylogeography for wide-spread subtropical species in

subtropical China since the LGM.



Zusammenfassung

Als ein wesentlicher Bestandteil der biologischen Vielfalt reprisentiert die genetische
Diversitét eines Organismus dessen Mdglichkeit zur Evolution und zur Adaptation an sich
andernde Umweltbedingungen. Viele Studien haben die rdumlichen und zeitlichen Muster
genetischer Diversitdit und deren zugrundeliegenden Okologischen und evolutionédren
Prozesse untersucht. Hier bearbeite ich Castanopsis eyrei, eine in den subtropischen Wildern
Chinas dominante, immergriine Baumart, analysiere genetische Diversitidt und Struktur auf

unterschiedlichen Skalen und suche nach moglichen Einflussfaktoren.

Im der ersten Studie untersuche ich die rdumliche-genetische Struktur innerhalb Populationen
(SGS). Dazu wurden Proben von Adultpflanzen und Sdmlingen aus sechs Plots gesammelt,
welche sich in Individuendichte, Hohenlage und Artenreichtum unterscheiden. Genetische
Diversitidt und SGS waren dhnlich zwischen den Generationen. Eine signifikante SGS wurde
bis zu einer Maximaldistanz von 20 m detektiert, was vermutlich auf eine limitierte
Samenausbreitung zuriickzufiihren ist. Die Intensitdt der SGS, quantifiziert durch die sp-
Statistik, zeigte keine Korrelation mit den verschiedenen Habitatcharakteristika.

Die unerwartete Ahnlichkeit in der SGS zwischen Adulten und Simlingen kann
moglicherweise durch eine rdumlich stark iiberlappende Samenausbreitung der Individuen
durch zoochore Verschleppung der Samen sowie durch eine hohe Dichte der adulten

Individuen erklart werden.

In der zweiten Studie untersuche ich die Effekte von Hohenlage und Suksessionsstadium auf
die genetische Diversitit von C. eyrei. Unter Nutzung von acht Mikrosatellitenloci
quantifiziere ich Diversitét innerhalb von und Differenzierung zwischen 24 Populationen. Ein
Lokus wich dabei von stark von neutralen Erwartungen ab, was durch divergente Selektion
und/ oder genetisches ,hitchhiking’ mit einem unbekanntem, selektiertem Lokus erklért
werden kann. Fiir diesen Lokus, aber auch die neutralen Loci stieg die genetische Diversitét
der Populationen mit der Hohenlage an. Ebenso fand ich ein ,Isolation-by-elevation’-Muster
fiir neutrale und nicht-neutrale Variation, welches einerseits nahelegt, dass Genfluss entlang
gleicher Hohenlagen stdrker ist als zwischen verschiedenen Lagen, andererseits einen

selektiven Einfluss der Hohenlage vermuten lésst.



Zusammenfassung

In der letzten Studie prasentiere ich eine phylogeographische Arbeit, in welcher ich versuche
die heutige, grolskalige Verteilung genetischer Diversitdt durch nacheiszeitliche Prozesse zu
erkliaren. Eine Modellierung der klimatischen Verhéltnisse in der letzten Eiszeit (LGM) zeigt,
dass zu der Zeit C. eyrei in einem schmalen Bereich entlang der siidlichen Ostasiatischen
Kiiste eine mogliche Verbreitung gefunden hat. In rezenten Proben, ldsst sich die gefundene
genetische Variation an nukledre Mikrosatelliten am besten mit zwei genetischen Gruppen
erkldren, welche einerseits die westlichen und andererseits die Ostlichen Populationen
umfassen. Dabei zeigte die Ostliche Gruppe eine signifikant hohere genetische Diversitét als
die westliche. Genetische Variation auf Chloroplastenebene zeigte eine starke Fixierung fiir
verscheiden Haplotypen und damit eine hohe Differenzierung zwischen den Populationen.
Beide Marker weisen jedoch auf eine stirkere genetische Differenzierung der westlichen
Gruppe hin. Meine Ergebnisse lassen vermuten, dass die post-glaziale Wiederbesiedlung

durch genetische Linien aus wenigstens zwei, siidlichen Refugialgebieten erfolgte.

Mit meinen hier prasentierten Arbeiten untersuche ich den Einfluss historischer sowie einiger
biotischer und abiotischer Faktoren sowie auf die genetische Strukture von C. eyrei. Sie
ermoglichen Einblick in die Dynamik genetischer Struktur auf verschiedenen Skalen,
unterstreichen die Bedeutung der Interaktion neutraler und adaptiver Prozesse fiir die Bildung
genetischer Diversitdtsmuster und sind moglicherweise exemplarisch fiir die nacheizeitliche
Evolutionsgeschichte und Phylogeographie von weitverbreiteten Arten im subtropischen

China.



Chapter 1 - General introduction

Genetic diversity

Genetic diversity, as a fundamental source of biodiversity, is defined as a measure to quantify
the magnitude of genetic variability within a population (Hughes et al. 2008). It is the raw
material for evolution and can represent the abilities of organisms to adapt to changing
environmental conditions. Thus, genetic diversity is often adopted in studies of evolutionary
and conservation biology (Petit et al. 1998; Yakimowski & Eckert 2007). Genetic variation
within and among populations is shaped by the interplay of genetic drift, gene flow, mutation
and natural selection, which may vary over life spans of populations, hence natural
populations are genetically structured in space and time. Molecular markers have helped to
reveal spatial and temporal genetic structures of populations during the last four decades.
Studies have been increasingly focusing on the identification of ecological (Booth & Grime
2003; Wang et al. 2012; Yoshida et al. 2003) and evolutionary processes (Alleaume-
Benharira et al. 2006; Garcia-Ramos & Kirkpatrick 1997) responsible for such genetic
structure. However, it is well documented that population genetic structure depends on either
biotic factors, e.g. life-history traits (Duminil et al. 2007), or abiotic factors, e.g.
environmental conditions (Ohsawa & Ide 2008) and their historic dynamics, e.g. during

glacial periods (Hewitt 2000).

Factors influencing genetic structure

Biotic factors

Generally, life-history traits of species, including mating system, breeding system, life form
or mode of seed and pollen dispersal, can largely affect the distribution pattern of genetic
diversity. For instance, mating system was indicated as the only factor significantly related
with genetic structure for nuclear markers (Duminil et al. 2007). Indeed, outcrossing
promotes the exchange of genes within and among populations, thus maintaining high genetic
diversity and weakening genetic structure (Muir et al. 2004; Nettel et al. 2009). In contrast,
selfing species are apt to fix alleles in one population, where genetic drift dominates the
patterns, leading to low genetic diversity and strong genetic structure (Michalski & Durka
2007). Increasing the outcrossing rate is expected to increase heterozygosity and spatial
mixing of genes, thus decreasing spatial genetic structure (Doligez et al. 1998). However, it
can not be neglected that other traits, like breeding system, perenniality and pollination mode,

are strongly correlated with mating system (Duminil ef al. 2007; Michalski & Durka 2009),
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thus, somewhat affecting the patterns of genetic structure.

In addition, since gene flow is one of the most important processes dominating genetic
variation of populations (Austerlitz & Garnier-Géré 2003), the movement of genes within and
between populations determines their spatial and temporal genetic variation and structure,
which in turn influences their evolutionary potential. Theoretical studies indicated that
frequent long distance dispersal can considerably increase genetic diversity within
populations and decrease differentiation among populations (Bialozyt et al. 2006; Fayard et
al. 2009). In plants, seed dispersal involves colonization of new areas and plays an important
role in migration and expanding distribution, especially in the context of climate change
(Shaw & Etterson 2012). As indicated, seed dispersal mode was significantly related with
genetic structure typically for organelle markers (Duminil et al. 2007). Seeds primarily
dispersed by birds, bats or monkeys caused a relatively weaker spatial genetic structure than
did seed primarily dispersed by gravity or rodents (Dick et al. 2008). Besides seed dispersal,
pollen dispersal also contributes to the gene pool of colonizing populations (Chen et al. 2008;
Wang et al. 2011). Especially in outcrossing species, e.g. pollinated by wind or insects,
extensive pollen flow can be expected, thus resulting in homogeneity of genes, i.e. weak
genetic structure (Petit ef al. 2005; Sutherland ef al. 2010). Therefore, detecting dispersal
capacity of seed and pollen of plant species is helpful for understanding population genetic
structure and evaluating their evolutionary potential.

Besides, population density can indirectly affect genetic structure by its effect on
outcrossing rates and patterns of gene dispersal (Born ef al. 2008; Hanson ef al. 2008). In
wind-pollinated species, pollen flow among individuals in low-density populations is likely to
be reduced, hence leading to more pronounced genetic structure than in high-density
populations (Friedman & Barrett 2008), while in insect-pollinated species, populations with
lower individual density and a higher number of co-flowering species are expected to result in
less effective movement of pollinators among individuals and then stronger genetic structure
(Zeng et al. 2012). However, still, inconsistent patterns indicated that distances covered by
pollinating insects during foraging activities increased when local density of flowering trees
decreased, facilitating the maintenance of genetic diversity (Born et al. 2008).

Furthermore, spatial genetic structure (SGS) within plant populations is also
influenced by variation in demographic processes through space and time, e.g. life stages
(Chung et al. 2003a; Ueno et al. 2002) and successional status (Chung et al. 2007). For
example, some studies have found significant fine-scale genetic structure in seedlings because

of limited seed dispersal which is greatly reduced or absent in adults due to thinning processes
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(Chung et al. 2003a; Qi et al. 2011). Generally, in outcrosssing tree species, seeds fall around
maternal trees. Although probably experiencing low rate of germination, seedlings are
characterized by high density and a high level of relatedness of adjacent seedling individuals.
Neverthesis, from seedlings to adults, a thinning process is underlying due to individual
competition and predation of herbivore (Chybicki & Burczyk 2010b; Oddou-Muratorio et al.
2011), thus, leading to a low density of sibs. Therefore, decreasing SGS from seedlings to
adults can be expected. However, increasing SGS was also indicated which may be correlated
with founder effects and microenvironmental selection (Kalisz et al. 2001), whereas
consistent patterns of SGS across different life stage was most likely the result of limited gene
flow (Yao et al. 2011). Besides of life stages, population succession involves a number of
potential demographic processes including the changes of environmental factors, such as
illumination intensity, humidity and competition, which are recognized to influence not only

levels of genetic variation but the spatial distribution of alleles and genotypes.

Abiotic factors

Among abiotic factors, environmental conditions, such as soil type, topology or elevation,
play an important role in genetic structuring because they may affect phenology, population
size or density and thus gene flow or genetic drift (Byars et al. 2009). Elevation is of
particular importance, because elevations clines encompass a suite of environmental factors
that are either physically linked with elevation (e.g. temperature) or instead correlated with it
like land use. These factors can affect not only the neutral processes of gene flow and genetic
drift (Kraj & Sztorc 2009), but also selective processes (Jump et al. 2006). Different patterns
of genetic variation within populations varying along elevational gradients have been
identified (Fig. 1.1) (Ohsawa & Ide 2008). First, mid-elevation populations may hold higher
levels of diversity compared with both low and high elevation populations due to the optimal
mid-elevation habitats following the central-marginal hypothesis (Herrera & Bazaga 2008).
Second, low elevation populations may have highest diversity which decreases with elevation
as a result of bottlenecks occurring throughout upward range expansion (Quiroga & Premoli
2007). Third, highest genetic diversity was found at high elevations which was attributed to
various reasons like decreased human disturbance and/or historical downward range shifts
due to climate change, and adaptation (Gdmperle & Schneller 2002; Ohsawa & Ide 2008).
Lastly, genetic variation also has been found to stay rather constant along a given elevational

gradient due to extensive gene flow (Truong et al. 2007a). Overall, these inconsistent patterns
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highlight the predominant role of biogeographic history in determing patterns of genetic

variation along elevational gradients.

L<M>H L>M>H
intra-population intra-population  genetic drift /
genetic diversity genetic diversity bottleneck

0 Elevation Elevation

L<M<H L=M=H
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intra-population
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Fig. 1.1 Four patterns of genetic variation along changing elevations in plant species. L, M
and H represent low, middle and high elevations, respectively. (Modified after Ohsawa and

Ide 2008)

Phylogeographic history

The present distribution of plant populations is determined not only by the current
environment, but also by past events like Pleistocene climate cycles (Avise 2000). Repeated
drastic climate changes of Quaternary have resulted in repeated contraction-expansion
processes of many plants and profoundly shaped their current genetic structure and
phylogeographic patterns (Hewitt 2004). During glacial expansions, most species would have
retreated into more southerly or warmer lowland areas, namely refugia. When the ice
retreated, a reverse course occurred with species recolonizing from south to north, or from
lowland to higher elevations. Generally, populations located in refugia are old and may
maintain high genetic diversity, which will be gradually lost due to genetic drift and
environmental stresses (Hampe & Petit 2005), while the recolonizing populations are

characterized by low genetic diversity and high differentiation because of founder effect and
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rare long-distance dispersal events (Hampe & Petit 2005). Therefore, glacial periods have
been imprinted in population genetic structure which, in return, can draw out the glacial
history. A number of phylogeographic studies have documented complex historic processes
and the effects of climate changes on species distribution and population genetic structure in
the last 20 years, especially in Europe and North America (Avise 2000; Heuertz et al. 2004a;
Taberlet et al. 1998).

The various factors may have a complex influence on spatial and temporal distribution of
genetic diversity in plants. Thus, it is clear that elucidating the responses of populations to
those factors requires a multi-scale study, such as at local, ecological scales as well as large,
species-range scales which coincide with time scales during which patterns of genetic

variation emerge.

Molecular markers

Molecular markers have been extensively used to identify the effect of life history traits,
environmental factors and phylogeographic history on the genetic structure of plant
populations (Hamrick & Godt 1996; Nybom 2004). Among the various markers, because of
their high mutation rates and high levels of polymorphism, biparentally inherited nuclear
microsatellites are highly adopted to evaluate the level of genetic variation in natural
populations, reveal the effects of genetic drift and recent bottlenecks (Selkoe & Toonen
2006), and even be involved to phylogeographic studies by identifying the gene pools.

However, for such markers with high levels of allelic variability, genetic differentiations (Fsr)
are always underestimated (Hedrick 2005). Thus, the standardized parameter e.g. Fg; is

increasingly used to evaluate the level of population differentiation (Hedrick 2005).
Generally, microsatellites are assumed to represent neutral markers as they are usually located
in non-coding regions. Consequently, patterns of differentiation among populations revealed
by microsatellites are almost exclusively interpreted as genetic drift and gene flow. However,
increasing studies indicated the presence of non-neutral microsatellite loci (Casa ef al. 2005;
Nielsen et al. 2006). Besides, chloroplast DNA (cpDNA), which is inherited maternally, is
also commonly used especially in phylogeographic studies. cpDNA does not experience
recombination and represents only a single gene genealogy, thus reflecting exclusive gene
flow by seeds. More and more studies used both nuclear and organelle markers to detect a
relatively complete description of population genetic structure (Bai et al. 2010; Hu et al.

2010; Wang & Ge 2006).
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Subtropical China

Subtropical China (ca. 22°N-30/33°N), as one of the most prominent hotspots of terrestrial
biodiversity, represents an exceptional high level of biodiversity, higher than any other region
at the similar latitude (Fig. 1.2), especially for tree and shrub species. In this region, evergreen
broadleaved forests are the representative vegetation and dominated mainly by species of
Fagaceae and Lauraceae. While large parts of Eurasia have been glaciated, subtropical China
was never covered by large ice sheets during the Last Glacial Maximum (LGM) (Fig. 1.3)
(Hewitt 2000). Therefore subtropical China is considered to be one of the most important
refugial regions for lineages that evolved prior to the late Tertiary and Quaternary glaciations
(Axelrod et al. 1996). However, contrary to its importance in evolution and high level of
biodiversity, phylogeographic studies in subtropical China are surprisingly limited (Qiu et al.
2011). Most of the studies available have focused on endangered species with narrow
distribution range (Qiu et al. 2009; Wang & Ge 2006), while common species with broad
distribution range, which may reflect the general pattern of effect of glacial periods, however,

are less studied.
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Fig. 1.2 Distribution of global biodiversity in vascular plant species (Barthlott et al. 2005).
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Fig. 1.3 The maximum extent of ice and permafrost at the end of the last ice age 20,000 years

BP (Hewitt 2000).

Study species

In this thesis, the focal species is Castanopsis eyrei (Champion ex Bentham) Tutcher
(Fagaceae), one of the dominant tree species in late successional forests of evergreen
broadleaved forests in subtropical China (Fig. 1.4). As a common species, it represents a
template to reveal the general patterns of genetic structure and underlying processes at
multiple scales. Castanopsis eyrei is monoecious, and wind- and insect- pollinated, although
the extent to which these two types of pollination contribute is not clear, but suggesting that
pollen dispersal is likely to be extensive. Acorn seeds are principally dispersed by gravity,
thus limited seed dispersal is expected, although small rodents can transport the acorn seeds
and serve as secondary seed dispersers (Li & Jin 2006). The geographical distribution of C.
eyrei is mainly restricted to the area south of Yangtze River in mainland China and Taiwan,
where humid subtropical climate without dry seasons dominates, typically characterized by

hot, humid summers and mild winters. It occurs from 300 m to 1700 m a.s.l. (Huang et al.
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1999), frequently in Southeast China and more scattered in the Southwest due to unsuitable

karst habitat (Fig. 1.4).
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Fig. 1.4 (a) Forests dominated by Castanopsis eyrei, in Gutianshan Nature Reserve,
Zhengjiang, China; (b) The fruits of C. eyrei. (photos from W. Durka); (¢) Distribution of C.
eyrei (map from E. Welk). The red dot indicates the location of Gutianshan Nature Reserve

where the Comparative Study Plots (CSPs) of BEF-China project were set up.
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Study region

This study was carried out in different scales, i.e. fine-, regional-, and large-scale. Large scale
covered the whole distribution range of C. eyrei, while both fine- and regional-scales were
studied in Gutianshan National Nature Reserve (GNNR) in Zhejiang Province, southeast
China (29°8'18" - 29°17'29" N, 118°2'14" - 118°11'12" E). There, in order to focus on
biodiversity and ecosystem functioning (BEF), as an observational experiment, BEF-China
project set up 27 comparative study plots (CSPs) with a size of 30 m x 30 m per plot in 2008
(Fig. 1.5), varying in elevation, age of the tree layer and species richness (Bruelheide et al.
2011).

The Reserve was initially established as a National Forest Reserve in 1975 and
became a National Nature Reserve in 2001. It consists of species-rich broad-leaved forests
including old growth forest and successional stages that developed after cease of human use
in 1975. Because of the steep terrain of the entire reserve with slopes frequently exceeding
30°, the GNNR was only marginally usable for agricultural activities, and thus, an
exceptionally intact forest cover has been preserved especially on the steep slopes. Totally,
1426 seed-plant species have been recorded from 149 families and 648 genera with
approximately similar proportions of deciduous and evergreen species in species numbers
(Lou & Jin 2000). Within the tree layer, evergreen species dominate in abundance of
individuals (Yu et al. 2001).

The GNNR has an area of approximately 81 km? with elevations ranging from 250 to
1258 m a.s.l.. The climate in GNNR is warm-temperate with an annual average temperature
of 15.1 °C. The mean minimal and maximal temperatures are -6.8 °C (January) and 38.1 °C
(July), respectively. The mean annual precipitation sums up to approximately 2000 mm with a
wet season occurring from March to September and a short dry season in November and

December.
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Fig. 1.5 Locations of the 27 comparative study plots (CSPs) established by BEF-China project
in Gutianshan Nature Reserve (Bohnke 2011). Size of the circles corresponds to the number
of species in the plots (see the legend in the corner) and filled colours indicates the
successional stages referring to the average age of the tree layer: red, < 20 yrs; orange, < 40

yrs; yellow, < 60 yrs; green, < 80 yrs; blue, > 80 yrs.

Objectives and aims of this thesis

In order to detect the complex effects of several important biotic and abiotic factors on the
genetic structure of a common species C. eyrei, | evaluated patterns of genetic diversity and
underlying processes at multiple scales.

Chapter 2 investigates the fine-spatial genetic structure of C. eyrei. In this study, two
generations, i.e. seedlings and adults, were sampled from six plots with different
environmental (e.g. elevation) and ecological (density, species diversity) conditions. In total,
more than 2500 individuals were genotyped by nine highly polymorphic microsatellite
markers. Based on multi-loci genotypes and coordinates of seedlings and adults, we analysed
spatial genetic structure (SGS) indirectly by spatial autocorrelation and directly by spatially
explicit mating models, and compared genetic variation, SGS and patterns of gene flow

among plots and between the two generations. Considering that fact that seeds tend to
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aggregate around the mother trees, a stronger small scale genetic structure in seedlings is
expected than in adults.

Chapter 3 looks at the influence of elevation or successional stage on genetic variation
of C. eyrei at a regional scale. I sampled 24 representative sites of 30 < 30 m which were
spread across all successional stages and the local elevational range of the species (251 - 920
m) and evaluated the level of genetic variation in each site controlling for neutrality of the
microsatellite loci used. I correlated genetic diversity (allelic richness: Ar) with elevation and
successional stage and tested for a pattern of isolation by elevation by comparing pairwise
genetic differentiation and pairwise elevational distances.

Chapter 4 concerns the phylogeography of C. eyrei and in particular the impact of the
Last Glacial Maximum on the distribution of genetic variation across the whole distribution
range. First, climatic envelope modelling was used combined with downscaled high-
resolution estimates of LGM climate parameters to predict the distribution of C. eyrei during
LGM. In addition, microsatellite and cpDNA data were obtained from 31 populations
throughout its range. For cpDNA sequence data, relationships among haplotypes were
depicted in a statistical parsimony network. Based on microsatellites, I analysed genetic
clustering, and patterns of variation within and among populations. I compared the genetic
variation between clusters and detected a correlation between genetic diversity and latitude. I
hypothesize that there are multiple refugia located in South China and genetic variation
decreases with increasing latitude because of northward recolonizing route.

Chapter 5 summarizes the main results of the preceding chapters, and presents an

overall discussion and comprehensive conclusions.
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Chapter 2 - Seedlings and adults do not differ in small scale

genetic structure in Castanopsis eyrei

Miaomiao Shi, Stefan Michalski, Xueqin Zeng and Walter Durka
Manuscript

Abstract

Castanopsis eyrei is one of the dominant tree species in evergreen broadleaved forests in
subtropical China. Comparison of fine-scale spatial genetic structure (SGS) over life stages
can provide insights into the dynamics of natural populations and ecological and evolutionary
processes within and among populations. In this study, 910 adults and 1594 seedlings of C.
eyrei were collected from six plots varing in individual density and elevation in Gutianshan
Nature Reserve. All the individuals were mapped and genotyped using nine microsatellite loci
to investigate genetic diversity and SGS. No significant differnences in genetic diversity were
found between seedlings and adults. However, significant SGS was detected in both adults
and seedlings, although the extent was weak, as expected for outcrossing tree species, up to a
maximum of 20 m, suggesting limited seed dispersal. The Sp statistic, quantifying the
intensity of SGS, showed similar values between adults (0.0083) and seedlings (0.0109), and
no correlations with environmental conditions, especially density and elevation, indicating its
independence. The consistent SGS in seedlings and adults may be attributed to overlapping
seed shadows caused by secondary dispersal by rodents and high density of adults. In
addition, seed and pollen dispersal kernel was estimated using a spatially explicit mating
model, indicating a limited seed dispersal distance (mean = 21.0 m) in line with that deduced
with SGS. Pollen dispersal distance reached a maximum of 132.3 m, however, large
proportions of pollen came from outside the study sites (46% < m, < 95%), indicating

extensive pollen flow.

Keywords: Dispersal kernel, life stages, microsatellites, spatial genetic structure, tree.
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Introduction

One of the major objectives in plant biology is to understand the effects of demographic and
genetic processes on the amount and spatial distribution of genetic variation within and
among natural populations. Especially, fine-scale spatial genetic structure (SGS) is drawing
more and more attention in population ecology and evolutionary biology (Dick 2008; Hardy
et al. 2006; Vekemans & Hardy 2004). The extent of SGS allows to estimate the extent of
gene dispersal within populations (Rousset 2000) and indirectly quantify the dispersal
distance of the species (Oddou-Muratorio et al. 2010). Therefore, SGS is important for the
conservation and management in natural populations, and for understanding the capacities of
local adaptation and colonization into new areas in the context of rapid climate change
(Oddou-Muratorio et al. 2010).

SGS is dependant on a number of biotic and abiotic factors. Since gene flow largely
influences the distribution of genetic variation, self-compatible species or those with poorly
dispersed seeds and pollen tend to exhibit strong SGS (Vekemans & Hardy 2004). With
increasing outcrossing rate an increase of heterozygosity and spatial mixing of genes is
expected, thus decreasing SGS (Doligez et al. 1998). In addition, population density can
indirectly affect SGS via effects on dispersal distance of seed or pollen (Born ef al. 2008;
Vekemans & Hardy 2004), although inconsistent patterns exist (Born ef al. 2008; Hanson et
al. 2008). For example, pronounced SGS was found at lower individual density probably due
to less effective movement of pollinators among individuals (Zeng et al. 2012). Furthermore,
abiotic conditions, e.g. elevation, may influence the distribution of genetic variation. Along an
elevational gradient, environmental conditions, population density and successional stages
can rapidly change which likely affects genetic structure (Ohsawa & Ide 2008; Shi et al.
2011a). Also, anthropogenic processes such as habitat fragmentation can have a great
influence on SGS. The isolation of small populations can result in restricted seed dispersal
resulting in increasing relatedness of adjacent individuals and consequently pronounced SGS
(Hanson et al. 2008; Sebbenn et al. 2011; Wang et al. 2011).

Generally, tree species display weaker SGS than herbaceous species (Vekemans &
Hardy 2004), although those with restricted seed and pollen dispersal still show pronounced
SGS (Cavers et al. 2005; Hardy et al. 2006). Especially, in outcrossing tree species, high gene
flow within populations is expected to result in relatively low levels of SGS (Leonardi &
Menozzi 1996; Streiff et al. 1998). For example, significant SGS is rarely detectable beyond
30-40 m in the common ash Fraxinus excelsior (Heuertz et al. 2003), oaks Quercus petraea

and Q. robur (Streiff et al. 1998), and beech Fagus sylvatica and F. crenata (Chybicki et al.
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2009; Oddou-Muratorio et al. 2010; Oddou-Muratorio et al. 2011), as well as in Castanopsis
sclerophylla (Wang et al. 2011). For a given tree species with seed dispersal primarily by
gravity, most of the seeds are followed by a short-distance dispersal and colonize close to the
mother tree (Asuka et al. 2005; Nakanishi et al. 2009; Sebbenn ef al. 2011). Thus, seedlings
tend to grow around their mother tree and exist in much higher density leading to a high level
of inbreeding rate and relatedness of adjacent seedling individuals, and then a low level of
genetic diversity and a significant SGS. In addition, during an individual lifetime the step
from seedling to an adult is characterized in particular by a massive mortality due to
competition, predation and selection during eatablishment (Chybicki & Burczyk 2010a;
Oddou-Muratorio et al. 2011), typically with only one seed in a million surviving as a
reproductive tree (Petit & Hampe 2006). Such a thinning process reduces the density of half-
sibs and weakens the degree of allele aggregation (Chung et al. 2002; Chung et al. 2003b).
Thus, weaker or even absent genetic structure is expected to be found in adults than seedlings.
Overall, studying established seedlings can provide important insights into the dynamics of
natural populations (Burczyk & Chybicki 2004) and allow comparisons of dispersal distances
and patterns of seeds and pollen (Chybicki & Burczyk 2010b; Oddou-Muratorio ef al. 2010,
Oddou-Muratorio et al. 2011; Sebbenn et al. 2011).

Historical gene flow can be indirectly studied based on population genetic structure or
spatial genetic autocorrelation analysis, both targetting the extant population (Hardy et al.
2006; Rousset 1997; Vekemans & Hardy 2004). In contrast, direct estimation of current gene
flow necessitates the analysis of parents and offspring, such as parentage analysis, which
largely depends on the polymorphism of genetic markers and assigns each offspring to
specific parent trees. In fact, because of insufficient polymorphism and presence of null
alleles or missing data, precise parantage assignment is often impossible (Chybicki &
Burczyk 2010a). An alternative way for detecting dispersal patterns uses spatially explicit
mating models, which can estimate, among others, immigration rate of pollen and seed from
outside, selfing rate and dispersal distance of pollen or seed, without complete parentage
assignment (Burczyk et al. 2006). The use of both indirect and direct methods can reveal
historical and contemporary pattern of pollen and seed dispersal.

In subtropical China, evergreen broadleaved forests are the zonal vegetation which is
dominated mainly by Fagaceae and Lauraceae. Among them, Castanopsis eyrei (Champion
ex Bentham) Tutcher (Fagaceae) is locally dominant in late successional forests. The species
1s monoecious, and wind- and insect- pollinated, although the extent to which these two types

of pollination contribute is not clear, but suggesting that pollen dispersal is likely to be
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extensive. Fruits are principally dispersed by gravity, thus limited seed dispersal is expected,
although small rodents can transport the acorn seeds and serve as secondary seed dispersers
(Li & Jin 2006). In a previous study low levels of genetic differentiation among populations
were detected (Shi et al. 2011a), indicating high gene flow most probably mediated by pollen
dispersal. However, detailed patterns of seed and pollen dispersal on a small scale are
missing.

In this paper, we study of fine-scale spatial genetic structure of C. eyrei in a
continuous subtropical forest in China. Two generations, i.e. seedlings and adults, were
sampled from six plots with different environmental (e.g. elevation) and ecological (density,
species diversity) conditions. Based on genotypes of microsatellite markers we analysed SGS
indirectly by spatial autocorrelation and directly by spatially explicit mating models, and
compared genetic variation, SGS and patterns of gene flow among plots and between the two
generations. Specificly, the following questions were investiged: (i) Do adults and seedlings
differ in genetic variation or SGS? (ii) Do habitat conditions influence the patterns of SGS?

(111) What is the gene dispersal distance of pollen and seeds?

Materials and methods

Study area and populations

Our study was carried out in Gutianshan National Nature Reserve (NNR) located in the west
of Zhejiang province of China (29°08°18"7-29°17°29"'N, 118°02°14""-118°11"12"°E). The
NNR mainly consists of species-rich evergreen broad-leaved subtropical forests including old
growth forests and successional stages that developed after cease of human use in 1975.
Castanopsis eyrei is distributed continuously in this area (Xu ef al. 2005) and is the dominant
tree species in late successional stages.

We established six plots of 30 x 30 m at different elevations (Table 2.1),
corresponding to comparative study plots reported in Bruelheide et al. (2011), where
elevation, successional stage, species richness and species diversity of all woody species for
each plot were recorded. In each plot, we sampled two generation cohorts: adults, i.e. trees
>lem  diameter at breast height (DBH) and seedlings (<lecm DBH), forming 12
subpopulations (Fig. 2.S1). For seedlings, we collected all present in the plots varying from
110 to 422 individuals (total N = 1594). Their heights ranged from 1 to 416 cm (median = 14
cm). For adults, beside all trees within plots, additional samples were collected outside of the
plots in a 40 m buffer in order to collect more than 100 individuals which can provide a close

approximation of real levels of SGS (Cavers et al. 2005), thus resulting in 113 to 191 trees
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(total N = 910). The diameter at breast height (DBH) of the trees ranged from 1.31 to 109.18
cm (mean = 18.65 cm). We mapped all the individuals and determined the number of
individuals in the plot as the density of each cohort. All the leaf samples were dried and

preserved in silica gel for further analysis.

Table 2.1 Habitat parameters of study plots and samples of Castanopsis eyrei. Plot numbers

according to (Bruelheide et al. 2011).

Plot  Latitude Longitude No. of samples Elevation Successional Inclination Species Species
(°N) (°E) Stage richness diversity
Adults (in plot *) Seedlings (m a.s.l)
CSP6  29.25497 118.14747 113 (38) 110 880 3 24 39 223
CSP13 29.24630 118.12190 173 (42) 288 402 5 25 32 24.8
CSP14 29.24944 118.13518 120 (36) 422 639 5 28 38 242
CSP15 29.24917 118.13106 191 (35) 260 618 5 44 39 26.3
CSP21 29.27059 118.08084 165 (23) 363 566 5 40 56 32.7
CSP27 29.24709 118.13605 148 (55) 151 665 5 33 46 25.5

* number of individuals in the CSP plot 30 x 30 m.
® successional stage: 3 = intermediate forest (< 60 years); 5 = old forest (> 80 years)

(Bruelheide et al. 2011)

Genotyping

Total genomic DNA was extracted from leaf samples using the DNeasy 96 plant extraction kit
(QIAGEN) following manufacturers instructions. Nine polymorphic microsatellite loci were
used for genotyping. Among them, five loci: Ccul02F36, Ccul6H15 (redesigned reverse
primer: gaaattgagttgggttagttccac), Ccu62F15 (redesigned forward primer: catcagcccaattgatac
agg), Ccu90T17 and Ccu97H18 were developed for C. cuspidata var. sieboldii (Ueno et al.
2000, 2003), two (Cch13 and Cchl5) for C. chinensis Hance (Huang et al. 2009), while the
other two: ca-sc2 (F: ccagctaatgtggactatc; R: gagctaagacaatgcagaag) and cy-gl 7 (F: atggttgaa
gaggceggtg; R: ttcgecagegegttatttg) were newly designed based on the sequences of C.
sclerophylla (GenBank accession no. HQ265410, (Shi et al. 2011b)) and Quercus
myrsinifolia (accession no. Y10723, (Isagi & Suhandono 1997)). Multiplex polymerase chain
reactions (PCRs) were performed following the programme reported in Shi et al. (2011a).
PCR products were separated on an ABI 3130 genetic analyzer (Applied Biosystems, Foster
City, California, USA) with internal size standard GeneScanTM 500 LIZ. Individuals were
genotyped using GeneMapper version 3.7 (Applied Biosystems).
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Population genetic analysis

To prove the neutrality of loci, we tested the nine loci for outliers, i.e. markers potentially
under selection, using the program FDIST (Beaumont & Nichols 1996). A null distribution of
Fsr values expected from a neutral model is generated and quantile limits are calculated. Loci
outside a 99% confidence interval are regarded as potentially under selection. Because most
of wind pollinated trees in Fagaceae are characterized by outcrossing, we assumed the
populations of C. eyrei to be in Hardy-Weinberg equilibrium (HWE). Under this assumption,
we checked the data for the presence of null alleles using the software MICRO-CHECKER
v.2.2.3 (Van Oosterhout et al. 2004), since trans-specific amplification of microsatellites often
results in null alleles. Within each subpopulation, we calculated the number of alleles per
locus (A4), allelic richness (4R, correcting for sample size by rarefaction for a minimum sample
size of 110), expected heterozygosity (H.) and the fixation index (Fis). We tested for
significant differences in these descriptors between adults and seedlings by permutation tests
(n =1000). Genetic differentiation among subpopulations within cohorts and between cohorts

within plots were estimated as Fsr (Weir & Cockerham 1984) and Fy, (Hedrick 2005), a

standardized parameter of genetic differentiation, as Fsr is likely to underestimate genetic
differentiation between populations for markers with high levels of allelic variability. The

necessary parameter £, for standardization was calculated after recoding the data using

T max
RECODEDATA (Meirmans 2006). In order to test for an isolation by distance pattern among
subpopulations in each cohort, matrices of pairwise log transformed geographical distances
and genetic distances (Fs1/(1-Fst)) were correlated and the significance was calculated by a
Mantel test with 999 randomizations using Package “ecodist” (Goslee & Urban 2007) in R. If
not mentioned otherwise, all above parameters were analysed with FSTAT v. 2.9.3.2 (Goudet

1995).

Fine-scale SGS and estimation of gene dispersal

Fine-scale spatial genetic structure (SGS) within subpopulations was assessed by a spatial
autocorrelation approach using SPAGeDi v.1.3 (Hardy & Vekemans 2002). The kinship
coefficients (Fj) (Loiselle ef al. 1995) were computed in a set of distance classes: 5, 10, 15,
20, 30, 40 and 80 m. Standard errors were estimated by Jackknifing across loci. Significance
of mean Fjj per class was tested by random permutation with 1000 repetitions. We used the Sp
statistic (Vekemans & Hardy 2004) to quantify the intensity of SGS for each subpopulation
following the formula Sp = -blog /(1-F(1y), where blog is the slope of the linear regression for

kinship coefficient on the logarithm of geographical distance, and F(;) is the mean kinship
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coefficient between individuals in the first distance class. The significance of blog was also
test with 1000 permutations. We estimated the maximum extent of SGS extent as the
maximum distance at which significantly positive kinship coefficients were detected before
they turn into negative values (Jump et al. 2012).

To compare the SGS patterns of adult and seedling cohorts we performed a
heterogeneity test (Smouse et al. 2008) using GENALEX v.6.3 (Peakall & Smouse 2006),
which compares the observed differences among spatial autocorrelation analyses with
permutated ones from pooled data. The criteria @ and #* were used to assess the divergence in
pairs of spatial autocorrelation analyses as a whole and in each distance class, respectively
(Smouse et al. 2008). The heterogeneity test was restricted to the distance range covered by
the seedlings sampled. We use 999 repetitions for permutation tests and bootstrapping.

Under the assumption that observed SGS is representative of an isolation by distance
pattern at dispersal-drift equilibrium, effective gene dispersal distance (o) can be estimated
from the Sp statistic, which is expected to equal 1/4nD.c” in two-dimensional space in a
restricted range of ¢ to 200 (Vekemans & Hardy 2004), where D, is the effective population
density. We used D, = D/4, as it is the best approximation for tree species (Hardy et al. 2006),
where D is the census population density. We computed the gene dispersal distance for adults
and seedlings separately in each plot and also for a combined data set with SPAGeDi v.1.3.
The analysis iteratively determines ¢, however, the algorithm does not converge necessarily,
depending on the strength of SGS, in which case ¢ can not be determined. When no
convergence was achieved, we also set D, to D/2 and D/10, which, however, did not improve

the results.

Effect of habitat conditions on SGS

To test the effects of habitat conditions on fine-scale within-subpopulation SGS as quantified
by Sp for each cohort, we performed a multiple linear regression between Sp value and six
predictors: density, elevation, successional stage, inclination, species richness and woody
species diversity. The analysis was done using the step function (Venables & Ripley 2002)
with R 2.8.1.

Estimation of the seed and pollen dispersal kernels
We used a spatially explicit mating model (SEMM) developed by (Burczyk et al. 2006) to
estimate the range of seed and pollen dispersal. The SEMM considers that each individual can

be mothered either by a tree located outside the study site due to seed immigration (with
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probability ms) or by a tree within the site. In the latter case, there are three possibilities for
paternity of an offspring: self-pollination with probability s, pollination by a male tree outside
the site with probability m,, and pollination by a parent within the study site with probability
1 - 5 - mp. A maximum likelihood approach is used to simultaneously estimate parameters of
the dispersal kernel, selfing rate and dispersal distances by the software NM+ (Chybicki &
Burczyk 2010a), which accounts for null alleles and missing data.. We used an exponential-

power dispersal kernel characterized by the parameters a and b (Clark 1998):

P() = %exp{—é)b}
27m2r(g) a

where r is pollination distance, I" is the classically defined gamma function, a is a scale
parameter, and b is the shape parameter affecting the tail of dispersal function (Austerlitz et
al. 2004). When b = 1, the above equation degenerates to the exponential distribution. When b
< 1, the dispersal kernel is fat-tailed, i.e. the long-range decrease is slow, indicating more
long-distance dispersal events. Conversely, when b > 1, the dispersal is thin tailed, with a
rapid decrease of the dispersal function, implying few long-distance dispersal events
(Austerlitz et al. 2004). We adjusted the null alleles and estimated the best initial values of all
the parameters individually by setting an initial value of one parameter and leaving the others
not estimated (a constant). If a given value leads to the highest likelihood, this implies that

such value is a better initial point.

Results

Genetic diversity and differentiation

The neutrality test performed with FDIST revealed that all observed mean Fgsr values
calculated from all loci remained within the 99% confidence interval (P > 0.26), indicating
their neutrality. Except for ca-sc2 and Ccul6H15, all loci showed signs of null alleles with
average frequency between 0.38% and 17.24% (mean = 7.65%). A high level of
polymorphism was present. The number of alleles ranged from 9 to 37 among loci (mean =
20). The average fixation index (Fjs) differed significantly from Hardy-Weinberg
expectations in all subpopulations (Table 2.2), likely due to the effect of Null-alleles.
However, no significant difference in Fis was found between adults and seedlings (P = 0.23).
All the six seedling subpopulations harboured similar levels of genetic variation to the adults,
showing no significant difference in allelic richness (4r, P = 0.98) and expected

heterozygosity (H., P = 0.48) (Table 2.2).
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Values of overall genetic differentiation for both seedling (Fst = 0.043) and adult (Fst

= 0.030) subpopulations were low, but significant (P < 0.05). The standardized Fy, values

were 0.140 and 0.100, respectively, for seedlings and adults. There was no significant
difference in Fst values when comparing adults and seedlings (P = 0.293). However, in four
of the six sites, significant genetic differentiation between adults and seedlings was found,

ranging from 0.0025 to 0.0302 (Table 2.2).

Table 2.2 Genetic variation and fine-scale spatial genetic structure at nine microsatellite loci

in 12 subpopulations of Catanopsis eyrei.

Plot Subpopulation A4 Ar H. Fig Fsr Fy blog Sp 6 (m)
CSP6 Adults 13.56 11.88 0.74 0.198" 0.0015 0.0275  -0.0069" 0.0071 NC
Seedlings 12.78 11.48 0.74 0.202" 0.0166 -0.01217 0.0123 9.8
CSP13 Adults 11.78 973 0.65 0226 0.0093° 0.0431 -0.0122"" 0.0127 NC
Seedlings 13.89 1035 0.67 0.217" 0.0141  -0.0090" 0.0091 13.6
CSP14 Adults 989 894 0.64 03117 0.0110° -0.0003 -0.0052° 0.0052 NC
Seedlings 1478 1074 0.71 0.176" 0.0119  -0.0076" 0.0077 9.7
CSP15 Adults 1222 10.17 0.69 02197 0.0302° 0.0238  -0.0071"  0.0073 NC
Seedlings 13.56  10.47 0.75 0.146" 0.0111  -0.0082"" 0.0083 12.1
CSP21 Adults 11.56 9.16  0.68 0.186" 0.0025° 0.0306 -0.0052"" 0.0053 NC
Seedlings 12.44 826 0.67 0.182" 0.0123  -0.0096"  0.0097 8.0
CSP27 Adults 1422 11.85 0.74 02277 -0.0003 0.0266 -0.0059" 0.0061 NC
Seedlings 1422 1172 0.74 0.224" 0.0114  -0.0082"" 0.0083 NC
Overall
Adult 10.52  0.69 0.210 0.0515  -0.0079™ 0.0083 25.4
Seedling 10.50 0.70 0.185 0.0478  -0.0103" 0.0109 9.1
P(AVv.S) 098 048 0.23

A, number of alleles per locus; 4R, allelic richness; H., expected heterozygosity; Fis, fixation
index; Fsr, genetic differentiation between adult and seedling subpopulations in each plot;
F), kinship coefficient in the first distance class; blog, regression slope for kinship
coefficient on the logarithm of geographical distance; Sp, statistic reflecting the intensity of
SGS; o, estimate of effective gene dispersal distance.

NC, no convergence; *P < 0.05, **P <0.01.

Fine-scale SGS and effective gene dispersal

Significant values of regression slope (blog) were found in all subpopulations and in the
combined analysis, indicating significant SGS (Fig. 2.1, Table 2.2). Significant positive
autocorrelations existed in all seedling and adult subpopulations within 10 m, except for the
adult cohort of CSP14. The maximum extent of SGS was 20 m appearing in adult cohorts of
CSP13. In the first distance class (5 m), the kinship coefficients of adults were higher than
those of seedlings in all plots except for CSP14.

25



Spatial genetic structure

The Sp statistic showed weak intensity of SGS in all subpopulations with values
ranging from 0.0052 to 0.0127 (Table 2.2). Adult trees showed a lower Sp value than
seedlings in all but one plot and for the combined data set (adults: Sp = 0.0083; seedlings: Sp
=0.0109). This result was corroborated by heterogeneity tests indicating that patterns of SGS
differ between adults and seedlings (Table 2.3). However, for single plots overall significance
was only found in three plots and the distance classes that differed were plot-specific. Only in
the largest distance class (40m), no heterogeneity was found between adults and seedlings.
When pooling all individuals to a single dataset, the adults showed higher autocorrelation than
seedlings at 5 and 30 m, while at 10 m the value was significantly lower in adults (Fig. 2.2).

The iteration analysis of effective gene dispersal distances () converged in five of the
seedling subpopulations but in none of the adult subpopulations (Table 2.2). The effective
gene dispersal distance of seedlings varied from 8.0 to 13.6 m. For the combined data sets,
effective gene dispersal distance converged and equalled 25.4 m in adults and 9.1 m in

seedlings.

Table 2.3 Heterogeneity tests of SGS between adult and seedling subpopulations using
GENALEX. Statistics * and o represent the degree of differentiation of SGS between two

pairwise subpopulations in each class and as a whole, respectively.

2

plot ¢ ®
Sm 10m 15m 20m 30m 40m

CSP6 0.8 0.1 1.1 3.7 3.4 0.0 7.4
CSP13 143" 1027 53" 9.6 0.8 0.8 254"
CSP14 0.4 0.0 0.8 0.1 0.1 1.4 5.0
CSP15 2.2 43" 2.2 8.1 8.4" 0.0 2.7
CSP21 5.5 0.5 0.5 3.0 13.6 0.9 1737
CSP27 1.5 0.5 1.4 2.3 0.6 0.0 7.6
All plots 6.0" 4.6 0.1 1.6 22.0" 0.3 19.17
combined

"P<0.05, P<0.01.
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Fig. 2.1 Spatial genetic autocorrelation of adults (triangles) and seedlings (circles) within six
plots using SPAGeDi. Error bars indicate standard errors. Filled symbols represent values
significantly different from the expected value under a random distribution of genotypes (95%

confidence level).
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Fig. 2.2 Spatial genetic autocorrelation of the combined dataset of adult and seedling
subpopulations (Left: all seedlings; right: seedlings with hight < 30 cm) with results of a
heterogeneity test using GENALEX. o-test indicates overall significance (o = 19.050, P =

0.002), "P<0.05and P <0.01 indicate significant differences at single distance classes.

Effect of habitat conditions on SGS

For adults and seedlings multiple linear regressions were performed between within-
population SGS, quantified by the Sp value, and the six habitat predictors. The results showed
that no significant factors left in the model (P > 0.727), indicating SGS was independent of
density, elevation, successional stage, inclination, species richness and woody species

diversity in this study.

Direct estimation of the seed and pollen dispersal

Maximum likelihood estimates of seed and pollen dispersal as well as mating system
parameters are shown in Table 2.4. The average distance of seed dispersal ranged from 9.7
(CSP13) to 43.2 m (CSP6) among plots with a mean value of 21.0 m, whereas the average
pollen dispersal distance was higher with a mean value of 55.4 m (range 11.0 - 132.3 m).
Both high proportions of seed and pollen immigration were detected. A range from 46% to
89% seeds (mean ms = 0.69) came from outside of the plots while pollen immigration rate
varied from 46% to 95% (mean m, = 0.75). As expected, the average selfing rate was close to

Z€r10.

28



Chapter 2

Table 2.4 Estimation of seed and pollen dispersal kernel based on seedling neighbourhood

model.
Plot Parameters

M my S O (m) dp (m) bs by
CSP6 0.78 0.95 0.00 43.2 85.4 1.00? 1.00°
CSP13 0.46 0.70 0.01 9.7 25.3 0.59 0.32
CSP14 0.89 0.77 0.06 16.4 NC 1.11 1.00°
CSP15 0.59 0.89 0.00 10.3 23.1 1.08 2.05
CSP21 0.65 0.46 0.00 22.7 132.3 0.85 1.00°
CSP27 0.81 0.76 0.00 23.9 11.0 0.90 0.90
Mean 0.69 0.75 0.01 21.0 554

ms, seed immigration rate; m,, pollen immigration rate; s, selfing rate; 0, average distance of
seed dispersal; o, average distance of pollen dispersal; bs and b, shape parameters of
exponential-power kernel for seeds and pollen, respectively. NC, no convergence. * Fixed

value for the parameter.

Discussion

Genetic diversity of adults and seedlings

In species with limited seed dispersal, seedlings are suggested to aggregate around the
maternal trees and display high relatedness. This may lead to lower genetic diversity in the
seedling cohort as shown for tropical tree Copaifera langsdorffii (Sebbenn et al. 2011).
However, still many other studies have demonstrated that high genetic diversity was
maintained across different life stages. For example, similar levels of expexted heterozygosity
were detected in the three life stages of Sinojackia rehderiana (Styracaceae) (adult : juvenile :
seedling = 0.778 : 0.782 : 0.785) (Yao et al. 2011). In our study, genetic variation did not
differ between seedlings and adults. In contrast to the study of C. langsdorffii, which targeted
a small, isolated and fragmented population subject to genetic drift, our study refers to a
common species in continuously distributed forest conforming to random mating. In fact,
significant patterns of isolation by distance (Table 2.2, indicated by significant blog values)
were detected in both cohorts, indicating the equilibrium between genetic drift and gene
dispersal (Born ef al. 2008; Hutchison & Templeton 1999).

In addition, outcrossing species are expected to be able to maintain the level of genetic
diversity (Duminil et al. 2007). Although C. eyrei is a monoecious tree, highly outcrossing
was suggested by only 1% selfing rate on average (Table 2.4). Significant fixation index (Fis)
was found for both cohorts in any plot. However, it can not always indicate the high
inbreeding depression. First, most importantly, null alleles increase the estimation of Fis

values when heterozygous individuals were misclassified as homozygous ones because of
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lacking amplification of null alleles (Shi & Chen 2012). Indeed, most of loci showed signs of
null alleles with a men frequency of 7.65%. The similar values of Fig in adults and seedlings
seem to prove the effect of null alleles on estimation of Fis. Additionally, if inbreeding
happens, the fixation index should be equal or similar to the kinship coefficient (/i) among
individuals (Sebbenn et al. 2011). Nevertheless, all the Fis values were far larger than the
largest values of Fj;, indicating inbreeding can not, at least fully, explain the high values of

fixation index.

SGS in adults and seedlings

In woody species, strong SGS present in seedlings is expected to largely disappear in adults
due to thinning processes. Such a hypothesis has been confirmed by several studies (Chung et
al. 2003a; Qi et al. 2011). For example, within populations of Camellia japonica (Theaceae)
(Chung et al. 2003a), weak but significant SGS was found in seedlings, which disappeared in
older age classes with a random spatial distribution of genetic variation. However, this is not
the case in this study of C. eyrei. Significant SGS was detected in both adults and seedlings,
although the extent was weak, as expected for outcrossing tree species (Vekemans & Hardy
2004), up to a maximum of 20 m, which is consistent with the estimation on other Fagaceae
species (Oddou-Muratorio et al. 2010; Streiff et al. 1998; Wang et al. 2011). The Sp statistic,
quantifying the intensity of SGS, showed similar values between adults (0.0083) and
seedlings (0.0109) although SGS differed at some distance classes between adults and
seedlings rather idiosyncratically in some plots and in the combined analysis. Extremely high
seedlings may result in a bias of SGS, however, when restricting the seedlings < 30 cm
height, very similar patterns were revealed, excluding the effect of the size of seedlings (Fig.
2.2).

Although SGS can be influenced by various factors, gene flow should be a key
determinant. (Vekemans & Hardy 2004; Wright 1943). The homogeneity of SGS in adults
and seedlings suggests that overall patterns of gene flow at population level are similar over
time, which could be demonstrated by the similar level of their effective gene dispersal
distance (seedlings vs. adults: 9.1 m vs. 25.4 m). Similarly, the consistent SGS revealed in
different life stages in S. rehderiana was attributed to limited gene flow (Yao et al. 2011). In
woody species, the initial SGS in established seedlings largely depends on seed dispersal and
adult density. Although seeds dispersed by gravity often aggregate around the maternal trees,
secondary dispersal by small rodents could blend the seeds from neighbouring trees and

promote overlapping distribution of half-sibs from different families. In addition, high density
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of adult trees should be another explanation of weak SGS in seedlings, since a high density
results in overlapping seed shadows, leading to mixing of different half-sib families, thus a
reduction in relatedness of adjacent individuals. On the other hand, high density of adults
reflects a relatively low mortality, thus permitting the initial fine-scale SGS within maternal
seed shadows to persist into the adult stage (Hamrick ez al. 1993).

Genetic structure within populations is dependent on the processes of pollen and seed
dispersal which can be influenced by environmental conditions. However, none of the factors
tested significantly affected SGS of adults or seedlings, indicating its independence from
density, elevation, inclination, successional stage and species richness in this study. Thus,
although the plots covered the whole range of local environmental conditions, particularly for

tree density and elevation, SGS is maintained at a similar level.

Gene flow, pollen and seed dispersal

Both adults and seedlings revealed weak but significant SGS. Assuming that effective density
equals % of census density, the historical gene dispersal distance was estimated between 9.14
m and 25.36 m, which is surprisingly low compared to other tree species (Hardy et al. 2006;
Oddou-Muratorio & Klein 2008). For example, a range of gene dispersal distance from 150 m
to 1200 m was found in 10 tropical tree species (Hardy et al. 2006). Since Sp is expected to
equal 1/4nD.c” in two-dimensional space in a restricted range of ¢ to 200 (Vekemans &
Hardy 2004), it implies that the intensity of genetic structure decreases both with increasing
dispersal and increasing individual density. On the other hand, when Sp values are similar, the
estimation of gene dispersal will be affected by effective density. Indeed, in the study of
Sorbus torminalis (Oddou-Muratorio & Klein 2008), similar Sp values were reported (0.0187)
comparable to C. eyrei (0.0083), however, much higher dispersal distance (472 m) was
computed, as almost 20 times of that of C. eyrei, on the condition that the adult density of S.
torminalis (0.39 trees/ha) was only one-thousandth of that of C. eyrei (424 trees/ha).
Nevertheless, it is suggested that long-distance dispersal can counterbalance the decrease of
population density, thus maintaining the level of genetic variation (Born et al. 2008; Dick et
al. 2003).

Direct estimation of seed and pollen dispersal using the spatial explicit mating model
revealed relatively restricted seed dispersal abilities (mean 6, = 21.04 m) in C. eyrei which
were in line with gene dispersal distance as deduced from SGS. Similar values of seed
dispersal were obtained in other Fagaceae species, e.g. Q. robur and Q. petraea (8.8 m and

15.6 m, respectively) (Chybicki & Burczyk 2010b), F. sylvatica and F. crenata (10.5 m and
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12.4 m, respectively) (Oddou-Muratorio et al. 2010). However, relatively high seed
immigration rates (46% < ms < 89%) were detected, indicating that long distance seed
dispersal events can not be neglected in our study sites which should have resulted from
secondary dispersal by small rodents. The unusual values, compared to other studies, might be
attributed to the relatively smaller sampling area and smaller number of adults. In our study
(appr. 0.5 ha) (Supporting information), on average 151 adults per plot were collected and in
the core of each plot, seedlings were sampled in an area of 900 m?, whereas in the study of
Chybicki & Burczyk (2010b), they collected 421 adult trees within an area of 5 ha and
seedlings in the core with an area of 350 m’. Large coverage of sampling for adults will
increase the possibilities of involving the maternal tree of seedlings. In addition, seed
immigration rate may be overestimated because genotyping error and the presence of null
alleles could result in false parentage exclusion (Oddou-Muratorio et al. 2010).

Regarding pollen dispersal, greater dispersal abilities of pollen versus seeds are
suggested, as expected. The maximal distance was determined as 132.3 m, although in some
plots, the distance of pollen dispersal (3,,) seems quite close (e.g CSP27, 8, = 11.0). However,
pollen dispersal distance should be considered with caution. As discussed above, when
compared to other studies, the area investigated should be considered, because it directly
influences the possibilities to involve both parents. Additionally, as discussed in Oddou-
Muratorio et al. (2010), 6, is estimated based on seedlings whose parent pair was found within
the study sites. However, few pairs were matched, since large proportions of pollen came

from outside the study sites (46% < m, < 95%), indicating extensive pollen flow.
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Abstract

Background: The distribution of genetic diversity among plant populations growing along
elevational gradients can be affected by neutral as well as selective processes. Molecular
markers used to study these patterns usually target neutral processes only, but may also be
affected by selection. In this study, the effects of elevation and successional stage on genetic
diversity of a dominant tree species were investigated controlling for neutrality of the
microsatellite loci used.

Methodology/Principal Findings: Diversity and differentiation among 24 populations of
Castanopsis eyrei from different elevations (251-920m) and successional stages were
analysed by eight microsatellite loci. We found that one of the loci (Ccu97H18) strongly
deviated from a neutral model of differentiation among populations due to either divergent
selection or hitchhiking with an unknown selected locus. The analysis showed that C. eyrei
populations had a high level of genetic diversity within populations (4z = 7.6, Hg = 0.82).
Genetic variation increased with elevation for both the putatively selected locus Ccu97H18
and the neutral loci. At locus Ccu97H18 one allele was dominant at low elevations, which
was replaced at higher elevations by an increasing number of other alleles. The level of
genetic differentiation at neutral loci was similar to that of other Fagaceae species (Fsr =

0.032, Fy. = 0.15). Population differentiation followed a model of isolation by distance but

additionally, strongly significant isolation by elevation was found, both for neutral loci and
the putatively selected locus.

Conclusions/Significance: The results indicate higher gene flow among similar elevational
levels than across different elevational levels and suggest a selective influence of elevation on
the distribution of genetic diversity in C. eyrei. The study underlines the importance to check

the selective neutrality of marker loci in analyses of population structure.
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Introduction

Genetic composition within and among populations is shaped by the interplay of genetic drift,
gene flow, mutation and natural selection. Molecular markers have helped to identify the
effect of life history traits, phylogeographic history and environmental factors on the genetic
structure of plant populations (Hamrick & Godt 1996; Nybom 2004). Among environmental
factors, abiotic factors, such as soil type, topology or elevation, play an important role in
genetic structuring because they may affect phenology, population size or density and thus
gene flow or genetic drift (Byars et al. 2009). Elevation is of particular importance, and many
studies focused on its relationships with plant performance and phenotype (Kdrner 2007), but
also on genetic variation of molecular markers (Byars et al. 2009; Gamperle & Schneller
2002; Goto et al. 2009).

Genetic variation within populations often varies along elevational gradients and
among species different patterns have been identified (Ohsawa & Ide 2008). First, mid-
elevation populations may hold higher levels of diversity compared with both low and high
elevation populations due to the optimal mid-elevation habitats following the central-marginal
hypothesis (e.g (Herrera & Bazaga 2008)). Second, low elevation populations may have
highest diversity which decreases with elevation as a result of bottlenecks occurring
throughout upward range expansion (e.g (Quiroga & Premoli 2007)). Third, highest genetic
diversity was found at high elevations which was attributed to various reasons like decreased
human disturbance and/or historical downward range shifts due to climate change, and
adaptation (Gadmperle & Schneller 2002; Ohsawa & Ide 2008). Lastly, genetic variation also
has been found to stay rather constant along a given elevational gradient due to extensive
gene flow (e.g. (Truong et al. 2007b)). Overall, these inconsistent patterns support a
predominant role of life history traits and of biogeographic history in determining patterns of
genetic variation along elevational gradients. The processes underlying these patterns are
either neutral, like genetic drift and bottleneck effects as a result of the demographic history,
or are selective due to the climatic clines related to elevation.

Elevational clines encompass a suite of environmental factors that are either physically
linked with elevation like temperature (Zhu et al. 2010) or that are instead correlated with it,
like land use (Korner 2007). Depending on the ability of these factors to exert selection or to
affect the neutral processes of gene flow and drift, molecular markers may display elevational
patterns. Of the various molecular markers, which have been used to study genetic variation,
microsatellites are assumed to represent neutral markers because microsatellites are generally

found in non-coding regions (Nielsen et al. 2006) and are characterized by high levels of
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variability. Consequently, patterns of differentiation among populations at microsatellite loci
are almost exclusively interpreted as genetic drift and gene flow. However, some empirical
studies indicated the presence of non-neutral microsatellite loci (Casa et al. 2005; Lazrek et
al. 2009; Nielsen et al. 2006). Thus, in order to study neutral processes the neutrality of loci
should be confirmed before performing other genetic analyses (Beaumont & Nichols 1996;
Ohsawa & Ide 2008). Due to the steep clines in environmental conditions with increasing
elevation accompanied by changes in selective conditions, non-neutral behaviour of
individual molecular markers is likely, e.g. due to physical linkage to specific genes under
selection (e.g. (Jump et al. 20006)).

In mixed and evergreen broad-leaved subtropical forests of Southeast Asia,
Castanopsis eyrei (Fagaceae) is often the dominant tree species in late successional forests.
The long lived evergreen species is native to southeastern China and Taiwan and occurs along
a large elevational gradient from <300 m to 1700 m a.s.l. (http://www.efloras.org/florataxon.
aspx?flora_id=620&taxon_1d=200006236). It is monoecious and wind-pollinated and the
acorn seeds are predominantly dispersed by gravity and small rodents (Li & Jin 2006). Due to
these life history traits, C. eyrei populations are expected to have high genetic diversity and
efficient gene flow mediated by pollen dispersal should result in low levels of genetic
differentiation.

In this study we examined the distribution of genetic variation in C. eyrei populations
within a nature reserve of continuous mixed broad-leaved forest across a mountain range.
Specifically, we ask (1) whether individual loci are more strongly differentiated than expected
from a neutral model, and (2) whether spatial structure, elevation or successional stage affect

the patterns of neutral and of putatively adaptive genetic variation, respectively.

Results

Identification of loci under selection

Outlier tests performed using FDIST detected a significant departure of the Fsr value from

neutral expectations for locus Ccu97H18 (Fsr = 0.316, Fig. 3.1), while for other loci Fyr

values ranged from Fsr = 0.029 to 0.055. However, four of them with lower Fgr values were

also situated out of the simulated distribution, which was probably due to the extremely high

value of Ccu97H18. When we excluded this locus and reanalysed the other seven loci, the

result confirmed their neutrality as all of them were situated within the 0.99 quantile.
Analysing only locus Ccu97H18, we found an increase in the number of alleles with

elevation from an average of 2.2+1.2 below 400 m a.s.l. to 16.8+3.9 above 800 m a.s.l (Fig.
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3.2). This was due to one allele in particular (145 bp) which was most common with
frequency close to 1.0 at lower elevations (< ca. 700 m), whereas its frequency decreased

drastically at higher elevations.
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Fig. 3.1 Fy values of eight microsatellite loci in Castanopsis eyrei populations plotted against
heterozygosity. The lines represent the median (broken line) and 99% quantiles of expected

Fsrvalues estimated from a neutral model (Beaumont & Nichols 1996).
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Fig. 3.2 Number of alleles per population of Castanopsis eyrei as a function of elevation at

microsatellite locus Ccu97H18.
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Genetic diversity at species and population level

Genetic parameters at species and population levels for both the putatively neutral loci and the
putatively selected locus Ccu97H18 are displayed in Table 3.1. In a total of 583 individuals
and at the seven putatively neutral loci, we identified 129 alleles with a number of 10 to 25
alleles per locus. At the population level, the mean number of alleles per locus ranged from
6.1 to 12.1 (mean = 9.4) and allelic richness (A4) varied from 5.4 to 7.7 (mean = 6.7). The
expected heterozygosity (Hg) ranged from 0.68 to 0.86 among populations (mean = 0.78). At
the species level, C. eyrei had a Hg value of 0.82. The bottleneck analyses indicated recent
reduction in population size in five sites (Table 3.1), which were located at low, medium and

high elevations.

Effects of environmental factors

Successional stage was significantly interrelated with elevation (» = 0.567, P = 0.004
Spearman correlation). Over all neutral loci, the multiple regression of allelic richness (A4r)
against elevation and successional stage showed that A increased significantly with elevation
but succession had no significant contribution (» = 0.586, P = 0.005). For the putatively
selected locus Ccu97H18, similarly only elevation had a significantly positive strong effect on

Ap in the mutliple regression analysis (» = 0.708, P <0.001).

Population differentiation
Populations were significantly structured as revealed by overall Fsr over the seven neutral loci

of 0.032 (P < 0.01). However, the standardized Fg, value was 0.15, indicating considerable
differentiation. When only the putatively selected locus Ccu97H18 was analysed, we detected
much higher values of Fsy = 0.316 and Fg, = 0.571. Significant patterns of isolation by
geographic distance were found at neutral loci both for pairwise Fsrand Fy, values (Fig. 3.3).

For the putatively selected locus Ccu97H18, a significant pattern of isolation by distance was

detected for pairwise Fsr (r = 0.193, P = 0.016), but the pattern did not exist for pairwise Fy,

(r =0.069, P = 0.194). When we checked for a pattern of isolation by elevational distance,

both pairwise Fsr and pairwise Fy, revealed much more strongly significant correlations,

indicating isolation by elevation, both in the neutral loci (Fig. 3.3) and the putatively selected

locus (Fsr: r=0.251, P = 0.002; Fg:r=0.210, P = 0.003). Since elevational distance was

correlated with geographic distance (» = 0.329, P = 0.002), we performed partial Mantel tests

to test whether elevational distance was related to genetic differentiation after accounting for
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geographic distance. For the neutral loci, elevational distance remained significant for

pairwise Fg, (r = 0.129, P = 0.010) but not for pairwise Fsr (r = 0.060, P = 0.123). For the

putatively selected locus elevational distance remained significantly related to differentiation

after accounting for geographic distance in both Fsrand F, (Fsr: r=0.188, P =0.013; Fy : r
=0.201, P=0.001).
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Table 3.1 Sample sites and genetic diversity estimates for Castanopsis eyrei samples.

Neutral loci Ccu97H18

Population location Elevation (m) Successional stage N A Ag Hg Hieq A Ag Hy

CSP 02 E 118.13484, N 29.24926 390 5 20 101 7.2 0.78  0.656 3 2.3 0.11
CSP 03 E 118.12402, N 29.23885 720 3 18 9.1 6.8 0.76  0.852 2 1.8 0.06
CSP 04 E 118.12015, N 29.24963 542 5 22 100 7.3 0.86  0.004** 1 1.0 0.00
CSP 06 E 118.14747, N 29.25497 880 3 49 127 74 0.81 0.406 15 8.0 0.75
CSP 07 E 118.14373, N 29.25184 903 4 21 10,0 7.1 0.81 0.656 10 9.3 0.91
CSP 08 E 118.11019, N 29.24106 413 3 17 8.4 6.5 0.78  0.055 12 109 0091
CSP 10 E 118.15791, N 29.25188 670 4 18 8.9 6.7 0.79  0.289 11 9.7 0.90
CSP 12 E 118.12190, N 29.24939 620 4 18 8.4 6.5 0.78 0.344 12 10.7  0.90
CSP 13 E 118.11621, N 29.24630 402 5 34 106 6.3 0.74  0.852 3 1.9 0.09
CSP 14 E 118.13518, N 29.24944 639 5 24 9.0 6.4 0.78 0.289 2 1.8 0.10
CSP 15 E 118.13106, N 29.24917 618 5 17 6.1 54 0.69 0.188 2 2.0 0.08
CSP 16 E 118.09966, N 29.24253 309 1 15 8.1 6.8 0.78  0.531 4 3.6 0.21
CSP 17 E 118.10828, N 29.24342 310 2 17 6.6 5.7 0.76  0.012* 2 1.7 0.06
CSP 18 E 118.12461. N 29.24516 569 3 18 7.3 6.1 0.79  0.039* 6 4.6 0.31
CSP 21 E 118.08084, N 29.27059 566 5 45 10.7 6.5 0.77  0.289 6 3.1 0.20
CSP 23 E 118.13723, N 29.21450 419 2 19 8.0 6.2 0.77  0.594 1 1.0 0.00
CSP 24 E 118.13469, N 29.21483 366 1 20 8.1 6.3 0.78  0.469 1 1.0 0.00
CSP 25 E 118.13155,N 29.21713 345 2 12 6.1 54 0.68 0.813 1 1.0 0.00
CSP 26 E 118.12155, N 29.21489 251 1 17 8.7 6.7 0.79 0.711 2 1.7 0.06
CSP 27 E 118.13605, N 29.24709 665 5 47 121 69 0.79 0.813 12 7.4 0.76
A E 118.14136, N 29.24811 848 5 28 11.0 7.6 0.85  0.004** 21 14.8 0.96
B E 118.14381, N 29.25244 914 5 27 119 74 0.83  0.406 18 13.1 094
C E 118.14345, N 29.25249 918 5 30 114 75 0.83 0.148 19 141 096
D E 118.14306, N 29.25265 920 5 30 119 77 0.85  0.004** 18 13.2 094
Mean 24 94 6.7 0.78 7.7 5.8 0.43
All 583 184 7.6 0.82 29 8.6 0.43

N, number of individuals sampled per population; 4, mean number of alleles; 4, allelic richness; H, expected heterozygosity;. He.,, expected

heterozygosity under drift-migration equilibrium and TPM with significant departure indicated by asterisks. *P<0.05, **P<0.01
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Fig. 3.3 Patterns of isolation by distance and isolation by elevation in Castanopsis eyrei.
Population differentiation (closed circle and solid line: pairwise Fsr; open circle and dotted

line: standardized Fy, ) at neutral loci as a function of (A) geographic distance and (B) as a

function of elevational difference. Correlation coefficient and Mantel-P.
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Discussion

Neutrality of microsatellite loci

Microsatellites are assumed to represent ideal neutral markers, so that only gene flow and
genetic drift rather than selection should affect their genetic structure. However, an increasing
number of studies indicated the presence of non-neutral loci (Acheré et al. 2005; Lazrek et al.
2009; Scascitelli ef al. 2010). In the present study one out of eight loci that were originally
developed for C. cuspidata var. sieboldii (Ueno et al. 2000, 2003) showed non-neutral
behaviour. However, no information on the genomic position and putatively linked genes of
this locus is available (Ueno pers. comm.). Based on the analysis of expressed genes of C.
sieboldii, Ueno et al. (Ueno et al. 2009) showed that microsatellites are widespread with 314
microsatellites in 2417 potential unigenes. Consequently, microsatellite markers may be
linked to expressed genes and, hence, tests of neutrality should precede population genetic
analyses. Since only a limited number of microsatellite loci are routinely analysed in such
studies and given that average linkage disequilibrium is expected to be low in outcrossing
species, the likelihood of finding a marker linked to an adaptively important gene may be low
(Jump et al. 2006). However, based on studies that used the method of Beaumont and Nichols
(1996) to identify non-neutral microsatellite loci in plants, between 4% (one out of twenty six
for Fucus serratus, (Coyer et al. 2008)) and 33% (three out of nine for Astronium urundeuva,
(Caetano et al. 2008)) of loci were found to behave non-neutrally. However, these seemingly
high levels of non neutral loci may be overestimated as the identification of outlier loci with
non-neutral behaviour also produces false-positives (Pérez-Figueroa et al. 2010), which
should be controlled e.g. by correlating allele frequencies with potentially selective site

conditions (e.g. (Michalski et al. 2010)).

Genetic diversity of Castanopsis eyrei
At the seven neutral microsatellite loci employed in this study a total of 129 alleles were
detected with 10 to 25 alleles found per locus. Ueno et al. (2000, 2003) detected a total of 78
alleles in C. cuspidata with these same loci in a limited number of individuals. In our study, C.
eyrei showed many more alleles than C. cuspidata in the original work, possibly due to the
larger sample size (N =583 and N = 24 for C. eyrei and C. cuspidata, respectively).

Genetic variation at the species level in C. eyrei was high (Hg = 0.82) and similar to
that of other congeneric species like C. cuspidata (Hg = 0.83, (Vidhanaarachchi et al. 2005)),
and C. acuminatissima (Hg = 0.72, (Blakesley et al. 2004)). These species share common

characteristics like an outcrossing mating system, wind pollination and a long life span.
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Furthermore, they are all climax species with a broad current distribution and thus may also
have similar demographic histories. Species exhibiting these traits are generally expected to

show high levels of genetic variation (Hamrick & Godt 1996).

Population structure

Focusing on neutral genetic variation and thus, excluding the putatively selected locus, overall
population differentiation was low (Fsy = 0.032) indicating only little differentiation (Wright
1978). However, the adjusted Fy, (Hedrick 2005) equaled 0.15 for the neutral loci. Such
values would indicate substantial differentiation, quite unexpected for perennial, wind
pollinated and outcrossing species. However, other tree species of the Fagaceae that were

analysed with microsatellite markers show similar values with a mean of F, = 0.145 (Table

3.2). Levels of differentiation derived from dominant markers are somewhat lower ( Fy, =

0.124 for AFLP or RAPD markers, Table 3.2) and drastically lower when estimated from

allozyme markers (mean Fy, = 0.054, Table 3.2). This discrepancy indicates that the absolute
level of F, values has to be interpreted with caution, e.g. marker specific mutation rates have

to be taken into account. In fact it seems unlikely that across the scale of a few kilometres
populations of these tree species are strongly differentiated in neutral markers because of
extensive pollen flow and seed dispersal by animals.

The absolute levels of standardized pairwise population differentiation, Fy, ,

approached unity in several cases at the putatively selected locus Ccu97HI18. This
demonstrates that these population pairs are almost fixed for different alleles, a fact that is not
obvious with traditional Fsr. However, the relationship between population differentiation and
spatial or elevational distance was almost the same for the traditional and standardized Fsr
values. Thus a more comprehensive understanding of differentiation patterns is possible using

standardized differentiation measures (Heller & Siegismund 2009; Lange et al. 2010).
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Table 3.2 Genetic differentiation among populations of tree species in the family Fagaceae as

assessed with different molecular markers.

'
FST

species N Hg Fgr For max Reference
microsatellites

Castanea crenata 6 0.780 0.034 0.190 0.179 (Tanaka et al. 2005)
Castanopsis acuminatissima 3 0716 0.006 0.209 0.029 (Blakesley et al. 2004)
Cyclobalanopsis myrsinaefolia 5 0553 0.061 0393 0.155 (Liuetal 2008)
Fagus crenata 23 0.839 0.027 0.155 0.174 (Hiraoka & Tomaru 2009a)
Fagus japonica 16 0.659 0.023 0.327 0.070 (Hiraoka & Tomaru 2009b)
Lithocarpus densiflorus 19 0.540 0.090 0.447 0.202 (Nettel et al. 2009)
Quercus garryana 22 0.596 0.063 0.393 0.160 (Marsico et al. 2009)
Quercus glauca 10 0.741 0.042 0.239 0.176 (Lee et al. 2006)
Quercus robur 7 0.868 0.018 0.115 0.156 (Mariette et al. 2002)
allozymes

Cyclobalanopsis championii 5 0.151 0.092 0.818 0.112 (Cheng et al. 2001)
Cyclobalanopsis glauca 6 0.222 0.065 0.745 0.087 (Chen et al. 1997)
Fagus crenata 23 0.187 0.038 0.806 0.047 (Tomaru et al. 1997)
Fagus sylvatica 38 0.250 0.030 0.745 0.040 (Hazler et al. 1997)
Quercus acutissima 3 0.152 0.010 0.788 0.013 (Chung et al. 2002)
Quercus chrysolepis 6 0.443 0.018 0.511 0.035 (Montalvo et al. 1997)
Quercus petraea 21 0.381 0.027 0.607 0.044 (Le Corre et al. 1997)
AFLP/RAPD

Castanopsis fargesii 5 0.283 0.043 0.670 0.064 (Zhuetal 2002)
Cyclobalanopsis glauca 4 0315 0.104 0.620 0.167 (Zhang et al. 2006)
Lithocarpus harlandii 3 0.232 0.227 0.688 0.330 (Lietal 2008)
Quercus petraea 4 0289 0.021 0.649 0.032 (Coart et al 2002)
Quercus petraea 21 0.233 0.024 0.758 0.032 (Le Corre et al. 1997)
Quercus robur 4 0284 0.021 0.654 0.033 (Coart et al 2002)
Quercus robur 7 0.190 0.110 0.785 0.140 (Mariette et al. 2002)
Trigonobalanus verticillata 3 0.153 0.153 0.787 0.194 (Kamiya et al. 2002)
mean SSR 0.699 0.040 0.274 0.145

mean allozyme 0.255 0.040 0.717 0.054

mean AFLP/RAPD 0.247 0.088 0.701 0.124
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Isolation by elevation

Significant isolation by distance was found for the neutral loci and locus Ccu97H18 (only for
pairwise Fsy). However, additionally significant isolation by elevation was detected in both
the potentially adaptive locus and the non-adaptive loci after accounting for the effect
geographic distance. This pattern of isolation by elevation suggests higher rates of gene flow
among sites at similar elevations than along elevational clines (Byars et al. 2009). Elevation
can result in reproductive isolation due to phenological shifts, e.g. delayed budding (Rusch
1993) or shift of flowering time or prolonged floral longevity and stigma receptivity (Blionis
et al. 2001) resulting in temporal separation of the timing of flowering (Borchert 1983).
Phenological differences in flowering time in turn will lead to partial reproductive isolation
which both may facilitate adaptation to elevation and lead to neutral genetic differentiation as
has been shown for other forest trees (Kraj & Sztorc 2009).

Populations of C. eyrei at the top of the mountains harboured the largest amount of
genetic variation whereas populations at lower elevation had reduced levels of variation.
Although not often observed among trees (Ohsawa & Ide 2008) a similar pattern was found in
other tree species (Jump et al. 2006; Maghuly et al. 2006; Peng et al. 2003). As both the non-
selected loci and the putatively selected locus displayed the same pattern, a number of non-
mutually exclusive processes may have contributed. First, mutation rate may be higher at
higher elevations due to increased ultraviolet-B radiation (Ohsawa & Ide 2008). If effective,
this process should apply to all loci in a similar manner and may have contributed to the
general trend across all loci. However, microsatellites are polymorphic due to slippage
mutation of the DNA polymerase and UV radiation seems not necessarily to affect this
process (Clarke et al. 2008; Jackson et al. 1998). Second, human disturbance is much stronger
at lower elevations. Charcoal has been detected in many local soil profiles (Bruelheide et al.
2011) indicating past fire clearance. Populations at higher elevations are more rarely
influenced by human activities and, thus, are able to preserve genetic diversity. We found a
significant positive correlation between elevation and successional stage, indicating that older,
less disturbed forests are often located in higher elevations. Hence, it is likely that undisturbed
upland forests served as sources for colonization after logging at low elevations. Recent and
older bottleneck and founder effects may thus have contributed to reduced variation at lower
elevations. However, bottleneck tests did not support the hypothesis of recent reductions of
population size at lower elevation. However, in wind pollinated trees, large gamete pools may
be involved in colonization, maintaining high levels of diversity in colonized areas (e.g.

(Poitti et al. 2009)). Third, selection may be a significant force. Locus Ccu97H18 showed a
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strong cline as the most common allele at low elevations almost went extinct at higher
elevations and many other alleles appeared instead. These patterns are unlikely due to random
genetic drift or restricted gene flow, but most likely due to selection. Since Ccu97H18 is a
short microsatellite, genetic hitchhiking is the most probable reason for the observed patterns,
assuming that the locus is linked with loci under selection, as has been shown for other
microsatellite loci in trees (Edelist ez al. 2006; Ingvarsson 2010; Stefenon et al. 2008). We do
not have evidence on the genes potentially involved. Thus, both the target of selection and the
potential contribution of diversifying selection producing the cline and/or balancing selection
bearing high allelic diversity remain obscure. Overall, the study suggests that elevation can be
an efficient driver for genetic differentiation at both neutral and adaptive loci at the landscape

scale.

Materials and methods
Ethics Statement
Field work and the collecion of leaves were performed in cooperation with and under

approval by the Gutianshan National Nature Reserve in China.

Study area and populations

Our study was carried out in Gutianshan National Nature Reserve (NNR) located in the
western part of Zhejiang Province, China (29°8' - 29°17' N, 118°2' - 118°11' E). C. eyrei is the
dominant tree species in the area and continuously distributed throughout (Xu et al. 2005).
The Gutianshan NNR has an area of approximately 81 km? with elevations ranging from 250
to 1250 m a.s.l.. It mainly consists of species-rich evergreen broad-leaved forests including
old growth forest and successional stages that developed after cease of human use in 1975
(Bruelheide et al. 2011). In 2008, we sampled 24 representative sites of 30x30 m which were
spread across all successional stages and the local elevational range of the species (251-920
m). We did not sample at >1000 m a.s.l. because the species was too rare. Five successional
stages were distinguished according to the average age of the tree layer ((Bruelheide et al.
2011), 1: <20 yrs, 2: <40 yrs, 3: < 60 yrs, 4: < 80 yrs, 5: > 80 yrs). Additional details of site
selection and conditions for 20 of the sites are reported in Bruelheide er al. (2011). We
sampled all mature individuals of C. eyrei inside the sites and some additional individuals
outside of sites CSP 6 and CSP 21 because there were too few inside. In each of the 24
populations, 12 to 49 individuals (mean = 24) were collected, totalling 583 individuals (Table
3.1).
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Population genetic analysis
Total genomic DNA was isolated from ca. 10 mg dried leaf material using the DNeasy 96
plant extraction kit (QIAGEN) following manufacturers instructions. Samples were
genotyped at eight microsatellite loci previously developed for C. cuspidata var. sieboldii
(Ueno et al. 2000, 2003). Multiplex polymerase chain reactions (PCR) were performed in a
total volume of 10 pl. Ccul6H15 (Label: PET, redesigned reverse primer: GAAATTGAGT
TGGGTTAGTTCCAC), Ccu28H18 (FAM), Ccu62F15 (NED), Ccu33H25 (FAM), Ccu90T-
17 (PET), Ccul02F36 (VIC) and Ccu87F23 (FAM) were in one PCR amplification. Another
single PCR amplification was performed for Ccu97H18 (VIC). Thermocycler protocol was
one cycle of 95 °C for 15 min, followed by 35 cycles of 30 s at 94 °C, 90 s at 58 °C and 1 min
at 72 °C, with a final extension of 20 min at 72 °C. PCR products from the two amplifications
were mixed and separated on an ABI 3130 genetic analyzer (Applied Biosystems) with
internal size standard GeneScan™ 600 LIZ. Individuals were genotyped using GeneMapper
version 3.7 (Applied Biosystems). C. eyrei is diploid and none of the samples displayed more
than two alleles.

Because the study species is a wind pollinated perennial tree of the Fagaceae, many of
which exhibit populations in Hardy-Weinberg equilibrium (HWE, e.g. (Cheng et al. 2006;
Hiraoka & Tomaru 2009a)), we assumed that C. eyrei microsatellite loci should conform to
HWE. Because trans-species amplification of microsatellites often results in null alleles we
checked the data for the presence of null alleles under the assumption of HWE using MICRO-
CHECKER (Van Oosterhout et al. 2004). Except for Ccul6H15, all loci showed signs of
null-alleles, the frequency of which ranged from 1.3 % to 20 % (mean = 6.99 %). We took
three approaches to deal with null-alleles. First, we adjusted homozygous single locus
genotypes, if necessary, by adding an additional allele in the frequency of the null-allele. This
approach assumes that there is one single null allele, which is treated as an additional allele.
Second, we used the null allele correction procedure of the FreeNA software (Chapuis &
Estoup 2007) to calculate pairwise Fsr values. This approach corrects for null alleles but
restricts the analysis to the visible alleles. Third, we left data unchanged. However, all
subsequent analyses showed similar results irrespective of the type of null allele treatment.
Therefore, we only present the results of the MICRO-CHECKER approach as it allows the
calculation of standard diversity descriptors.

We tested the eight microsatellite loci for outliers, i.e. markers potentially under
selection, using the program FDIST (Beaumont & Nichols 1996). A null distribution of target

Fgrvalues expected from a neutral model is generated and quantile limits are calculated. Loci
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outside a 99% confidence interval are regarded as potentially under selection. Following
Acher¢ et al. (2005), the neutral expectation was first based on the observed overall mean Fr
calculated from all markers. In a second step, the overall mean Fsr was recalculated without
the putatively selected locus and used as target value for a new null distribution to test the
remaining loci. As our analyses suggested that locus Ccu97H18 was potentially under
directional selection, we performed all the following analyses both for the seven loci
conforming to a neutral model (“ neutral loci”’) and only for locus Ccu97H18.

Genetic diversity at population level was characterized by number of alleles (A4),
allelic richness (A4, correcting for sample size by rarefaction for a minimum sample size of
12) and expected heterozygosity (Hg) using FSTAT version 2.9.3.2 (Goudet 1995). Because
genotypes were adjusted for null-alleles, we did not calculate inbreeding coefficients. In the
dataset of neutral loci we tested for recent bottlenecks (reductions of effective population size)
by testing for an excess of heterozygosity relative to expectations of a mutation—drift
equilibrium (Cornuet & Luikart 1996). We used the software BOTTLENECK (Piry et al.
1999) and applied the recommended two-phase mutation model (TPM) with 70% stepwise
and 30% multistep mutations, a variance of 12, 1000 iterations in the coalescent simulations
and one-tailed Wilcoxon's signed-rank tests. To assess population differentiation, pairwise
Fgr values based on Weir and Cockerham’s (Weir & Cockerham 1984) estimator 6 were
calculated using FSTAT. As Fyr is likely to underestimate genetic differentiation between

populations for markers which show high levels of allelic variability, we calculated F,, a

standardized parameter of genetic differentiation as Fy, = Fy, /Fy; .. (Hedrick 2005). F;

T max
was calculated after recoding the data using RECODEDATA (Meirmans 2006). To test for
isolation by distance (Wright 1943), the association between pairwise genetic differentiation
(Fs7) and pairwise geographic distances (log transformed) was tested using the Mantel test
implemented in R 2.8.1 (R Development Core Team 2008). We also performed a Mantel test
between Fgr and pairwise elevational differences (log transformed) to test for isolation by
elevational distance. Since pairwise elevational difference was correlated to pairwise
geographic distance, we performed partial Mantel tests to test for effects of elevation after
accounting for geographic distance. Because allelic diversity differed between populations
and was correlated with elevation, this may have biased the estimates of pairwise
differentiation using Fs;. We therefore calculated standardized pairwise Fsr values (pairwise

Fg,, (Hedrick 2005), eqn. 4b) and repeated the tests for isolation by distance and isolation by

elevation. In order to compare the genetic differentiation of C. eyrei with other species of the
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Fagaceae, we reviewed empirical studies and calculated F, following Hedrick ((Hedrick

2005), eqn. 4b).

Statistical analysis

To test the effects of environmental factors on genetic variation, we analysed the relationship
between allelic richness (4g) and the two predictors elevation and successional stage in a
multiple regression. We used Ag, which corrects for sample size, rather than Hg, because
sample size varied among populations; however, the results were qualitatively the same for
Hpg. Collinearity of elevation and successional stage was checked by Spearman correlation.

All analyses were performed with R 2.8.1 (R Development Core Team 2008).
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ABSTRACT

Aim Climate models predict that during the Last Glacial Maximum (LGM), the subtropical
zone of Eastern Asia was reduced to a narrow southern belt. In contrast, previous
phylogeographic studies of subtropcial plant species, many of which were rare species,
indicated different glacial refugial areas north of this predicted area. Here, we aim to elucidate
the phylogeographic structure and putative refugial areas of Castanopsis eyrei, a widely
distributed tree dominant in subtropical evergreen broadleaved forests.

Location Subtropical China.

Methods We compiled distribution data and employed climate envelope model projections
for the LGM. Microsatellite data and chloroplast DNA (cpDNA) sequence data were obtained
for 31 populations sampled throughout the species range. Microsatellites were analysed with
Bayesian clustering. For cpDNA sequence data relationships among haplotypes were depicted
in a statistical parsimony network. We analysed patterns of variation within and among
populations and clusters and along latitudinal clines.

Results Modelling revealed a potential distribution of C. eyrei mainly in a narrow belt along
the southern coastline. Nuclear microsatellites revealed two clusters corresponding to a split
between the western and eastern range, and a south-north decline of genetic variation. The
eastern cluster harboured significantly higher nuclear genetic diversity. Sixteen, closely
related cpDNA, haplotypes formed a “star-like” network. Populations were strongly
differentiated at cpDNA, but lacked phylogeographic structure. Both data sets revealed higher
genetic differentiation in the western than the eastern cluster.

Main conclusions Our results provide evidence for at least two putative refugial regions
during the LGM and a postglacial re-colonization from the South. Inconsistency between
nuclear and chloroplast data might be attributed to ancestral polymorphism of cpDNA and

chloroplast capture, but does not contradict the hypothesis of multiple refugia. Our results are
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likely to represent a template for evolutionary history and phylogeography since the LGM for

wide spread subtropical species in this region.

Keywords
Castanopsis eyrei, chloroplast capture, genetic structure, glacial refugia, microsatellites,

phylogeography, subtropical China, widespread species.

INTRODUCTION
The present-day distribution of plant populations is determined not only by the current
environment, but also by past events like Quaternary climate cycles (Avise 2000). The
repeated drastic climate changes of Quaternary have resulted in multiple contraction-
expansion processes of many species and profoundly shaped their phylogeographic patterns
and current genetic structure (Hewitt 2004). Phylogeographic studies can shed light on the
effects of climate changes on species distributions and help to unravel complex historic
processes (Avise 2000; Hickerson et al. 2010). Many phylogeographic studies have been
performed in species of the temperate zone, in particular in Europe and North America (Avise
2000; Heuertz et al. 2004a; Taberlet et al. 1998), as well as in Asia (Cheng et al. 2005;
Hiraoka & Tomaru 2009a; Hu et al. 2010; Huang et al. 2002; Lopez-Pujol et al. 2011).
However, in contrast to their highly diverse flora, subtropical areas have not been intensively
studied. The Asian subtropics are one of the global biodiversity hotspots (Barthlott et al.
2005) and are considered to be one of the most important refugial regions for lineages that
evolved prior to the late Tertiary and Quaternary glaciations (Axelrod et al. 1996). However,
the evidence for effects of Quaternary climate changes on the phylogeography of organisms in
the Asian subtropics is surprisingly limited (Qiu et al. 2011).

In China, the zone ranging between the Qinling Mountains and Huai River (34°N) and
the tropical South (22°N) is characterized by a subtropical climate (Qiu et al. 2011) and a
vegetation of evergreen broadleaved forests. This region has never been covered by large ice
sheets during the Last Glacial Maximum (LGM) (Hewitt 2000), but nevertheless underwent
particularly complex changes of climate and vegetation distributions throughout the last ice-
age cycles (Qiu et al. 2011). At the LGM, the climate was cooler by 4-6 °C than today (Zheng
2000), and especially dryer by ca. 400-600 mm/year (Qiu et al. 2011). According to climate
models and derived LGM biome maps, evergreen broadleaved forests were forced to retreat
southwards into the current tropical zone (Harrison ef al. 2001; Qiu et al. 2011; Sun et al.

1999). Thus the potential refugia for evergreen broadleaved forests are expected to be located
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in a narrow range in the most southern mainland of China (< ca. 24°N, Qui et al., 2011). After
the LGM, species should have moved northward again from southern refugia and should
reveal signs of northward expansion. However, large scale climate models can not resolve
smaller scale climatic discontinuities and local climatic abnormalities e.g. in mountain ranges.
The use of species distribution models (SDMs) in combination with downscaled
paleoenvironmental reconstructions allows to locate and characterise potentially refugial areas
of particular species. In general, the development of SDM assumes species’ current large
scale geographical distribution to be largely in equilibrium with the environment. A further
precondition to the application of ecological niche models (ENMs) for predicting past
distribution is a certain degree of niche conservatism (Peterson 2003). SDMs relate current
presence data of species to spatial data of environmental variables to infer models of
environmental requirements. Successfully parameterized models that are projected onto
paleoclimate reconstructions might allow identifying species specific past potential
distributions.

A number of empirical studies revealed multiple isolated refugial areas within
subtropical China, that are located outside of the regions of predicted subtropical vegetation,
mainly in the mountain regions of the Yunnan-Guizhou (Yungui) Plateau (Shen et al. 2005)
and the Nanling Mountains and the far east of subtropical China, e.g. the Tianmu Mountains
(Gao et al. 2007; Gong et al. 2008; Wang et al. 2009; Yan et al. 2007; Zhou et al. 2010).
However, most of these studies have either focused on endangered species with narrow
distribution ranges, or on coniferous species. For example, Wang and Ge (2006) suggested at
least four separate glacial refugia for the endangered Cathaya argyrophylla (Pinaceae). For
Pinus kwangtungensis, Tian et al. (2010) suggested three major refugia, located in the vicinity
of the Yungui Plateau and the Nanling Mountains. In order to reveal a more complete and
general pattern of the phylogeography of the subtropical flora, common and widespread
keystone species of the subtropical biomes should be analysed.

Maternally inherited chloroplast DNA (cpDNA) is one of the most commonly used
markers to study the phylogeography of angiosperms, because of lack of recombination,
smaller effective population size and exclusive gene flow by seeds (Avise 2000; Hewitt 2004;
Petit et al. 2003a; Taberlet et al. 1998). However, cpDNA represents only a single gene
genealogy, therefore can hardly capture all major events in a species history (Heuertz et al.
2004b). Alternatively, biparentally inherited nuclear DNA markers, particularly nuclear
microsatellites, allow for recombination, represent high levels of polymorphism, and thus are

increasingly used to reveal the effects of climate changes on genetic pattern of organisms (Bai
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et al. 2010; Hu et al. 2010). Heuertz et al. (2004b) detected complex geographical patterns
and cryptic refugia using microsatellites in European populations of Fraxinus excelsior,
which were not detected by cpDNA (Heuertz et al. 2004a). Thus, the use of molecular
markers derived from both nuclear and organelle DNA can provide a more complete
description of population structure and insights into population history and dynamics (Petit et
al. 2005).

Castanopsis eyrei (Champion ex Bentham) Tutcher (Fagaceae) is one of the dominant
tree species in late successional evergreen broadleaved forests in subtropical China. It is
monoecious and pollinated by wind and insects. The acorn seeds are predominantly dispersed
by gravity and small rodents (Li & Jin 2006) presumably leading to spatially more restricted
gene flow by seed than by pollen. The geographical distribution of C. eyrei is mainly
restricted to the area south of Yangtze River in mainland China and Taiwan, occurring
frequently in Southeast China and more scattered in the Southwest due to unsuitable karst
habitat (Fig. 4.1). It occurs from 300 m to 1700 m a.s.] (Flora of China 1999). Within its
distribution range, a few scattered mountain ranges with altitudes over 2000 m a.s.l. are
located in the Wuyi and Nanling Mountains (Liu et al. 2003). The western part of the
distribution range is characterized by a more complex topography with numerous mountains,
whereas the eastern part is much flatter with fewer high mountains. The distribution of C.
eyrei in the southwest is less continuous, and populations are spatially more isolated. Thus,
gene flow among populations, especially seed dispersal, is likely to be more obstructed in the
West, and higher genetic differentiation is expected.

In this study, we used climatic envelope modelling combined with downscaled high-
resolution estimates of LGM climate parameters, maternally inherited cpDNA as well as
biparentally inherited nuclear microsatellite loci, to investigate the phylogeography of C.
eyrei. In particular we tested whether a single southern or several northern glacial refugia can
be proposed for C. eyrei. Therefore we ask (1) Which areas were climatically suitable for C.
eyrei during the LGM? (2) Is there evidence for differentiated gene pools indicative for
multiple refugia? (3) Are there clines of genetic diversity indicative of refugia and of

postglacial colonization?

MATERIALS AND METHODS
LGM distribution model
To identify potential glacial refugia and their spatial arrangement as well as to evaluate and

complement the phylogeographic analyses, we calibrated a climate based distribution model
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on the present native distribution range of the species that describes the present climatic niche
of C. eyrei and projected it onto a scenario of the Pleistocene's last glacial maximum (LGM)
about 21,000 years ago.

The climatic niche model of C. eyrei was parametrized in East Asia using county
based presence records for the species and environmental data for the present and the LGM
managed as geographic information system (GIS) map layers. Occurrence information of C.
eyrei was compiled using complementary data sources. Specimen location data was obtained
from the Global Biodiversity Information Facility (GBIF 2010) and the Chinese Virtual
Herbarium (CVH 2010). Additionally, GIS datasets of county occurrence data for China were
obtained from Fang et al. (2010). For the modeling, we ended up with 197 unique records
with an average nearest neighbor distance of ca. 50 km. These localities sample the entire
distribution range of the species (Fig. 4.1).

Past and present climatic attributes at these locations (available for 19 bioclimatic
variables in the WorldClim database (version 1.4; www.worldclim.org; Hijmans et al. 2005)
were obtained using the 'Extract Values by Points' function in DIVA-GIS 7.3.0 (Hijmans et al.
2001). The bioclimatic datasets were represented by climate layers of a spatial resolution of
2.5 arc minutes (0.25' x 0.25' grid cells).

To develop climate-based distribution models, a simple envelope algorithm was
applied in a software environment developed in Visual Basic and C™" by E.W. For each
environmental variable, the algorithm finds lower and upper limits over all occurrence sites.
During model projection, the climatic suitability is computed as the ratio of the number of
layers within an optimized minimum-maximum threshold to the total number of layers.
Interval threshold limits were estimated by inferentially optimizing the trade-off between
omission and commission errors to maximize model accuracy to the highest possible AUC
value (area under the receiver operating characteristics curve) (Jiménez-Valverde 2012). The
maximized model fit is based on 100-fold cross-validation with a random re-sampling of 50%

of the input training data set aside to serve as test data.
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Fig. 4.1 Current distribution of Catstanopis eyrei and predicted distribution during the Last
Glacial Maximum (LGM, 21,000 BP). The dots indicate specimen locations from the Global
Biodiversity Information Facility (GBIF 2010) and the Chinese Virtual Herbarium (CVH
2010) representing the current distribution. Red shading represents the predicted distribution,

dark corresponding to high scores.

Population sampling

We selected 31 natural populations of C. eyrei across the species range (Table 4.1; Fig. 4.2a).
The populations covered a wide latitudinal (22° - 30° N) and longitudinal range (108" - 121°
E) and were separated by distances between 24 and 1328 km (average nearest neighbour
distance: 104.9 km). In each population, leaves from between 2 and 31 individuals were
collected and dried with silica gel. As outgroups for the cpDNA analysis, we sampled two
individuals each of the sympatric congeners C. fargesii Franchet, C. carlesii (Hemsley)
Hayata, C. tibetana Hance and C. sclerophylla (Lindley & Paxton) Schottky in Gutianshan
nature reserve (29°10°19°'N, 118°03'50"'E).
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Fig. 4.2 (a) Locations of Castanopsis eyrei populations sampled in this study and the
geographical distribution and frequency of chloroplast DNA (cpDNA) haplotypes H1 to H16.
Colours of haplotypes correspond to those in (b). Bold and thin outlines indicate the two
genetic clusters, western and eastern, respectively, resulting from STRUCTURE analysis of

microsatellites (see Fig. 4.3). (b) Statistical parsimony network of cpDNA haplotypes. Size of
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the circle corresponds to haplotype frequency. Open circles indicate one hyplotype. tib and sc/

correspond to haplotypes of C. tibetana and C. sclerophylla, respectively.

DNA extraction and genotyping

DNA was extracted with the DNeasy 96 plant extraction kit (QIAGEN) from 10 mg dried leaf
material. Samples were genotyped at 8 microsatellite loci following Shi ef al. (2011a). A first
screening for polymorphisms at 15 cpDNA intergenic spacer regions was done using 8
individuals from 4 geographically distant populations. Finally, we chose two regions for
further analysis, which could be sequenced successfully in both directions and showed
variation, trnT - trnL (Taberlet et al. 1991) (redesigned reverse primer: 5’-
TCGAAGATCCAGAGTTGATCC -3’) and petG - trnP (Wang et al. 2003). A subsample of
263 individuals from 31 C. eyrei populations was sequenced, as well as the 8 outgroup
samples. Around 10 individuals were analysed in most populations, whereas only 2 - 3
individuals were available in 4 populations (NY, HK, TS, and TW) (Table 4.1). Polymerase
chain reactions (PCR) were performed in a total volume of 10 pl. The amplification
conditions were initial denaturing of 15 min at 95 °C followed by 35 cycles of 30 s at 94 °C,
90 s of annealing at 63 °C for #rnT - trnL and 62 °C for petG - trnP, 1 min of elongation at 72
°C, ending with a 10 min extension at 72 °C. The PCR products were checked on 1.5%
agarose gels. DNA was sequenced in both directions using BigDye Terminator v 3.1 cycle
sequencing (95 °C, 3 min; 30 cycles of 20 s at 95 °C, 15 s at 50 °C, 4 min at 60 °C; 60 °C, 15
min) and separation on an ABI 3130 sequencer (Applied Biosystems, Foster City, California,

USA).
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Table 4.1 Details of population locations, sample sizes and parameters of genetic diversity at each population of Castanopsis eyrei in China.

Sampling sites ID Location coordinates SSR cpDNA

Longitude (°E) Latitude (°N) n A Ar  Hg n Haplotypes h <10°
Datang Town DT 108.06860 26.31821 22 99 7.1  0.78 9 H8 (1), HI (1), H10 (7) 0417 2.233
Fangxiang Town FX 108.27875 26.43920 15 88 74 0381 8 H1 (8) 0 0
Huaping Nature Reserve HP 109.91148 25.62730 30 10.6 6.5 0.71 8 H8 (2), H9 (2), H11 (4) 0.714 2.441
Shunhuangshan SH 111.01667 26.41667 19 40 35 057 8 H1 (6), H3 (2) 0.429 0.862
Guposhan GP 111.56500 24.59111 25 119 7.6 0.75 9 H1 (5), H8 (4) 0.556 0.559
Nanyue NY*  112.64250 27.29167 3 H2 (3) 0 0
Mangshan Nature Reserve ~ MS 112.93277 2498517 18 11.0 84 0.84 9 H1 (9) 0 0
Yingde YD 113.80696 24.36038 24 11.3 74 0.79 9 H15(9) 0 0
Hongkong HK* 114.16708 22.26600 2 H8 (2) 0 0
Jinggangshan JIG 114.16976 26.56771 30 148 9.0 0.84 10 H12 (10) 0 0
Xiangtoushan XT 114.42689 23.30767 23 139 93 0.86 10 H1 (8), H2 (2) 0.356 0.358
Tongshan County TS*  114.49433 29.60207 3 H1 (1), H3 (1), H14 (1) 1.000 1.341
Quannan Maoshan Forestry QN 114.53013 24.74236 21 58 48 0.70 10 H4 (1), H13 (9) 0.200 1.005
Qimuzhang Nature Reserve QM 115.45178 23.84994 29 9.1 6.5 0.79 9 H1 (7), H2 (2) 0.389 0.391
Yuhuashan YH  115.55707 28.38932 13 5.8 53 0.70 13 H16 (13) 0 0
Lushan LS 116.00653 29.58381 31 11.6 7.8 0.80 13 H1 (13) 0 0
Taining TN*  117.17575 26.90018 7 H2 (7) 0 0
Tianbaoyan Nature Reserve TB 117.49645 25.92735 15 11.0 89 0.89 9 H2 (8), H5 (1) 0.222 0.224
Guniujiang Nature Reserve  GN 117.53612 30.01086 19 9.6 7.8 0.84 9 H1 (6), H3 (3) 0.5 1.006
Chawan Nature Reserve CW  117.71739 29.85405 22 10.0 7.3  0.81 9 H3 (1), H4 (8) 0.222 1.118
Wuyishan WY  117.93962 27.66782 29 11.5 7.5 0.80 10 H1 (10) 0 0
Sangingshan SQ 118.06308 28.89072 29 139 86 0.86 10 H1 (10) 0 0
Gutianshan Nature Reserve  GT 118.13333 29.25000 30 124 8.1 0.83 8 H3 (8) 0 0
Huangshan HS 118.16889 30.10503 22 10.8 7.6 0.83 12 H1 (2), H2 (2), H3 (8) 0.546 0.793
Youxi County YX  118.49098 26.09329 29 150 9.2 0.87 9 H2 (4), H6 (5) 0.556 1.118
Bangiao Nature Reserve BQ 118.64900 30.54232 19 88 6.6 0.71 8 H2 (8) 0 0
Baishanzu Nature Reserve ~ BS 119.18281 27.74117 31 13.6 83 0.83 10 H1 (6), H2 (4) 0.533 0.538
Wuyanling Nature Reserve WL 119.66487 27.68931 25 123 84 0.85 9 H2 (9) 0 0
Wencheng County WC  119.79669 27.85350 20 119 85 0.84 9 H2 (1), H3 (5), H6 (1), H7 (2) 0.694 2.068
Taiwan TW* 121.03903 24.08920 3 H8 (3) 0 0
Tiantai TT 121.05611 29.27500 24 103 73 0.79 8 H2 (7), HS (1) 0.250 0.252
Mean 23.6 107 7.5 0.79 8.5 0.245 0.526
overall 614 28.1 10.1 0.80 263 0.814 1.750




n: sample size; A: number of alleles per locus; Ag: allelic richness based on 13 samples; Hg: expected heterozygosity; 4: haplotype diversity; z:
nucleotide diversity; * populations with small sample size (n < 10) were excluded when analyzing microsatellite data. Values in parentheses

indicate the frequency of each haplotype.
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Data analysis

Genetic diversity at microsatellite loci

Populations with small sample size (n < 10) were excluded from the microsatellite analysis to
minimize sample size effects, restricting genetic analyses to 26 populations (Table 4.1). We
calculated the total number of alleles detected per locus (4), genetic diversity in the total
population (Hr) and average gene diversity within populations (Hg) (Nei 1987) across all
populations at each locus and over all loci to assess the level of genetic diversity over all
populations. In each population and genetic cluster (see below), genetic diversity was
characterized by number of alleles per locus (4), allelic richness (Agr, correcting for sample
size by rarefaction for a minimum sample size of 13) and expected heterozygosity (Hg). These
calculations were performed using FSTAT v. 2.9.3.2 (Goudet 1995). We compared genetic
diversity parameters (4r and Hg) between genetic clusters by a randomization procedure
implemented in FSTAT. The two-sided P-values were obtained after 1,000 permutations. To
determine whether genetic variation within populations was correlated with geographical
gradients, we performed a multiple regression with backward elimination of geographic
factors (latitude, longitude and cluster factor: western or eastern) in R 2.8.1 (R Development

Core Team 2008).

Genetic differentiation at microsatellites

We determined levels of genetic differentiation among populations using € as an estimate of
Fsr (Weir & Cockerham 1984) in FSTAT and the standardized genetic differentiation
Fo =Fg/F (Hedrick 2005). Fg; .. was calculated with FSTAT after recoding the data

ST max T max

using RECODEDATA v. 0.1 (Meirmans 2006). The significance of differences of genetic
differentiation (Fst and Fg; ) between clusters were assessed by permuting populations (1,000
repeats) among clusters. To evaluate isolation by distance (Wright 1943), the associations
between pairwise genetic differentiation ( F, ) and pairwise log geographical distances were

tested using a Mantel test. These analyses were performed in R.

Identification of genetic clusters at microsatellites

Samples from all populations were involved in this analysis (total N = 629), except the three
individuals from NY, because they failed to be amplified successfully at microsatellites. To
determine the phylogeographical genetic structure, Bayesian clustering was employed using
STRUCTURE v.2.3.3 (Pritchard et al. 2000). This program assigns individual genotypes to K

gene pools based on their allelic frequencies and estimates the posterior probability of the data
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given K assuming Hardy-Weinberg equilibrium. An admixture model was run with correlated
allele frequencies. Each run was pursued for 50,000 MCMC cycles, with an initial burn-in of
10,000. To estimate the most probable K number of genetic clusters and the ancestry
membership coefficients of each individual in these clusters, the algorithm was run 10 times
for each K value from 1 to 10. The mean log-likelihood at each value of K, [In Pr(X|K)], was
plotted, and an ad-hoc statistics AK, as suggested by Evanno et al. (2005), was used to
estimate the most likely number of clusters. From the whole dataset, two clusters were
identified. To detect further genetic structure, we repeated the STRUCTURE analysis for
separate data sets of these two clusters. For further analyses populations were assigned to

clusters based on the population level membership coefficient.

Diversity and differentiation of cpDNA

All DNA sequences were deposited in Gen Bank under the accession numbers JX215141 -
JX215196 (¢rnT - trnL) and JX215197 - JX215239 (petG - trnP). They were combined and
aligned in BioEdit v.7.0.5.0 (Hall 1999). Three mononucleotide repeats were removed from
the alignment because they could not be aligned unequivocally. Insertions and deletions
(indels) were treated as single mutation events. We calculated haplotype diversity (4) and
nucleotide diversity (m) for each population using ARLEQUIN v.3.5 (Excoffier & Lischer
2010), in which also pairwise Fst values were computed. Patterns of isolation by distance
were evaluated by associating pairwise Fst values with pairwise log geographical distances in
Mantel tests. We also computed the mean within-population gene diversity (Hs) and the total
gene diversity (Hr) based on unordered alleles, and also the equivalent parameters (Vs and V1)
based on ordered alleles, as well as differentiation Gst for unordered and Nst for ordered
alleles by PERMUT v.1.0. A higher Ngr than Gsr usually indicates the presence of
phylogeographic structure (Pons & Petit 1996). The comparison of Ggsr versus Nsr was
conducted based on 2,000 random permutations. In order to visualize relationships among

haplotypes a statistical parsimony network was computed with TCS (Clement et al. 2000).

RESULTS

LGM projection of current climate distribution model

For the current climate distribution model of C. eyrei the internal model validation revealed a
reasonable high model fit with AUC = 0.88. The resulting current potential distribution range
indicates that there are a number of lowland and hill counties in China (provinces Guizhou,

Hunan, Jiangxi, Zhejiang, Fujian, Guangdong, and Guangxi) that are climatically suitable, yet
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from where the species is currently not reported (result not shown). Projecting the optimized
distribution model to the climatic conditions during LGM resulted in a prediction of
potentially suitable habitats during the last ice age cold cycles (Fig. 4.1). The LGM potential
distribution range is located at distinctly lower latitudes than most of the extant populations.
Only the southernmost current occurrences are clearly located within the potential LGM
range. Two regions that expand further northwards and, thus potentially supported a closer
contact of current distribution and suitable climatic conditions during the LGM are NW-
Guangxi/SW-Guizhou and SE-Fujian-Taiwan. Large parts of the potential LGM distribution

range are currently below sea level due to postglacial transgression.

Genetic population structure at nuclear microsatellites

The Bayesian analysis of population structure with STRUCTURE revealed a most likely
number of K = 2 clusters, each of which were subdivided further (Fig. 4.S1, Supporting
Information). The two clusters largely corresponded to a split between the western/southern
and the eastern/northern part of the distribution range, which will be referred to western and
eastern cluster, respectively (Fig. 4.3). Some populations in the contact area of the two
clusters showed comparatively high levels of mixture between gene pools (JG, QN). Both
main clusters were further subdivided into two subclusters (Fig. 4.3). In the centre of the
western cluster, in the western Nanling Mts., populations HP, SH and GP formed a clearly
separated subcluster without much mixture or admixture. In contrast, the two gene pools of
the eastern cluster were mixed in many populations (Fig. 4.3). Here, populations TB, SQ, YX
and BS consisted mainly of one gene pool, however, without forming a contiguous

geographic group (Fig. 4.3).

All populations (K = 2)

Western (K = 2) Eastern (K = 2)

Fig. 4.3 Results of Bayesian cluster analysis with STRUCTURE based on microsatellite data

of C. eyrei. Thin bars represent the cluster membership of 629 individuals in 30 populations at
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K = 2 and further analyses of the western and eastern cluster at K = 2 (see Fig. 4.S1 for

analysis of the most probable K).

Nuclear genetic diversity and differentiation

Across all microsatellite loci, high levels of gene diversity in the total population (Hr = 0.88)
and within populations (mean Hg = 0.80) were observed (Table 4.1). Population
differentiation was significant at each locus (P < 0.05), with the overall Fst value for the
multilocus estimate equal to 0.097 (range: 0.057 - 0.149 across loci). The standardized genetic

differentiation ( Fg, ) equalled 0.443 and thus was much higher than Fsr. Genetic diversity at

population level (4r and Hg) was significantly higher in the eastern than in the western cluster

(Table 4.2). Accordingly, populations within the western cluster (Fst = 0.122, F. = 0.542)

showed a significantly higher level of genetic differentiation than in the eastern cluster (Fst =

0.052, F S'T =0.309; P <0.001). The subclusters of the western cluster did not differ in genetic

diversity (Ar: P = 0.29) and differentiation (Fst: P = 0.784). In the eastern cluster, the
subcluster including populations TB, SQ, YX and BS harboured significantly higher genetic
diversity (4gr: P = 0.003) than the other subcluster, but did not differ in differentiation (Fsr: P
= 0.262). In the multiple regression model of genetic variation, latitude and cluster factor
were retained indicating that genetic variation was significantly different in two clusters (P =
0.001) and affected by latitude (P = 0.018). In the eastern cluster, allelic richness decreased
significantly with latitude (» = -0.802, P < 0.001), while in the western cluster, the decreasing
trend was not significant (» = -0.368, P = 0.238) (Fig. 4.4).

Table 4.2 Comparison of microsatellite genetic diversity within and differentiation among
populations of Castanopsis eyrei in the two main genetic clusters identified in China.

Significance after permutation test with 1,000 permutations.

Parameters Western Eastern P

Ar 6.890 8.000 0.036
Hg 0.764 0.823 0.019
Fst 0.122 0.052 < 0.001
Fgr 0.542 0.309 <0.001

Ag: allelic richness; Hg: expected heterozygosity; Fst: Weir and Cockerham’s genetic
differentiation; F, : standardized genetic differentiation; P value indicates the significance of

difference between western and eastern group.
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Fig. 4.4 The relationship between allelic richness (4g) and latitude in the western (open
circles, dashed line; » = -0.368, P = 0.238) and eastern cluster (filled circles, solid line; » = -

0.802, P < 0.001).
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Fig. 4.5 Patterns of isolation by distance in the western (open circle, dashed line; » = 0.232,

Mantel P = 0.049) and eastern cluster (filled circle, solid line; » = 0.376, Mantel P = 0.004).

Population differentiation (standardized F, values) as a function of log geographical

distance.
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To evaluate the spatial genetic structure, patterns of isolation by distance were tested.
Significant isolation by distance was found when analysing all populations (» = 0.407, P =
0.001) and in both the eastern (» = 0.376, P = 0.004) and the western cluster (» = 0.232, P =
0.049) (Fig. 4.5).

Genetic variation at chloroplast DNA sequences

Alignment lengths in C. eyrei were 568 bp for trnT - trnl and 474 bp for petG — trnP. In total,
19 polymorphic informative sites including 12 point mutations and 7 indels were detected
within these two intergenic spacers, defining 16 haplotypes (Table 4.S1, Supporting
Information). The geographic distribution of haplotypes is shown in Fig. 4.2a. Among 16
haplotypes, HI was the most common one, followed by H2. Nine haplotypes (56.3%, H8 -
H16) occurred only in the western cluster, while three (18.7%, HS - H7) appeared only in the
eastern cluster. Eight haplotypes were restricted to a single population, seven of which
(87.5%) were found in the western cluster, particularly in the southern part of the Nanling
Mts. and the Wugong Mts (Fig. 4.2a).

A parsimony network revealed the genealogical relationship of the haplotypes
showing many closely related haplotypes (Fig. 4.2b) with the most abundant haplotype H1
representing the ancestral type of numerous tip haplotypes. Five haplotypes (H2, H6, HS,
H14, H15) are separated by one step from H1, eight haplotypes are separated by two steps and
only two haplotypes (H4, H10) are separated by three steps. Of these, H4 was confined to
populations CW and QN, while the most divergent haplotype H10 was confined to one
population (DT) in the western cluster. In the outgroups, C. fargesii and C. carlesii shared
haplotype H2 with C. eyrei, while C. tibetana and C. sclerophylla harboured new haplotypes
differing from H1 or H2 by only one mutation step (Fig. 4.2b).

Over all populations, C. eyrei had high haplotype diversity (At = 0.814), while
haplotype diversity within populations varied from 0 to 1 with an average of hs = 0.245
(Table 4.1). In the West, the largest number of haplotypes was found in populations HP, DT
and TS and in the East in populations WC and HS. At the species level, nucleotide diversity
was estimated as p =1.750x107, and at population level it ranged from 0 to 2.441x10 with
an average of 1s = 0.526x107 (Table 4.1). Overall, diversity of haplotypes and nucleotides
was found to be slightly higher in the western populations compared to eastern populations

(Table 4.3).

66



Chapter 4

Table 4.3 Population diversity and differentiation in Castanopsis eyrei at chloroplast DNA.

Parameters Total Western Eastern

Hr 0.842 (0.038) 0.876 (0.053) 0.758 (0.050)
Vr 0.554 (0.085) 0.636 (0.121) 0.487 (0.121)
Hs 0.245 (0.051) 0.254 (0.078) 0.235 (0.068)
Vs 0.150 (0.037) 0.158 (0.056) 0.171 (0.058)
Gst 0.709 (0.061) 0.710 (0.093) 0.690 (0.085)
Ngr 0.729 (0.061) 0.751 (0.079) 0.649 (0.098)
Nst - Gst 0.020 0.041 -0.041

Hr and V7, total gene diversity based on unordered and ordered alleles; Hs and Vs, mean
within-population gene diversity based on unordered and ordered alleles; Gst and Nsr, genetic
differentiation based on unordered and ordered alleles. Values in parentheses are standard

€1TOoT.

Population differentiation at cpDNA was substantial as revealed by high values of
both Ggsr (0.709) and Nsr (0.729), which did not differ significantly (P = 0.594), indicating
that related haplotypes were not clustered. When populations were divided into two
geographic groups defined by the STRUCTURE analysis of microsatellites, western
populations (Gsr = 0.710, Hs = 0.254, Hr = 0.876) exhibited slightly stronger differentiation
and higher diversity than eastern populations (Gsr = 0.690, Hs = 0.235, Hy = 0.758) (Table
4.3). Neither western nor eastern populations showed significant differences between Nsr and
Gst (P > 0.103). In addition, pairwise Fgst values indicated most population pairs differed
significantly (P < 0.05). We did not find significant patterns of isolation by distance either in
all populations or in the two subgroups (P > 0.64) indicating a predominant role of genetic

drift for shaping cpDNA structure.

DISCUSSION

Contrasting patterns at plastid and nuclear genomes

Before the phylogeography of C. eyrei can be discussed, the incongruent patterns of nuclear
and plastid genomes have to be considered. A clear geographical clustering was revealed by
nuclear genes, showing a split between western and eastern populations, however, such a
pattern was not found in cpDNA. Similar inconsistencies between gene trees from
cytoplasmic (e.g. chloroplast) and nuclear genes have been repeatedly reported (Rieseberg &
Soltis 1991; Tsitrone et al. 2003). They can result from a variety of factors, such as
evolutionary rate heterogeneity, differential lineage sorting of ancestral polymorphisms
(Comes & Abbott 2001) or evolutionary convergence (Davis et al. 1998). Moreover, seeds

and pollen typically differ in their dispersal distance in Fagaceae leading to much stronger
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patterns of differentiation at maternally inherited chloroplast than in biparentally inherited
nuclear genes (Petit et al. 2005). However, most probably, two non-exclusive factors may be
responsible: ancestral polymorphism or chloroplast capture. A number of haplotypes were
shared between the congeners C. eyrei, C. fargesii and C. carlesii and haplotypes from C.
tibetana and C. sclerophylla were only one or two steps apart from the ancestral one. This
suggests that the haplotypes and their distribution did not originate recently but predate the
most recent glaciation (Zhou et al. 2010) or even speciation within Castanopsis. In addition,
chloroplast capture may have occurred, i.e. introgression of the chloroplasts from one species
into another, which appears to be the most common source of phylogenetic incongruence in
plants (Rieseberg & Soltis 1991). Shared haplotypes occur most commonly among congeneric
species, and have been observed in many long-lived tree species of the Fagaceae (Dumolin-
Lapegue et al. 1997; Petit et al. 2003b). Dumolin-Lapégue et al. (1997) found haplotypes
shared widely among eight white oaks which was attributed to hybridization and
introgression. Petit et al.(2003b) explained the fact of haplotype congruence between two
widespread and largely sympatric European oak species (Quercus petraea and Q. robur) by a
complex interaction of pollen swamping and different rates of seed dispersal between the
species. In our study, two congeneric species (C. fargesii and C. carlesii) shared one
haplotype with C. eyrei, although only two individuals per species were tested. They are
largely sympatric with C. eyrei allowing for interspecific gene exchange. Hence, a more
comprehensive sampling of both, congeners and the study species itself, is necessary to
quantify and minimize the noise introduced by putative interspecific chloroplast sharing.
However, although a phylogeographic signal in our cpDNA data is low (see below), it
complements genetic variation and differentiation descriptors obtained with nuclear markers.
At the species level, both markers revealed high levels of genetic diversity in C. eyrei.
Nuclear diversity (Hg = 0.80) was comparable to other Fagaceae (Shi et al. 2011a) and typical
for wind pollinated, outcrossing trees (Duminil et al. 2007). Variation at cpDNA also
represented a considerably high level (Hy = 0.842) among Fagaceae species (Magni et al.
2005), higher than C. hystrix (Hr = 0.686) (Li et al. 2007) and C. carlesii (Hr = 0.761)
(Cheng et al. 2005). However, across the species range, different patterns were shown by the
two markers. Microsatellites revealed significantly higher genetic diversity in eastern than
western populations (discussed below). In contrast, the chloroplast markers did not reveal
such differences, which is likely due to the overall lower level of variation at cpDNA, small

effective sample size and noise due to chloroplast capture.
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Phylogeographic history

During the Quaternary, glacial cycles are considered to have strongly affected the distribution
of plant species and the structure of genetic variation within species. Although large ice sheets
have never covered southeast China, most subtropical species are supposed to have retreated
to tropical or warmer lowland areas during the LGM. Our climate based distribution model
revealed the potential glacial distribution of C. eyrei as a narrow belt located in the south
along the coastlines similar to the predicted area of subtropical vegetation (Harrison et al.
2001), as well as two regions in NW-Guangxi/SW-Guizhou and SE-Fujian-Taiwan expanding
somewhat further northwards (Fig. 4.1). Additionally, some regions located more northward,
like the Wugong Mts., also showed some degree of climatic suitability. Taiwan Island was
connected with the mainland because of ocean regressions and was part of the glacial
distribution area similar to other species (Huang et al. 2002). Thus, overall, distribution
modelling did not give strong support of multiple isolated LGM refugia. However, since large
scale distribution modelling can not integrate small scale local climatic variation in varied
topographies, it is not the ultimate tool to identify precise locations of cryptic refugia. On the
other hand, C. eyrei probably did not occupy all areas predicted to have been climatically
suitable during the LGM. Thus it would be desirable to evaluate the estimated LGM range
against palaeoecological records providing clear evidence of species’ occurrences within a
given timeframe in the past. However, this type of evidence is not available for C. eyrei in
China.

Bayesian analysis identified two nuclear gene pools in the West and East of the range
of C. eyrei. Thus we propose that during the LGM the species had retreated into at least two
independent southern refugia, or that the recolonization took place from two genetically
differentiated source regions. No such phylogeographic structure was evident from the
cpDNA data, as the haplotypes formed a star-like genealogy which is usually interpreted as
the outcome of a population expansion (Page & Holmes 1998). However, as discussed above,
ancestral polymorphism and chloroplast capture together with genetic drift may have strongly
influenced the distribution of haplotypes. The fact that cpDNA haplotypes were strongly
differentiated between populations, does not contradict the existence of two glacial refugial
areas in the West and East as indicated by microsatellites.

It is a basic phylogeographic hypothesis that because of the role of the rugged
topography in putative refugial regions of the southern temperate up to the tropical zone,
species may have survived in multiple separate refugia (Hewitt 2000). Thus the mountain

ranges in southern China, i.e. the Nanling and Wuyi Mts., are putative refugial areas for the
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western and eastern cluster, respectively, of C. eyrei. These two regions have been considered
a key refugial area during glacial periods (Shen et al. 2002), since their complex topography
could include a relatively mild Pleistocene climate zone supporting various habitats including
subtropical forests. This hypothesis is supported by several studies, e.g. on Pinus
kwangtungensis (Tian et al. 2010), Fagus longipetiolata (Liu 2008) and Ficus pumila (Chen
et al. 2012). Furthermore, northward post-glacial recolonizations are characterized by a loss
of genetic variation because of founder events or bottleneck effects (Hampe & Petit 2005).
Indeed, a cline of decreasing genetic variation towards north was evident, indicating the
presence of southern refugia.

Actually, as a common wide-distributed species, it can be hypothesised that C. eyrei
might have survived in a relatively wider range or more cryptic refugia, compared to more
rare species (Wang & Ge 2006). As our climate model revealed, beside the southern area
along the coastline, some regions located more nothwards still showed some climatic
suitability. A high level of population differentiation for cpDNA with many cases of fixation
of different haplotypes may also indicate that multiple glacial refugia have existed during the
LGM (Zhou et al. 2010), especially in the western cluster. This could also partially explain
the lack of geographic structuring of haplotypes. Still, further genetic differentiation can be a
useful criterion for inferring the existence of glacial refugia (Petit et al. 2003a). The
significant substructure in the western cluster (yellow cluster in Fig. 4.3) may imply the
presence of such further cryptic refugia or even ‘refugia within refugia’ (Gémez & Lunt

2007).

Strong population differentiation in the western range

Over the whole distribution range, C. eyrei presented a considerably high level of nuclear

differentiation ( F¢; =0.443) compared to results of a previous smaller scale study located in

the eastern part of the range ( Fg. =0.15) (Shi e al. 2011a). Indeed, western populations

exhibited significantly higher differentiation than eastern populations (Table 4.2), indicating
stronger genetic drift in the western range. STRUCTURE results supplied strong evidence for
extensive gene flow with genetic homogeneity among eastern populations, although
substructures were still evident. In addition, population differentiation was less variable and
patterns of isolation by distance were more stringent in the east suggesting a higher level of
gene flow. On the contrary, the low levels of genetic diversity observed in western
populations, particularly in the yellow subcluster, together with the higher level and larger

scatter of population differentiation (Fig. 4.5) suggest that severe genetic drift occurred in the

70



Chapter 4

west. Lack of gene flow and a major role of genetic drift in the west were also corroborated
by cpDNA haplotypes (Fig. 4.2). Seven haplotypes were found in eastern populations, most
of which were shared among populations indicating high levels of gene flow. In contrast,
more than half of the haplotypes in the western part were restricted to a single population,
showing considerable genetic drift.

A number of facts may have contributed to the observed pattern. First, topographical
isolation may be the most important factor. In the western distribution range of C. eyrei, large
mountain areas prevail and the Nanling Mts., which extend from east to west, may have acted
as a geographical barrier obstructing migration between southern and northern populations
(Wang et al. 2004). As a result of restricted northward gene flow, some haplotypes may be
confined to the south, a pattern shown by haplotype H8, which was found in four populations,
all south of the Nanling Mts. Second, fragmentation always results in small and isolated
populations, where low genetic diversity and high differentiation arise (Young et al. 1996).
Actually, the distribution range of C. eyrei is more fragmented in the west, especially in the
southwest, where the calcareous karst habitats are not suitable for C. eyrei (Guo et al. 2011).
Third, the western cluster included a number of populations which represent the current
southern distribution margin of C. eyrei (e.g. DT, HP, GP). Small size and prolonged isolation
in marginal populations presumably have resulted in reduced within-population genetic

diversity and pronounced genetic differentiation (Eckert et al. 2008).

CONCLUSION

In order to reveal more complete and general phylogeographical patterns of subtropical floras,
studies on common and widespread species are still surprisingly limited. In our study, based
on nuclear and chloroplast DNA sampled from the common and widespread C. eyrei in
subtropical China, a western and an eastern phylogeographical lineage were identified, and at
least in the western lineage multiple refugial areas are probable. Additionally, a south-north
cline of genetic variation indicates postglacial re-colonization from the south. Range wide
analysis of closely related species at high spatial resolution will be needed to resolve
incongruent patterns of nuclear and chloroplast markers that possibly arouse due to
chloroplast capture. However, in contrast to previous analyses of rare species, our results are
likely to represent a template in this region for evolutionary history and phylogeography since

the LGM for wide spread species.
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Table 4.S1 Haplotypes of Castanopsis eyrei (H1 - H16) and outgroups (#ib and sc/) defined by two chloroplast intergenic spacers and their

frequencies (n).

trnT-trnL petG-trnP
1 1 2 2 3 3 3 4 4 1 1 1 1 1 1 1 1 1 1 1 2 3 4
6 0 1 3 3 8 0 2 3 0o 7 8 0 1 2 2 2 2 2 2 2 2 2 9 2 2
Hap n 6 1 7 2 4 1 5 9 0 3 0 5 &8 4 0 1 2 3 4 5 6 7 8 7 7 6
H1 91 C - 2 A G - T C G C - A C G A A A T T G C T - C G
H2 57 . . - . . . - A - . - .
H3 28 . . - . . . - . A . . - . . . . . . . . . . . - T .
H4 9 . A - . . . - . . . . - G . . . . . . . . . . - . A
H5 2 . . - . . . - A A . . - . . . . . . . . . . . -
Hé6 6 . . - . . . - . . . - - . . . . . . . . . . . -
H7 2 . . - . . . - . . . . - G A . . . . . . . . . -
HS8 12 . . - . . . - . . . . - G . . . . . . . . . . -
H9 3 . . I1 . G . - . . . . - . . . . . . . . . . . -
HI10 7 . . - . . . - . A T - - . . T . . . . . . . . -
HI11 4 T . - . . . - . . . - - . . . . . . . . . . . -
HI12 10 . . - . . . I3 . . . . - . . . . . - - - - - - -
H13 9 . . - . . . - . . . . - . . . . . . . G . . . I5 .
H14 1 . . - . . . - . . . . - . . . . . . . . . . . - T
H15 9 . . - . . . - . . . . - . . . . . - - - - - - -
H16 13 . . - - . . - . . . . 14 . . . . . . . . . . . -
tib 2 . . - . . C - . . . . - . . . . . . . . . . . -
scl 2 - - A -

Insertions: 11, TAAAT; 12, ATATA; 13, ATAA; 14, TTATTAATTTTAATACAT; I5, AGTAACCCTAATA. tib is the haplotype from C.
tibetana and scl is from C. sclerophylla. The positions of polymorphic sites in the #nT-trnl and petG-trnP spacers and deletions (-) are

indicated.
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Chapter 5 - Synthesis

Main results

Genetic diversity is the raw material for organisms to evolve and adapt to new conditions.
Detecting the level of genetic diversity and underling processes is essential for management
and conservation. This thesis provides insights into genetic responses of a common evergreen
broad-leaved tree species Castanopsis eyrei to different factors at multiple scales. The studies

presented in the preceding chapters include the following main results:

Spatial genetic structure (SGS) in adults and seedlings

The first study (Chapter 2) investigated and compared SGS of adults and seedlings from six
plots. I tested the correlations of Sp statistic, quantifying the intensity of SGS, with several
habitat conditions, such as individual density, species richness and elevation. Weak but
significant SGS was found within 20 m in both adults and seedlings. Sp values were similar
in adults (0.0083) and seedlings (0.0109), and showed no correlations with any index of
habitat conditions (P > 0.727). Heterogeneity tests did not show significant difference in SGS
between adults and seedlings in all plots. In addition, similar levels of genetic diversity
(Allelic richness and expected heterozygosity) were detected in both adults and seedlings.
Thus overall seedlings do not differ from adults in small scale genetic structure suggesting
that pollen and seed dispersals are far enough to prevent the build up of increased SGS in the

seeding stage.

Isolation by elevation

A second study examined the effect of elevation on distribution of genetic diversity in a
regional scale. Diversity and differentiation among 24 populations from different elevation
and successional stages were analysed by eight microsatellite loci. One of the loci was found
strongly deviated from a neutral model. High level of genetic variation was revealed in C.
eyrei. A significantly positive correlation was detected between genetic variation and
elevation for both putatively selected locus and the neutral loci. Genetic differentiation was
similar to that of other Fagaceae species, and followed a model of isolation by distance, but
additionally significant isolation by elevation was found both in neutral loci and putatively
selected locus, suggesting higher gene flow among similar elevational levels than across
different elevational levels and a selective influence of elevation on the distribution of genetic

diversity in C. eyrei.
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Phylogeography

The last study researched the phylogeographic structure and putative refugia of C. eyrei on
species-range scale. Climate modelling revealed a potential distribution of C. eyrei in a
narrow belt along the southern coastline during the Last Glacial Maximum. Nuclear
microsatellites revealed two clusters corresponding to a split between western and eastern
range, and a south-north decline of genetic variation. The eastern cluster harboured
significantly higher nuclear genetic diversity. Populations were strongly differentiated at
cpDNA with many of them fixed for different haplotypes, but lacked phylogeographic
structure. Both data sets indicated higher genetic differentiation in the western than eastern
cluster. Overall, the results suggest that multiple refugial areas are probable especially in the

western lineage.

Overall discussion

Genetic variation within and among populations is the result of interplay among gene flow,
genetic drift, mutation and selection which can be affected by different factors, leading to
varying population structure in space and time. Such spatial and temporal genetic structures of
populations can be revealed by various molecular markers. In this thesis, genetic diversity and

structure of C. eyrei were detected at multiple scales.

High level of genetic diversity in Castanopsis eyrei

Regardless of focused scale, C. eyrei shows a high level of genetic variation as expected for
such a climax tree species with broad distribution range. Life-history traits may determine
genetic structure among populations (Duminil ef al. 2007; Hamrick & Godt 1996; Pannell &
Dorken 2006), particularly mating system (Duminil et al. 2007). The species with outcrossing
mating system are considered capable to harbour high genetic diversity (Van Rossum et al.
1997), which has been evidenced by many studies, as well as other congeneric species, such
as C. cuspidata (Vidhanaarachchi et al. 2005), and C. acuminatissima (Blakesley et al. 2004).
In fact, a high outcrossing rate in C. eyrei was suggested close to unity (Chapter 2), allowing

the maintainance of high genetic diversity.

No difference in SGS between adults and seedlings
In general, tree species display weaker SGS than herbaceous species (Vekemans & Hardy

2004). Especially, in outcrossing tree species, high gene flow within populations is expected
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to result in relatively low level of SGS (Leonardi & Menozzi 1996; Streiff et al. 1998).
Indeed, significant SGS is rarely detectable beyond 30 - 40 m , such as in the common ash
Fraxinus excelsior (Heuertz et al. 2003), oaks Quercus petraea and Q. robur (Streiff et al.
1998), and beech Fagus sylvatica and F. crenata (Chybicki et al. 2009; Oddou-Muratorio et
al. 2010; Oddou-Muratorio et al. 2011), as well as in C. sclerophylla (Wang et al. 2011).
Similarly, in C. eyrei, significant SGS was only found within 20 m (Fig. 2.1), which is
attributed to limited seed dispersal (mean = 21.04 m, Chapter 2), whereas in larger distance,
extensive pollen flow will contribute to the absence of SGS.

SGS is expected to vary across the life stages of species. For a given tree species with
seed dispersal primarily by gravity, seeds tend to be aggregated around maternal trees (Asuka
et al. 2005; Sebbenn et al. 2011), thus, seedlings often exsit in much higher density with a
high level of relatedness of adjacent seedling individuals. However, during the life time from
a seedling to an adult, the process is characterized particularlly by a massive mortality due to
competition, predation and selection during eatablishment (Oddou-Muratorio et al. 2011).
Such a thinning process leads to low density of adults and low level of relatedness. Hence,
strong SGS present in seedlings is expected to largely disappear in adults, which has been
demonstrated in many studies (Chung et al. 2003a; Qi et al. 2011), however, was not found
in C. eyrei. Instead, I found significant SGS and similar Sp values in both adults and
seedlings. Heterogeneity test did not show consistent patterns in all plots although in
combined analysis, significant difference in SGS between adults and seedlings was detected
at some distances. All present results indicate no difference between adults and seedlings in
SGS, suggesting that pollen dispersal and seed dispersal are far enough to prevent the build up
of increased SGS in the seeding stage. Consistent SGS could be resulted from limited seed
dispersal, e.g. in Sinojackia rehderiana (Styracaceae) (Yao et al. 2011). In addition,
secondary dispersal by small rodents could blend the seeds from neighbouring trees and
promote overlapping distribution of half sibs. Furthermore, high density of adults should be
another explanation of weak SGS in seedlings, as overlapping seed shadows will be resulted
in, leading to mixing of different half-sib families and a reduction of relatedness of adjacent

individuals.

Isolation by elevation at neutral and putatively non-neutral loci
Microsatellites are assumed to represent ideal neutral markers, so that only gene flow and
genetic drift rather than selection should affect their genetic structure. However, an increasing

number of studies indicated the presence of non-neutral loci (Acheré et al. 2005; Lazrek et al.
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2009; Scascitelli et al. 2010). In Chapter 3, one out of eight loci (Ccu97H18) showed non-
neutral behaviour (Fig. 3.1), representing a putatively selected locus, although, no information
on the genomic position and putatively linked genes of this locus is available.

Elevation showed a significant effect on distribution of genetic variation both at
neutral and non-neutral loci. Populations at the top of the mountains harboured the largest
amount of genetic variation which was reduced at low elevations. A number of processes may
have contributed. First, human disturbance is much stronger at lower elevations. Charcoal has
been detected in many local soil profiles (Bruelheide ef al. 2011) indicating past fire
clearance. Populations at higher elevations are more rarely influenced by human activities
and, thus, are able to preserve genetic diversity. Second, significantly positive correlation was
found between elevation and successional stage, indicating that older, less disturbed forests
are often located in higher elevations. Hence, it is likely that upland forests served as sources
for colonization after logging at low elevations. Last but most important factor may be
selection. The most common allele at locus Ccu97H18 present at low elevations almost went
extinct at higher elevations. Instead, many other alleles appeared. These patterns are most
likely due to selection. Microstellite markers linked with loci under selection have been
shown in other trees (Edelist ez al. 2006; Ingvarsson 2010; Stefenon et al. 2008).

Additionally, significant isolation by elevation was detected at both the potentially
adaptive locus and the non-adaptive loci after accounting for the effect of geographic
distance, suggesting effective gene flow is not restricted by horizontal distance, but restricted
across elevations (Byars et al. 2009). Elevation is indicated to influence population genetic
structure by the effect on neutral and selective processes. On one side, elevation can result in
reproductive isolation due to phenological shifts in neutral markers, e.g. delayed budding
(Rusch 1993) or shift of flowering time or prolonged floral longevity and stigma receptivity
(Blionis et al. 2001) resulting in temporal separation of the timing of flowering (Borchert
1983). Phenological differences in flowering time in turn will lead to partial reproductive
isolation which both may facilitate adaptation to elevation and lead to neutral genetic
differentiation (Kraj & Sztorc 2009). On the other side, numerous factors associated with
elevation may act selectively at many loci, e.g. temperature and irradiance. For example, gene
frequency in Fagus sylvatica followed temperature-linked spatial and temporal trends (Jump
et al. 2006). Thus, elevation could affect the selective process via temperature- or other

factor-linked genes.
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Phylogeographic history

Although subtropical China was never covered by large ice sheets during the Last Glacial
Maximum (LGM) (Hewitt 2000), complex climate changes have profoundly affected
vegetation distributions and shaped current population structures. Climatic models and
derived LGM biome maps have shown that evergreen-broadleaved forests were forced to
retreat southwards into the current tropical zone (Harrison et al. 2001; Sun et al. 1999).
Similarly, in this thesis, the climate-based distribution model revealed the potential glacial
distribution of C. eyrei as a narrow belt located in the south along the coastlines, as well as
two regions in NW-Guangxi/SW-Guizhou and SE-Fujian-Taiwan expanding somewhat
further northwards (Fig. 4.1). However, climate modelling is not be the ultimate tool to
identify precise locations of cryptic refugia, since large scale modelling can not integrate
small scale local climate variation, especially in varied topographies. More information can be
drawn from molecular analyses.

Based on nuclear microsatellites, two gene pools in the west and east of the range can
be identified (Fig. 4.3). Additionally, a cline of decreasing genetic variation towards north
suggests the recolonization route from south to north. Thus, I propose that during the LGM C.
eyrei had retreated into at least two independent southern refugia, or that the recolonization
took place from two genetically differentiated source regions. Although cpDNA did not find
such a phylogeographic structure (Fig. 4.2) which could be attributed to ancestral
polymorphism and chloroplast capture, as the haplotypes formed a star-like genealogy, the
fact that cpDNA haplotypes were strongly differentiated between populations, does not
contradict the existence of two glacial refugial areas in the west and east as indicated by
microsatellites. Considering the role of rugged topography in putative refugia regions, the
mountain ranges in southern China, i.e. the Nanling and Wuyi Mts., are considered as putative
refugial areas of C. eyrei for the western and eastern cluster, respectively. These two regions
have been considered a key refugial area during glacial periods (Shen et al. 2002), since their
complex topography could include a relatively mild Pleistocene climate zone supporting
various habitats including subtropical forests. Several studies have confirmed this hypothesis
e.g. on Pinus kwangtungensis (Tian et al. 2010), Fagus longipetiolata (Liu 2008) and Ficus
pumila (Chen et al. 2012).

Actually, as a common wide-distributed species, it can be hypothesised that C. eyrei
might have survived in a relatively wider range or more cryptic refugia, compared to more
rare species (Wang & Ge 2006). In my study, some clues can be found. For example, in the

western cluster, a high level of population differentiation for cpDNA with many cases of
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fixation of different haplotypes may indicate multiple glacial refugia. Additionally, the
climate modelling also revealed some regions located more northwards with some climatic
suitability. Furthermore, the significant substructure in the western cluster (Fig. 4.3) may
imply the presence of cryptic refugia or even ‘refugia within refugia’ as indicated in other

studies (Gomez & Lunt 2007; Heuertz et al. 2004b; Wang et al. 2009).

Conclusions
This thesis revealed the patterns of genetic diversity and their underling processes in a wide
distributed subtropical tree species C. eyrei, focusing multiple scales, from small to large

scale, i.e species-range scale. Following conclusions can be highlighted.

Spatial genetic structure (SGS) is indicated independent of elevation, density and species
richness. Significant SGS was found within 20 m which may result from limited seed
dispersal. No difference was found in SGS between adults and seedlings which could be
likely attributed to overlapping of seed shadows by secondary dispersal and/or high density of
adults. My study contributes to the population dynamics in genetic structure of a common

species in continuous forests.

Populations at the top of the mountains harboured the largest amount of genetic variation in
C. eyrei. Significant isolation by elevation indicates that gene flow is higher among smilar
elevational levels than across different elevational levels. My study underlines the importance
to check the selective neutrality of marker loci in analyses of population structure and
highlights the fact that both neutral and adaptive processes interact in determining population

genetic structure.

Based on nuclear and chloroplast DNA data, a western and an eastern phylogeographical
lineage were identified in C. eyrei, and at least in the western lineage multiple refugial areas
are probable. Additionally, a south-north cline of genetic variation indicates postglacial re-
colonization from the south. In contrast to previous analyses of rare species, my results are
likely to represent a template in this region for evolutionary history and phylogeography since

the LGM for wide spread species.

In the time of genomics, with the development of genomic resources in the Fagaceae (Kremer

et al. 2012), my results not only contribute to the chloroplast genomes (Chapter 4), but also
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shed light on the nuclear genomes since putatively selected locus was found (Chapter 3),
which will promote examining relevant expressed sequence tag (EST), e.g. by developing
genic microsatellite markers (Ueno et al. 2009). Castanopsis is one of the major genera of
Fagaceae including 120 species and covers a wide distribution in Asia. Thus, it can be as a

model taxon for genetic evolutionary researches, which my studies on C. eyrei contribute to.
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