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Abstract 
The evolution and systematics of corals have been difficult to unravel despite being the 
fundament of one of the world's most charismatic ecosystems. Coral diversity and 
diversification processes are not well understood due to morphological plasticity, potential 
hybridization and generally high rates of dispersal. Both geographically and 
methodologically extensive studies are needed to improve our understanding of coral ecology 
and evolution, including spatial biodiversity processes involving hosts and their associated 
symbionts. This dissertation investigates coral evolution in three complementary studies 
using the genus Galaxea L. as a model. First, I ask whether endosymbiotic community 
composition differentiate among morphologically cryptic genetic lineages in G. fascicularis. 
The Symbiodiniaceae ITS2-sequence was metabarcoded using next generation sequencing 
(NGS) and community assembly was analyzed with joint distribution models. 
Symbiodiniaceae communities were found to cluster into three regular community types that 
cannot be explained by environment or host genotype, potentially indicating species 
interactions between Symbiodiniaceae types. Second, I assessed how spatial connectivity 
between geographic populations corresponds to neutral differentiation on the subspecies level 
using population genomic methods. Coral populations from the Ryukyu archipelago, the 
Daito Islands, and the Ogasawara Islands were characterized by restriction site-associated 
DNA sequencing (RAD) to investigate whether the Daito Islands could be a stepping stone 
between Ryukyu and Ogasawara. The Ogasawara population was found to be highly 
differentiated and to have diverged under little amounts of continuous gene flow since the 
early Pliocene. No stepping stone role of the Daito Islands was found and the Ogasawara 
population may receive most migrants from the Ryukyu Islands, which was consistent with 
the dispersal patterns predicted by a oceanographic dispersal model. Lastly, I investigated the 
evolutionary history in the genus Galaxea taking a phylogeographic approach. I asked 
whether the genetically well-differentiated and sympatric lineages within G. fascicularis in 
Okinawa maintain their separation over geographic space and to what extent their spatial 
distributions overlap in the genus distribution range. Galaxea field collections were gathered 
from across the Indo-Pacific, and complemented by museum specimens to increase 
geographical coverage. At the same time the relationship between genetic lineages and 
taxonomic species was evaluated based on five out of seven currently accepted species (G. 
fascicularis, G. astreata, G. cryptoramosa, G. paucisepta, G. horrescens). The genus 
Galaxea clustered into three highly divergent clades; one Indo-Pacific, one Pacific, and one 
basal small clade found in Chagos. All morphological species were part of the Pacific clade. 
Overall this study indicates spatial rather than ecological or symbiosis-related processes to 
drive diversification and that the current taxonomy does not reflect biological species in this 
genus.  
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Introduction 
The concept of a species as a unit of evolutionary organization is fundamental to 

understanding biodiversity. However, corals (scleractinia) belong to one of the organismic 

groups for which delimitations and phylogenetic relationships of many species remain 

uncertain (Kitahara et al., 2016). The scleractinia and Symbiodiniaceae together form the 

trophic and structural fundament of coral reef ecosystems and support thousands of species, 

including commercially important human foods. Due to local and global mass-bleaching 

events they have been in rapid decline (Hughes et al., 2017), and the recognition of 

biologically meaningful species seems more important than ever for the effective 

implementation of conservation efforts (Beger et al., 2014). Morphological plasticity, slow 

mutation rates of mitochondrial DNA (Shearer et al., 2002), and frequent hybridization 

(Willis et al., 1997; Willis et al., 2006) have complicated the systematics in corals using 

classical phylogenetic and taxonomic approaches (Romano & Cairns, 2000; Fukami, 2008; 

Kitahara et al., 2010) so that most of the conventional taxonomy to date may need critical 

revision with higher-resolution molecular methods. An additional logistical challenge is 

given by the easy dispersal of corals as pelagic larvae, which causes large and geographically 

widely spread populations. This leads to unrelated geographic and phylogenetic closeness 

(Jablonski, 1986), complicating a balanced sampling across even small evolutionary clades. 

Furthermore, corals live in tight symbiosis with the photosynthesizing dinoflagellate 

Symbiodiniaceae Freudenthal (1969), with which they share a co-evolutionary history 

(Thornhill et al., 2014; LaJeunesse et al., 2018). In order to better understand species and 

speciation in corals, the coral holobiont needs to be studied from multiple angles, applying a 

geographically and genetically intensive sampling. This thesis presents an integrative 

investigation of genetic differentiation within and among lineages of the coral genus Galaxea 

Oken (1815), in order to understand how ecological and evolutionary processes in a spatial 

context may relate to divergence and a potentially highly complex model of evolution in 

corals.  

 Symbiodiniaceae should be studied alongside with the coral host (Rosenberg et al., 

2007; Ainsworth et al., 2010; Parkinson & Baums, 2014), since the holobiontic community 

as a whole responds to evolutionary forces such as natural selection and adaptation, and 

should thus be regarded as the unit of evolution (Rosenberg et al., 2007). This is supported by 

host-symbiont specializations that have enabled co-adaptive radiations of the scleractinia 

with Symbiodiniaceae clade C in the Pacific (Thornhill et al., 2014), and have facilitated the 



 

 

 

11 

adaptations of coral species to specific habitats (Stat et al., 2006). The community structure 

of Symbiodiniaceae within a host is variable between species, and across time and space 

(Cunning & Baker, 2014) but a worldwide host-symbiont network analysis found an overall 

correlation between Symbiodiniaceae community and host community (Tonk et al., 2013) 

and that even closely related species can differ in their Symbiodiniaceae composition (Pinzon 

& LaJeunesse, 2011; Warner et al., 2015; Smith et al., 2017). However, data on within 

species variation in Symbiodiniaceae community composition that also investigates the low 

abundance background types is still sparse. For understanding a potential influence of 

Symbiodiniaceae on coral differentiation, genetic variation within both the host and 

Symbiodiniaceae need to be investigated in detail while controlling for ecological and spatial 

factors. This was pursued with a metacommunity ecology approach using metabarcoding and 

joint species distribution modeling in Galaxea fascicularis from the Ryukyu and Daito 

Islands in Japan (Chapter 1).  

 Speciation in corals could be largely influenced by spatial processes, as is the case 

across the tree of life (Coyne & Orr, 2004). Populations that maintain limited genetic 

exchange with others due to spatial isolation will over long enough periods of time become 

genetically incompatible and speciate (Mayr, 1942; Mayr, 1963). This speciation process can 

be investigated at different stages. In order to understand the scales and mechanisms of 

ongoing spatially driven speciation, genetic and migratory relationships between populations 

may be studied in detail on ecological time scales using population genomic tools (Sousa & 

Hey, 2013). Understanding metapopulation structure and connectivity is also essential for 

preserving genetic diversity of local populations, which in turn relates to ecosystem resilience 

(Roberts, 1997; Sexton et al., 2011; Manel & Holderegger, 2013). In corals, as in many other 

marine organisms, dispersal mostly occurs by passive transport in a pelagic larval stage. Gene 

flow between populations of pelagic dispersers may therefore be predicted by ocean current 

models (Roberts, 1997), and by combining population genetics with dispersal modeling 

approaches it is possible to gain a more comprehensive understanding for neutral divergence 

processes than with molecular methods alone. Lagrangian particle advection simulations with 

biological parameters of the dispersal propagules have been used to model larval dispersal 

across the globe (e.g. Cowen et al., 2006; Paris et al., 2007; Siegel et al., 2008; Mitarai et al., 

2009; Kool et al., 2011; Treml et al., 2015) and an increasing number of studies have 

confirmed modeled dispersal to correspond to genetic differentiation (Selkoe et al., 2010; 

White et al., 2010; Crandall et al., 2012; Crandall et al., 2014; Raynal et al., 2014), including 
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in corals (Foster et al., 2012; Davies et al., 2015). As the scales for spatial divergence could 

be very large in marine systems due to high dispersal capabilities (Palumbi, 1994), a 

geographically adequate, sufficiently wide sampling is needed in order to find the amounts of 

genetic differentiation necessary for incipient speciation. Spatially well-defined, isolated 

island systems are ideal to study spatial divergence, since dispersal is low between a limited 

number of potentially connected populations. Chapter 2 of this thesis presents a case study 

investigating potential incipient spatial speciation between populations of Galaxea 

fascicularis from the Ogasawara, the Daito, and the Ryukyu Islands, by analyzing divergence 

history and migratory relationships combining population genomic and dispersal modeling 

approaches.  

 In addition to population genetics, phylogenetic methods are able to reveal 

diversification processes on evolutionary time scales, i.e. identify the phylogenetic 

emergence of entities that have already developed reproductive barriers and have maintained 

genetic coherence through geologic times (species). For the correct estimation of species 

diversity and inference of their phylogenetic relationships, it is imperative to sample a clade 

as completely as possible (Zwickl & Hillis, 2002). Due to uncertain species delimitations in 

corals, the smallest level of likely monophyly may be the level of genus (Veron, 1995), 

which is why phylogenetic relationships in coral should be studied by including specimens 

from an entire genus comprehensively. A both taxonomically and geographically extensive 

sampling of a coral genus is logistically challenging but may be achieved in a small genus 

with only few extent taxonomic species. Toward this end I chose Galaxea (Euphyllidae), a 

genus with only ten extant morphospecies currently accepted in the World Register of Marine 

Species (WoRMS, 2015), to investigate species emergence histories in a spatial context, and 

to at the same time discuss the validity of the current taxonomy from a phylogenetic 

perspective. The genus is easily identifiable in the field and is common from the Res Sea to 

Micronesia. The most common species G. fascicularis L. 1767 is relatively well studied in 

Okinawa where anatomical (Hidaka, 1992), molecular (Watanabe et al., 2005; Nakajima et 

al., 2016), and reproductive studies (Abe et al., 2008b) indicate the presence of three cryptic 

lineages referred to as 'L', 'S' and 'L+'. By investigating phylogenetic relationships and 

geographic distributions of these lineages in Chapter 3 I give a hypothetical explanation of a 

spatial speciation process between these lineages, and the evolutionary history of the genus 

Galaxea.  
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Specimen collection and DNA extraction 
All specimens underlying the three chapters of this thesis were sampled and DNA extracted 

as described below, if not specified otherwise. 

 The collection of Galaxea specimens was approved by the prefectures of Okinawa 

(permit numbers 26–62, 27–64), Tokyo for the collections in Ogasawara (permit number 28–

41), and Kagoshima for the collections in Tanega shima (no permit number assigned). 

Specimens were collected from various locations across Japan by SCUBA between 2014 and 

2016. From the point of entry, a ca. 1 km2 area was randomly searched for the target taxon, 

leaving at least 2 m distance between the selected colonies to minimize the chance of 

clonality. One or two typically sized polyps in the coral colony were taken per collection, 

from which one was used for molecular analysis and the second was kept as backup material 

and voucher specimen. The polyps were transferred on ice immediately after collection and 

into >99% EtOH within 3 hours. Sixty-seven colonies in total were selected for 

Symbiodiniaceae ITS2 metabarcoding. Each colony was photographed in the field with a 

color bar and scale and recorded in water depth using a dive computer. Remaining specimen 

materials were deposited in the Marine Biophysics Lab lead by Satoshi Mitarai at the 

Okinawa Institute of Science and Technology. Electronic specimen vouchers are available as 

field photographs upon request (patwepfer@gmail.com). A complete list of specimens 

collected for this thesis are listed in Appendix 3. 

 Polyps were grinded using mortar and pestle from which approximately 1 cm3 of the 

material was used for DNA extraction. Holobiontic DNA was extracted using the Qiagen 

DNeasy Blood and Tissue Kit. The manufacturer's protocol was changed in the following 

steps: the initial incubation time for tissue lyses at 56ºC was extended to 4–10 h (step 1), 4ul 

of 100x RNAse A was applied after this first step. A 1.5–2 times larger volume of EtOH was 

applied for denaturation, in order to separate extensive amounts of mucus from the watery 

phase (step 3). DNA was eluted in several steps, using 200ul for a single elution or 40ul, 

100ul, and 50ul for elution in three steps. Quantity and quality of genomic DNA were 

checked by Qubit and gel electrophoresis.   
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1. Chapter: Symbiodiniaceae metacommunity ecology in 
association with the coral Galaxea fascicularis 

1.1. Introduction 
Mutualisms between multicellular organisms and microbes form the basis of some of the 

most diverse ecosystems on the planet (Boucher et al., 1982). In such systems, microbial 

symbionts form assemblages of potentially interacting individuals and species—ecological 

communities—within each host. The hosts often traverse space and environmental gradients, 

providing metacommunity structure to the local microbial assemblages (Leibold et al., 2004). 

Thus, the application of questions, concepts, and methodologies from metacommunity 

ecology to the study of symbiont assemblages may help illuminate key aspects of their 

ecology, organization, and stability in the face of perturbation (Mihaljevic, 2012). 

 Perhaps the most fundamental question of community ecology is how individuals and 

species assemble into communities. In most terrestrial and marine systems, environmental 

gradients underlie variation in community composition to some degree, because climate 

strongly affects the physiology and fitness of most organisms (Simberloff & Dayan, 1991). 

However, positive and negative biotic interactions also influence community structure 

(Chesson, 2000). After accounting for the effects of the environment on individual species, 

there may be residual correlations between pairs of species that identify modules of 

interacting species—different communities or subcommunities that repeatedly assemble in 

space. Here, we analyze the metacommunity composition of Symbiodiniaceae in corals using 

metabarcoding and joint species distribution modeling approaches.  

 The Scleractinia-Symbiodiniaceae symbiosis may be viewed as the structural and 

trophic fundament of coral reef ecosystems that are renowned for their incredible diversity 

(Roberts et al., 2002). Collapse of this symbiosis due to environmental stressors and diseases 

— coral bleaching — has repeatedly caused entire ecosystems to break down (Hughes et al., 

2017). The resistance of corals to bleaching is known to be affected by the composition of 

endosymbiotic Symbiodiniaceae communities (Sampayo et al., 2008). We evaluated the 

extent to which composition and turnover of the Symbiodiniaceae community hosted in 

individual corals are driven by environmental and host factors, and after accounting for those, 

whether there are residual correlations indicating clusters of positively and negatively co-

occurring variants. Such correlations could indicate that there are alternative stable symbiont 
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communities that can form within coral polyps that may respond differently to environmental 

stressors responsible for mutualism breakdown and coral bleaching. 

 Symbiodiniaceae are a family of dinoflagellates classified into nine ecologically 

distinct and phylogenetically highly divergent 'clades' denominated A-I, based upon the 18S 

rDNA region (Rowan & Powers, 1991; LaJeunesse, 2001; Pochon et al., 2004; Pochon & 

Gates, 2010). This family was previously known as the genus Symbiodinium and has recently 

been lifted to family level (LaJeunesse et al., 2018). Scleractinia most often host clades B, C, 

and D (Baker, 2003), with a predominance of clade C in the Indo-Pacific including Japan, to 

which they maintain intimate mutualistic relationships (Muscatine & Porter, 1977). The 

clades are further classified into hundreds of 'types' based on sequence variation of the 

ribosomal internally transcribed spacer 2 (ITS2). Because of host specializations and varying 

geographic and depth distributions, these types are considered to represent evolutionarily 

significant units that approximate species (e.g. LaJeunesse et al., 2003; LaJeunesse, 2005) 

and formal species descriptions have been made based on ITS2 and the concordance with 

multiple other genetic markers (Lajeunesse et al., 2012; LaJeunesse et al., 2014; Parkinson & 

Coffroth, 2015). The community in a host individual usually consists of one dominant type 

and several minor background types (Mieog et al., 2007). Background types may influence 

the recovery after a bleaching event (Berkelmans & van Oppen, 2006) and there is increasing 

evidence that they play a significant role for the stability of a regularly structured community 

(Boulotte et al., 2016; but see Lee et al., 2016; Ziegler et al., 2018).  

 Generally, the physical environment is expected to have a strong influence on in 

hospite Symbiodiniaceae community assembly. For example, the dominant Symbiodiniaceae 

types within host species vary with latitude, seasons, and depths (reviewed in Baker, 2003). 

The host, as part of the endosymbiotic environment, may also have a significant influence on 

community composition. This is apparent from host-symbiont specifications, including 

between morphologically cryptic host lineages (Pinzon et al., 2013; Warner et al., 2015), as 

well as from the host health status or degree of bleaching, which directly mirrors the in 

hospite Symbiodiniaceae community (Rowan, 2004; Chen et al., 2005). Coral skeletal 

morphology was also shown to affect the Symbiodiniaceae community since photosynthetic 

activity varies between Symbiodiniaceae clades and subclades and is linked to calcification 

and growth rate (Little et al., 2004; Yost et al., 2013; Diaz-Almeyda et al., 2017). However, 

these observations have been made primarily on the dominant Symbiodiniaceae types in a 

community, and environmental variation or host impacts on the level of Symbiodiniaceae 
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ITS2 types are only beginning to emerge (Parkinson et al., 2016; Diaz-Almeyda et al., 2017). 

Community-level Symbiodiniaceae data have only recently become available at sufficient 

resolution, (e.g. Cunning et al., 2015; Gorospe et al., 2015; Boulotte et al., 2016; Ziegler et 

al., 2018) due to the decreasing cost of next-generation sequencing technology, and much 

remains unknown regarding their community assembly processes, such as the roles of 

environmental filtering versus biotic interactions.  

 While advances in next-generation sequencing have enabled characterizations of 

symbiont communities, new statistical methods facilitate both the evaluation of 

environmental effects on species distributions as well as residual correlations between 

species. In particular, joint species distribution modeling is an emerging paradigm that 

extends single species distribution models to include the potential biotic affects among 

species (Warton et al., 2015). Unlike other common approaches for community analysis that 

are based on co-occurrence patterns alone, such as network analysis, joint species distribution 

models are able to correct for co-occurrences caused by similar environmental preferences. 

These “latent” correlations reflect blocks of species that do or do not tend to occur together, 

which can reflect positive and negative interactions among species (Kissling et al., 2012). 

This approach of jointly modeling occurrence of multiple species complements other 

approaches that seek to explain community-level beta-diversity as a function of 

environmental or other factors, such as generalized dissimilarity modeling (GDM).    

 In this study, we used deep sequencing technology, joint distribution modeling 

(Warton et al., 2015), and generalized dissimilarity modeling to analyze the metacommunity 

ecology of endosymbiotic Symbiodiniaceae on the example of the coral Galaxea fascicularis 

L. across the Nansei Islands in southwestern, Japan (Fig. 1.1). ITS2 was chosen as a genetic 

marker as it is the most commonly used describer of Symbiodiniaceae diversity. Despite the 

problems related to the multicopy nature (Arif et al., 2014), it remains an essential marker to 

contextualize new studies with the large body of existing data (Cunning et al., 2017). 

Moreover, in-depth variability of ITS2 on the level of endosymbiotic communities is still 

little explored. By finely resolving the ITS2 variation between and within individuals using 

deep-sequencing and Minimum Entropy Decomposition (Eren et al., 2015) we also 

illuminate differentiation within what would cluster as a single ITS2 type using traditional 

OTU approaches.  
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Figure 2.1. Mercator projected map of sampling sites along the Nansei Islands. Annual mean sea 
surface temperature is indicated as background color (data retrieved from WOA13). The numbers 

refer to the location IDs in Table 1.1.  

 Galaxea fascicularis is a suited model system to investigate the Symbiodiniaceae 

metacommunity ecology, since it is a widely distributed generalist species acquiring 

symbionts from the settlement location (Baird et al., 2009) and occurs at all parts of the reef. 

There are several genetic lineages within this species with little morphological differentiation 

(Nakajima et al., 2016). Associations with ITS2-types C1, C1b, C2r, C21, C21a, C27, C3, 

C3d, C3u, C40, C161, D1, D2, D17 have been reported (GeoSymbio: Franklin et al., 2012; 

Zhou et al., 2012; Tong et al., 2017; Zhou et al., 2017) indicating a rather flexible 

relationship potentially varying according to the environment and host characteristics. We 

specifically evaluated the extent to which geographic location, temperature, depth, host 

lineage, polyp size, and bleaching status, predict the distributions of Symbiodiniaceae types 

and communities between colonies of Galaxea fascicularis. After accounting for those 

factors, we further evaluated the extent to which residual modules of ITS2-types display non-

random associations, a hallmark of discrete community assembly and a possible indication of 

communities structured by facilitating and competitive interactions.  

1.2. Methods 

1.2.1. Field sampling  

Sixty-seven coral colonies of the taxon Galaxea fascicularis L. were collected from six 

locations along a latitudinal gradient in the Nansei Islands (Fig. 1.1, Table 1.1). They were 

collected by SCUBA from the fore reef, except for in Okinawa, where samples were picked 
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in the inner reef during walks at low tide. Collections since 2015 from the locations Miyako, 

Iheya, Tanega, and Daito include photo documentation, precise depth and in situ temperature 

recording and were used for the main analysis in this paper. Earlier collections from Iriomote 

and Okinawa have no associated metadata but were included to explore geographic variation 

for Symbiodiniaceae community composition. Sixty-seven colonies in total were selected for 

Symbiodiniaceae ITS2 metabarcoding.  

 

Table 1.1. Sampling information and metadata. Specimens of the coral Galaxea fascicularis were 

collected from six different locations along the Nansei Islands, Japan. Locations marked with an 

asterisk were not used for joint distribution analysis due to missing host phenotype information. 

ID 1 2 3 4 5* 6* 

Location Miyako, 
Yoshino 

Iheya, 
northern tip Tanega  Minami and 

Kita Daito 
Okinawa, 
Zanpa 

Iriomote, 
Haemida 

Lat 24.74841 27.0927 30.82710 25.87795 26.43889 24.26833 

Lon 125.44599 128.01216 131.03535 131.21427 127.71111 123.82972 

Collection 
date 

Jul. 20 
2015 

Jul. 29 
2015 

Sept. 14 
2015 

Nov. 11 
2015 

Nov. 16 
2013 

Aug. 24 
2014 

Depth [m] 6.7–19.8 9.3–12.6 6.7–11.4 14.8–23.9 ~1 –2 ~ 3 – 5 

No. of 
samples 10 17 10 10 10 10 

SST annual 
mean 25.9 24.6 22.9 25.6 25.6 26.1 

SST mean 
col. month 29.4 27 28 25.9 26.3 28.4 

in situ 
temp. 28 28 27 26 - - 

Host 
Genotype L, S L, S, L+ L, S L, S L, S L, S 

Colony 
photo yes yes yes yes no no 

 

1.2.3. DNA sequencing and processing 

Samples were deep-sequenced in the Symbiodiniaceae ITS2-region using the Illumina MiSeq 

platform. The primers IlluminaAmplicon-ITS-Dino-forward 5'-TCGTCGGCAGCG-

TCAGATGTGTAT-AAGAGACAG-GTGAATTGCAGAACTCCGTG-3' and 

IlluminaAmplicon-its2rev2-reverse 5'-GTCTCGTGGGCT-CGGAGATGTGTA-

TAAGAGACAG-CCTCCGCTTACT-TATATGCTT-3' (modified from Pochon et al. 2001) 

were used for amplification of the Symbiodiniaceae ITS2 region. 300x300 bp paired-end 



 

 

 

19 

sequencing was conducted by the Okinawa Institute of Science and Technology sequencing 

center on the Illumina MiSeq sequencing platform with v3 chemistry. The samples were 

sequenced in two sets, the first containing samples from Iriomote and Okinawa, and the 

second containing all other samples. The raw reads were quality filtered and trimmed with 

Trimmomatic software (Bolger et al. 2014) to have a minimal length of 80 bases, a minimal 

phred33 >15 over 4 subsequent bases and were then merged with their pairs using 

USEARCH (Edgar, 2013). A total of 10.9 M reads were gained, and after quality filtering 

and merging, 4.2 M sequences remained (average 56 k per sample). The samples from the 

first library were randomly subsampled to contain a comparable number of paired sequences 

as the samples from the second library (100 000 paired sequences per sample). Raw reads 

were submitted to the NCBI Sequence Read Archive (BioSample IDs SRR7528926 - 93). 
1.2.4. Environment and host characteristics 

Factors related to temperature and light intensity were chosen to characterize the 

environment, since these are well known to affect Symbiodiniaceae distribution (Baker, 

2003). For each coral sample since 2015 (Table 1.1) precise water depth was recorded with a 

dive computer. Measured depths were corrected for tidal levels by subtracting the present 

tidal level from the dive computer reading. In situ temperature was measured and sea surface 

temperature (SST) was retrieved from the World Ocean Atlas 13 (Locarnini et al., 2013) at 

the site-level. Annual mean SST was calculated from monthly values based upon the most 

recent available data (2005-2012, Fig. 1.1).  

 Genetic lineages of hosts were assessed based on mitochondrial data. There are at 

least three morphologically cryptic lineages ("L", "S", and  "L+") within Galaxea fascicularis 

in the Nansei Islands, that differ in the length of a mitochondrial non-coding region 

(Watanabe et al., 2005; Nakajima et al., 2015; Nakajima et al., 2016). Lineage identity was 

determined by fragment length analysis of this mitochondrial region following Nakajima et 

al. (2015). The host phenotype was characterized for samples with available photographs. 

Since the presence of Symbiodiniaceae reflects colony health, the degree of bleaching was 

recorded as 'healthy' if colonies showed no sign of bleaching, 'partially bleached' if individual 

polyps or colony margins were bleached, and 'bleached' if most of the colony was white, 

using a color card (Appendix 1: Fig. S1.1). Fluorescent green pigments produced by the host 

itself and the naturally lighter pigmentation in some colonies were disregarded in this 

assessment. To test a potential effect on skeleton growth, maximal polyp diameter was 
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measured for three to five centrally located polyps and averaged per colony using Fiji 

software (Schindelin et al., 2012).  

1.2.5. OTU delimitation and identification 

 A challenge for any microbial study is the delimitation of biologically meaningful 

operational taxonomic units (OTUs). Most commonly, sequences are grouped using heuristic 

clustering techniques according to predetermined percent identity radii; however, these 

clustering approaches are sometimes unable to detect low abundance diversity and the a 

priori setting of an identity radius can be arbitrary (Callahan et al., 2017). For 

Symbiodiniaceae ITS2, a conservative identity threshold of 97% is often chosen so as to 

avoid splitting intragenomic variants (Arif et al., 2014). Since this threshold may also lump 

ecologically distinct types (Sampayo et al., 2007; LaJeunesse & Thornhill, 2011), higher 

percentage radii of 98–100% have also been applied (Kenkel & Bay, 2016; Smith et al., 

2017). We decided to use the Minimum Entropy Decomposition (MED) pipeline, as this 

approach requires no a priori similarity threshold and distinguishes OTUs based upon the 

highest resolution, applying the principle of entropy minimization (Eren et al., 2015). This 

method is increasingly used in microbial studies, including those for Symbiodiniaceae (Smith 

et al., 2017). We ran the MED pipeline with default parameters, setting the maximum 

number of informative positions for decomposing a node (OTU) to c=4, the threshold for 

defining zero entropy to m=0.0965 at any given nucleotide position, and the minimum 

substantive abundance of an OTU to M= N/10,000, N being the total number of reads. The 

pipeline removed 0.34 Million outlier sequences and determined that 99.11% (max. 3 

nucleotide differences) was the optimal identity threshold to decompose the remaining 

N=3.86 Million sequences to OTUs constituting at least 843 sequences. 

 The resulting OTUs were checked for identity by searching the representative 

sequences against a Symbiodiniaceae ITS2-type database provided by Cunning et al. (2015) 

using nucleotide Blast. The same percentage sequence identity used for their delimitation by 

the MED was used (99.11%). One hundred eighty-two OTUs were mapped to a single best 

sequence in the database. Fourteen resulted in multiple best matches with equal e-values, for 

which the most abundant ITS2-type was assigned. The remaining 16 OTUs mapped to < 

99.11% identity (96.2 – 98.9%, Table S1.1). All OTUs were referred to according the naming 

in (Cunning et al., 2015) throughout the paper and respective accession numbers of the 

reference sequences are given in Table S1.1 of Appendix 1.  
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 The taxonomic level of OTUs remains arbitrary and OTUs could be variants within 

the same genome, variants of the same species, or species with independent evolutionary 

histories. We decided to exploit the maximal resolution of our data using the MED pipeline 

and to interpret our results accordingly, but we also ran the analysis based on a heuristic 

clustering approach using a within-sample 97% clustering threshold, in order to evaluate our 

results. Filtered and merged ITS2-sequences were demultiplexed and cleaned for singletons 

and clustered with the USEARCH pipeline applying a 97% identity cut-off within each 

sample (Cunning et al., 2017). OTUs were identified by blasting the representative sequence 

to the Symbiodiniaceae ITS2-database provided by Cunning et al. (2015). OTUs that were 

identified not to be Symbiodiniaceae or mapped to less than 97% identity to an existing 

reference sequence were removed. The OTU table was built by hand by listing the 

abundances of the same ITS2-type in columns for each sample in rows. The table was then 

filtered for outliers to contain only OTUs that were represented to a fraction of at least 

0.001% of the total count over all samples. 

1.2.6. Community analysis 

The raw community matrix (OTUs × coral samples) was visualized as a heatmap using 

pheatmap package (Kolde, 2015) after standardization and log10-transforming non-zero 

counts of the matrix (Fig. 1.2). The matrix was then rarefied to represent relative abundances 

within samples. Two-dimensional non-metric multidimensional scaling was preformed based 

on Bray-Curtis community dissimilarities in the vegan package (Oksanen et al., 2012) and 

boxplots were drawn to depict the most influential predictors (Fig. 1.3).  

 Overall community turnover was analyzed by fitting a generalized dissimilarity model 

(GDM) to Bray-Curtis community distances using the GDM package (Ferrier et al., 2007). 

GDMs are extensions of regression based on distance matrices, but they allow for non-linear 

relationships between response and predictor variables (Ferrier et al., 2007). Dissimilarity 

modeling was performed two times, once on the full sample set including the predictor 

variables mean SST, water depth, location, host lineage, and once on the subset of 47 samples 

that additionally included the predictors in situ temperature, host polyp size, and bleaching 

status. Sequencing depth (total count of raw fastq sequences per sample) was also included to 

control for a potential effect of sampling effort. The nominal factors 'host lineage' and 

'location' were transformed to 0-1-coded Dummy variables. Significance and relative 
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importance of the variables were tested with 100 permutations (Table 1.2, Appendix 1: Fig. 

S1.2).  

 Distribution and co-occurrence patterns between individual Symbiodiniaceae OTUs 

were analyzed with a joint distribution model. Only the 47 samples having all metadata were 

used (Table 1.1) and OTUs that were not present in those were removed. A generalized linear 

latent variable model was applied to model residual variation not explained by the covariates 

and which may be interpreted as the influence of biotic interactions (Warton et al., 2015). 

The latent variables are predictors introduced by the latent variable model based on 

correlations in abundance between taxa. Correlations in the latent variables imply shared 

character states of unmeasured predictors in the environment. As is common in ecological 

community data, the species abundances are not normally distributed but are over-dispersed 

with a high percentage of zero counts. In order to select the most appropriate modeling 

approach for the data, we first fitted two-dimensional, pure latent variable models assuming 

either a Poisson, a negative-binomial, or a zero-inflated Poisson distribution and compared 

their Akaike Information Criteria (AIC) following Niku et al. (2017). A negative binomial 

distribution resulted in the smallest AIC (75 713 vs. 1 476 784 for Poisson or 1 072 877 for 

zero-inflated Poisson) and was therefore chosen for subsequent analysis in the package 

'Boral' (Hui, 2016). Boral fits models to distributions of individual OTUs using Bayesian 

Markov Chain Monte Carlo (MCMC) estimations. A pure latent variable model was first run 

again to verify the suitability of the chosen modeling approach by residual analysis (Fig. 

S1.3). Then the full model was run with the same covariates as for the GDM but replacing 

geographic distance with the PCA-transformed variable 'location' and adding two latent 

variables. Default priors for MCMC parameter estimations were used and parameter 

coefficients were visualized as trace plots (Fig. S1.4). Relative influence of covariates and 

latent variables were inferred by variation partitioning and illustrated using bar plots (Fig. 

1.4a). Correlations between OTUs due to shared environmental responses and due to latent 

variables were inferred with a 95% probability cut-off (Figs. 1.4b, c). The same analysis was 

run for the community matrix resulting from OTUs delimited by 97% sequence identity (Fig. 

1.5). All analyses were done in R version 3.4.0 (R Core Team, 2015). 

1.3. Results 
 The MED pipeline distinguished 235 OTUs that mapped to 24 different 

Symbiodiniaceae ITS2-types (Fig. 1.2). The majority of OTUs (148) and 63% of all 
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sequences (total N=3.86 M) belonged either to C1, D1 or C21a (Fig. 1.2, Appendix 1: Table 

S1.1). The numerous C1-related types are mostly present at background levels and are a mix 

of well-known and rare types: C1b, C1c, C1h, and C1p have wide geographic distributions 

and are dominant in other coral taxa (Franklin et al., 2012), while C1005, C1013, C1060, and 

C1085 have only been reported once in Japan (GenBank). Some types are both rare and 

previously unknown from Japan, such as C1148 from Western Australia, C1234 from the 

South China Sea, and C1002 from the Caribbean (Garren et al., 2006), and some were found 

only as intragenomic variants of C1 (C1226, C1228, C1230) (Thornhill et al., 2007).  
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Figure 1.2. Heatmap illustrating abundances and co-occurrences of Symbiodiniaceae ITS2 types 

(columns) across Galaxea fascicularis colonies (rows). Symbiodiniaceae clustered into discrete 

communities that are characterized by the dominance of ITS2-types C1, D1, or C21a. Each 

community type associated with a different collection of background ITS2 types. 235 OTUs were 

defined by Minimum Entropy Decomposition across 67 coral samples. OTUs and communities were 

hierarchically clustered based on correlation and Bray-Curtis distance, respectively. OTU color 

indicates the closest matching ITS2-type (>99.11% ID, GenBank accession numbers in Appendix 1, 
Table S1.1, and communities are colored according to their source locations, annual mean SST, and 

depth. Uncolored OTUs represent previously unknown ITS2-types (Appendix 1: Table S1.1). Raw 

abundances were standardized across rows and log10-transformed for visualization of rare OTUs. 
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 Symbiodiniaceae communities consistently clustered into three main community 

types, each characterized by the dominance of ITS2-types C1, C21a, or D1, except for three 

samples that were mostly inhabited by C3 or C27 (Figs. 1.2–3). The community types each 

associated with a different group of background ITS2-types and occurred at different 

frequencies among locations (Figs. 1.2–3). For example, C1-dominated communities were 

the most common community type in Tanega but were absent in Miyako, Iriomote and Daito, 

and D1-dominated communities were the most common in Daito and Iriomote, while being 

absent in Tanega. Within each community type there is some location-dependent variation, 

for example C1-OTUs varied between Iheya, Tanega, and Okinawa, and D1-OTUs varied 

between Daito, Iriomote, and Okinawa. D1-dominated communities were found both at the 

most shallow and deepest sampling sites (Fig. 1.3b). Host characteristics also co-varied with 

community type, in that larger polyps and less bleaching were associated with C1-dominated 

communities (Fig. 1.3a).  Polyp diameters at least 2 mm larger on average were associated 

with C1-dominated communities (Fig. 1.3b). 
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Figure 1.3. Variation between Symbiodiniaceae communities hosted by G. fascicularis. The NMDS 

(a, k=2, Stress1=0.087) is based on Bray-Curtis dissimilarity. The main community types vary across 

locations, in bleaching status and polyp size. C1-dominated communities are associated with the 

largest host polyps (b), and D1-dominated communities have the widest depth distribution (c). To 

depict polyp size (b), only 47 communities with available size information (Table 1.1) were used.  

 

 Accordingly, the generalized dissimilarity model over the first analysis identified 

polyp size as the most influential significant factor, followed by water depth, host lineage and 

sequencing depth, and further determined a minor effect of bleaching status on community 

turnover (Table 1.2, total explained deviance = 28.72%). The second analysis involving all 

specimens but only a part of the predictors identified host lineage as most important (total 

deviance explained = 11.61%). Temperature variables in both analyses were not significant 

and running the model with other SST parameters (annual minima, maxima, means of 

collection months, annual variation), did not change this result (results not shown).   



 

 

 

27 

Table 1.2. Relative importance and significance of environmental variables for Symbiodiniaceae 

community composition from generalized dissimilarity modeling. Once done for 47 samples with all 

metadata and once for all 67 samples with lacking host characteristics and in situ temperature. 

Predictors 

47 
samples  

p 

67 
samples 

 

Relative 
importance 

Relative 
importance 

p 

Bleaching status 0.89 0.00 NA  

Polyp size 12.2 0.00 NA  

Temp. in situ 1.69 0.30 NA  

SST mean 24.5 0.12 71.71 0.07 

Depth 8.45 0.00 5.89 0.62 

Sequ. depth 1.28 0.00 1.98 0.52 

Host lineage (PC1+2) 6.76 0.00 18.59 0.00 

Location (PC1 + PC2) 0.71 0.00 (dropped by GDM) 

Total deviance 
explained 28.72%  11.61%  

Model deviance 461.58 0.00 1172.65 0.03 

 

 The joint distribution model on MED-defined or 97% clustered OTUs revealed that 

the latent variables had a larger influence on the occurrence of an OTU (on average, 41% or 

47%, respectively) than the predictors of the model (0%–14%,) (Fig. 1.4, 1.5; parameter 

coefficients in Fig. S1.4). The model predictors had similar influences on OTUs of the same 

ITS2-type, except for within types C3 and C21/3d/3k (Fig. 1.4a). The OTUs cluster into three 

arbitrary groups due to environmental and host similarity, one consisting of C3-strains, a 

second of C1-related types, and a third of C21-related types, C3 and clade D (Fig. 1.4b), but 

to three strongly correlated clusters due to residual variation characterized by types C1, C21a 

or D1 (Fig. 1.4c). The residual clusters show strong negative correlations with each other but 

less so between C21a and D1. The clusters aggregate similar genotypes, i.e. C1 with C1-

related types, D1 with D1a and D2, and C21a with C21/3d/3k. The relative importance of the 

covariates and most of the co-occurrence patterns were largely consistent when using OTUs 

defined using a 97% identity cut-off (Fig. 1.5). 
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Figure 1.4. Joint distribution modeling of Symbiodiniaceae OTUs defined my Minimum Entropy 

Decomposition. The latent variables explain more of the OTUs occurrences in average than 

environmental and host covariates (a). While OTUs cluster arbitrarily due to the covariates of the 

model (b), three distinct clusters are formed due to the latent variables (c). OTUs are sorted by 

hierarchical clustering in the correlation matrices and are color-annotated by their ITS2-type 

assignments. Uncolored OTUs represent previously unknown ITS2-types (Appendix 1: Table S1.1).  
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Figure 1.5. Joint distribution analysis of Symbiodiniaceae OTUs clustered to 97% identity using Boral. 

Variation partitioning (a) and co-occurrence patterns due to the predictors of the model (b) and due to 

latent variables (c). The clustering analysis resulted in 14 OTUs across all samples. The latent 

variables had the largest influence on the distribution of the OTUs, similar to in the main analysis, and 
co-occurrence between OTUs due to environmental and host factors was less pronounced than due 

to the latent variables (b, c). Strong negative interactions between C1 and D1 and C21a, and neutral 

relationships of C3 to almost all other types could be confirmed. 

1.4. Discussion 
Our results illuminate structure and assembly of endosymbiotic Symbiodiniaceae on the 

example of the coral Galaxea fascicularis. Most ITS2-types previously reported for Galaxea 

were confirmed, except for C3u from the Indian Ocean (Franklin et al., 2012) and C2r, D17, 

and C161 from Hainan Island (Zhou et al., 2017) (Fig. 1.1). We tested for the effects of 

environmental variation and host characteristics on community composition, using 

0.00

0.25

0.50

0.75

1.00
C1

C1
00

8_
Za

np
a

C1
23

0_
99

.6
35 C1
5

C1
f_

99
.2

8

C2
1.

3d
.C

3k
_1

C2
1.

3d
.C

3k
_2

C2
1.

3d
.C

3k
_3

C2
1a

C2
2_

96

C2
7.

C3
0 C3

C3
b_

98
.9

C9
0_

98
.9

36 C9
1 D1 D2

Va
ria

nc
e

b) Co-occurrence due to covariates c) Co-occurrence due to latent variables

a) Variance partitioning per OTU (97% identitiy radius) Covariates
% variation 
explained  

Polyp size 
11%
Depth 9%

T situ 0.08%
SSTmean 
0.07%
Sequ. depth 
2%
Host lineage
12%
Location 11%

LV 47%

Bleaching 
status 9% 

−1 −0.8−0.6−0.4−0.2 0 0.2 0.4 0.6 0.8 1

C90
_9

8.9
36

C27
.C30

D2
C1

C3
C3b

_9
8.9

C22
_9

6

C21
a

C21
.3d

.C3k
_3

C21
.3d

.C3k
_2

C15

C10
08

_Z
an

pa

C12
30

_9
9.6

35

C21
.3d

.C3k
_1

C91

D1

C27.C30
D2
C1
C3

C3b_98.9
C22_96

C21a
C21.3d.C3k_3
C21.3d.C3k_2

C15
C1008_Zanpa
C1230_99.635
C21.3d.C3k_1

C91
D1

C1f_99.28

−1 −0.8−0.6−0.4−0.2 0 0.2 0.4 0.6 0.8 1

D2
C1

C21
.3d

.C3k
_1

C21
.3d

.C3k
_3

C10
08

_Z
an

pa

C12
30

_9
9.6

35

C90
_9

8.9
36

C22
_9

6

D1
C15

C3
C1f_

99
.28

C3b
_9

8.9

C21
.3d

.C3k
r2

C27
.C30

C21
a

C1
C21.3d.C3k_1
C21.3d.C3k_3

C1008_Zanpa
C1230_99.635

C90_98.936
C22_96

D1
C15
C3

C1f_99.28
C3b_98.9

C21.3d.C3k_2
C27.C30

C21a
C91



 

 

30 

generalized dissimilarity modeling to detect influences on community turnover. Further we 

used latent variable modeling to infer residual correlations among sets of OTUs (or variants), 

a possible signature of biotic interactions. Overall, we found detectable effects of the 

environment and host characteristics, but that these were rather modest compared to the latent 

variables (Fig. 1.4a, Fig. 1.5). This latent structure indicated three main community types 

hosted by the coral Galaxea fascicularis, characterized by the dominance of the ITS2-types 

C1, C21a, or D1, each of which was associated with a different group of background types 

that varied among locations (Fig. 1.2). We discuss each of these factors in turn. 

1.4.1. Environmental influence  

The most important environmental factor for both community turnover (Table 1.2) and 

distribution of individual OTUs (Fig. 1.4a) was water depth, known to cause zonation of 

Symbiodiniaceae types in many corals, particularly in broadcast spawning species (Bongaerts 

et al., 2015). On the community level, we found D1-dominated communities to have the 

widest depth range, while C1- and C21a-dominated communities may be more common in 

intermediate to shallow depths (Fig. 3c). Accordingly, we find the occurrence of D1-OTUs to 

be less influenced by depth than the other ITS-types (Figs. 1.4a, Fig. 1.5). This was consistent 

with the previously described higher tolerance of clade D Symbiodiniaceae to deeper depths 

and to margins of the ideal coral habitat range in general (Toller et al., 2001; Baker, 2003). 

There are several environmental factors that were not measured here but are correlated to 

water depth that may physiologically explain the found pattern in this study. Light levels, for 

example, decrease rapidly with depth and are known to relate to differential growth optima 

between Symbiodiniaceae types (Klueter et al., 2017). Likewise, temperature and nutrient 

concentrations may also change with depth (Parsons et al., 2013). Clade D is known to 

tolerate higher nutrient and temperature ranges than other clades (Cooper et al., 2011), which 

could explain the higher abundance of type D at deeper, as well as shallower habitats of the 

reef (Baker, 2003). However, the found effect of depth could be influenced by the sampling 

design, as the sampling locations varied considerably in their depth ranges (Table 1.1). The 

coral reefs around the volcanic Daito Islands are generally deeper than in the other sites and 

may have influenced this result disproportionately in the generalized dissimilarity model 

(Table 1.2).   

 The main Symbiodiniaceae community types varied in frequency among locations 

and there was clear location-dependent variation within these main types that would not have 

been detected by a coarser OTU clustering approach, since locations sometimes differ in only 
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very similar OTUs of the same ITS2-type (Fig. 1.2). This indicates that Symbiodiniaceae 

may not vary according to locations on the scale of whole communities, and only on finer 

resolution may there be a spatially driven differentiation within ITS2-types, as for example in 

type C3, where some variants almost exclusively occurred in certain samples from Miyako, 

in which they were also dominant (Fig. 1.2). Accordingly, the factor location had a relatively 

constant influence on the occurrence of all OTUs (Fig. 1.4a) and had a minor influence on 

overall community turnover in the first GDM. Spatial differentiation in Symbiodiniaceae has 

been shown in population genetic investigations with microsatellite markers (Howells et al., 

2013; Baums et al., 2014). The MED approach for decomposing ITS2-types could perhaps be 

used as an alternative to infer highly resolved differentiation patterns in Symbiodiniaceae. On 

a larger scale, however, it is evident that geographic location has an influence on Galaxeas's 

Symbiodiniaceae composition, as entirely different ITS2-types (D17 and C2r) were found for 

example in Hainan (Zhou et al., 2017).  

 The insignificance of temperature, both WOA-SST and in situ was unexpected, since 

temperature has long been established as one of the most influential factors for the 

distribution of Symbiodiniaceae taxa (Baker, 2003). This was found in numerous 

biogeographic field studies on the clade level regarding clade C versus clade D, as well as on 

the subclade level (Noda et al., 2017) and in numerous laboratory experiments (Rowan, 

2004; Sampayo et al., 2008), and including in our study taxon (Chen et al., 2005; Tong et al., 

2017; Zhou et al., 2017). In contrast, we found clade D-dominated communities at almost 

every site, and therefore seemingly unlinked to mean temperatures of the sampling site. This 

indicates that fine-scale differences in heat distribution within the reef could be responsible 

for Symbiodiniaceae composition rather than latitudinal temperature gradients or average 

temperatures measured at a sampling site. Microhabitat differences related to temperature, 

water movement (Monismith, 2007), substrate (Cunning et al., 2015) or syntopic fauna 

(Mihaljevic, 2012) influence the distribution of free-living Symbiodiniaceae and in hospite 

and should be monitored carefully in future studies. Another explanation may be that on-site 

temperature measurements at the time of collection are not representative for the temperature 

regimes that have caused the presented community patterns. In-situ temperature not only as a 

snapshot in time during collection but time histories may have revealed a better prediction for 

the distribution of Symbiodiniaceae types. Nevertheless, temperature may not be as 

influential for Symbiodiniaceae community composition in Galaxea as in other corals. 

Galaxea was shown to be relatively resistant to elevated temperatures (Marshall & Baird, 
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2000) and a recent study has found no seasonal variation in Galaxea-hosted Symbiodiniaceae 

communities in Hong Kong, where SST changes from 14ºC to 31ºC between winter and 

summer (Cai et al., 2018). The relationship between temperature and Symbiodiniaceae 

composition may not be trivial in Galaxea and more detailed field measurements 

characterizing microhabitat variation are needed in order to understand this relationship under 

natural conditions.   

1.4.2. Relation to host characteristics 

 Host characteristics had in average a larger influence on Symbiodiniaceae community 

turnover (Table 1.2) and the distributions of individual types (Fig. 1.4a, 1.5a) than the 

environment. C1-dominated communities were associated with the largest polyp sizes, 

healthiest colonies, and lineage 'L' of Galaxea fascicularis. C1 has been linked to faster 

skeletal growth (Jones & Berkelmans, 2010), higher efficiency in carbon (Little et al., 2004) 

and nitrogen transfer rates to the host than clade D under normal temperature conditions 

(Baker et al., 2013). In our study, these differences also existed within clades, i.e. between 

C1 and C21a. In return for less efficiency, C21a and D1 could have higher thermotolerance 

levels (Swain et al., 2017) enabling them to associate with Galaxea colonies under higher 

bleaching levels (Fig. 1.2). Not much is known about how skeletal growth rate could affect 

polyp size in colonies directly, but an early study in Acropora branches identified by far the 

highest calcification rates in the terminal enlarged polyps of a branch (Goreau & Goreau, 

1959). However, larger polyps correlated negatively with growth rate in the solitary coral 

Balanophyllia (Goffredo et al., 2008). Computer tomographic analyses of the skeleton are 

needed to determine growth rate in Galaxea fascicularis.  

 Host lineage had a large influence on community turnover, particularly if not 

corrected for polyp size in the second analysis involving all specimens (Table 1.2), implying 

that generalist species may not be as 'general' in their symbiotic associations. Across our 

study sites, most C21a-dominated communities associated with lineages 'S' and 'L+', and C1 

or D1-dominated communities were more associated with lineage 'L' (Fig. 1.3a). Differences 

in Symbiodiniaceae composition between cryptic species have been shown in other corals 

(Prada et al., 2014; Warner et al., 2015), emphasizing the importance of correct species 

delimitations in both symbiotic partners (Parkinson & Baums, 2014). Despite some 

indications for functional differentiation between the host lineages (Watanabe et al., 2005), 

this matter is still unresolved and yet undetected variation in functional traits in the host may 

be related to differential symbiont or host selection. However, in this study we also observe 
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larger polyp sizes and healthier colonies to be associated with C1-dominated communities 

and correlating with host lineage 'L' (Fig. 1.3a). The causal relationships between host 

lineage, polyp size, colony health and Symbiodiniaceae composition remain to be resolved in 

future studies.  

 Our findings are based on the assumption that there is little variation in community 

composition within the host colony. Within colony-variation has been found in other coral 

species (van Oppen et al., 2001b; Stat et al., 2011) and could potentially confound our results 

regarding the role of explanatory predictors for Symbiodiniaceae community composition. 

However, although within colony-variation here was not tested in particular, there is evidence 

that the distribution of Symbiodiniaceae types in Galaxea could be rather uniform. The 

Galaxea fascicularis colonies sampled are usually planar with little chance for self-shading 

and therefore usually experience similar light levels across the colony. Further, two clonal 

colonies (PW112 and PW117) probably emerged by fragmentation (determined by RAD-

seq), also hosted the same Symbiodiniaceae community, suggesting that once established, 

communities keep constant. The relatively high influence of total abundance on the 

distribution of OTUs indicate sensitivity to sequencing depth for the detection of rare OTUs. 

It was particularly important for some OTUs of C3 that occurred at background levels in 

strong correlation with C21a but also with C1 and C1060. 

1.4.3. Co-occurrence between Symbiodiniaceae types 

The communities studied assemble into three regular groups (Fig. 1.2), consistent with 

regularity of Symbiodiniaceae communities documented across a phylogenetically diverse set 

of coral hosts (Ziegler et al., 2018). We find this to be true also on the colony-level within the 

same host species, and that this structure is only partly related to underlying variation in the 

environment or the host (Table 1.2, Figs. 1.4b, 1.5b). Instead, in both OTU clustering 

approaches community composition was most strongly determined by the latent variables 

(Figs. 1.4c, 1.5c), implying that other undetected predictors may be responsible for the co-

occurrences of Symbiodiniaceae taxa. The undetected predictors could relate to microhabitat 

differences as mentioned above, other host characteristics such as differences in the life 

history, or possibly to metabolic or behavioral interactions between Symbiodiniaceae taxa 

them self, depending on the taxonomic level of the OTUs considered.  

 On the level of ITS2-types, which are traditionally regarded as species (LaJeunesse et 

al., 2003; LaJeunesse, 2005; LaJeunesse et al., 2014; Parkinson & Coffroth, 2015), co-
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variation perhaps relates to synergistic or antagonistic species interactions. For example, the 

dominant ITS2-types C1, C21a and D1 tend to exclude each other in an endosymbiotic 

community even after controlling for environmental factors like temperature (Fig. 1.4c), that 

are known to influence the competitive success between for example C1 and D1 (Baker et al., 

2013). However, C21a may be less exclusive and co-exist with a more diverse set of ITS2-

types, as indicated by the neutral correlations to clade D types and some of the C1-related 

types, and a positive correlation to C3 (Fig. 1.4c). Similarly, a recent study by Zhou et al. 

(2017) found C21a to occur with more different types to higher percentages than the other 

dominant lineages, suggesting that C21a may be generally more permissive for a more 

diverse community. The higher association of C21a-dominated communities with partially or 

fully bleached corals in this study (Fig. 1.3a) may further indicate that a more diverse 

community is able to accommodate stressful conditions better, as observed in other systems 

(Ives & Carpenter, 2007) and recently demonstrated numerically for Symbiodiniaceae 

(Ziegler et al., 2018). A similar conclusion may be made for the two C3-dominated 

communities in our study (Fig. 1.2, 1.3a), however these were much less common and may 

therefore not represent a stable community state. To test a potentially higher tolerance of C21 

and C3-dominated communities during stress, future research may conduct controlled 

bleaching experiments with Galaxea colonies hosting predominantly C21a vs. D1 or C1 or 

C3. Generally, more frequent co-occurrence was found between phylogenetically more 

similar ITS2-types, for example C21a with C21/3d/3k, D1 with D1a and D2, and C1 with 

other C1-related types, which may indicate a form of positive kin discrimination (Hamilton, 

1964). Recognition of relatives is thought to be important in microbes, as many metabolic 

processes occur extracellularly and could benefit from co-occurrence of the same or similar 

species (Strassmann et al., 2011). Little is known about co-occurrence patterns in 

Symbiodiniaceae to evaluate such a scenario and experimental manipulations of laboratory 

cultures are needed to advance this field. Statistical studies like the present could be 

improved by integrating functional species traits that interact with the physical environment 

evaluate the probable effects of such potential interactions more holistically (McGill et al., 

2006).  

 On the level of the numerous genetically very closely related OTUs the strong latent 

correlations may be the result of being intragenomic variants within the same genome. This 

could particularly be the case for OTUs of the same ITS2-type, as within C1, C21a, and D1. 

However, some OTUs of differing ITS2-types also correlate almost perfectly with one 
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another, for example C3 and C21a. C21 (and C21a) are derived states from the ancestral 

sequence C3 (Correa & Baker, 2009) and are known to occur in the same ribosomal repeat 

array (LaJeunesse et al., 2004), which could explain the strong correlation between the two in 

our study. On the other hand, OTUs of the same ITS2 type have varying distributions across 

the communities, such as in C1 and C3 (Figs. 1.2, 1.4c). This and the finding that variants 

within certain ITS2-types vary in their ecological characterization underscores the challenges 

involved in using ITS2 as a descriptor of Symbiodiniaceae diversity, sometimes over-

splitting intragenomic variants and sometimes over-aggregating ecologically distinct taxa 

(LaJeunesse & Thornhill, 2011; Reimer et al., 2017). The necessity of an additional genetic 

marker such as the psbA region (as in LaJeunesse & Thornhill, 2011; Smith et al., 2017) 

seems inevitable for clearly distinguishing intragenomic variation from actual species 

diversity.  

 Another approach to distinguish clusters of intragenomic variants from interspecific 

co-occurrences could be to use latent correlations such as inferred from joint species 

distribution models, similar to the metahaplotype approach presented by Smith (Smith et al., 

2017) who used clusters of co-associating ITS2 sequences to detect evolutionary significant 

units. Using the latent variables perfect correlation corrected for the environment (including 

host environment) could distinguish intragenomic variants from independent entities even 

between highly similar OTUs, as the obligatory co-existence in the same genome should 

result in perfect correlations, while weaker or inconsistent correlations between such clusters 

could indicate interspecific co-occurrence in a community. For example, there are two 

separate subclusters within the group of C1 and C1-related ITS2-types, one mainly consisting 

of C1, and another consisting of C1 and others like C1060 (Fig. 1.4c). These two subclusters 

may represent two distinct Symbiodiniaceae taxa that would have been classified as the same 

C1 type using a lower identity threshold. Several such differential correlation patterns 

between smaller latent clusters can be distinguished in this plot, which may each represent a 

different Symbiodiniaceae species. Correlational approaches, together with additional genetic 

markers, may be a promising strategy for understanding the nature of Symbiodiniaceae ITS2 

diversity and for distinguishing biologically meaningful Symbiodiniaceae entities on lower 

taxonomic levels in the future.  

 Regardless of the difficulties for the correct delimitation of lower level taxa, we 

believe that co-occurrence patterns at least between ITS2-types that differ more than the 

maximally conservative 97% identity threshold (Arif et al., 2014), and are consistent with our 
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analysis with OTUs clustered at this threshold (Fig. 1.5), could be the result of interspecific 

biotic interactions. This includes the co-occurrence patterns between C1, C21a, C3, and D1.  
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Chapter 2: Genetic divergence and connectivity patterns of a 
highly isolated coral population in the Ogasawara Islands 

2.1. Introduction 
Spatial barriers or isolation are thought to be the main cause of diversification and speciation 

in the evolutionary history on our planet (Coyne & Orr, 2004). Oceanic islands have 

markedly influenced our understanding of evolution (Darwin, 1859) as they represent 

naturally isolated systems to observe ongoing biodiversity processes related to geographic 

isolation (Kadmon & Pulliam, 1993). While the majority of island biogeography studies have 

focused on terrestrial systems, fewer studies exist for the marine world. Differentiation and 

speciation in the sea is generally known to be slower due to high dispersal capabilities in a 

pelagic larval stage, and effects of geographic isolation may be much less pronounced than 

on land (Palumbi, 1994). The oceanic Ogasawara Islands in southern Japan are an interesting 

example to study marine geographic divergence, as they are highly isolated and lack strong 

ocean currents that directly connect them to larger biomes in similar climates. Because of 

their high level of terrestrial endemism, they are referred to as the 'Galapagos of the Orient' 

and became a UNESCO World Heritage Site in 2011 (Kyodo, 2011). However, the marine 

diversity is relatively underexplored, and it is not clear if the marine ecosystems are as 

differentiated from surrounding regions. In this study, we analyzed genetic differentiation in 

a marine pelagic disperser on the Ogasawara Islands to surrounding potential source 

populations in Japan and the Mariana Islands using the coral species Galaxea fascicularis L.  

 The Ogasawara Islands, also known as the Bonin Islands, are an ancient volcanic 

island arch that first emerged approximately 40 Ma (Neall & Trewick, 2008). The sea surface 

temperatures and nutrient levels are equivalent to other subtropical regions, including the 

Ryukyu and the Daito islands, with sea surface temperatures (SST) ranging from 19 to 28 ºC 

(Inaba, 2004a). The oldest fossil coral atolls found on Ogasawara indicate that there has been 

marine life since 25 Ma (Yoshiwara, 1902). This distinguishes them from the much younger 

Daito and Ryukyu Islands in southwestern Japan, where the oldest fossils were dated to only 

5 Ma and 3.5 Ma, respectively (PBDB, 2018). Due to their high isolation, fragmentation, and 

diverse habitat range, the Ogasawara Islands have facilitated adaptive radiations in many 

terrestrial organisms (Ito, 1998; Chiba, 1999). The terrestrial flora and fauna are suspected to 

largely originate from South East Asia, but Micronesian and Japanese mainland sources are 

also known (Ito, 1998). The marine fauna is relatively underrepresented in the literature and 
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primarily consists of taxonomic reports in fish, zoanthids, dinoflagellate algae, and 

gastropods (Shimada, 2002; Nakano et al., 2008; Reimer et al., 2010; Shih et al., 2013; 

Reimer et al., 2014). Coral communities are known to be less diverse and different than the 

climatically similar Ryukyu Islands located approximately 1200 km to the west (Inaba, 

2004a). There are only 200 scleractinian species recorded in the whole Izu-Ogasawara 

archipelago as opposed to over 400 in the Ryukyu Islands (Veron, 1992; Inaba, 2004b), and 

unlike similar habitats in the Pacific there are only few occurrences of Acropora in 

Ogasawara (Inaba, 2004a). The Ogasawara Islands are therefore regarded to be their own 

ecoregion distinct from other Japanese regions as well as from the Mariana Islands (Veron et 

al., 2015), indicating a high degree of isolation in corals despite their high dispersal 

capabilities. However, only little is known about the potential origins of the marine fauna in 

Ogasawara, and they have never been investigated for corals. 

 Several routes for the marine colonization of Ogasawara have been proposed similar 

to those for the terrestrial organisms. There are two main potential sources, the Izu Islands 

and the Mariana Islands, which lie north or south of the Ogasawara Islands, respectively. The 

route over the Izu Islands connects Ogasawara to the temperate Japanese main islands and 

subtropical Ryukyu Islands ('Izu route'), while the route over the Mariana Islands connects 

Ogasawara to tropical Guam and Micronesia ('Mariana route'). For fish, species composition 

seems to be more similar to the one in the Mariana Islands than in the Izu Islands (Senou, 

2004) and a phylogeographic study in groupers revealed a distinct lineage from Ogasawara 

only rarely found in the rest of Japan (Kuriiwa et al., 2014). Gastropod lineages in 

Ogasawara were also highly diverged from other Japanese regions, but both the Mariana and 

Izu routes of colonization were suggested (Yamazaki et al., 2017). Both routes contain large 

gaps without suitable shallow water habitats. Along the Izu route the largest gap spans 330 

km and mostly lies in temperate climates, making this path less likely for tropical species. 

However, the extensions of the Kuroshio current may enhance this connection in the 

eastward direction, as proposed for limpets (Nakano et al., 2008) and zoanthids (Reimer et 

al., 2011). The Kuroshio Current brings tropical waters from South East Asia along the 

Ryukyu Islands up to Shikoku and beyond, causing the occurrence of subtropical fauna at 

exceptionally high latitudes (Yamano et al., 2001; Iwase, 2004; Nomura, 2004). Although 

these sites are sparsely distributed along the Japanese main islands, they could serve as 

stepping-stones for occasional dispersal from the Ryukyu to the Ogasawara Islands. The 

Mariana route lies in tropical waters but contains gaps of up to 500 km at present. These gaps 
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may have been even larger in the past since the Mariana Islands only began to emerge out of 

the ocean in the Pliocene (Tracey et al., 1964; Kayanne et al., 1993), or even as recent as in 

the Holocene in the case of the Northern Mariana Islands (Paulay, 2003). Both routes seem 

challenging even for species with high dispersal capabilities.  

 A third potential route has been suggested over the Daito islands ('Daito Route') based 

on studies in reef fish (Shimada, 2002; Senou et al., 2003; Yoshigou, 2004; Matsuura & 

Senou, 2012), for example by using the Kuroshio Countercurrent for the occasional 

transportation from Ogasawara to the Ryukyu Islands (Kuriiwa et al., 2014). Apart from the 

Daito Islands, there are only two other little islands located in between the Ogasawara and 

Ryukyu Islands, the Oki-Daito and Okinotori Islands (Fig. 2.1). Although distances between 

them are large and populations potentially small (island areas  < 7km2), these islands lie in 

subtropical latitudes and are surrounded by a well-developed coral reef (Kayanne et al., 

2012), making this path a valid alternative route of migration between the Ryukyu and 

Ogasawara Islands. However, previous observations have not been tested molecularly or did 

not include collections from the Daito Islands (Kuriiwa et al., 2014). By sampling coral 

populations from all of the three island groups, we aimed at filling this gap and to resolve the 

potential role of the Daito Islands as a stepping-stone for a migratory connection between the 

Ogasawara and the Ryukyu Islands. We further compared the extent of this migration to the 

one between Ogasawara and Guam in order to evaluate the probability of the Ogasawaran 

marine colonization via the Mariana route.  

 Migration patterns and divergence histories may be analyzed from even a small 

number of samples if genetic data is abundant, such as those obtained from restriction site-

associated DNA (RAD) sequencing (Davey & Blaxter, 2010). Demographic modeling 

approaches designed for large population genomic datasets are able to disentangle the effects 

of divergence time and migration rates for differentiation, and may therefore reveal a detailed 

and comprehensive picture of the shared divergence history between populations (Sousa & 

Hey, 2013). Moreover, they are potentially able to reveal processes further back in time than 

migration analysis focusing on recent levels of gene flow (Wilson & Rannala, 2003). Based 

on the joint allele frequency spectrum it is possible to test several alternative models of 

divergence, for example differing by presence or absence of migration, their directionality 

and temporal variability. In order to investigate the colonization history of Ogasawara, we 

therefore also analyzed the joint demographic histories between the populations in 
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Ogasawara, Daito, and Ryukyu, and between Ogasawara, Guam, and Ryukyu in addition to 

population summary statistics and migration analysis.  

 For marine pelagic dispersers, molecular dispersal assessments may be complemented 

with biophysical dispersal modeling. Contemporary migration pathways of marine organisms 

with a pelagic larval phase may be predicted based on ocean current models, since propagules 

disperse by passive drift on the water surface (Cowen et al., 2006; Mitarai et al., 2009; Kool 

et al., 2011; Treml et al., 2015). Using dispersal modeling, it is also possible to account for 

potential influences of genetically not-sampled locations in a dispersal network. Dispersal 

probabilities inferred by Lagrangian particle advection simulations were shown to correlate 

with genetic differentiation in many marine organisms (Selkoe et al., 2010; White et al., 

2010; Crandall et al., 2012; Raynal et al., 2014), including corals (Foster et al., 2012; Davies 

et al., 2015; van der Ven et al., 2015). Pelagic larvae potentially disperse 100s of km in only 

a few days, which generally results in well-connected populations with little genetic 

differentiation (Palumbi, 1994). The pelagic larvae reach competency for settlement after a 

few days but can last up to several months in the water column (Fadlallah, 1983; Babcock & 

Heyward, 1986). The majority of pelagic larvae settles within the same or neighboring habitat 

shortly after reaching competency (Cowen et al., 2006), and it is the occasional long distance 

dispersal (LDD) of exceptionally long-living larvae that create smoothing effects between 

populations preventing divergence (Shanks, 2009). Using Regional Ocean Modeling System 

(ROMS; Shchepetkin & McWilliams, 2005) and Lagrangian particle advection simulations, 

we evaluated the probability of such LDD events over the three discussed routes of 

migration, including along the Izu Route, along the Mariana Route, and over the Daito 

Islands. We estimated dispersal for corals in general using a maximal PLD of 60 days 

(Markey et al., 2016), and evaluated whether the hypothetical dispersal pathways as predicted 

by ocean currents match our genetic analysis. 

 In the this study, we RAD-sequenced 108 individuals of the coral Galaxea 

fascicularis type L (sensu Nakajima et al., 2016) and used migration analysis and 

demographic modeling to answer whether the Daito islands could be a stepping stone 

between Ogasawara and Ryukyu, and whether the Ogasawara Islands are genetically more 

connected to Guam or the Ryukyu Islands. In addition, we implemented an oceanographic 

dispersal model to investigate patterns of contemporary dispersal. Based on genetic and 

oceanographic data, we discuss the potential of the alternative routes of colonization to the 

Ogasawara islands. We used Galaxea fascicularis as a model, since it is a typical broadcast 
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spawning species releasing gametes in large abundance, and is common throughout the 

Ryukyu Islands and one of the dominant species in the Ogasawara Islands (Inaba, 2004b). By 

the assessment of dispersal patterns between these island systems, we also shed light on the 

spatial limits of connectivity for a broadcast spawning coral, which may have implications 

for understanding spatiotemporal scales of peripatric divergence in the evolution of corals in 

general. 

2.2. Materials and Methods 

2.2.1. Sampling 

Coral colonies from the taxon Galaxea fascicularis were sampled around five islands along a 

latitudinal gradient in the Ryukyu Islands, the Daito Islands, and two of the Ogasawara 

Islands (Fig. 2.1, Table 2.1). In addition, five individuals from Guam were included as 

outgroup specimens. In order to capture the genetic pool of an island and to reduce the 

chance of clonality, several sites per island were sampled and lumped for population 

statistics. Collections were done between 2014 and 2016 by intertidal walks in Zanpa or 

SCUBA (all other locations, Table 2.1; Appendix 3). The samples were first screened for 

their mitochondrial types "L", "S", or "L+" by fragment length analysis, as these fragment 

lengths correlate to lineage identity in this taxon (Nakajima et al., 2016). 174 samples were 

finally selected for RAD sequencing.  
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Figure 2.1. Geographic map showing sampling locations and potential migration routes to the 

Ogasawara Islands. Crosses (x) mark unsampled but potentially important stepping stone islands in 

the region. Admixture probabilities are summarized per island and are given for k=2 and k=3.  
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Table 2.1. Sampling sites per island, number of individuals and genetic lineage identity within 

Galaxea fascicularis "L", "S", "L+" sensu (Nakajima et al. 2016). The Total represents successfully 

sequenced individuals of lineage L per island that were used for population genetic analysis, after 

excluding clones and samples with ambiguous lineage identities. 

Island Site NS                      EW Individuals 
sequenced 

Total used for 
analysis 

Iriomote  Haemida 24.268333 123.829722 
 

9L 5S 4 L  

Miyako  Ikema 

Yoshino 

24.93388 125.230555 

24.74841 125.44599 
 

10L 5S 1L+ 

8L 5S 

18 L  

Okinawa  Oku 26.84922 128.28717 
 

7L 6S 7 L  

Ihyea  North cape 27.0927 128.01216 
 

12L 4S 8L+ 7 L  

Tanega  Tanega N 30.827102 131.03535 
 

17L 12S 17 L  

Daito Kitadaito  

Minamidaito W 

Minamidaito S 

25.95752 131.322 

25.87795 131.21427 

25.81694 131.22034 
 

13L  

15L 1L+ 

1S 

21 L  

Chichi  Chichi W 

Anijima 

Nihoniwa 

Chichi SE 

27.102365 142.21669 

27.111714 142.199749 

27.052554 142.171022 

27.056147 142.228223 
 

5L 

4L 

1L 

6L 

15 L 

Haha  Haha N port 

Haha E port 

Haha vlg. outer 

Haha vlg. beach 

26.701905 142.140603 

26.693478 142.151836 

26.635203 142.155223 

26.636437 142.157501 
 

2L 

2L 

5L 

4L 

13 L 

Guam Agat Cementary 

Meriza Pier 

13.3900 144.6489 

13.2682 144.6639 
 

2L 1S 

1L 1S 

3 L  

 

2.2.2. RAD sequencing and reference-based assembly 

Quantity and extent of degradation of the genomic DNA was checked by Qubit and gel 

electrophoresis. Library preparation was done as described in (Tin et al., 2014), involving a 

single digestion by the restriction enzyme EcoR1. This approach is designed for low 

quantities of degraded DNA and may be suited for marine invertebrate DNA, where DNA 

yield and quality are often low. This RAD protocol produces short fragments of 35-50 bp and 

uses as little as 20 ng of genomic DNA per sample as starting material. Sequencing was 

completed with Illumina HiSeq in three separate lanes containing each 90 samples. One of 

the lanes that included samples from Chichi, Haha, and some from Daito, were sequenced 

twice due to quality issues in the first run, which nevertheless resulted in more horizontal 

coverage in those samples than in the others.  
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 Demultiplexed raw RAD reads were processed using dDocent software (Schmidt-

Roach et al., 2014), which combines quality filtering, mapping, and SNP calling in a single 

pipeline. Quality filtering is done with Trimmomatic (Bolger et al., 2014), applying a quality 

score >20 to trim read ends and an average quality score >10 to remove bases in a sliding 

window of 5bp. Illumina adapters were removed at the same time. The cleaned reads were 

mapped against a Galaxea reference database with the MEM algorithm of the Burrows-

Wheeler Aligner (Li & Durbin, 2009) and using dDocent default parameters (match value=1, 

mismatch value=3, gap open penalty =5). The Galaxea reference database included an 

unassembled Galaxea fascicularis genome provided by the Reef Future Genomics 

consortium (Voolstra et al., 2015; Liew et al., 2016), shotgun sequences previously produced 

for the development of microsatellite markers (Nakajima et al., 2015), and a Galaxea 

mitochondrial genome (Niu et al., 2016). Lastly, the pipeline used FreeBayes (Garrison & 

Marth, 2012) to call SNPs, giving an unfiltered VCF (variant calling format) file as output. 

2.2.3. Individual and SNP filtering 

The total SNP output file was filtered in multiple rounds. First, initial SNP quality filtering 

was conducted, so that average read depth was > 15 reads, quality score was >30, and minor 

allele count >3. After initial filtering, individuals with a high percentage of missing data (> 

90% missing data) were removed (3 individuals). Second, SNPs were filtered to be present in 

at least 50% of all individuals to identify genetic lineages and clones (77'586 SNPs). Genetic 

lineages were identified by principal component analysis in R based on biallelic sites and 

separated by their factor loadings (Appendix 2: Fig. S2.1). Lineage L contained most 

individuals (123) from all locations (Table 2.1) and therefore was chosen for further analysis. 

Based on the same biallelic sites, potential clones were detected by pairwise correlations (13), 

where two individuals were deemed potential clones if their correlation coefficient was above 

a threshold of r >0.56 (Appendix 2: Fig. S2.2). This threshold was established based on 

previously known clone pairs from Iriomote within this data set. 

 Since we were interested in neutral differentiation, a further filtering step was 

conducted to identify FST -outlier sites that are under potential selection. We used BayeScan 

v.2.1 software (Foll & Gaggiotti, 2008), for which the input file was created using the 

make_bayescan_input.py script provided by De Wit et al. (2012). The analysis was run with 

samples divided into the populations Ogasawara, Daito, and Okinawa and using default 

parameters (1 chain, thinning interval = 100, 499801 iterations). Convergence of FST 

estimates was visualized with trace plots in R (Appendix 2: Fig. S2.3a). A false discovery 
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rate (q-value) of FDR=0.05 was applied to identify and remove nine outlier loci (Appendix 2: 

Fig. S2.3b). Further allele filtering steps were conducted following the dDocent_filter script 

distributed with the dDocent package. SNPs with read depth of > 55 reads within individuals, 

or SNPs with an allelic balance of AB < 0.2 and > 0.8 or >0.99 were discarded to avoid 

paralogy in a locus and to account for fixed alleles, respectively. As locus quality scores have 

shown to be inflated for high coverage loci, allele quality was then filtered respective to read 

depth (QUAL / DP >0.05). A further filter to ensure homology of the minor and reference 

allele was applied by filtering against mapping quality discrepancy between the reference and 

minor allele (MQM/MQMR >0.15 & MQM/MQMR < 1.85).  

 Two different thresholds for missing data across individuals were explored and used 

for subsequent analysis. For population summary statistics, which are known to be sensitive 

to missing data, a threshold of 70% presence across individuals was used. For all other 

analyses, a threshold of 50% was accepted. However, in order to evaluate the effect of 

missing data, the analyses (except for demographic modeling) was repeated for both 

threshold values and reported as supplementary information (Appendix 2: Tables S2.1, Fig. 

S2.4). The difference of genetic variation between the two thresholds was visualized by a 

principal component analysis (Fig. 2.2). 

2.2.4. Population summary statistics and genetic structure 

Genetic structure was analyzed by individual-based probabilistic ancestry analysis using 

Admixture software (Portik et al., 2017). Admixture was run up to 8 replicate analyses to 

evaluate the potential presence of up to 8 distinct populations. The most likely number of 

ancestral populations (K) was chosen based on the smallest cross-validation error, which was 

determined to be K=2. However, since such population structuring approaches may often 

underestimate the number of populations in the data (Janes et al., 2017), and in order to 

evaluate population substructure, we also showed results for the next most likely numbers of 

clusters K=3 and K=4. The results were illustrated with bar plots sorted by sampling site 

(Fig. 2.3) and pie charts per location (Fig. 2.1). Admixture analysis showed no indication for 

genetic structure among sampling sites within the islands of Haha, Chichi, and Miyako (Fig. 

2.3c). Therefore, all sampling sites within an island were pooled to a single location for 

population summary statistics. The two Daito Islands (Kitadaito and Minamidaito, Table 2.1) 

showed signs for genetic differentiation in the Admixture analysis (Fig. 2.3), however, FST 

between the two was sites was very low (-0.002), which is why they were also pooled to a 
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single location 'Daito'. Classical population summary statistics between locations were 

inferred using vcftools (Danecek et al., 2011). Inbreeding coefficient (F), nucleotide diversity 

(pi = expected heterozygosity), and pairwise allele frequency variance (FST, weighted Weir 

and Cockerham) were calculated for each population (Table 2.2). 

2.2.5. Migration analysis in BayesAss 

 Migration rates were investigated with a genetic assignment method implemented in 

BayesAss3-SNPs (Mussmann, 2017), a modified version of BayesAss v.3.0.4 (Wilson & 

Rannala, 2003). The input file was created from the BayeScan-filtered VCF file with 

PGDSpider v. 2.1.1.3 (Lischer & Excoffier, 2012), randomly selecting one SNP per locus. 

The PGDSpider output file was then corrected to discard loci not present in any of the 

samples. To diminish convergence problems (Meirmans, 2014), populations with less than 10 

individuals were excluded (Oku, Iheya, Iriomote, Guam) and three separate runs were 

performed with different starting seeds (s=10, s=567, s=234). For all runs the same mixing 

parameters for m, a, and f were used, which were selected as suggested in the BayesAss 

manual to result in acceptance rates between 30 and 60%. Convergence of the parameter 

estimates was examined from the MCMC trace plots using Tracer v1.6.0 (Rambaut & 

Drummond, 2007). Additionally, the Bayesian deviance of each run was calculated using the 

R-script provided by Meirmans (2014). Results were taken from the run with the lowest 

deviance. All runs were performed with 10 M iterations, a sample interval of 1000 and a 

burn-in of 2 M iterations was discarded.  

2.2.6. Analysis of joint demographic histories in dadi 

 The demographic histories, including patterns of gene flow, were investigated more in 

detail between island archipelagos using dadi (Gutenkunst et al., 2009). Dadi uses a diffusion 

approximation method to find the most likely parameter values of a hypothetical 

demographic model, such as migration rates, population sizes, and divergence times 

(Gutenkunst et al., 2009). Parameter values are found by maximizing similarity between the 

expected and the observed site frequency spectrum generated under a specific demographic 

scenario. The best fitting parameters are evaluated by computing a composite-likelihood and 

AIC. Dadi is able to account for missing data by 'projecting' actual sample sizes to a smaller 

size, which is why we used the more inclusive dataset of SNPs with up to 50% missing data. 

All islands in the Ryukyu archipelago with little genetic differentiation between each other 

(Iriomote, Miyako, Iheya, Oku, and Tanega) were combined to a single Ryukyu population 
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(56 individuals total), and Chichi and Haha Islands were combined to a single Ogasawara 

population (32 individuals total) for analyzing the divergence histories between the island 

groups.  

 Two three-dimensional (3D) models were tested. The first model was built in order to 

evaluate the potential role of Daito as a stepping-stone between Ryukyu and Ogasawara. We 

first tested the presence and symmetry of migration between each population pair, i.e. 

between Ogasawara and Ryukyu, between Ryukyu and Daito, and between Daito and 

Ogasawara. The fit of four different 2D models were compared, including a null model 

assuming no divergence between populations, and models implementing divergence with no 

migration, divergence under symmetric migration, and divergence under asymmetric 

migration (Appendix 2: Table S2.2, Fig. S2.5). Based on the migration patterns concluded 

from the pairwise analyses, a 3D model of all three populations was built. The model was 

built with two splits in time, the first splitting Ogasawara from the ancestral population of 

Okinawa and Daito, and the second splitting Ryukyu and Daito, according to what was 

known from the geologic histories of these three island systems (Yoshiwara, 1902; Ota & 

Omura, 1992) (Fig. 2.4). In addition, varying levels of gene flow in time were tested on the 

2D level only. These additional models implemented either only ancient migration or 

migration only after secondary contact (Appendix 2: Table S2.2).  

 The second 3D model was built to compare migration rates between the Ogasawara 

islands and the southern Mariana Islands (Guam) to the migration between Ogasawara and 

western Japan (Ryukyu + Daito). Although the relatively small sample size in Guam may 

influence the detection of recent demographic events (due to the lack of rare alleles in small 

sample sizes), it should not affect the accuracy for distinguishing between relatively simple 

models based on common or fixed alleles. Similarly to above, pairwise 2D models were first 

tested between Guam and Ogasawara, and Guam and Ryukyu + Daito (Appendix 2: Table 

S2.2, Fig. S2.5). Based on the temporal order of emergence between the islands (Yoshiwara, 

1902; Tracey et al., 1964; Ota & Omura, 1992), the first split was implemented between 

Ogasawara and Guam + Ryukyu + Daito, and the second split between Guam and Ryukyu + 

Daito (Fig. 2.5).  

 Folded joint site frequency spectra for each analysis were computed using easySFS 

(Overcast, 2018). Only one biallelic site per locus was used. In order to account for missing 

data and to maximize the number of segregating sites, the populations Ogasawara, Daito, 
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Okinawa, and Guam were down-projected to 26, 16, 26, and 4 alleles, respectively. The 

parameter space of each tested model was searched in three optimization rounds following 

the workflow provided by (Portik et al., 2017), where the most likely parameters (log 

Likelihood) from the previous round are given as start parameters in the subsequent round, 

starting with random parameters in the first round. The rounds differ by the level of 

parameter perturbation, the first round performing three-fold, the second round two-fold, and 

the third round a one-fold perturbation. The optimizations were run with 20 iterations in 30 

repeats, with 30 iterations in 30 repeats, and 50 iterations in 50 repeats in the first, second and 

third rounds respectively. For the 3D models, the third optimization step was run in two 

subsequent rounds and with 100 maximal iterations. Final model fits were evaluated by 

Akaike Information Criterion (AIC) and by residual analysis between the observed and 

modeled joint frequency spectra (Fig. 2.4-5).  

 The modeled parameters in dadi are given in units of a reference population size NRef, 

which relates to theta θ by the equation θ = 4NRef μ. Migration rates are given in units of Mij = 

2NRef*mij per generation and divergence times T are given in units of 2 NRef generations. μ is 

a product of the mutation rate and the total number of bp L from which SNPs were derived. L 

was estimated by multiplying the average read length of our RAD sequences (47.9 bp) by the 

number of loci that entered dadi analysis. The number of loci was estimated by dividing the 

total number of sites (8171) by the average number of sites found in a locus (2.2) and by 

multiplying this with the fraction, so which sites were present in the projected sample sizes 

relative to the total number of sites. This fraction was estimated to be 0.91 using vcftools, by 

subsequently excluding sites that were present in less than 13, 8, and 13 individuals in the 

populations Ogasawara, Daito, and Okinawa, resulting in a total L of 160826.56 bp. The 

precise mutation rate for our study taxon is not known, so we used a universal mutation rate 

of 2.5e-8 per generation suggested by the demographic program fastsimcoal (Excoffier & 

Foll, 2011). Based on these assumptions and approximations, migration rates were translated 

into number of migrated propagules per generation. Translating the number of generations 

into chronological times may be tricky, since corals have overlapping generations and the 

reproductive age of G. fascicularis is unknown. We assumed an average age of mothers of 35 

years based on estimations in other coral species, including Coleastrea aspera (33 years), 

Goniastrea favulus (37 years), and Platygyra sinensis (35 years) (Madin et al., 2016).  
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2.2.7. Biophysical dispersal model and isolation by distance analysis 

In order to investigate dispersal patterns in a wider geographic context and to understand the 

influence of contemporary dispersal on genetic composition, a biophysical dispersal model 

was developed using the Regional Ocean Modeling System (ROMS; Shchepetkin & 

McWilliams, 2005) and life-history parameters of the larval stage. ROMS modeling was 

performed as described by Mitarai et al. (2009; 2016) and dispersal was assessed using an 

inverse particle tracking approach. One particle per day over the years of 2008-2017 were 

released from the grid mid points of reef sites. Particles were tracked back in time for 60 days 

every six hours. The tracking time of 60 days was chosen based on an overview given by 

Markey et al. (2016) showing that maximal longevity of coral larvae ranges between 23 and 

244 days, and most being between 50 and 70 days. The distribution of coral reefs was 

inferred from the World Conservation Monitoring Center (UNEP-WCMC, 2010) and 

extended by the data provided by the Sangomap collaborative citizen science project 

(https://www.sangomap.jp/) and Kumagai et al. (2018). The potential amounts of immigrants 

from each source for a site were quantified for an advection time of 3–60 d (mimicking 

competency time windows of coral larvae) and assuming a larval mortality rate of 5% per day 

(Markey et al., 2016). Expected connection times from a given source and destination site 

were calculated following the method of Mitarai et al. (2009).1 Immigration probabilities 

were summarized in an immigration probability matrix listing collection sites as rows and 

possible source locations as columns, and standardized within rows by dividing by the sum 

(Appendix 2: Table S2.3). 

 The biophysical dispersal assessment was then compared to our genetic data. The 

immigration probability matrix was first transformed into eigenvalues by PCA to assess 

similarity in immigration patterns between collection sites (Appendix 2: Fig. S2.6). The 

collection sites were then averaged per island in order to obtain the same level of resolution 

as our genetic populations. Euclidean distances of Eigenvalue loadings were computed for 

immigration probabilities and compared to pairwise FST and geographic distance by Multiple 

Regression on Distance Matrices (MRM) using the ecodist package in R (Goslee & Urban, 

2007) (Table 2.4). Results were illustrated by correlation plots (Fig. 2.7). The same analysis 

was also done using distances between the population centroids of the SNP-based PCA (Fig. 

2.1) instead of FST (Appendix 2: Table S2.4). Lastly, we tested the relationship between 

                                                
1 ROMS modeling, particle tracking, and migration probabilities were performed by Satoshi Mitarai 
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nucleotide diversity pi and diversity of potential immigrants using community ecology 

metrics. The rational was that the immigration probabilities should predict the genetic 

composition of a population if it is constant in time, and that the more immigrants a 

population receives from different locations the higher genetic diversity should be at a site. 

Simpson alpha diversity per island was calculated based on the immigration probability 

matrix and regressed to genetic diversity pi per population in R (Fig. 2.8). 

2.3. Results 
Out of the 174 individuals sequenced, 39 were lineage S, 9 were lineage L+, one was 

ambiguous, and 126 were lineage L (Appendix 2: Fig. S2.1; Table 2.1). From lineage L, 108 

remained after removing four individuals due to low coverage (Miyako_PW53, 

Daito_PW204, Daito_238, Chichi_PW507) and thirteen for being potential clones. All 

samples from the Ogasawara Islands and most from Daito (28 out of 31) were lineage L (Fig. 

S1). Each individual contained 1.78 M (sd=1.3 M) raw reads in average, from which 3% 

were filtered out due to poor base calling. In total, 785'312 unfiltered SNPs were called, and 

after full filtering and removing 9 sites under potential selection, 8171 SNPs were present in 

at least 50% of the individuals and 1756 SNPs were present in at least 70% of the individuals. 

We found that the lower filtering threshold regarding missing data among individuals (sites 

present in at least 50% versus 70% of individuals) did not increase noise but enhanced 

resolution (Fig. 2.2). 
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Figure 2.2. Principal component analysis based on biallelic sites (a, b) represented in at least 50% of 

all individuals and (c, d) represented in at least 70% of the individuals. The first and second principal 

components  (a, b, and 3 c, d) explained similar proportions of the variations and are therefore both 

shown. A more inclusive dataset accepting more loci with higher percentage missing data (b, d) does 

not increase noise but enhances the resolution of population structure.  

 Population summary statistics confirm small FST values within island archipelagos 

(0.0 - 0.04) but higher among the island groups (0.03 - 0.19, Table 2.2). Inbreeding F was 

lowest in the Ogasawaran populations and highest in Miyako. In contrast, nucleotide 

diversity Pi was lowest in the Ogasawara populations (~ 0.2) and highest in the Ryukyu 

Islands (0.56 - 0.84). Both PCA and ancestry analysis find little spatial structuring within the 

Ryukyu archipelago and Daito islands but high differentiation to Ogasawara (Fig. 2.1-3). 

Ancestry analysis in Admixture determined two primary clusters, one from Ogasawara and 
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one from Ryukyu, with evidence for little mixing (Fig. 2.3). The third subcluster divided the 

Ryukyu cluster into a population predominant in Daito and Guam, and a fourth subcluster 

revealed further location-independent substructure within the Ryukyu Islands. The same 

analysis based on sites that are present in  >70% of individuals were similar in K=2, but 

suggest more mixing in K=3 and K=4 (Appendix 2: Fig. S2.2), consistent to what would be 

expected from the PCA using this higher threshold (Fig. 2.2). 

Table 2.2. Population summary statistics. Pairwise weighted Weir and Cockerham FST, inbreeding 

coefficient (F), and nucleotide diversity Pi (= nucleotide diversity) based on 1756 neutral SNPs 

present in >70% of individuals. 

FST Ryukyu      Ogasawara  

 Iriomote Miyako Oku Iheya Tanega Daito Haha Chichi Guam 
Iriomote   0.023 -0.009 0.032 0.040 0.038 0.189 0.173 0.147 
Miyako   0.014 0.019 0.011 0.039 0.197 0.189 0.144 
Oku    0.005 0.039 0.042 0.174 0.165 0.111 
Ihyea     0.026 0.032 0.175 0.169 0.164 

Tanega      0.041 0.190 
0.18 

6 0.158 
Daito       0.153 0.150 0.127 
Haha        0.002 0.194 
Chichi         0.168 
F 0.563 0.839 0.761 0.580 0.710 0.422 0.201 0.272 0.560 
Pi 0.442 0.317 0.417 0.346 0.284 0.240 0.288 0.281 0.520 
          

 

 

Figure 2.3. Individual population assignments for K=2 (CV error: 0.56), K=3 (CV error: 0.60) and K=4 

(0.65) as inferred by Admixture analysis based on 8162 neutral sites present in >50% of individuals. 

Individuals are grouped by island archipelagos (a), islands (b), and sampling sites (c, Table 2.1). 
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 BayesAss migration analysis (Table 2.3) had a Bayesian deviance of 135274.5 and 

found more dispersal in northward direction within the Ryukyu Islands, as evident from a 

higher proportion of migrants from Miyako in Tanega (0.0608) and Daito (0.0924) than the 

other way around (0.0112 and 0.0144). Migration between Ogasawara, Daito, and Ryukyu 

was estimated to be very small but slightly higher in eastward direction (0.0165 - 0.0187 vs. 

0.0116 - 0.0154). According to this analysis, migration between Ogasawara and Daito was 

slightly lower than between Ogasawara and the Ryukyu Islands, inconsistent with what 

would be expected in a stepping-stone scenario over Daito. Reanalysis using the more filtered 

dataset (70% presence across individuals) revealed similar results, except for a ten times 

higher migration rate from Chichi to Haha (Appendix 2: Table S2.1). Migration rates may be 

hard to estimate between population pairs with very little genetic differentiation (Meirmans, 

2014), which concerns the population pairs Chichi and Haha, and Miyako and Tanega here 

(Table 2.2). This should be kept in mind for the interpretation of our results.     

 
Table 2.3. Migration rates estimated by BayesAss based on 6819 neutral, biallelic and unlinked SNPs 

present in at least 50% of all individuals. Rates represent the proportion of settlers in destination 

populations (rows) from source populations (columns) and their standard deviations between 

geographic populations. Only population with >10 individuals were included. Rates > 0.02 and < 0.8 are 

marked in bold.  

 Source > Ryukyu  Daito Ogasawara  

Dest. v Miyako Tanega  Chichi Haha 

Miyako 0.9276 (0.0280) 0.0144 (0.0137) 0.0289 (0.0191) 0.0147 (0.0140) 0.0143 (0.0138) 

Tanega 0.0608 (0.0267) 0.8937 (0.0327) 0.0151 (0.0143) 0.0154 (0.0145) 0.0151 (0.0144) 

Daito 0.0924 (0.0269) 0.0112 (0.0109) 0.8731 (0.0294) 0.0116 (0.0110) 0.0116 (0.0112) 

Chichi 0.0168 (0.0159) 0.0165 (0.0157) 0.0168 (0.0162) 0.9169 (0.0319) 0.0331 (0.0214) 

Haha 0.0182 (0.0171) 0.0187 (0.0177) 0.0186 (0.0177) 0.0184 (0.0173) 0.9260 (0.0322) 

 

 The 2D demographic modeling in dadi showed that divergence under asymmetric 

migration was the most likely scenario between Ogasawara and Ryukyu, Daito and 

Ogasawara, Guam and Ogasawara, and Guam and Ryukyu + Daito; and divergence under 

symmetric migration to be the most likely scenario between Ryukyu and Daito (Appendix 2: 

Table S2.2, Fig. S2.5). The final 3D model including Ogasawara, Daito, and Ryukyu 

estimated a higher migration rate eastward from Ryukyu to Ogasawara than the other way 

around, as well as from Daito to Ogasawara (Fig. 2.4). Migration from Daito to Ogasawara 

was slightly higher than from Ryukyu to Ogasawara, although the difference was small (10.9 
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vs. 9.61 / M migrants). Divergence times between Ogasawara and Ryukyu + Daito were 

estimated to 270,000 generations (T1 + T2), and between Ryukyu and Daito to 99,000 

generations (T2), which translated to 9.45 and 3.46 M years, respectively (assuming an 

average generation time of 35 years). The second 3D demographic model between Guam, 

Ogasawara, and Ryukyu + Daito also generally estimated higher migration rates to than from 

Ogasawara estimated, and a higher rate from Guam than from Ryukyu + Daito to Ogasawara 

(27.2/M vs. 18.8/M, Fig. 2.5). Divergence times were estimated to be considerably shorter 

than by the first 3D model, estimating only 109,000 generations (T1 + T2) between 

Ogasawara and Ryukyu + Daito + Guam, corresponding to 3.8 M years. 55,900 generations 

were estimated to separate Guam from Ryukyu + Daito.  

 The additional more complex 2D models for Ryukyu and Daito estimated divergence 

at secondary contact with more migration from Ryukyu to Daito than the other way around to 

be the most likely scenario. Between Ryukyu and Ogasawara, Daito and Ogasawara, and 

Guam and Ogasawara divergence under ancestral asymmetric migration was slightly more 

likely than the simpler divergence models used to construct the 3D model (Appendix 2: Table 

S2.2).  
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Figure 2.4. Joint demographic history between Galaxea fascicularis populations in Ogasawara (Og), 

Daito (Dt) and Ryukyu (Ryu) modeled by dadi. The demographic model was set to include continuous 

migration and each population to undergo an instantaneous size change. Site frequency spectra for 

observed and modeled alleles are given between each population pair. Residual plots illustrate 

mismatch between the model and data. Theta = the effective mutation rate of the ancestral population; 

nu1, nu2, nu3 = effective present population sizes relative to the ancestral population; nuA = relative 

effective size of ancestral population of Daito and Ryukyu before their separation; m12 = migration rate 

from Daito to Ogasawara, m21 = migration rate from Ogasawara to Daito (analogously for mA1, m1A, 
m13, m31), m3 = symmetric migration rate between Daito and Ryukyu; T1 = time between first and 

second population split, T2 = time since second population split.  
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Figure 2.5. Joint demographic history between Galaxea fascicularis populations in Guam, Ogasawara 

(Og) and Ryukyu+Daito (Ryu+Dt) modeled by dadi. The demographic model was set to include 

continuous migration and each population to undergo an instantaneous size change. Site frequency 

spectra for observed and modeled alleles are given between each population pair. Residual plots 

illustrate mismatch between the model and data. Theta = the effective mutation rate of the ancestral 

population; nu1, nu2, nu3 = effective present population sizes relative to the ancestral population; nuA 
= relative effective size of ancestral population of Guam + Ryukyu + Daito before their separation; m1 = 

migration rate per generation between Ogasawara and Guam + Ryukyu + Daito, m23 = migration rate 

from Ryukyu + Daito to Ogasawara, m32 = migration rate from Ryukyu + Daito to Ogasawara 
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(analogously for mA1, m1A, m13, m31); T1 = time between first and second split, T2 = time since 

second population split.   

 Inverse particle tracking revealed that Ogasawara was a sink rather than source for 

surrounding populations and it received most immigrants from Tokara, Amami, and Luzon 

(Fig. 2.6; Appendix 2: Table S2.3). Only little dispersal was modeled to occur between 

Ogasawara along the Mariana Island chain. There was no direct dispersal between Daito and 

Ogasawara. The Ryukyu Islands received their immigrants from Philippines, Taiwan, and 

from other islands of the Ryukyu Archipelago (Fig. 2.6). The dissimilarity in immigration 

patterns did not relate to FST better than geographic distance alone (Fig. 2.7, Table 2.4), and 

trying the same analysis within the Ryukyu Islands only or replacing FST with population 

centroids of the SNP-based PCA was not significant (Appendix 2: Table S2.4). The genetic 

diversity pi had a negative relationship to diversity of immigration sources (adjusted R2 = 

0.025, p = 0.308; Fig. 2.8). 
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Figure 2.6. Examples of inverse particle tracking for 60 d. Immigration probabilities from different 

source regions (Taiwan Islands, Yaeyama Islands, Miyako Islands, Okinawa Islands, Amami Islands, 

Tokara Islands, Osumi Islands, Daito Islands, Ogasawara Islands, Okinotori Island, Northen Mariana 

Islands, and Guam) are shown for six example destinations (A–F). There is more northward dispersal 

in the Ryukyu Islands (A–C), but also southward (B). In the Daito Islands self-recruitment is small and 

settlers arrive mainly from the Ryukyu Islands. The Ogasawara Islands (E) theoretically receive more 

migrants from Luzon than from the Northern Mariana Islands, and Guam receives most settlers from 
Micronesia (F). Yellow numbers indicate expected connection times in days from a given source 

region. Numbers in the parentheses show transport probabilities from each source region normalized 

by the transport probabilities from its own region, while assuming 5% of daily larval mortality.2 

 

                                                
2 The figure components were made by Satoshi Mitarai. 
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Figure 2.7. Correlations between pairwise geographic distance, FST, and dissimilarity in composition 

of migration sources according to inverse particle tracking. A-C: all islands, D-F:  within Ryukyu and 
Daito Islands. Genetic differentiation correlates only weakly with dissimilarity in source composition 

across regions (A, C), but more to geographic distance alone (B, E), especially across regions (B). 

Genetic differentiation between Ryukyu islands and Guam are higher than between Ryukyu islands 

and Ogasawara islands, which are geographically closer to each other (B). Dissimilarity in source 

composition is related to geographic distance between sites (C, F), while this relationship is stronger 

within the Ryukyu Islands alone (F). 
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Figure 2.8. Correlation analysis between nucleotide diversity and Simpson index of alpha diversity 
based on potential source sites. The relationship is negative, contradicting to our expectations, 

indicating that other factors than connectivity to other populations is important for nucleotide diversity. 

Table 2.4. Multiple regression of physical distance matrices (geographic distance and dissimilarity in 

potential source areas according to inverse particle tracking) to genetic differentiation FST and their 

percent variation explained. Over all populations, geographic distance explains genetic difference 

better than immigration dissimilarity (Dissim. source comp.). Within the Ryukyu Islands the regression 

was not significant. 

Coefficients All (p) Ryukyu (p) 
Geogr. Distance 5.8 10-5 (0.010) 2.5 10-5 (0.24) 

Variation explained 15% 12% 
Dissim. Source comp. 7.1 10-2 (0.046) -1.5 10-2 (0.48) 

Variation explained 4% 4% 
total R2 0.65 0.12 

p 0.001  0.486 
 

2.4. Discussion 
Our study showed that the Ogasawaran G. fascicularis population is highly differentiated 

from populations in the Ryukyu Islands, Daito Islands, and Guam (Table 2.2, Figs. 2.1-3). 

The migration rates in the eastward direction from Ryukyu and Daito to Ogasawara were 

higher than the other way around (Fig. 2.4, Table 2.3), consistent with dispersal probabilities 

inferred from the biophysical dispersal model (Fig. 2.6, Appendix 2: Table S2.3). The role of 

Daito as a stepping-stone remains ambiguous from our genetic analysis (Table 2.3, Fig. 2.4), 

but is not supported by the oceanographic dispersal model (Figs. 2.6). Migration from Guam 



 

 

 

61 

to Ogasawara may be higher than from the Ryukyu and Daito Islands to Ogasawara (Fig. 

2.5). As shown in previous studies (Nakajima et al., 2010; Shinzato et al., 2015; Nakajima et 

al., 2016; Zayasu et al., 2016), the Ryukyu Islands are a uniform population with little 

substructure (Table 2.2, Fig. 2.1-3), primarily receiving migrants from southern populations 

upstream the Kuroshio Current (Table 2.3, Fig. 2.6). At the Daito Islands, the amount of self-

recruitment was relatively low, and most settlers came from the Ryukyu Islands (Fig. 2.6), 

which was supported by the model of divergence under secondary asymmetric migration 

between the two populations (Appendix 2: Table S2.2).  

2.4.1. A small but healthy, isolated population in Ogasawara  

The Ogasawara population had a smaller effective population size (Fig. 2.4) and despite 

having lower nucleotide diversity it showed less signs for inbreeding than the Ryukyu and 

Daito populations (Table 2.2). The small effective population size in Ogasawara is in line 

with what would be expected from its geographic isolation and small habitat area. The 

Ryukyu Islands in comparison are much larger and are closely connected to the diverse gene 

pool in the Coral Triangle (Roberts et al., 2002) by the Kuroshio Current (Fig. 2.6), which 

could frequently provide the Ryukyu Islands with diverse larvae and explain the higher 

genetic diversity pi and population size there. Genetic diversity within the Ryukyu Islands 

generally decreased from South to North (Table 2.2), which is perhaps linked to the 

increasing distance to the Coral Triangle, similar to in Micronesia (Davies et al., 2015). 

However, no such pattern had been found in Acropora from the same study area (Nakajima et 

al., 2010). 

 The Ryukyu Islands may generally experience more frequent environmental 

disturbance than the Ogasawara Islands. Mass-bleaching events and typhoons (or the lack of 

typhoons causing overheating) in the Ryukyu Islands may have created several bottlenecks in 

the past, causing the high inbreeding coefficients observed here. For example, a severe mass-

bleaching event in 1998 caused a massive depletion of coral populations throughout the 

Ryukyu Islands (Loya et al., 2001; Hongo & Yamano, 2013). Although the coral coverage 

has recovered quite well in Okinawa (van Woesik et al., 2011), the effects could still be 

present. Bleaching was observed on site during sampling in Miyako, which may, together 

with its relatively isolated position in the Ryukyu Islands, explain the particularly high 

inbreeding coefficient. Similarly in Guam, a significant decrease in coral coverage due to the 

Crown of Thorns starfish (Acanthaster planci) in 1969 (Colgan, 1987) could have caused a 
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bottleneck resulting in the high inbreeding coefficient (Table 2.2), however, population 

summary statistics for Guam should be interpreted with care due to the small sample size. In 

contrast, such extended coral dying has never been reported from Ogasawara (Inaba, 2004b). 

 The high genetic differentiation presently observed between Ogasawara and Ryukyu, 

Daito, and Guam seems to be the result of ancient divergence dated to the mid Miocene, with 

little amounts of migration ever since (Figs. 2.4 and 2.5, Table 2.3). This implies that LDD 

events along the Izu and the Daito route, as well as along the Mariana route have been too 

rare to cause smoothing effects between the Galaxea populations on Ogasawara and 

neighboring regions. Nevertheless, more gene flow was detected eastward from Ryukyu and 

Daito to Ogasawara than the other way around (Table 2.3, Fig. 2.4). This was consistent with 

our oceanographic dispersal model (Fig. 2.6) showing that at present Ogasawara seems to 

receive most direct migrants over the Izu route, confirming the extended influence of the 

Kuroshio Current hypothesized by previous studies (Nakano et al., 2008; Reimer et al., 

2014). No Galaxea colonies have been reported from the southern coast of the Japanese main 

islands (Honshu and Shikoku), and a fossil occurrence of Galaxea in these areas is also 

unknown (PBDB, 2018), suggesting dispersal between the Ryukyu Islands and Ogasawara to 

entirely rely on rare direct dispersal events. At present, the Daito Islands do not seem to 

represent a direct stepping stone for migration between Ogasawara and Ryukyu in Galaxea 

from our contemporary oceanographic dispersal model (Fig. 2.6) and BayesAss analysis 

(Table 2.3). However, over an evolutionary time scale as addressed by our demographic 

model, migration from Daito to Ogasawara was estimated to be slightly higher than from the 

Ryukyu Islands (Fig. 2.4). This suggests that at least in the past, the Daito route has been 

travelled as much as the Izu route, consistent with expectations based on the fish species 

composition (Nonaka, 2004). As direct dispersal between Daito and Ogasawara seems not 

possible even at maximal pelagic larval duration of 60 d (Fig. 2.6), other potential stepping-

stones like Okidaito and Okinotori (Fig. 2.1) may play an important role for this connection. 

Future connectivity assessments in this region should quantify stepping-stone probabilities of 

migration, which may reveal a better match between oceanographically and genetically 

inferred dispersal probabilities.  

 More migrants seem to reach Ogasawara from the Mariana Islands as from the 

Ryukyu and Daito Islands (Fig. 2.5). This disagreed with our biophysical dispersal model, 

according to which much fewer larvae should arrive from the Northern Mariana Island to 

Ogasawara than for example from the Philippines, however, it agreed with the higher 
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northward than southward migration estimated along the Mariana route (Fig. 2.6). In the case 

of Galaxea, the Mariana route of dispersal could be covered less than in other corals, as 

Galaxea was not reported from the northernmost Mariana Island Farallon de Pajaros 

(Brainard, 2012), extending the largest gap on this route to almost 600 km. In addition to 

large gaps, strong ocean currents may also present effective dispersal barriers in the sea, such 

as perhaps given by the Northequatorial Countercurrent flowing eastward. Major ocean 

currents were shown to prevent mixing within small distances, for example in damselfish by 

the Indonesian Throughflow (Raynal et al., 2014), mantis shrimp by the Halmahera Eddy in 

(Barber et al., 2006), or the bifurcation of the North Equatorial Current in boring clams 

(Ravago-Gotanco et al., 2007). The absence of strong connectivity is also supported by a 

faunal break in Galaxea between Ogasawara and Mariana. Galaxea was never reported to be 

a dominant component of the coral community on any of the northern Mariana Islands 

(Brainard, 2012), while it is in Ogasawara (Inaba, 2004b). Moreover, only G. fascicularis 

lineage L was found in Ogasawara whereas both lineages L and S, as well as G. horrescens 

occur in Guam. This faunal break seems consistent with the presence of a strong dispersal 

barrier between the Mariana Islands and Ogasawara, agreeing more with our oceanographic 

dispersal model than with our demographic analysis. The genetic estimations of demographic 

parameters involving Guam may not be fully accurate given the small sample size available, 

and model fitting was generally challenging, as may be viewed from the error distribution 

(Fig. 2.6). This may also explain the difference in time estimations between the two 3D 

models. The small sample size from Guam clearly presents a limitation to our study and 

future work should include more specimens from the Mariana Islands to obtain more certain 

results. The oceanographic dispersal model could also be improved by including more islands 

along the Marina Islands and southern Ogasawara Islands (Io Islands) and by computing 

stepping stone dispersal between those. However, high genetic differentiation (Table 2.2) and 

the faunal break indicate that the Ogasawara coral fauna may be demographically isolated 

from the one in the Mariana Islands.  

2.4.2. Connectivity between Guam and the Ryukyu and Daito Islands 

 In contrast, and despite further geographic distances and the lack of direct 

connectivity (Fig. 2.6), genetic differentiation between the Ryukyu populations and Guam 

was smaller than either of them to Ogasawara (Table 2.3, Fig. 2.7), indicating a potentially 

large effect of stepping-stones for migration between Ryukyu and Guam. Stepping-stone 

probabilities of dispersal were not quantified here, however, they may also be responsible for 
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the non-significant relationship between direct immigration probabilities and genetic 

differentiation, as well as the non-significant relationship between immigration probability 

and genetically derived parameters in our study (Tables 2.4, Figs. 2.7-8; Appendix 2: Table 

S2.4, Fig. S2.7). Low genetic differentiation among the Philippines, Guam, and Ryukyu has 

also been found in other organisms, for example in marine snails (Duda & Lessios, 2009), 

and crown of thorn starfish between the Philippines and Ryukyu (Yasuda et al., 2009). This 

pattern may be caused by the homogenizing effect of a contiguous connection of habitats 

(Palumbi, 1994; Barber et al., 2002) along the Philippine Islands. Guam could be connected 

to the eastern Coral Triangle by using Palau as a stepping stone, which is connected to the 

Kuroshio Current connecting the Philippines to the Ryukyu Islands. Even though there is 

high genetic diversity and differentiation in coral among the fragmented habitats in the Coral 

Triangle (Knittweis et al., 2009), its eastern margin along the Philippines may be genetically 

relatively homogenous, consistent with modeled genetic diversity (Kool et al., 2011) and the 

definition of ecoregions in this area (Spalding et al., 2007; Veron et al., 2015) (although 

genetic breaks within this ecoregion have also been shown (DeBoer et al., 2014)).  

 The genetic similarity between Ryukyu and Guam may also be influenced by a direct 

migratory connection over the Daito Islands, since Daito and Guam were partially composed 

of the same subcluster on the K=3 level in the Admixture analysis (Figs. 2.1, 2.3). The 

Subtropical Countercurrent flowing from northern Japan roughly over the Daito Islands and 

the remote Okidaito and Okinotori Islands could connect the two regions over the Northern 

Mariana Islands. Occasional LDD was detected between the Daito and Okinotori, as well as 

between Okinotori and Northern Mariana. However, Galaxea has not been growing around 

Okinotori Island since at least the Holocene (Kayanne et al., 2012) and the genetic similarity 

between Guam and Daito could also be due to historical reasons. The Daito Islands lie on the 

Philippine Sea plate and have drifted at least 220 km westward towards the Ryukyu trench 

subduction zone since emergence in the late Miocene (Ota & Omura, 1992), which could 

have facilitated more dispersal to the Mariana Islands in the past. Future studies may test 

demographic models, including ancestral gene flow based on more samples from Guam.  

2.4.3. Potential incipient speciation in Ogasawara 

The population of G. fascicularis in Ogasawara could be an incipient new species. It has been 

isolated from its three potential sister populations in Ryukyu, Daito, and Guam for at least 

109,000 generations (Fig. 2.5), which corresponds to roughly 3.8 M years at a mean 

generation time of 35 years. There is a large margin of error in these estimations since exact 
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mutation rate and generation time for our taxon was not known. However, several million 

years of divergence probably separate the three populations from its common ancestor. This 

amount of time may be sufficient for incipient speciation, since time to speciation across 

various organisms are estimated to lie between 100,000s to millions of years (Coyne & Orr, 

2004). Although this rate may be slower in marine species (Palumbi, 1992) the estimated 

speciation rate for scleractinia since the Pliocene is 1–4 /M years (Simpson et al., 2011), 

which would cover the hypothesized time span of isolation of 3.8 M years in Ogasawara. 

Moreover, the time to speciation is thought to be generally shorter in allopatry or peripatry 

(Norris & Hull, 2012), such as appears to be the case in our study, since only little amount of 

gene-flow was detected in our demographic analysis. Spatially driven speciation in the sea 

has been regarded to be less common than on land due to fewer dispersal barriers, supported 

by the seemingly abrupt and geographically random appearance of new species in respect to 

their sisters in the fossil record (Jablonski, 1986). However, morphological variation does 

often not correspond to species-level genetic differentiation in corals, including in Galaxea. 

Although more micromorphological, ecological, and reproductive studies are needed to 

confirm speciation, the extent of genetic differentiation found here potentially indicate 

incipient speciation. According to theory, two spatially diverged lineages in the sea may 

develop prezygotic reproductive barriers (behavioral, recognition) after secondary contact, 

and develop further postzygotic barriers, such as hybrid inviability upon new increased 

geographic separation after many thousands of generations through environmentally variable 

geologic times (Norris & Hull, 2012). To further investigate a potential speciation event, 

future work may focus on the genetic composition of Galaxea in the Mariana Islands, since 

the two lineages may have mixed in Guam (Fig. 2.3).  

 Because of the long divergence time, it is difficult to determine whether the Galaxea 

population in Ogasawara has originally arrived via the Izu or the Mariana route from the 

present sample set. The colonization from Ryukyu would be supported by the contemporary 

dispersal probabilities according to ocean currents (Fig. 2.6). Even though the temperate 

northern habitats along the Izu route seem challenging to overcome at present, much warmer 

climates in the recent past (Hansen et al., 2013; Snyder, 2016) could have facilitated dispersal 

along this route during most of their divergence time. However, at present the Ogasawara and 

Ryukyu do not share the same ancestral lineages; rather it is Guam that was mixed in its 

genetic composition with the lineage in Ogasawara (Admixture analysis Fig. 

2.3).Colonization from the Mariana Islands was also supported by the migration rates 



 

 

66 

estimated by demographic modeling (Fig. 2.5). Colonization from the Mariana Islands would 

imply that the lineage found in Ogasawara originated perhaps in Guam, has colonized 

Ogasawara, and later became mixed in Guam with another lineage now dominant in the 

Ryukyu Islands. Contemporary dispersal seems to support this route of colonization, as 

northward but no southward migration was found along the Mariana chain (Fig. 2.6), 

although this finding should be verified after including a complete habitat map of this region 

in the dispersal model (northern Islands along the Izu-Bonin Arch). However, the mixed 

pattern could also be a result of secondary, southward migration of the Ogasawara 

population, perhaps since the relatively recent emergence of the Northern Mariana Islands, 

which would mean that the Ogasawaran lineage originated in Ogasawara.  

The two possible explanations for the mixed genetic composition in Guam could be 

tested by sampling additional populations between Ogasawara and Guam, or by demographic 

modeling with more data from Guam. Colonization from the Mariana Islands would predict 

that the genetic composition on the younger islands between Ogasawara and Guam would 

have similar or smaller percentages of the Ogasawaran lineage than in Guam, and that 

ancestral migration northward to Ogasawara would be stronger than at present. On the other 

hand, secondary southward migration of the Ogasawara lineage would predict a gradual 

decrease of the Ogasawaran lineage from north to south and recent asymmetric migration 

from Ogasawara southward. We tested the likelihood of ancient gene-flow or secondary 

admixture in dadi, which revealed the best likelihood for strong ancient gene-flow from 

Ogasawara to Guam (Table S2), contradicting both of the above hypotheses. The small 

sample size in Guam was probably insufficient to detect recent levels of gene flow 

accurately. More sequencing to higher coverage, using more specimens and/or specimens 

from islands along the Northern Mariana Islands are needed to resolve the directionality of 

the relationship between Ogasawara and Guam, and to finally conclude whether the 

Ogasawaran lineage could have been colonized from Guam or the Ryukyu Islands.  

  



 

 

 

67 

Chapter 3: Phylogenetic and biogeographic evolution of 
Galaxea  

3.1. Introduction 
Our understanding of coral diversity and diversification processes is still underdeveloped 

despite their fundamental role in one of the world's most diverse ecosystems. Even on the 

family level the taxonomy and evolutionary history of the scleractinia are not fully resolved 

(Romano and Cairns 2000, Fukami 2008, Kitahara et al. 2010) and less than half of all 

scleractinian species have been analyzed phylogenetically (Huang & Roy, 2015; Kitahara et 

al., 2016). Meaningful species delimitations are the basis for phylogenetic inference and are 

crucial for the implementation of accurate conservation measures. However, traditional 

species delimitations based on macromorphological characters such as attributes of the polyp 

skeleton or colony shape were shown to not agree with genetic differentiation, and many 

taxonomic species may not represent evolutionary coherent entities (Romano and Cairns 

2000, Fukami 2008, Kitahara et al. 2010). Genetically very divergent but morphologically 

cryptic species are common in the scleractinia (e.g. Combosch et al. 2008; Flot et al., 2011; 

Ladner & Palumbi, 2012) and may have led to an underestimation of diversity in many 

genera. Genetic and morphological delimitations may also be inconsistent when compared 

between geographic region. In order to understand coral diversity, it is therefore important to 

not a-priori link genetic to morphological variation, especially across geographically wide 

ranges (Veron 1995). Using a phylogeographic approach, we here attempt to holistically 

analyze the relationships between morphological, spatial, and genetic differentiation using 

the genus Galaxea Oken.   

 Galaxea may be one of the genera, for which taxonomic species may not reflect 

biological species. The small Indo-Pacific genus is the phylogenetic sister of Simplastrea 

Umbgrove and together they form the sister group to Euphyllia Dana (Huang, 2012) 

(although some uncertainties regarding the monophyly of Galaxea in respect to Euphyllia 

exist (Kitahara et al., 2016)). The genus was recently reclassified from Oculinidae to 

Euphyllidae (WoRMS, 2015). There are ten extant taxonomic species accepted to date 

(WoRMS, 2015)(Table 3.1), which are differentiated by colony branching patterns, the 

number of septa cycles, and size (Veron and Stanfford-Smith, 2000). From the seven 

taxonomic species the most common is G. fascicularis L., distributed from the Red Sea to 

Micronesia, which is also the evolutionary oldest species with a fossil record dated to the 
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Oligocene (PBDB, 2018). It occurs in all parts of the reef and is thought to be one of the 

'climate change winners' due to relatively high resistance to bleaching (Marshall and Baird 

2000). The second most common taxon is G. astreata Lamarck, which geographically 

overlaps with G. fascicularis. The other eight species are much rarer and seem to be restricted 

to South East Asia (Table 3.1) (Veron and Stafford-Smith 2000). While the phylogenetic 

relationships between the taxonomic species are unknown, there are three genetically 

divergent lineages alone in the taxon Galaxea fascicularis (Watanabe et al. 2005; Nakajima 

et al. 2016), indicating that the current species concept in Galaxea may not be correct.  

Two distinct 'types' of G. fascicularis had originally been found in the Ryukyu 

Islands, Japan, and distinguished based on variation in the nematocyst anatomy (Hidaka 

1992). These types were later observed to differ in the length of a mitochondrial non-coding 

region between the genes cytb and ND2 (Watanabe et al. 2005) and to somewhat vary in their 

coenosteum density (Wewengkang et al., 2007). This mitochondrial region differs by almost 

300 bp between the types (457 bp vs. 167 bp), which is why they have been referred to types 

'S' for 'short' and 'L' for 'long' (Nakajima et al. 2015). The two types are also differentiated in 

their nuclear DNA as was revealed by microsatellite markers (Abe et al., 2008a; Nakajima et 

al., 2015). Reproductive studies indicate that they differ in spawning time (Heyward et al., 

1987; Yamazato, 1988) and mostly do not cross-fertilize under laboratory conditions (Abe et 

al. 2008a). A third lineage 'L+' has been found from Kume Island, which has a three base 

pairs longer mitochondrial control region than type L and is differentiated in the nuclear 

genome from both the L and S type (Nakajima et al. 2016). All lineages occur side by side on 

the reef in the Ryukyu Islands, however, their geographic distribution elsewhere that could 

shed light on their evolutionary origins are unknown.  

 Different neutral and selective processes could have caused the differentiation 

between the three cryptic lineages in G. fascicularis. For example, historical geographic 

isolation could have caused their divergence in the past, and the currently observed sympatry 

in the Ryukyu Islands may be the result of a more recent breakdown of a dispersal barrier. 

The divergence could also be caused ecologically, for example through water depth 

segregation, such as observed in other coral genera (Prada & Hellberg, 2013; Serrano et al., 

2014). In order to infer potential divergence mechanisms, it is therefore crucial to conduct a 

geographically comprehensive sampling. Furthermore, more distinct cryptic lineages may be 

found in G. fascicularis in other parts of the taxonomic distribution range. Cryptic species are 

very common in coral genera, as already shown in Stylophora (Flot et al., 2011), Acropora 
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(Ladner & Palumbi, 2012), Pocillopora (Combosch et al., 2008), Heliopora (Yasuda et al., 

2014; Yasuda et al., 2015), and Seriatopora (Warner et al. 2015). 

 To this end, morphologically and taxonomically variable specimens in Galaxea from 

the entire Indo-Pacific distribution range were gathered for a comprehensive phylogenetic 

investigation. Field collections were complemented with museum specimens to increase 

geographical coverage. We used restriction site-associated DNA (RAD) sequencing to 

genomically characterize the specimens on a fine resolution. In addition, we analyzed the 

characteristic mitochondrial control region to relate our results to previous studies. By 

comparing genealogies between nuclear and mitochondrial regions, indications for 

hybridization may also be detected. Hybridization is known to occur frequently in corals 

(Veron 1995, Willis et al. 2006) and its potential influence on phylogenetic inference needs 

to be considered in any systematic study of corals. We further investigated the depth 

distribution and colony morphology between the cryptic lineages in G. fascicularis in order 

to shed light on potential environment-driven causes for their sympatric existence.  

Table 3.1. Currently accepted species in Galaxea by the World Register of Marine Species. The age 
refers to the oldest fossil record listed the Paleo Biology Database (PBDB, 2018) where available. 

Abbreviations: na = not available, SE= South East 

Species First description Distributi
on 

Abund
ance 

Age 
[Ma] 

G. fascicularis  Linnaeus, 1767. Systema naturae sive regna 
tria naturae, secundum classes, ordines, 
genera, species, cum characteribus, 
differentiis, synonymis, locis. Laurentii Salvii, 
Holmiae. 12th ed. v. 1 (pt 2): 1278 

Red Sea, 
Indo-
Pacific 

comm
on 

20.43  

G. astreata Lamarck, J.B.d.1816. Histoire naturelle des 
Animaux sans Vertèbres, présentant les 
caractères généraux et particuliers de ces 
animaux, leur distribution, leurs classes, leurs 
familles, leurs genres, et la citation des 
principales espèces qui s'y rapportent; 
précédée d'une Introduction offrant la 
Détermination des caractères essentiels de 
l'Animal, sa distinction du Végétal et des 
autres corps naturels, enfin, l'exposition des 
principes fondamentaux de la Zoologie: Paris, 
Déterville & Verdière. p. 227 

Red Sea, 
Indo-
Pacific 

comm
on 

11.6  

G. horrescens Dana, J.D. 1846. United States Exploring 
Expedition during the years 1838-1842. 
Zoophytes 7: 1-740. Lea and Blanchard, 
Philadelphia. 

Central 
Indo-
Pacific 

uncom
mon 

2.5 

G. paucisepta Claereboudt, M. 1990. Galaxea paucisepta 
nom. nov. (for G. pauciradiata), rediscovery 

SE Asia rare 7.246 
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3.2. Materials and Methods 

3.2.1. Specimens 

In order to evaluate species definitions, including the taxonomic (morphological) and 

genetically derived phylogenetic relationships, Galaxea specimens were collected from 

various places across the Indo-Pacific distribution range of the genus. Field collections were 

gathered from the Red Sea (15, KAUST), Maldives (10), Chagos (10), the Great Barrier Reef 

(5) (University of Queensland), Western Australia (12) (Curtin University), Thailand (6) 

(Ramkamhaeng University), Taiwan (6) and Dongsha (6) (Academia Sinica), Japan (~158), 

Hong Kong (13) (University of Hong Kong), Samoa (5) (National Marine Sanctuary 

American Samoa), and Guam (9) (University of Guam). DNA or specimens were exported 

with the CITES permit numbers PWS2016-AU-001320, PWS2016-AU-001565, 

AC.0510.2/18836), or processed in country of collection. To further increase geographic 

and redescription of a poorly known 
scleractinian species (Oculinidae). Galaxea 
9: 1-8.  

G. 
cryptoramosa 

Veron, J.E.N. 2000. Corals of the World. Vol. 
1–3. Australian Institute of Marine Science and 
CRR, Queensland, Australia. 

SE Asia uncom
mon 

na 

G. longisepta Veron, J.E.N. 2000. Corals of the World. Vol. 
1–3. Australian Institute of Marine Science and 
CRR, Queensland, Australia.  

SE Asia rare na 

G. pauciradiata 

(synonym G. 
astreata) 

Blainville, H. M. de 1830. Zoophytes. In: 
Dictionnaire des sciences naturelles, dans 
lequel on traitre méthodiquement des differéns 
êtres de la nature, considérés soit en eux-
mêmes, d’après l’état actuel de nos 
connaissances, soit relativement a l’utlité qu’en 
peuvent retirer la médicine, l’agriculture, le 
commerce et les arts. Edited by F. G. Levrault. 
Tome 60. Paris, Le Normat. Pp. 548, pls. 68. 

Red Sea uncom
mon 

5.5 

G. acrhelia 

(synonym G. 
cryptoramosa) 

Veron, J.E.N. 2000. Corals of the World. Vol. 
1–3. Australian Institute of Marine Science and 
CRR, Queensland, Australia. 

SE Asia uncom
mon 

7.246 

G. alta  Nemenzo, F., 1979. New species and new 
records of stony corals from west central 
Philippines. The Philippine Journal of Science 
108: 1-25. 

SE Asia na na 

G. negrensis Nemenzo 1979.  Hoeksema, B.; Cairns, S. 
(2018). World List of Scleractinia. Galaxea 
negrensis Nemenzo, 1979.  

SE Asia na na 
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coverage, field collections were complemented with museum specimens from the 

Smithsonian Institution (18), the Naturalis Biodiversity Center in Leiden (2), and the 

Museum of the University of the Ryukyus Fujukan (16). All specimens used, including their 

sampling location and available meta data are listed in Appendix 3, Tables S3.1 and S3.2. 

 Taxonomic species identities were assigned to specimens using field photographs 

(Fig. 3.1) and remaining collection material where available (Appendix 3, Table S3.1). Two 

sources were considered, the widely cited 'Corals of the World' (Veron and Stafford-Smith 

2000) and an unpublished taxonomic treatment given by van der Veer (2007). In G. 

fascicularis, primary and secondary septa are similar or same in size so that the number of 

primary septa appears irregular or extended. This feature can be observed through the coral 

tissue, which is why this taxonomic species may be readily identified in the field or from 

field photographs, together with the feature of massive and unbranching colony morphology. 

Specimens, for which colony growth form was laminar and in which polyps had unequal 

septa cycles of six uniform septa each, and were > 3.5 mm in diameter were assigned to G. 

astreata. Specimens that were similar to G. astreata but had smaller polyps (< 3.5 mm) with 

strictly 2 septa cycles, out of which the second did often not reach the columnella, were 

assigned G. paucisepta. The identification of these two species required the examination of 

polyp skeleton material (Appendix 3, Table S3.1). Specimens that were thinly branched and 

had small polyps shorter than the width of the branch they were sitting on were assigned G. 

horrescens. Specimens that exhibited any form of cryptic branching pattern were assigned G. 

cryptoramosa following (van der Veer, 2007). For specimens from Dongsha, Taiwan, and 

most from Western Australia no photographs were available to verify the taxonomic labeling 

given by the sample providers. However, all sample providers (Put Ang, Allen Chen, Atsushi 

Fujimoto, Veronica Radice, Zoe Richards, Mareike Sudek, Tullia Terraneo) were 

experienced coral biologists so that the labeling may be trusted.  

 The distinction between G. astreata and G. paucisepta is ambiguous and disagrees 

between the two taxonomic sources considered. According to Veron and Stafford-Smith 

(2000) both taxa have 2 septa cycles and are only distinguished by polyp diameter (more or 

less than 3 mm) and the ability of G. astreata to extend the laminar growth form to columnar. 

In contrast, van der Veer (2007) distinguishes the two taxa by the number of septa cycles, G. 

astreata having 3 and G. paucisepta having only 2 complete cycles, and only G. paucisepta 

exhibiting laminar growth. According to van der Veer (2007), there is no G. astreata in 

Okinawa, as none of the colonies are columnar. In contrary, following Veron almost all of the 
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same specimens match the description of G. astreata, as most grow laminarly and have 2 

septa cycles, except for a few specimens with smaller polyps (<3 mm) that would be assigned 

to G. paucisepta. Despite the ambiguous delimitation, there seems to be two separate forms 

in the field occurring side by side. I followed Veron's description but lifted the size threshold 

for separation from 3 to 3.5 mm polyp diameter, since polyp sizes of less than 3.5 mm were 

often linked to small and potentially juvenile colonies. Further, G. cryptoramosa found in 

Okinawa sometimes exhibited laminar growth forms in the same colony, complicating the 

distinction to G. asterata. In this study, all colonies that were branching in some part of the 

colony were assigned G. cryptoramosa. 



 

 

 

73 

 

Figure 3.1. Example photographs of Galaxea specimens of different taxonomic species. A: G. 

fascicularis, lineage "S", PW575 from Seragaki; B: G. fascicularis, lineage "L", PW100 from Iheya, C: 

G. fascicularis, lineage "L+", PW42 from Miyako; D: G. paucisepta, PW571 from Seragaki; E: G. 

cryptoramosa, PW249 from Seragaki; F: G. horrescens, AF-3 from Guam; G: G paucisepta 

(overgrowing G. astreata), PW573 from Seragaki; H: G. astreata, PW572 from Seragaki; I: G. 

astreata, PW448 from Motobu. 

 Six outgroup specimens were added to the phylogenetic analysis for rooting purposes 

and to test for the monophyly of Galaxea. Three species within the "complex" clade of the 

scleractinia with two specimens each were chosen, including the closely related Euphyllea 

c.f. ancora and Pachyseris c.f. speciosa and two specimens of Acropora digitifera (Huang 

2012). 
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3.2.2. DNA extraction  

 DNA from field collections were extracted as described in previously, however, for 

the extraction of ancient DNA from museum specimens, special precautions against 

contamination were necessary, as the yield is usually low and DNA is degraded. All tools 

were cleaned and sterilized with 10% bleach, 99% EtOH, and Bunsen burner in between 

processing of each specimen, and tubes and tips were autoclaved. To remove potential 

surface contamination from the dried specimens, skeleton pieces were soaked in 70% EtOH 

for 10 min to 1 h and air-dried. The QIAGEN DNeasy Blood and Tissue extraction protocol 

was adjusted to a larger quantity of extraction material of 0.2-1.3g per specimen and a longer 

denaturation incubation time of 18-22 h at 56 ºC with a larger amount of extraction buffer 

and protein kinase K (up to 10x more). After this step, the manufacturer's protocol was 

followed. Specimens from the Smithsonian Institution and the Naturalis Biodiversity Center 

Leiden were extracted and treated in collaboration with the ToBo laboratory at the Hawaii 

Institute of Marine Biology.  

 DNA was extracted from 40 museum samples that were satisfying the criteria of 

having sufficient material, being of acceptable quality (i.e. without visible mold or algal 

contamination), and not showing signs of chemical treatment for preservation purposes (i.e. 

smell of xylene). The extractions varied in yield and some of the samples showed signs of 

considerable DNA degradation (DNA fragments shorter than 500bp) when run on an Agarose 

gels. Based on DNA concentration and quality, 28 specimens were chosen for sequence 

analysis.  

3.2.3. RAD-seq analysis 

150 specimens were genotyped using RAD-tag sequencing. Libraries were prepared by the 

Ecological Genomics Pipeline (Economo & Mikheyev units). RAD-tag sequences are ideal 

not only for population genetics (Hohenlohe et al., 2010) but also phylogenetic inference 

between recently diverged lineages (Emerson et al., 2010). The protocol included single-

digestion with the restriction enzyme EcoR1 and a size selection step (see (Tin et al. 2014) 

and previous chapter for more details). Libraries were single-end sequenced using the 

Illumina HiSeq platform. Raw reads were quality filtered and trimmed using Trimmomatic 

(Bolger et al. 2014). Loci were assembled in ipyrad software (Eaton 2015) based on partially 

assembled Galaxea reference sequences provided by the ReFuGe2020 consortium (Voolstra 

et al. 2015, Liew et al. 2016) and (Nakajima et al. 2015). Reads needed to be minimally 35 

bp long to enter assembly analysis within ipyrad. A minimum depth of 6 and maximum depth 
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of 10,000 within samples were used for base calling. Only biallelic sites were considered. 

Maximally, four uncalled bases (Ns) and eight heterozygotes in consensus sequences were 

accepted. A locus needed to be represented in at least three samples and was allowed to have 

maximally 10 SNPs and 8 indels. Loci were trimmed at the 5' end by 5 bp because these 

contained too many and too inconsistently variable sites. From the mapping statistics, we 

then excluded individuals that had less than 1000 loci.  

 A phylogenetic tree was constructed from the SNP phylip output file with a maximum 

likelihood approach using ExaML v.3 (Kozlov et al., 2015). Twenty random starting trees 

were generated using RAxML (Stamatakis, 2006) and given as input to ExaML. ExaML was 

run under the PSR model to find the most likely tree. Bootstrap analysis was performed with 

100 iterations to estimate the likelihood of each node, creating bootstrapped alignments in 

RAxML and performing likelihood searches in ExML as described above. We used Booster 

(Lemoine et al., 2018) to calculate branch supports. Booster implements a newly developed 

method of gradual distance measurements of branches between replicates and is thought to 

perform better for large datasets derived from next generation sequencing. The booster 

instability metric for each specimen is given in Appendix 3, Table S3.3. 

3.2.4. Mitochondrial haplotype analysis 

In addition, the Galaxea characteristic mitochondrial non-coding region between cyt b and 

ND2 was analyzed by Sanger sequencing. Each polymerase chain reaction (PCR) contained 

1ul of 8uM primers 188-1 3'-GAATAGGCTATACTAGCAGGTC-5' and 188-R3 3'- 

CATCATTATCCTCTTCAAGG-5', 2ul MilliQ water, 5ul AmpliTaq Gold Master Mix 

(Applied Biosystems, Thermo Fisher Scientific), and 1ul holobiontic DNA. The amplification 

protocol included an initial denaturation step of 95ºC for 9 minutes, 35 cycles of denaturation 

at the same temperature for 30 seconds, annealing at 54ºC for 30 seconds, an extension at 

72ºC for 5 minutes, and a final extension at 72ºC for 5 minutes. Amplification success was 

evaluated in an agarose gel electrophoresis of similar size. PCR products of successfully 

amplified samples were cleaned with 1ul of 0.2x diluted Exo and 1ul of 0.2x diluted SAP per 

reaction, applying at 35ºC for 30 minutes followed by 80ºC for 15 minutes. Cleaned PCR 

products were sent for single-end sequencing to Macrogen Japan Corporation, except for 16 

museum specimens from Fujukan, which were sequenced in-house. For these, 1ul of the 

cleaned PCR products were cycle-sequenced with 1ul 5x Sequencing Buffer, 1ul 3.2 pmol 

forward or reverse primers, 0.4 ul Big Dye and 6.6 ul MilliQ water, applying 96ºC for 1 min 
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for denaturation, 25 cycles of 10 seconds denaturation at the same temperature, 5 seconds for 

annealing at 50ºC and 4 minutes for extension at 60ºC. The cycle sequencing products were 

cleaned by ethanol precipitation and sequenced in an ABI sequencer. In total 135 specimens 

were sequenced. 

 DNA sequences were examined and processed using Geneious v. 9.1.2. Low quality 

base calls at the ends and primer sequences were removed. Some specimens, especially the 

museum specimens, showed signs for containing multiple haplotypes, i.e. both the longer L 

and shorter S sequences, resulting in double peaks in the DNA chromatograph. For these 

specimens (indicated in Appendix 3), only the dominant sequences were taken, if the peaks 

were an order of magnitude larger than those of the minor background sequence. Those 

samples were included in the analysis if one of the alternative sequences was identical to one 

of the other haplotypes and clearly more dominant than the others. Sequences of too low 

quality were removed entirely. The cleaned sequences were aligned to each other and 

previously published haplotype sequences by Watanabe et al. (2005), who has described five 

L-haplotypes LA-LE and three S-haplotypes SA-SC, and Nakajima et al. (2016), who 

published Watanabe et al.'s LA and SA sequences plus the sequences of two more L-

haplotypes LF and L+ on Genbank (accession numbers LC155810 - 3). TCS haplotype 

networks were drawn using TCS v. 1.21(Clement et al., 2002) and PopART (Bandelt et al., 

1999), and edited in Adobe Illustrator. A map showing the geographic distribution of the 

haplotypes was drawn using PopART software (Fig. 3.2).  

3.2.5. Morphological and depth-differentiation between lineages of G. fascicularis 

In order to infer any indications for potential ecological evolution between the three lineages 

L, S, L+ in G. fascicularis, we compared their depth distribution and morphology in some 

more detail. The lineages L and S were shown to differ in nematocyst morphology (Watanabe 

et al.; 2005), but not in tissue color (Wewengkang et al., 2007), however, skeletal features 

have been examined less. To this end, we first identified the mitochondrial type of another 

370 Galaxea fascicularis specimens collected from Japan and Thailand by fragment length 

analysis (Appendix 3, Table S3.1), following (Nakaema & Hidaka, 2015). Specimens were 

assigned type L if they had a fragment size of 457 bp, S if their fragment size was 167 bp, 

and L+ if their fragment size was 460 bp. Specimens with equally abundant multiple 

fragment sizes were excluded from the analysis. Specimens for which lineage identity was 

also identified with RAD data were marked as such (Fig. 3.3, 3.4).  
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We assessed depth distributions between the lineages based depth recordings of 176 

specimens from Japan and 157 specimens from Thailand. Depth of occurrence was recorded 

for each specimen during field sampling using a dive computer (Scubapro Chromis). The 

reading was corrected for the tidal level of the sampling site at the time of collection to 

represent average depth. The distributions were visualized by boxplots for each sampling site 

and lineage separately (Fig. 3.3). 

 Colony morphology was quantified using 157 specimens from the Ryukyu, Daito and 

Ogasawara Islands using field photographs. Polyp maximal diameter, polyp minimal 

diameter, and distances between the polyps were measured using Fiji software (Schindelin et 

al. 2012). For each trait, 3–10 measurements were taken from fully-grown, typical polyps of 

the colony and averaged within a specimen. Fractions of minimal and maximal diameters 

were calculated and referred to as 'shape', and relative distances between polyps were 

calculated as fractions of measured distance to maximal diameter ('dist.rel'). A principal 

component analysis (PCA) was performed to depict morphological variation in two 

dimensions using the morph.pca function, and plotted with the ggbiplot function in R (Fig. 

3.4). Variation in maximal polyp diameter between the lineages was additionally tested in a 

Kruskal-Wallis rank sum test, after confirming a non-normal distribution of this trait in a 

Shapiro-Wilk normality test. All analyses and plotting were done in R (R Development Core 

Team 2015) and edited in Adobe Illustrator.  

 Septa cycles were examined based on remaining collection material for 83 specimens 

with available material (Appendix 3, Table S3.1), including the number of septa cycles and 

their size proportions to each other. In addition, 8 specimens (Table 3.2) were chosen for 

micro-computer tomography (CT) in a ZEISS Xradia 5xx Versa to quantify the ratio of 

skeleton to open space in individual corallites. Individual polyps were bleached and dried 

prior to scanning. The 3D representation was reconstructed in Zeiss XM3DViewer and 

loaded into Amira v.6 software for virtual segmentation of skeleton and intra corallite air 

space. The volume ratio without air spaces to total volume including air spaces was taken as 

an indication for skeleton density and compared between the lineages L, S and L+. 
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3.3. Results 

3.3.1. RAD-seq phylogeny and mitochondrial haplotype diversity 

 The RAD-seq analysis revealed 471 000 variable sites that were shared by more than 

4 individuals. Unfortunately, most museum specimens (26), except for two from Tanzania 

and Indonesia, had to be discarded due to insufficient data (less than 1000 loci). Further five 

specimens from Miyako (1), Taiwan (2), Daito (1), and Chichi Island (1) also had to be 

discarded for the same reason. The phylogeny revealed that Galaxea is monophyletic in 

respect to the outgroup genera Euphyllea, Pachyseris, and Acropora, and clustered into three 

well-supported main clades (Fig. 3.2). The first clade was only found in Chagos and was 

basal to the other two clades. The second clade contained specimens from the Red Sea, the 

Indian Ocean, and the central Indo-Pacific (hereafter referred to as 'Indo-Pacific Clade'), and 

the third clade contained specimens from the central Indo-Pacific and all other parts of the 

Pacific (hereafter referred to as 'Pacific clade'). Within these main clades, specimens cluster 

according to geographical closeness. In the Indo-Pacific clade, individuals from the Red Sea 

are the phylogenetic sister to an Indian Ocean group and a clade containing samples from 

Asia and Australia. In the Pacific clade, the L+ - lineage formed a strongly supported clade 

basal to all other specimens, followed by the taxonomic species G. horrescens. The 

remaining specimens within this clade grouped to a south-eastern Pacific subclade, with 

specimens from Samoa and the Great Barrier Reef, and two subclades containing Western 

Australian and Asian specimens, respectively. An exception in the geographical structuring 

represented a specimen from Thailand PW297 in the Indo-Pacific clade, which was basal to 

all other individuals in this clade. The node support values were generally high for the deeper 

nodes (0.8-1) but nested, terminal clades within geographic locations had usually very low 

values (<0.7). Notably, all islands of the Ryukyu archipelago were mixed, and all sub clades 

had low supports, except for clusters of clones (for example Iheya_PW103, 100, 110, 112, 

114, 117). 

 Taxonomically, the basal clade from Chagos and the Indo-Pacific clade consisted 

entirely of G. fascicularis. The Pacific clade contained G. fascicularis and all other 

taxonomic species included in this study, except for one specimen G. astreata with uncertain 

species identification from western Australia (no specimen photograph available). Galaxea 

horrescens was monophyletic, including specimens from Guam and Western Australia. 

Galaxea paucisepta and G. cryptoramosa clustered together and were distinct from other 

specimens from Okinawa. Galaxea fascicularis and G. astreata were polyphyletic. 
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Figure 3.2. (previous page) RAD-seq phylogeny of Galaxea. Tip labels are colored according to 

geographic region and circles represent the mitochondrial haplotype retrieved by Sanger sequencing 

(filled circles) or fragment length analysis (empty circles, A). The insertion (B) shows the overview 

topology marking major clades and the cryptic lineages in G. fascicularis. All tips are G. fascicularis, 

except for the tips in colored background boxes in A, and asterisks (*) mark specimens with uncertain 

taxonomic species identification due to lacking sampling or specimen photographs. Node supports 

are given as Booster distances based on 100 bootstrap replicates, and crosses (x) mark specimens 

with booster instability >1 (Appendix 3: Table S3.3). 

 The cryptic lineages in G. fascicularis were split between the main clades; lineage S 

was contained in the Indo-Pacific clade, and lineages L and L+ were contained in the Pacific 

clade. However, the mitochondrial haplotypes mapped inconsistently to these clades. The 

Pacific clade consisted of type LA and most other subtypes of L, except for subtype LJ, 

which was found in the Red Sea. The Indo-Pacific clade contained both L and S haplotypes, 

with most Asian specimens containing haplotypes SA or SB, and the specimens from the 

Indian Ocean and the Red Sea containing mostly LA. 

 Across all locations and taxonomic species, 14 mitochondrial haplotypes were found, 

two haplotypes that were 135 bp short (S subtypes) and 12 haplotypes that had the longer 467 

bp (L subtypes) or 470 bp (L+) sequences (Fig. 3.3). LA-LE, SA, and SB were previously 

reported by (Watanabe et al., 2005), and the sequences LF, SA and L+ correspond to the 

sequences L2, S1, and L+ found by Nakajima et al. (2016). The other sequences have not 

been reported previously and were submitted to Genbank (accession numbers MK054259 

- MK054269). LA and SA were the most widely distributed and most frequent types. The 

second SB subtype was common in Taiwan and in the Great Barrier Reef. Most L subtypes 

(LG-LP,) were rare and only found once from a single location, with the exceptions of LH 

which was common in G. horrescens. The specimens from Chagos in the basal RAD-seq 

clade could not be amplified in this marker (multiple bands of the PCR product in gel 

electrophoresis) and were not sequenced. This included the specimens CH048, CH049, 

CH054, CH111, CH120, CH128, and CH131. 
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Figure 3.3. Geographic (A) and taxonomic (B) distribution of mitochondrial haplotypes in Galaxea. LA 

is the ancestral and most widely distributed haplotype. Most taxonomic species other than G. 

fascicularis contain haplotype LA, except for G. horrescens, which contained LH, and L+, and G. 

astreata, in which one specimen contained SA. The mitochondrial haplotype sequence consists of the 

non-coding region between nt2 and cytb. The distribution of the major RAD-seq clades is shown by 
dotted lines. 

3.3.2. Depth distribution and morphological variation between lineages in G. fascicularis 

 Within sampling sites, no obvious difference in depth distributions between the 

lineages S, L, and L+ were found (Fig. 3.4). However, in Thailand the sampling sites differed 

in the relative abundances of S and L. Sites in Trat were shallower and had more S than the L 

type, whereas sites in Chumphon were generally deeper and had more of the L type.  
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Figure 3.4. Depth distribution of cryptic lineages in G. fascicularis per sampling sites in Japan and 

Thailand. Lineages generally do not vary in their depth distributions. Specimens for which only 
mitochondrial data was available are colored in a lighter shade (mt-L, mt-S), specimens with RAD-seq 

information were colored in a darker shade (Indian = contained in the Indo-Pacific clade, Pacific = 

contained in the Pacific clade). 

 The three lineages L, L+, and S in G. fascicularis had overlapping variable spaces in 

the two-dimensional PCA, which explained 84% of the total variation (Fig. 3.5). However, 

lineage L may grow larger polyps, which tend to be slightly more asymmetric (more ellipsoid 

than circular) than the other lineages, as visible from its spread into positive direction along 

the first axis (PC1) corresponding to polyp size, and negative direction along the second axis 

corresponding to shape. The non-parametric Kruskal-Wallis test detected a significant 

difference in maximal polyp diameters between genetic lineages (chi-squared = 31.879, df = 

2, p-value = <0.001), however, shape was not significant. The number of septa cycles or 

septa shapes were variable but did not differ between the three lineages. The CT scans 

resulted in a small difference of skeleton density between the lineages from the eight 

specimens measured, with lineage L, having larger air spaces or thinner walls in the corallite 

on average than lineages S and L+, resulting in smaller ratios of skeleton only and total 

corallite volume in the L type than in the other two types (Table 3.2). 
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Figure 3.5. Morphology principal component analysis on lineages L (or ‘Pacific clade;), S (or ‘Indo-

Pacific clade’), and L+ in G. fascicularis from the Ryukyu Islands. Mitochondrial type L grows 

somewhat larger polyps than the other lineages. Specimens for which only mitochondrial data was 

available are colored in a lighter shade (mt-L, mt-S). Abbreviations: diam.max = maximal polyp 

diameter, dist.rel = space between polyps, shape = ratio of shorter to longer polyp diameter.  
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Table 3.2. Skeleton density as measured by X-ray micro-computed tomography. The ration 

skeleton/total refers to the ratio between the volumes measured for the skeleton only without the air 

cavities and the total volume including air cavities. Specimens marked with an asterisk (*) represent 

clones. 

Specimen Source 
location 

mtType Skeleton/total Example section 

PW112* Iheya L 0.774 

PW112 

PW117* Iheya L 0.696 
PW107* Iheya L 0.677 

   mean: 0.716 

PW116 Iheya L+ 0.935 

PW116 

PW121 Oku L+ 0.807 
PW110 Iheya L+ 0.768 

   mean: 0.837 

PW79 Miyako S 0.830 

PW64 

PW64 Miyako S 0.730 
   mean: 0.780 

 

3.4. Discussion 
We investigated genetic differentiation in the genus Galaxea in the Indo-Pacific and assessed 

morphological variation and depth distribution between the cryptic lineages of G. 

fascicularis. We found that the genus is monophyletic and clustered into three distinct clades, 

an Indo-Pacific, a Pacific, and a basal clade represented in Chagos. The cryptic lineages in G. 

fascicularis were found to be highly divergent belonging to separate clades, the lineage S to 

the Indo-Pacific clade, and lineages L and L+ to the Pacific clade, respectively. No difference 

in depth distribution but some indications for morphological differentiation between the 

lineages exist in Okinawa. The taxonomic species and mitochondrial haplotypes only 

partially match the genomic divergence in the genus. 

3.4.1. Origins and relationships between lineages L, S, L+ in G. fascicularis 

 The lineages L, S, L+ previously described from the Ryukyu Islands (Hidaka 1992, 

Watanabe et al. 2005) were genetically highly divergent and belonged to two different clades 
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in the genus phylogeny (Fig. 3.2). Lineages L and L+ were more closely related to each other 

than to lineage S and cluster exclusively with other Pacific specimens, indicating that these 

lineages have originated in the Pacific. Out of the two, lineage L+ was much rarer and could 

only be confirmed from the Ryukyu Islands and in one museum specimen of G. horrescens 

from Palau. Lineage S from the Ryukyu Islands, however, was more closely related to 

samples from the Red Sea and the Indian Ocean than to the other sympatric lineages, 

indicating that lineage S could have originated in the Indian Ocean and has only recently 

migrated into the Pacific. In the Pacific, lineage S was found in Thailand, Hong Kong, 

Dongsha, Taiwan, the Ryukyu Islands, and the Great Barrier Reef, but not in more 

disconnected and distant places like the Ogasawara Islands and Samoa. The Ogasawara 

Islands, for example, are disconnected from other Pacific islands (see previous chapter) and 

are known for their small coral species richness (Inaba 2004). Even in the Daito Islands, there 

was only one specimen out of more than thirty collected that belonged to lineage S. This 

suggests that lineage S could perhaps not have had enough time since its more recent 

immigration into the Pacific to disperse to these isolated places in detectable quantity, yet. 

Alternatively, both lineages could have inhabited the Pacific for similar times, but lineage L 

may have higher dispersal capabilities than lineage S. The often less dense coenosteum in 

lineage L (Hidaka 1992, Wewengkang et al. 2007) could result in more frequent 

fragmentation, which perhaps allows further dispersal by rafting than by larval dispersal 

alone (Thiel & Haye, 2006). However, the coenosteum density does not always predict the 

genetic lineage but could also be related to the environment (Wewengkang et al., 2007), 

favoring the first of the two explanations.  

 The investigation of corallite characteristics in Galaxea fascicularis gave some 

indications for morphological differentiation between the lineages L, S, and L+ in the 

Ryukyu Islands. Lineages S and L+ seem to have smaller polyps and thicker corallite walls 

than lineage L, consistent with previous observations of softer and harder corallites in lineage 

L and S, respectively (Wewengkang et al. 2007). Unfortunately, genomic lineage information 

had not been available at the time of measurement and all specimens of the mitochondrial L 

type turned out to be clones. Further studies increasing the number of genomically identified 

specimens are needed to verify the observed trend in corallite wall thickness. The 

morphological differences are likely to be independent from depth of occurrence, because the 

lineages do not differ in their depth distribution (Fig. 3.4). Although in Thailand, a difference 

in depth distribution was found between the lineages, this was also correlated with sampling 
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site, indicating that other factors could be responsible for the found pattern. For example, the 

mass bleaching event in 1998 affected shallow regions within the Gulf of Thailand more than 

deeper regions (Yeemin et al., 2009), which could have caused a selective dying of only one 

of the lineages. However, this is entirely speculative at this point and more investigations on 

differential environmental vulnerability between the lineages are needed to further develop 

this hypothesis. Whether there is an ecological differentiation between the two lineages in 

other microhabitat habitat characteristics than depth is not known so far, however, their 

phylogeographic distribution patterns and their similar morphology indicate that the two 

lineages have originated through long lasting ancient isolation instead of selective processes 

like habitat specializations. It was observed that the lineages have different spawning times in 

Okinawa (Heyward et al., 1987; Yamazato, 1988), which could have prevented extended 

admixture since the breakdown of a historical dispersal isolation barrier, however indications 

for introgression exist from mismatches between the RAD (mostly nuclear) and 

mitochondrial data in some specimens (Fig. 3.2). 

 The mitochondrial haplotypes did not always correspond to the genomic 

differentiation between lineages L and S. About half of the specimens from Daito, a few from 

Miyako, and one from Ogasawara that genomically clearly belonged to lineage L contained 

the mitochondrial S haplotype (Fig. 3.2), suggesting introgressive gene flow (Moore, 1995; 

van Oppen et al., 2001a). Fertilization success between the lineages has been tested in the 

laboratory by (Abe et al. 2008a), where the success between female lineage S (referred to as 

the hard type 'H') and male lineage L (referred to as the soft type - 'S') was significantly 

higher than the other way around. This is consistent with our observations particularly from 

Daito, where almost all specimens were genomically lineage L but many of them contained 

the mitochondrial haplotype S (Fig. 3.2). As mentioned above, the colonization of the 

isolated Daito islands by lineage S could be a recent phenomenon, and due to their isolation 

migratory connections to other islands in Okinawa are weaker. This may explain why the 

presence of lineage S is still primarily detected in the mitochondria of hybrid offspring in 

more isolated places like the Daito and Ogasawara Islands. Introgression between coral 

species is a common phenomenon and present in many groups, for example in Acropora (van 

Oppen et al., 2001a; Ladner & Palumbi, 2012), fungiids (Gittenberger et al., 2011), and 

Pocillopora (Combosch & Vollmer, 2015). Future research could test for genomic signs of 

hybridization between lineages L and S using for example D-statistics (Durand et al., 2011). 
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 Although apart from potential signs for introgression the genomic and mitochondrial 

data correlated relatively well in the Ryukyu Islands and other parts of Asia as expected from 

previous studies (Nakajima et al. 2015, Nakajima et al. 2016), this was not always true in the 

rest of the genus distribution range. In the Indian Ocean and the Red Sea specimens that were 

genomically closer to what was known as 'lineage S' usually also had haplotype L1. This 

indicates, that haplotype L1 could be the ancestral type of Galaxea and the characteristic 

deletion observed in the Pacific lineage S may have been coupled with its (recent) migration 

into the Pacific. Regardless of the point in time, the mitochondrial deletion in lineage S has 

probably happened only once shortly after immigration into the central Indo-Pacific, since 

there are no intermediate lengths and all specimens of lineage S in the Pacific contain this 

deletion. Most recently, lineage S could have begun to spread back into the central Indian 

Ocean, as indicated by a few Maldivian specimens containing the mitochondrial haplotype S1 

(Figs. 3.2) and other individual museum specimen from the Indian Ocean (Fig. 3.3). In 

general, the investigated mitochondrial region was much more conserved compared to the 

rest of the genome and may not be sufficient to distinguish lineages or to represent diversity 

in this genus adequately. Evolutionary rates in mitochondria are known to be slow in corals 

(Shearer et al. 2002), and our results suggest that they could be inconsistent within the same 

genus, as mitochondrial diversity was higher in the Pacific clade than in the Indo-Pacific 

clade.  

3.4.2. Biogeographic evolution of Galaxea 

Explanations for the distribution and divergence histories of the major diversity patterns in 

scleractinia may be derived from the geologic history and well-preserved fossil record (Keith 

et al., 2013). The fossil record indicates that Galaxea has originated in the Cenozoic, with the 

oldest occurrence dated to 33.9–28 Ma (stem group age) found in Jamaica, Iran, and Florida 

(PBDB 2018). Since the early Miocene 23–20 Ma and coinciding with the closing Tethys 

(Rögl, 1998), Galaxea has been extinct in the Atlantic and restricted to the Indo-Pacific. This 

is also from when the first records of the taxon Galaxea fascicularis were found in Indonesia, 

Fiji, Iran, and Australia. A record from Hawaii from the mid Miocene indicates that Galaxea 

fascicularis may have had its full (or bigger than) present range by 11 Ma (since it is not 

present in Hawaii to date). It is possible that the basal and rare clade found in Chagos is a 

relic from these early Miocene times, when the rotating African plate has caused considerable 

variation in marine dispersal barriers around the Middle Eastern and Mediterranean region 

(Rögl 1998). The existence of this basal clade indicates that the center of origin of Galaxea 
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may be located in the western Indian Ocean, similar to in Stylophora (Flot et al. 2011). It is 

curious that this clade was found only in Chagos. In Stylophora specimens from Chagos 

grouped with Madagassy and South-East African specimens, while specimens from the Red 

Sea grouped with Mid-Eastern African specimens (Keshavmurthy et al., 2013). Consistent 

with the pattern, the museum specimen from Tanzania in this study clustered with specimens 

from the Red Sea (Fig. 3.2). Future research including more Galaxea specimens from the 

South-Eastern African coast and Madagascar may find more representatives of this basal 

clade from Chagos.  

 The divergence between the Indo-Pacific and Pacific clade may be a result of periods 

of restricted water flow between the Indian and Pacific Oceans during the late Miocene or 

Pliocene. The South-East Asian region has been tectonically dynamic throughout the 

Cenozoic era (Hall & Holloway, 1998), which is regarded to be an important driver of 

allopatric speciation in many marine organisms (Carpenter et al., 2010). While the Australian 

plate was much further south during the late Oligocene (panmictic Tethys), it has moved up 

and has restricted marine dispersal towards the late Miocene, perhaps at times completely 

isolating the two basins in the Pliocene (Hall and Holloway 1998). The fossil record of other 

taxonomic species could also link to the divergence time between the two clades, as the 

morphological diversification in this genus seems to be a trait associated with the Pacific 

clade (Fig. 3.2). The oldest record of Galaxea astreata is from 11 Ma and was found in Fiji, 

G. paucisepta and G. acrehelia appeared at 7 Ma in Indonesia, and 'Acrhelia horrescens' 

(synonym G. horrescens) was identified from 2.5 Ma in the Ryukyu Islands. Although the 

record of G. astreata should be treated with caution since the delimitation to G. fascicularis 

is not consistent, the record of G. acrhelia at 7 Ma suggests that the divergence between the 

Indo-Pacific and Pacific clade could be at least 7 M years old. The invasion of the Indo-

Pacific clade by what we today see as lineage S into the Pacific could have been linked to the 

higher sea levels in the Pleistocene reconnecting the ocean basins again through the 

Indonesian flow through (Hoeksema, 2007). There were several climatic cycles since, and 

whether the invasion happened after the last glacial maximum (~ 15 000 a) or before cannot 

be inferred at this point and requires further analysis. 

 The morphological diversity in Galaxea is highest around the Coral Triangle, as it is 

in the majority of the Indo-Pacific coral genera (Veron & Stafford-Smith, 2000), and the 

highest morphological diversity was found in the Pacific clade. Galaxea horrescens out of 

the six taxa examined was the best-defined species, as specimens from multiple locations 
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formed a monophyletic clade based on the RAD data and were distinct also in their 

mitochondrial haplotype (mostly LH). Although the interpretation of branch lengths from this 

kind of data (SNPs) is tricky, the relatively long shared branch at their base indicates a long 

divergence time that started close to when the Indo-Pacific and Pacific clade started to 

diverge (Fig. 3.2). Galaxea horrescens has, in contrast to the other divergent lineages in this 

genus (linage L, S, L+, Chagossian), a fundamentally different ecological niche, given its 

branching growth form and brooding reproductive mode (Fadlallah, 1983). Its emergence 

could therefore be more related to ecological processes of speciation than neutral divergence. 

The other branching species G. cryptoramosa was only distantly related to G. horrescens, 

indicating that branching colony morphology has evolved multiple times in this genus. 

However, this hypothesis needs further investigation with more specimens of G. 

cryptoramosa from other locations, as well as the other branching species G. acrhelia 

(although van Veeren has synonymized this taxon with G. cryptoramosa). Galaxea astreata, 

G. cryptoramosa, and G. paucisepta in Okinawa were separate to G. fascicularis collected 

from the same island. These morphological species of Galaxea may be evolutionary 

relatively young, as they were molecularly undifferentiated in Okinawa. However, how these 

specimens relate to other conspecific individuals, for example from their respective type 

areas (all within Coral Triangle), remains to be analyzed in future studies.    

3.4.3. Taxonomic implications and final remarks 

The present study showed that Galaxea fascicularis is polyphyletic in respect to the other 

taxonomic species in Galaxea. The different lineages in this taxon tend to differ in polyp size 

and shape, but no other septa characteristics varied. Future studies may find more soft-tissue 

characteristics other than nematocyst length (Hidaka et al., 1992) in order to eventually 

update the species description of the original G. fascicularis and to extend the genus by at 

least three more species (Chagos, L+, S, or L). Galaxea horrescens may be the only 'good' 

species recognized in this genus. For all other taxonomic species, more specimens needed to 

make taxonomic suggestions. Particularly problematic is G. astreata, for which the name is 

used inconsistently (Van der Veer, 2007; Veron & Stafford-Smith, 2000). Examination of 

type material is necessary to decide about the original morphological delimitation of this 

taxon.  

 A clear limitation to this study is the lack of any specimens from within the Coral 

Triangle, which is related to the challenging legal and administrative procedures to obtain 
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research permits in the involved countries. Policies that have originally been created to 

protect biodiversity are now increasingly causing limitations of basic biodiversity research 

(Prathapan et al., 2018). What has already been shown for the Nagoya protocol also applies 

to the CITES (Convention on International Trade in Endangered Species of Wild Fauna and 

Flora) regulations. International and collaborative efforts to reveal true biodiversity patterns 

should be facilitated rather than hindered, in order to understand and address problems 

affecting biodiversity on a global level, such as global mass coral dying due to global climate 

change. 
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Conclusions  
On the example of the genus Galaxea, this thesis investigated different aspects of coral 

diversity, which together may contribute to a better understanding of coral evolution in 

general. Based on a genus-wide sampling across the Indo-Pacific I showed that Galaxea is 

composed of three genetically highly divergent but morphologically little differentiated 

clades. These clades may have diverged during long times of allopatric isolation according to 

major changes in the seascape, such as the closure of the Tethys, the approximation of the 

Australian and Asian plate, and fluctuations in the flow-through between the Indian and 

Pacific Oceans. The morphological diversification, particularly in colony growth form, was 

associated with the Pacific clade and may have occurred relatively recently at the beginning 

the Pliocene (G. horrescens) or later (other taxa included here). This highlights the 

importance of a complete geographic sampling for detecting true diversity patterns in corals, 

and the necessity to investigate beyond the taxonomic species boundaries for revealing the 

evolutionary history of a genus (sampling focusing only on taxonomic completeness may not 

have detected the Indo-Pacific and Chagossian clades). The 'cryptic' lineages of G. 

fascicularis found in Okinawa (L, S, L+) were associated with different clades, and their 

sympatry in the central Indo-Pacific may be a recent phenomenon. Indications for 

introgression between the lineages clearly exist, suggesting that even after at least 7 M years 

of isolation, reproductive barriers are not completely formed between presumably neutrally 

diverging lineages. However, hybrids were relatively rare, suggesting that those could be 

selected against, perhaps currently reinforcing species boundaries between these lineages. 

 Neutral geographically driven differentiation was analyzed between populations from 

the Ogasawara, Daito and Ryukyu Islands within the Pacific clade of G. fascicularis. Our 

analysis showed that at migration rates of ~10 to 20 migrants per Million per generation the 

Ogasawara population has diverged over at least 109 000 generations from the populations in 

Ryukyu, Daito, and Guam. Regional oceanographic dispersal analysis indicated that 

Ogasawara is a sink population, receiving most migrants from the Ryukyu Archipelago, and 

that it was oceanographically isolated from a direct connection to the Daito Islands and the 

Mariana Islands. However, genetic estimations detected migration rates from the Daito 

Islands to be as high as from the Ryukyu Islands, and migration to exist in both directions 

between Guam and Ogasawara. This indicates the potential importance of indirect migration 

routes over non-sampled stepping stone populations, which may have a larger influence on 



 

 

92 

the genetic composition of a local population than rare cases of LDD at maximal larval 

competency periods. Overall, the Ogasawara Galaxea population was highly differentiated 

and may represent a case of incipient speciation that has happened over the course of several 

million years. However, it may have mixed with the other predominant lineage in Guam, 

indicating incomplete reproductive isolation.  

 The endosymbiotic composition of Symbiodiniaceae in Galaxea was investigated in 

detail across different locations, depth gradients, and host lineages. The communities 

structured into three main community types (C1, C21, or D1-dominated), which partially 

related to host attributes like polyp size, bleaching status, and location and depth, but not to 

host lineage. Thus, in the case of the broad-cast spawning generalist coral Galaxea, a co-

evolutionary mode of diversification with Symbiodiniaceae seems unlikely, in contrast to 

what has been proposed on higher systematic levels (Thornhill et al., 2014; LaJeunesse et al., 

2018). Depth segregation between lineages could also not be confirmed, suggesting a 

generally minor role of environmental or symbiotic factors for genetic differentiation. 

However, morphological differentiation sometimes related to genetic differentiation, hinting 

to the existence of also selective forces linked to functional diversification in this genus. 

Lineage L tended to have somewhat larger polyps than lineage S, and within the Pacific 

clade, morphology was indeed manifested in the genetic code and not due to phenotypic 

plasticity. More complete genomic data than was available here may also find genetic 

differentiation between the three, potentially quite young morphological species (G. astreata, 

G. cryptoramosa, G. paucisepta) in Okinawa. 

 In conclusion, this research confirmed the extremely slow emergence of reproductive 

barriers in corals under neutral processes such as geographic isolation, and a mismatch 

between morphological diversity and phylogenetic diversity, as well as between nuclear and 

mitochondrial markers (mitochondrial marker underestimating diversity). However, using 

high-resolution genomic DNA it was possible to infer a geographically well-resolved genus 

phylogeny and to provide an explanation for the co-occurrence patterns and emergence 

histories of morphologically and ecologically undifferentiated lineages. There is still much to 

learn about the speciation process in corals, but this research emphasizes the importance of 

genomic data and a geographically wide sampling for the correct inference of evolutionary 

histories.  
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Appendices 

Appendix 1 

Table S1.1. Symbiodiniaceae ITS2-types found in 67 Galaxea fascicularis colonies across the Nansei 
Islands. OTUs with <99.11% identity to an existing reference were submitted as new ITS2-types to 
GenBank. GenBank accession numbers, number of OTUs and the total abundance as a fraction of the 
total (N= 3.86 M) are given per ITS2 type. 

ITS2 reference type  
GenBank 
Accession 
Number 

 # 
OTUs Abundance  

dominant    

C1 JN558041 45 0.23 N 
D1 AF334660 40 0.23 N 
C21a AY589744 31 0.16 N 
common    

D1a JN558078 14 0.085 N 
C3 AB778606 32 0.072 N 
C21/3d/C3k AY239372 12 0.050 N 
C1060  DQ480600 10 0.035 N 
C1b/C1e AY239363 5 0.033 N 
C1c/C45 AY239364 6 0.027 N 
C27/C3 AY239379 3 0.013 N 
rare     

C1h AY258473 1 0.008 N 
C1p GU907652 1 0.007 N 
C1230 EU074889 2 0.007 N 
D2 AY686649 3 0.007 N 
C1228 EU074883 1 0.006 N 
C1002  DQ838544 1 0.004 N 
C1226 EU074881 2 0.002 N 
C3b AF499791 2 0.002 N 
C7 AF499797 1 0.0017 N 
C1148 EU040178 1 0.001 N 
C1005  DQ480633 1 0.0007 N 
C1013  DQ480642 1 0.0007 N 
C1234 EU118165 1 0.0007 N 
C1085 AY624605 1 0.0004 N 
D106 AF174559 1 0.0003 N 
other ITS2-types    
OTU7 (98.9% C21/3d/3k)   1  0.0006 N 
OTU 14 (98.6% C21/3d/3k)   1  0.0016 N 
OTU25 (98.57% C3)   1  0.0008 N 
OTU40 (98.9% C21/3d/3k)  1  0.0012 N 
OTU297 (98.5% C21a)   1  0.0005 N 
OTU350 (98.9% D111)  1  0.0006 N 
OTU1387 (98.9% C3b)   1  0.0022 N 



 II 

OTU1503 (98.9% C21/3d/3k)   1  0.0005 N 
OTU1507 (98.9 % C21/3d/3k)  1  0.0005 N 
OTU1675 (98.9% C3)  1  0.0004 N 
OTU2094 (98.9% C21/3d/3k)   1  0.0004 N 
OTU35 (97.5% C18)   1  0.00223 N 
OTU45 (98.2% C3.1)   1  0.0004 N 
OTU43 (96.8% C22)   1  0.0018 N 
OTU52 (96.2% C1008)  1  0.0010 N 
OTU18 (96.8% C1)   1  0.0009 N 

 



 

 

III 

 
Figure S1.1. Sampling photographs of 47 Galaxea fascicularis specimens from four locations. 
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Figure S1.1. Sampling photographs of 47 Galaxea fascicularis specimens from four locations 
(continued) 
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Fig. S1.2. Parameter splines of Generalized Dissimilarity Model on 47 samples with all metadata (A), 
and on 67 samples with reduced metadata (no T in situ, bleaching status, polyp size). 
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 VIII 

Fig. S1.3. Residual analysis of a pure latent variable model in Boral verifies the suitability of a modelling 
approach assuming a negative-binomial distribution of the data. Top left: Dunn– Smyth residuals vs. 
linear predictors. Top right: Dunn–Smyth residuals vs. row index; Bottom left: Dunn–Smyth residuals vs. 
column index; Bottom right: normal quantile plot of Dunn–Smyth residuals. A: Analysis based on OTUs 
defined by minimum entropy decomposition. B: Analysis based on OTUs defined by 97% identity radius. 
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Fig. S1.4. Point estimates and 95% highest posterior density intervals for the OTU-specific regression 
coefficients corresponding to a covariate fitted in the Boral model. Density intervals that include zero are 
colored gray. A: Analysis based on OTUs defined by minimum entropy decomposition. B: Analysis 
based on OTUs defined by 97% identity radius. 
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Appendix 2 
 

 
 
Figure S2.1. Principal component analysis for the separation of cryptic lineages 'L' 'L+' and 'S' based on 
11'473 SNPs represented in at least 50% of all individuals. 
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Figure S2.2. Heatmaps of pairwise correlations for clone detection. Correlation coefficients for each 
sampling location are given. Clone pairs were identified based on a correlation coefficient >0.56, as this 
is the correlation between known clone pairs from Iriomote. 
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Figure S2.3. BayeScan output for the detection of sites under selection. A: Trace plots based on two 
main populations Ogasawara and Ryukyu + Daito. B: Nine loci under potential selection were identified 
based on the recommended False Discovery Rate of FRD=0.1 (q-value cut-off). The outlier loci have 
Fst > 0.437.  

 

Figure S2.4. Admixture analysis based on SNPs present in > 70% of individuals. Individual population 
assignments for K=2 (CV error: 0.483), K=3 (CV error: 0.511), and K=4 (0.545) as inferred by Admixture 
based on 1756 neutral sites present in >70% of the individuals. Individuals are grouped by sampling site. 
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Table S2.1. Migration rates estimated by BayesAss based on 1979 neutral and biallelic SNPs present in at 
least 70% of individuals. Rates represent the proportion of settlers in destination populations (rows) from 
source populations (columns) and their standard deviations between geographic populations. Only 
population with >10 individuals were included. Rates > 0.02 and < 0.8 are marked in bold.  

  Source         

Dest. Chichi Haha Daito Miyako Tanega 

Chichi 0.9329 (0.0295) 0.0170 (0.0163) 0.0169 (0.0161) 0.0167 (0.0157) 0.0165 (0.0156) 

Haha 0.2589 (0.0319) 0.6854 (0.0173) 0.0188 (0.0179) 0.0184 (0.0176) 0.0185 (0.0174) 

Daito 0.0114 (0.0111) 0.0114 (0.0110) 0.8855 (0.0292) 0.0801 (0.0261) 0.0115 (0.0113) 

Miyako 0.0146 (0.0138) 0.0146 (0.0139) 0.0288 (0.0193) 0.9274 (0.0283) 0.0146 (0.0139) 

Tanega 0.0152 (0.0146) 0.0152 (0.0143) 0.0151 (0.0145) 0.0609 (0.0273) 0.8936 (0.0325) 
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Table S2.2. 2D demographic models tested in dadi to infer symmetry of pairwise migratory relationships. 
Projections, number of segregating sites, and final parameter values after three rounds of optimization are 
given. Models used for the 3D model is printed in bold and refers to the site frequency spectra in Figure S5. 
The most likely 2D model is printed in italic. 

Populations Model log-lik theta AIC nu1 nu2 m12 (m) m21 T1 T2 

Og-Dt no div -5156.81 594.89 10319.62       

S: 2544 no mig -606.82 613.5 1219.64 0.3154 0.6706 0.1273    

proj: 26, 16 sym mig -534.01 223.55 1076.02 1.0467 2.12 0.4155 3.2804   

 asym mig -530.51 99.25 1071.02 2.1044 5.1664 0.2422 0.1362 8.6079  

 anc sym mig -529.54 145.9 1069.08 1.6254 3.2109 0.2978 5.7315 0.0388  

 anc asym mig -554.31 1256.44 1120.62 0.1841 0.2954 2.2857 4.4724 5.5964 0.0082 

 sec cont sym mig -534.37 319.76 1078.74 0.7324 1.4749 0.5873 0.0039 1.8593  

 sec cont asym 

mig 

-530.73 191.31 1073.46 1.0665 2.7211 0.4865 0.2487 0.0047 3.8745 

Og-Ryu no div -6830.57 667.59 13667.14       

S: 2998.212 no mig -847.93 710.84 1701.86 0.1769 0.6951 0.0743    

proj: 26, 26 sym mig -752.23 189.34 1512.46 1.0039 3.1471 0.4291 5.2475   

 asym mig -742.49 277.31 1494.98 0.5387 2.4165 0.9897 0.4081 2.6545  

 anc sym mig -749.75 283.72 1509.5 0.6769 2.0899 0.6897 3.0695 0.0125  

 anc asym mig -739.91 444.76 1491.82 0.3302 1.4787 1.8095 0.6265 1.1196 0.0068 
 sec cont sym mig -752.29 266.57 1514.58 0.7117 2.2432 0.6063 0.0999 3.211  

 sec cont asym 

mig 

-742.18 186.73 1496.36 0.7892 3.5428 0.6766 0.2789 0.7577 3.9584 

Dt-Ryu no div -1398.79 692.84 2803.58       
S: 2963.46 no mig -552.04 737.02 1110.08 0.1324 0.339 0.0146    

proj: 16, 26 sym mig -549.68 225.67 1107.36 1.2523 2.3462 1.7908 4.2156   

 asym mig -549.81 322.45 1109.62 0.7878 1.7177 3.1138 2.2851 2.4041  

 anc sym mig -534.79 504.95 1079.58 0.564 1.0031 19.9212 4.387 0.0406  

 anc asym mig -540.1 103.13 1092.2 2.0333 5.9508 3.1874 1.0778 9.4945 0.1184 

 sec cont sym mig -549.63 132.43 1109.26 2.1472 3.998 1.0484 0.2614 7.7444  

 sec cont asym 
mig 

-526.02 249.71 1064.04 0.2848 1.8384 13.1354 0.6378 9.996 0.3724 
G-Ryu+Dt no div -1568.8 437.3 3143.6             

S: 1955.085 no mig -518.26 433.39 1042.52 0.0956 0.9093 0.0838    

proj: 4, 46 sym mig -518.33 433.04 1044.66 0.0968 0.9111 0.0114 0.0848   

 asym mig -503.56 112.73 1017.12 0.3004 4.3402 1.1996 0.0595 4.5957   

G-Og no div -1437.89 279.07 2881.78            

S: 1099 no mig -336.79 320.14 679.58 0.1935 0.4607 0.1509    

proj: 4, 26 sym mig -348.07 285.2 704.14 0.3541 0.5967 0.5914 0.3858   

 asym mig -334.63 303.1 679.26 0.2711 0.5369 0.0399 0.2894 0.2302  
 anc_sym_mig -340.71 80.95 691.42 1.2099 2.1523 0.3384 8.1019 0.2779  

 anc_asym_mig -331.34 176.3 674.68 0.3769 1.0823 1.4361 0.3116 8.4823 0.0858 
 sec cont sym -336.09 320.24 682.18 0.2054 0.4621 0.2488 0.1281 0.0391  

 sec cont asym -341.54 96.19 695.08 0.5827 2.0692 0.6914 0.1037 3.8337 2.0034 

 

Abbreviations: Og = Ogasawara, Ryu = Ryukyu, Dt = Daito, proj. = projection, S = average number of 
segregating sites per individual, theta = the effective mutation rate of the ancestral population, nu1(2) = 
effective population sizes relative to ancestral population,  m = symmetric migration rate, m12 = migration 
rate from population two to population 1, m21 = migration rate from population one to population two, T = 
time between population split and the present. Models: no div = no divergence, no mig = divergence without 
migration, (a)sym mig = divergence under (a)symmetric migration, anc (a)sym mig = divergence under 
ancestral (a)symmetric migration until T1 and no migration since T2, sec cont (a)sym mig = divergence 
under no migration until T1, then (a)symmetric migration. 
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Figure S2.5. Dadi site frequency spectra and residuals of 2D models. Models of divergence used for 
the 3D models are given. Parameter values are given in Table S2 (bold). Abbreviations: Og = 
Ogasawara, Dt = Daito, Ryu = Ryukyu, Asym mig = Divergence under asymmetric migration, Sym mig = 
Divergence under symmetric migration. 
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Table S2.3. Immigration probability matrix according to inverse particle tracking. Propagules are 
modeled to settle between 3 and 60 d with an average mortality rate of 5% per day. 
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Table S2.4. Multiple regression of physical distance matrices (geographic distance and dissimilarity in 
potential source areas according to inverse particle tracking) on distances between PCA centroids of 
populations and their percent variation explained. Over all populations, geographic distance explains 
genetic difference better than the dissimilarity in potential sources (Dissim. source comp.). Within the 
Ryukyu Islands the regression was not significant but dissimilarity in source composition could be more 
important.  

Coefficients All (p) Ryukyu (p) 

Geogr. Distance 2.07 10-5 (0.45) -6.99 10-5 (0.96) 

Dissim. Source comp. -8.08 10-2 (0.19) -4.62 10-2 (0.44) 

total R2 0.076 0.075 

p 0.44 0.59 

 

 
 
 

 
Figure S2.6. Principle component analysis of immigration matrix according to inverse particle tracking 
per site to assess similarity in immigration patterns between collection sites. 

 

 



Appendix 3:  Table S3.1 - List of specimens  1

speID locality Date collector taxon
mt type 

FA
mt type 

seq
RAD 

lineage
meta
bar

RAD-
plateNo

skeleton 
examined

polypDi
a Max 
[mm]

polypDi
a Min 
[mm]

polyp 
Dist

depth 
Situ

depth 
Tide 

Correct notes
PW1 Sesoko 14.06.2015 P. Wepfer G.fascicularis 6.48 4.01 2.05 6.6 7.46
PW2 Sesoko 14.06.2015 P. Wepfer G.fascicularis 4.85 3.38 1.83 6.3 7.16
PW3 Sesoko 14.06.2015 P. Wepfer G.fascicularis S 5 3.56 2.31 6.8 7.66
PW4 Sesoko 14.06.2015 P. Wepfer G.fascicularis 5.87 4.34 3.08 6.9 7.76
PW5 Sesoko 14.06.2015 P. Wepfer G.fascicularis 7.91 4.84 2.34 7.8 8.66
PW6 Sesoko 14.06.2015 P. Wepfer G.fascicularis L 5.95 3.57 1.86 8.1 8.96
PW7 Sesoko 14.06.2015 P. Wepfer G.fascicularis 5.78 4.17 2.23 8 8.86
PW8 Sesoko 14.06.2015 P. Wepfer G.fascicularis 5.19 3.9 2.41 8.2 9.06
PW9 Sesoko 14.06.2015 P. Wepfer G.fascicularis L 4.74 3.7 1.76 8.5 9.36
PW10 Sesoko 14.06.2015 P. Wepfer G.fascicularis 5.65 4.15 2 10.2 11.06
PW11 Sesoko 14.06.2015 P. Wepfer G.fascicularis 4.22 3.29 1.86 10.8 11.66
PW12 Sesoko 14.06.2015 P. Wepfer G.fascicularis L 5.48 3.7 2.1 12.9 13.76
PW13 Sesoko 14.06.2015 P. Wepfer G.fascicularis 4.91 3.28 1.79 11.8 12.66
PW14 Sesoko 14.06.2015 P. Wepfer G.fascicularis S 4.47 3.93 1.86 12.9 13.76
PW15 Sesoko 14.06.2015 P. Wepfer G.fascicularis 6.77 4.29 2.11 11.5 12.36
PW16 Sesoko 14.06.2015 P. Wepfer G.fascicularis S/L 9.08 6.32 2.9 12.2 13.06
PW17 Sesoko 14.06.2015 P. Wepfer G.fascicularis S 5.66 4.26 2.77 10.1 10.96
PW18 Sesoko 14.06.2015 P. Wepfer G.fascicularis 6.79 3.92 1.48 6.6 7.46
PW19 Manza 21.06.2015 P. Wepfer G.fascicularis S 5.13 4.25 2.67 7.5 7.06
PW20 Manza 21.06.2015 P. Wepfer G.fascicularis 4.61 3.49 1.52 7.1 6.66
PW21 Manza 21.06.2015 P. Wepfer G.fascicularis 6.67 4.23 2.19 6.8 6.36
PW22 Manza 21.06.2015 P. Wepfer G.fascicularis 7.73 4.33 1.93 6 5.56
PW23 Manza 21.06.2015 P. Wepfer G.fascicularis L 6.23 4.55 2.47 5.9 5.46
PW24 Manza 21.06.2015 P. Wepfer G.fascicularis S 3.85 3.09 1.56 6.6 6.16
PW25 Manza 21.06.2015 P. Wepfer G.fascicularis L 6.75 4.72 2.02 7.7 7.26
PW26 Manza 21.06.2015 P. Wepfer G.fascicularis 4.19 2.72 1.38 6.8 6.36
PW27 Manza 21.06.2015 P. Wepfer G.fascicularis 7 3.77 1.91 6.8 6.36
PW28 Manza 21.06.2015 P. Wepfer G.fascicularis S 4.56 3.34 1.91 7 6.56
PW29 Manza 21.06.2015 P. Wepfer G.fascicularis 6.37 3.59 1.96 7 6.56
PW30 Manza 21.06.2015 P. Wepfer G.fascicularis L na na na 6.4 5.96
PW31 Manza 21.06.2015 P. Wepfer G.fascicularis 5.5 4.33 1.85 7.2 6.76
PW32 Manza 21.06.2015 P. Wepfer G.fascicularis 5.41 3.18 1.91 7 6.56
PW33 Manza 21.06.2015 P. Wepfer G.fascicularis S 6.91 4.52 3.01 6.5 6.06
PW34 Manza 21.06.2015 P. Wepfer G.fascicularis L 4.45 2.81 1.49 6.2 5.76
PW35 Manza 21.06.2015 P. Wepfer G.fascicularis 5.32 3.62 1.97 6.7 6.26
PW36 Manza 21.06.2015 P. Wepfer G.fascicularis 3.59 2.62 1.17 8 7.56
PW37 Ikema 18.07.2015 P. Wepfer G.fascicularis S L EGP0129 na 8.79 5.1 2.22 2.3 1.86
PW38 Ikema 18.07.2015 P. Wepfer G.fascicularis L 8.71 4.53 2.55 2.5 2.06
PW39 Ikema 18.07.2015 P. Wepfer G.fascicularis L L EGP0129 yes 7.47 4.97 1.94 4.9 4.46
PW40 Ikema 18.07.2015 P. Wepfer G.fascicularis S L EGP0129 na na na na 4.2 3.76
PW41 Ikema 18.07.2015 P. Wepfer G.fascicularis L L EGP0129 yes 5.78 3.9 1.8 4.7 4.26
PW42 Ikema 18.07.2015 P. Wepfer G.fascicularis L+ L+ L+ EGP0129 na 5.97 4 2.2 4 3.56
PW43 Ikema 18.07.2015 P. Wepfer G.fascicularis S S EGP0129 na 6.5 4.03 2.35 6.8 6.36
PW44 Ikema 18.07.2015 P. Wepfer G.fascicularis L na na na 5.6 5.16
PW45 Ikema 18.07.2015 P. Wepfer G.fascicularis S S EGP0129 na [2.9] ? ? -0.44
PW46 Ikema 18.07.2015 P. Wepfer G.fascicularis L na na na 7.1 6.66
PW47 Ikema 18.07.2015 P. Wepfer G.fascicularis S S EGP0129 yes 2.61 1.89 1.2 6.4 5.96
PW48 Ikema 18.07.2015 P. Wepfer G.fascicularis S S EGP0129 na [3.64] 3.11] 6 5.56
PW49 Ikema 18.07.2015 P. Wepfer G.fascicularis S/L L EGP0129 yes 5.83 3.84 1.51 5.4 4.96
PW50 Ikema 18.07.2015 P. Wepfer G.fascicularis L L EGP0129 yes 3.81 3.09 1.46 5 4.56
PW51 Ikema 18.07.2015 P. Wepfer G.fascicularis S L EGP0129 na na na na 5.8 5.36
PW52 Ikema 18.07.2015 P. Wepfer G.fascicularis L L EGP0129 na 7.72 5.17 1.93 7.2 6.76
PW53 Ikema 18.07.2015 P. Wepfer G.fascicularis S na EGP0129 yes 5.88 3.94 1.92 8.6 8.16
PW54 Ikema 18.07.2015 P. Wepfer G.fascicularis L na EGP0129 6.46 4.79 2.06 6.4 5.96
PW55 Ikema 18.07.2015 P. Wepfer G.fascicularis S 4.17 3.18 1.28 7.3 6.86
PW56 Ikema 18.07.2015 P. Wepfer G.fascicularis S/L L EGP0129 yes 5.91 3.99 1.69 9.7 9.26
PW57 Yoshino 19.07.2015 P. Wepfer G.fascicularis 4.13 2.91 2.12 4.7 4
PW58 Yoshino 19.07.2015 P. Wepfer G.fascicularis L L 2: C21 EGP0129 yes 5.2 3 1.05 7.8 7.1
PW59 Yoshino 19.07.2015 P. Wepfer G.fascicularis S S 2 EGP0129 yes 4.32 3.38 1.65 8.3 7.6
PW60 Yoshino 19.07.2015 P. Wepfer G.fascicularis S S 2: C21 EGP0129 na 5.4 3.93 1.78 7.6 6.9 CT-scan
PW61 Yoshino 19.07.2015 P. Wepfer G.fascicularis S LG L 2: D1 EGP0129 yes 6.63 4.12 1.96 9.1 8.4 CT-scan
PW62 Yoshino 19.07.2015 P. Wepfer G.fascicularis 5.57 4.28 2.98 11.4 10.7
PW63 Yoshino 19.07.2015 P. Wepfer G.fascicularis S/L L 2 EGP0129 na 6.12 3.71 1.71 10.9 10.2
PW64 Yoshino 19.07.2015 P. Wepfer G.fascicularis S S EGP0129 yes 5.63 3.8 2.1 7.4 6.7 CT-scan
PW65 Yoshino 19.07.2015 P. Wepfer G.fascicularis L L EGP0129 yes 5.81 2.84 1.42 8.7 8
PW66 Yoshino 19.07.2015 P. Wepfer G.fascicularis L L 2 EGP0129 na 7.58 5.15 1.81 7.5 6.8
PW67 Yoshino 19.07.2015 P. Wepfer G.fascicularis S S 2 EGP0129 yes 4.39 2.69 1.23 8.4 7.7
PW68 Yoshino 19.07.2015 P. Wepfer G.fascicularis 5.29 3.28 1.63 7.9 7.2
PW69 Yoshino 19.07.2015 P. Wepfer G.fascicularis L L (cancelled)EGP0129 yes 7.57 5.17 2.65 13.6 12.9
PW70 Yoshino 19.07.2015 P. Wepfer G.fascicularis 5.9 4.5 1.77 15.9 15.2
PW71 Yoshino 19.07.2015 P. Wepfer G.fascicularis L L 2 EGP0129 yes 5.27 3.78 1.69 16.7 16
PW72 Yoshino 19.07.2015 P. Wepfer G.fascicularis 5.24 4.22 1.79 14.7 14
PW73 Yoshino 19.07.2015 P. Wepfer G.fascicularis S S (cancelled)EGP0129 na 6.2 4.52 1.8 16.2 15.5
PW74 Yoshino 19.07.2015 P. Wepfer G.fascicularis L (cancelled) 7.54 5.05 2.28 17 16.3
PW75 Yoshino 19.07.2015 P. Wepfer G.fascicularis L L 2 EGP0129 na 5.8 3.94 1.9 20.5 19.8
PW76 Yoshino 19.07.2015 P. Wepfer G.fascicularis 5.81 3.85 1.82 18.3 17.6
PW77 Miyagi 22.07.2015 P. Wepfer G.fascicularis 5.93 3.84 1.85 4.3 4.18
PW78 Miyagi 22.07.2015 P. Wepfer G.fascicularis S 6.31 4.77 2.1 6 5.88
PW79 Miyagi 22.07.2015 P. Wepfer G.fascicularis S/L+ 4 3.25 1.43 7.9 7.78
PW80 Miyagi 22.07.2015 P. Wepfer G.fascicularis 4.27 3.2 1.29 7 6.88
PW81 Miyagi 22.07.2015 P. Wepfer G.fascicularis S 5.64 4.04 2.23 4.7 4.58
PW82 Miyagi 22.07.2015 P. Wepfer G.fascicularis 5.27 3.54 1.68 8.1 7.98
PW83 Miyagi 22.07.2015 P. Wepfer G.fascicularis S/L 5.88 3.57 1.72 8.1 7.98
PW84 Miyagi 22.07.2015 P. Wepfer G.fascicularis 5.67 3.89 1.6 8.6 8.48
PW85 Miyagi 22.07.2015 P. Wepfer G.fascicularis S/L 7.04 4.08 2.47 7.5 7.38
PW86 Miyagi 22.07.2015 P. Wepfer G.fascicularis S/L+ 3.51 2.61 1.4 9.3 9.18
PW87 Miyagi 22.07.2015 P. Wepfer G.fascicularis 5.23 3.64 1.74 8.5 8.38
PW88 Miyagi 22.07.2015 P. Wepfer G.fascicularis 5.01 2.8 1.77 8.4 8.28
PW89 Miyagi 22.07.2015 P. Wepfer G.fascicularis L 7.08 4.22 1.98 5.2 5.08
PW90 Miyagi 22.07.2015 P. Wepfer G.fascicularis 4.14 2.81 1.93 4.2 4.08
PW91 Miyagi 22.07.2015 P. Wepfer G.fascicularis S 5.12 3.68 1.86 4.3 4.18
PW92 Miyagi 22.07.2015 P. Wepfer G.fascicularis 5.49 3.57 1.94 8.8 8.68
PW93 Miyagi 22.07.2015 P. Wepfer G.fascicularis S 6.31 4.14 1.64 8.2 8.08
PW94 Miyagi 22.07.2015 P. Wepfer G.fascicularis 4.04 2.46 1.74 8 7.88
PW95 Miyagi 22.07.2015 P. Wepfer G.fascicularis S 7.89 4.17 2.7 7.7 7.58
PW96 Miyagi 22.07.2015 P. Wepfer G.fascicularis 5.84 4.15 2.08 8.4 8.28
PW97 Iheya 28.07.2015 P. Wepfer G.fascicularis L L EGP0124 yes 5 42 22 8.9 9
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PW98 Iheya 28.07.2015 P. Wepfer G.fascicularis S S 2: C1 EGP0124 yes 5.6 4.44 3.36 9.2 9.3
PW99 Iheya 28.07.2015 P. Wepfer G.fascicularis L L EGP0124 yes 5.7 3.5 2.56 8.8 8.9
PW100 Iheya 28.07.2015 P. Wepfer G.fascicularis L L 2: C1 EGP0124 yes 11.2 5.52 2.41 10.4 10.5 CT-scan
PW101 Iheya 28.07.2015 P. Wepfer G.fascicularis L L EGP0124 na 4.01 2.85 1.5 10.8 10.9
PW102 Iheya 28.07.2015 P. Wepfer G.fascicularis S S 2: C21 EGP0124 na 4.73 3.21 2.23 11.1 11.2
PW103 Iheya 28.07.2015 P. Wepfer G.fascicularis L L 2: C1 EGP0124 yes 10.61 5.55 2.69 11.3 11.4
PW104 Iheya 28.07.2015 P. Wepfer G.fascicularis S L+ L+ EGP0124 na 4.44 3.38 2.08 11.4 11.5
PW105 Iheya 28.07.2015 P. Wepfer G.fascicularis S S 2: D/C21EGP0124 na 4.1 3.27 2.01 12.1 12.2
PW106 Iheya 28.07.2015 P. Wepfer G.fascicularis L+ L+ 2: C21 EGP0124 na 5.81 4.19 2.41 12.5 12.6
PW107 Iheya 28.07.2015 P. Wepfer G.fascicularis L L 2: D1 EGP0124 yes 6.36 3.47 2.36 12.1 12.2
PW108 Iheya 28.07.2015 P. Wepfer G.fascicularis L+ L+ EGP0124 yes 6.15 5.28 2.11 12.2 12.3
PW109 Iheya 28.07.2015 P. Wepfer G.fascicularis S S 2 EGP0124 na 5.5 3.71 2.35 12.4 12.5
PW110 Iheya 28.07.2015 P. Wepfer G.fascicularis L+ L+ L+ 2 EGP0124 na 6.02 3.68 2.7 11 11.1
PW111 Iheya 28.07.2015 P. Wepfer G.fascicularis S L+ L+ 2: C21 EGP0124 na 5.61 4 2.61 10.8 10.9 CT-scan
PW112 Iheya 28.07.2015 P. Wepfer G.fascicularis L L 2: C1 EGP0124 na 7.87 4.7 2.82 10.5 10.6 CT-scan
PW113 Iheya 28.07.2015 P. Wepfer G.fascicularis L+ L+ (cancelled)EGP0124 na 5.19 4.11 1.97 10.1 10.2
PW114 Iheya 28.07.2015 P. Wepfer G.fascicularis L L (cancelled)EGP0129 yes 11.17 5.63 3.19 9.8 9.9
PW115 Iheya 28.07.2015 P. Wepfer G.fascicularis L 9.15 5.54 3.11 9.9 10
PW116 Iheya 28.07.2015 P. Wepfer G.fascicularis L+ 2: C1 5.44 3.99 2.37 10.4 10.5 CT-scan
PW117 Iheya 28.07.2015 P. Wepfer G.fascicularis L L 2: C1 EGP0129 yes 8.94 4.48 2.62 10.8 10.9 CT-scan
PW118 Iheya 28.07.2015 P. Wepfer G.fascicularis L 8.48 4.76 2.15 11.4 11.5
PW119 Iheya 28.07.2015 P. Wepfer G.fascicularis S/L L 2: C1 EGP0129 yes 7.06 4.64 2.68 10.9 11
PW120 Iheya 28.07.2015 P. Wepfer G.fascicularis L+ 2 5.38 3.6 1.51 11.3 11.4
PW121 Iheya 28.07.2015 P. Wepfer G.fascicularis L+ 2: C21 4.97 3.5 1.38 10.7 10.8 CT-scan
PW122 Iheya 28.07.2015 P. Wepfer G.fascicularis L 5.27 3.49 2.29 10.6 10.7
PW123 Iheya 28.07.2015 P. Wepfer G.fascicularis L L EGP0129 na 3.43 ? 1.64 10.6 10.7
PW124 Iheya 28.07.2015 P. Wepfer G.fascicularis L L 6.36 4.25 2.51 10.8 10.9
PW125 Iheya 28.07.2015 P. Wepfer G.fascicularis L+ 5.73 4.65 1.91 11 11.1
PW126 Iheya 28.07.2015 P. Wepfer G.fascicularis L L+ 2 EGP0129 yes 3.47 2.7 1.42 10.8 10.9
PW127 Iheya 28.07.2015 P. Wepfer G.fascicularis L L 5.34 3.49 1.71 11.1 11.2
PW128 Iheya 28.07.2015 P. Wepfer G.fascicularis - - EGP0129 na 4.86 2.94 2.41 13.2 13.3
PW129 Iheya 28.07.2015 P. Wepfer G.fascicularis L L+ EGP0129 na 5.26 3.63 1.89 16 16.1
PW130 Iheya 28.07.2015 P. Wepfer G.fascicularis L+ 4.1 3.12 1.7 13.9 14
PW131 Iheya 28.07.2015 P. Wepfer G.fascicularis 4.46 2.9 1.77 13.4 13.5
PW132 Iheya 28.07.2015 P. Wepfer G.fascicularis 4.77 3.27 1.58 0.1
PW133 Iheya 28.07.2015 P. Wepfer G.fascicularis 5.21 3.72 2 12.8 12.9
PW134 Iheya 28.07.2015 P. Wepfer G.fascicularis 5.49 4.03 1.7 12.6 12.7
PW135 Iheya 28.07.2015 P. Wepfer G.fascicularis 4.43 3.43 1.64 13.3 13.4
PW136 Iheya 28.07.2015 P. Wepfer G.fascicularis 4.66 3.66 2.19 14.4 14.5
PW137 Oku 29.07.2015 P. Wepfer G.fascicularis L+ L+ 2 4.76 3.5 2.07 6.5 7.32
PW138 Oku 29.07.2015 P. Wepfer G.fascicularis 6.94 4.79 2.77 6.1 6.92
PW139 Oku 29.07.2015 P. Wepfer G.fascicularis L L EGP0129 yes 5.35 3.88 2.29 6.9 7.72
PW140 Oku 29.07.2015 P. Wepfer G.fascicularis 7.53 4.95 2.24 8.2 9.02
PW141 Oku 29.07.2015 P. Wepfer G.fascicularis S S EGP0129 4.56 3.3 1.78 9 9.82
PW142 Oku 29.07.2015 P. Wepfer G.fascicularis L EGP0129 na 7.03 4.84 2.79 11.8 12.62
PW143 Oku 29.07.2015 P. Wepfer G.fascicularis S L EGP0129 yes 8.39 4.98 2.36 13 13.82
PW144 Oku 29.07.2015 P. Wepfer G.fascicularis 4.91 3.68 2.4 14.5 15.32
PW145 Oku 29.07.2015 P. Wepfer G.fascicularis S L EGP0129 yes 6.92 4.6 2.3 14.5 15.32
PW146 Oku 29.07.2015 P. Wepfer G.fascicularis 5.37 4.07 2.19 16.5 17.32
PW147 Oku 29.07.2015 P. Wepfer G.fascicularis S S EGP0129 yes 4.86 2.92 2.26 17.2 18.02
PW148 Oku 29.07.2015 P. Wepfer G.fascicularis 5.73 3.69 2.14 14 14.82
PW149 Oku 29.07.2015 P. Wepfer G.fascicularis S S EGP0129 yes 6.8 4.63 2.05 11.8 12.62
PW150 Oku 29.07.2015 P. Wepfer G.fascicularis S/L L EGP0129 yes 8.49 5.66 2.71 11.1 11.92
PW151 Oku 29.07.2015 P. Wepfer G.fascicularis S EGP0129 yes 5.88 4.06 2.81 10 10.82
PW152 Oku 29.07.2015 P. Wepfer G.fascicularis S EGP0129 yes 5.16 3.88 2.26 8.7 9.52
PW153 Oku 29.07.2015 P. Wepfer G.fascicularis S S EGP0129 yes 5.88 4.47 2.57 7.8 8.62
PW154 Oku 29.07.2015 P. Wepfer G.fascicularis L L EGP0129 yes 7.57 5.71 3.13 7.3 8.12
PW155 Oku 29.07.2015 P. Wepfer G.fascicularis L L EGP0129 na 4.84 3.05 1.49 7.9 8.72
PW156 Oku 29.07.2015 P. Wepfer G.fascicularis 3.96 3.07 1.77 6 6.82
PW157 Oku 29.07.2015 P. Wepfer G.fascicularis S 3.79 3.01 1.39 4.2 5.02
PW158 Tanega 13.09.2015 Y. Nakajima G.fascicularis S S EGP0129 na 6.9 4.45 3.25 7.2 7.15
PW159 Tanega 13.09.2015 Y. Nakajima G.fascicularis S EGP0129 na 6.21 4.34 2.6 6.9 6.85
PW160 Tanega 13.09.2015 Y. Nakajima G.fascicularis S S 2 EGP0129 na 7.19 4.8 2.93 6.7 6.65
PW161 Tanega 13.09.2015 Y. Nakajima G.fascicularis S EGP0129 na 6.33 3.77 2.76 9.2 9.15
PW162 Tanega 13.09.2015 Y. Nakajima G.fascicularis L L EGP0129 na 8.29 5.79 2.44 9.3 9.25
PW163 Tanega 13.09.2015 Y. Nakajima G.fascicularis S EGP0129 na 5.24 4.1 2.9 9.7 9.65
PW164 Tanega 13.09.2015 Y. Nakajima G.fascicularis L L EGP0129 na 11.74 5.8 3.59 9.9 9.85
PW165 Tanega 13.09.2015 Y. Nakajima G.fascicularis 9.9 9.85
PW166 Tanega 13.09.2015 Y. Nakajima G.fascicularis S S 2 EGP0129 na 5.08 3.47 2.52 9.7 9.65
PW167 Tanega 13.09.2015 Y. Nakajima G.fascicularis L EGP0129 na 9.34 6.69 2.93 9.8 9.75
PW168 Tanega 13.09.2015 Y. Nakajima G.fascicularis L L EGP0129 na 5.7 4.37 1.86 10.5 10.45
PW169 Tanega 13.09.2015 Y. Nakajima G.fascicularis 10.4 10.35
PW170 Tanega 13.09.2015 Y. Nakajima G.fascicularis S S 2 EGP0129 na 4.91 3.49 2.28 10.3 10.25
PW171 Tanega 13.09.2015 Y. Nakajima G.fascicularis S EGP0129 yes 10.3 10.25
PW172 Tanega 13.09.2015 Y. Nakajima G.fascicularis L 9.7 9.65
PW173 Tanega 13.09.2015 Y. Nakajima G.fascicularis L EGP0129 yes 9.9 6.89 3.25 10.1 10.05
PW174 Tanega 13.09.2015 Y. Nakajima G.fascicularis S L 2 EGP0129 na 10.36 5.81 2.89 10.4 10.35
PW175 Tanega 13.09.2015 Y. Nakajima G.fascicularis 7.1 7.05
PW176 Tanega 13.09.2015 Y. Nakajima G.fascicularis L L EGP0129 na 8.6 9.15
PW177 Tanega 13.09.2015 Y. Nakajima G.fascicularis S EGP0129 na 6.01 4.75 2.96 9.2 9.75
PW178 Tanega 13.09.2015 Y. Nakajima G.fascicularis L L 2 EGP0129 na 11.25 6.07 2.7 8.9 9.45
PW179 Tanega 13.09.2015 Y. Nakajima G.fascicularis 9.2 9.75
PW180 Tanega 13.09.2015 Y. Nakajima G.fascicularis S L 2 EGP0129 na 12.06 5.48 2.96 9.5 10.05
PW181 Tanega 13.09.2015 Y. Nakajima G.fascicularis L EGP0129 na 9.3 9.85
PW182 Tanega 13.09.2015 Y. Nakajima G.fascicularis L L EGP0129 na 9.1 9.65
PW183 Tanega 13.09.2015 Y. Nakajima G.fascicularis L EGP0129 na 6.81 4.81 2.16 8.9 9.45
PW184 Tanega 13.09.2015 Y. Nakajima G.fascicularis S L 2 EGP0129 na 8.55 4.38 2.26 8.7 9.25
PW185 Tanega 13.09.2015 Y. Nakajima G.fascicularis S EGP0129 na 6.86 5.08 2.36 9.2 9.75
PW186 Tanega 13.09.2015 Y. Nakajima G.fascicularis S S EGP0129 na 8.5 9.05
PW187 Tanega 13.09.2015 Y. Nakajima G.fascicularis L EGP0129 na 8.98 4.83 2.28 7.5 8.05
PW188 Tanega 13.09.2015 Y. Nakajima G.fascicularis S/L L 2 EGP0129 na 12.72 6.39 2.67 9.7 10.25
PW189 Tanega 13.09.2015 Y. Nakajima G.fascicularis 9.8 10.35
PW190 Tanega 13.09.2015 Y. Nakajima G.fascicularis S/L L 2 EGP0129 na 9.11 4.69 2.28 10.8 11.35
PW191 Tanega 13.09.2015 Y. Nakajima G.fascicularis 9.2 9.75
PW192 Tanega 13.09.2015 Y. Nakajima G.fascicularis L 10.6 11.15
PW193 Tanega 13.09.2015 Y. Nakajima G.fascicularis 10.8 11.35
PW194 Tanega 13.09.2015 Y. Nakajima G.fascicularis S S EGP0129 na 5.84 4.77 3.08 11 11.55
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PW195 Tanega 13.09.2015 Y. Nakajima G.fascicularis L EGP0129 na 10.36 6.14 3.22 9.2 9.75
PW196 Tanega 13.09.2015 Y. Nakajima G.fascicularis S/L 2 8.11 5.32 2.24 9.4 9.95
PW197 Tanega 13.09.2015 Y. Nakajima G.fascicularis 9 9.55
M1 Guam na G.fascicularis S SA EGP0124 yes 74-G-18
M2 Guam na G.fascicularis S LA EGP0124 yes 74-G-21
M3 Guam na G.horrescens S LP EGP0124 na 74-G-8
M4 Palau na G.horrescens NA LA EGP0124 na 74-P-26
M5 Palau na G. paucisepta S EGP0124 yes 74-P-45
M6 Palau na G.horrescens S L+ EGP0124 na 74-P-46
M7 Palau na G.horrescens NA EGP0124 74-P-60
M8 Palau na G.horrescens S LO EGP0124 yes 74-P-77
M9 Palau na G.horrescens S SA yes P76-153B
M10 Palau na G. astreata S LA EGP0124 P76-332
M11 Palau na G.longisepta S LA EGP0124 yes P76-609
M12 Palau na G.longisepta S yes P76-609(b)
M13 Palau na G.fascicularis S SA EGP0124 yes P76-659
M14 Palau na G. paucisepta S EGP0124 yes P76-698
M15 Palau na G.horrescens S SA EGP0124 P76-728
M16 Palau na G.horrescens S yes P76-728(B)
M17 Palau na G.horrescens EGP0124 P76-728(c)
M18 Palau na G.fascicularis EGP0124 P76-833
M19 Palau na G.fascicularis P76-918
M20 Ryukyu Kawaguchi G. astreata RUMF-ZG-02971
PW198 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis S/L 7.98 4.52 2.77 18.3 18.45
PW199 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L L EGP0129 yes na na na 19.6 19.75
PW200 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L L 2 EGP0129 yes 5.32 3.72 1.85 20.5 20.65
PW201 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L L EGP0129 yes na na na 19.6 19.75
PW202 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L L 2 EGP0130 yes 6.51 4.69 2.01 18.3 18.45
PW203 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis S L EGP0129 yes 11.32 8.12 2.72 16.8 16.95
PW204 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L EGP0129 yes 17.5 17.65
PW205 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L 5.46 3.95 2.27 NA
PW206 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis 17.5 17.65
PW207 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis S L 2 EGP0130 na 7.44 5.33 2.24 17.7 17.85 CT-scan
PW208 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L L 2 EGP0129 yes 5.72 3.71 1.85 15.9 16.05
PW209 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L 6.99 4.74 2.56 15.9 16.05
PW210 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L EGP0129 yes 15.5 15.65
PW211 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis S L 2 EGP0130 yes 7.24 4.84 2.56 14.6 14.75
PW212 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L L 2 EGP0130 yes 5.92 4.62 1.83 15.9 16.05
PW213 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L L EGP0129 na 7.21 4.94 2.11 14.5 14.65
PW214 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L 8.24 4.81 2.6 14.4 14.55
PW215 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis S/L 2 9.57 5.27 3.98 14.5 14.65 CT-scan
PW216 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L 10.41 5.5 2.02 14.4 14.55
PW217 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L (cancelled) 12.41 6.71 3.29 13.8 13.95
PW218 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis L na na na 14.9 15.05
PW219 KitadaitoNorth 02.11.2015 P. Wepfer G.fascicularis ? L EGP0130 na 13.9 14.05
PW220 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L S EGP0130 na 14.4 14.3
PW221 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L L EGP0129 yes NA
PW222 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L EGP0129 yes 13.9 13.8
PW223 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L EGP0129 na 14 13.9
PW224 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L EGP0130 na 15 14.9
PW225 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L 15.8 15.7
PW226 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L L EGP0130 na 18.3 18.2
PW227 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis 19 18.9
PW228 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis 20.4 20.3
PW229 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis S L EGP0130 na 20.1 20
PW230 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis S L EGP0130 na 19.3 19.2
PW231 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L 19.4 19.3
PW232 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L EGP0130 na 19 18.9
PW233 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L L EGP0130 4.47 3.32 1.39 19.1 19
PW234 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L 17.5 17.4
PW235 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L EGP0130 na 6.72 4.51 1.94 16.8 16.7
PW236 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis S 2 3.77 2.94 1.88 16.9 16.8
PW237 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis S/L+ L+ 2 EGP0130 na 3.68 2.89 1.47 15.2 15.1
PW238 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis S ? EGP0130 na 15.2 15.1
PW239 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L 15.5 15.4
PW240 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L L EGP0130 na 4.57 4.03 1.46 15.2 15.1
PW241 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L 16.3 16.2
PW242 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L L EGP0130 na 9.08 6.52 2.65 16.8 16.7
PW243 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L EGP0130 na 16.4 16.3
PW244 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L 17.1 17
PW245 MinamidaitoWest 03.11.2015 P. Wepfer G.fascicularis L 15.3 15.2
PW246 MinamidaitoSouth 03.11.2015 P. Wepfer G.fascicularis S 2 4.24 3.06 2.16 23.8 23.9
PW247 MinamidaitoSouth 03.11.2015 P. Wepfer G.fascicularis S SA S EGP0130 yes 7.88 5.57 1.89 16.5 16.6
PW248 SeragakiRyugu 04.06.2016 P. Wepfer G. astreata L 7.3 5.79 5.41 23 23.81
PW249 SeragakiRyugu 04.06.2016 P. Wepfer G. cryptoramosaS LA L EGP0135 5.64 4.81 4.95 23 23.81
PW250 SeragakiRyugu 04.06.2016 P. Wepfer G. paucisepta L 3.17 2.73 2.59 26 26.81
PW251 SeragakiRyugu 04.06.2016 P. Wepfer G. paucisepta L 2.73 2.16 2.12 26 26.81
PW252 SeragakiRyugu 04.06.2016 P. Wepfer G. pauciradiata/astreataL yes 3.17 3 2.34 23 23.81
PW253 Trat1 10.07.2016 P. Wepfer G.fascicularis L L, S 4.92 3.93 1.89 1.5
PW254 Trat1 10.07.2016 P. Wepfer G.fascicularis S S 9.97 6.72 3.03 1.5
PW255 Trat1 10.07.2016 P. Wepfer G.fascicularis S 5.18 3.94 2.18 1.7
PW256 Trat1 10.07.2016 P. Wepfer G.fascicularis S 1.8
PW257 Trat1 10.07.2016 P. Wepfer G.fascicularis S 2
PW258 Trat1 10.07.2016 P. Wepfer G.fascicularis S 2.2
PW259 Trat1 10.07.2016 P. Wepfer G.fascicularis S 6.67 4.81 2.59 1.95 mean site depth 
PW260 Trat1 10.07.2016 P. Wepfer G.fascicularis S 1.8
PW261 Trat1 10.07.2016 P. Wepfer G.fascicularis S 1.8
PW262 Trat1 10.07.2016 P. Wepfer G.fascicularis S 1.7875 mean site depth 
PW263 Trat1 10.07.2016 P. Wepfer G.fascicularis S 1.7875 mean site depth 
PW264 Trat1 10.07.2016 P. Wepfer G.fascicularis S 1.7875 mean site depth 
PW265 Trat1 10.07.2016 P. Wepfer G.fascicularis S 1.7875 mean site depth 
YN531 Trat1 10.07.2016 Y. Nakajima G.fascicularis 1.7875 mean site depth 
YN532 Trat1 10.07.2016 Y. Nakajima G.fascicularis 1.7875 mean site depth 
PW266 Trat2 11.07.2016 P. Wepfer G.fascicularis 2.1
PW267 Trat2 11.07.2016 P. Wepfer G.fascicularis S 1.4
PW268 Trat2 11.07.2016 P. Wepfer G.fascicularis S 0.8
PW269 Trat2 11.07.2016 P. Wepfer G.fascicularis S S 0.8
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PW270 Trat2 11.07.2016 P. Wepfer G.fascicularis S S 1.6
PW271 Trat2 11.07.2016 P. Wepfer G.fascicularis S S na
PW272 Trat2 11.07.2016 P. Wepfer G.fascicularis 2.2
PW273 Trat2 11.07.2016 P. Wepfer G.fascicularis 2.4
PW274 Trat2 11.07.2016 P. Wepfer G.fascicularis S na
PW275 Trat2 11.07.2016 P. Wepfer G.fascicularis S 2.1
PW276 Trat2 11.07.2016 P. Wepfer G.fascicularis S 2.9
PW277 Trat2 11.07.2016 P. Wepfer G.fascicularis S 1.7
PW278 Trat2 11.07.2016 P. Wepfer G.fascicularis S na
PW279 Trat2 11.07.2016 P. Wepfer G.fascicularis S 2.6
PW280 Trat2 11.07.2016 P. Wepfer G.fascicularis S 1.5
PW281 Trat2 11.07.2016 P. Wepfer G.fascicularis S 2.2
PW282 Trat2 11.07.2016 P. Wepfer G.fascicularis S 1.7
PW283 Trat2 11.07.2016 P. Wepfer G.fascicularis S 1.5
PW284 Trat2 11.07.2016 P. Wepfer G.fascicularis S 1.5
PW285 Trat2 11.07.2016 P. Wepfer G.fascicularis S 2.1
PW286 Trat2 11.07.2016 P. Wepfer G.fascicularis S na
PW287 Trat3 11.07.2016 P. Wepfer G.fascicularis S SA S EGP0130 2.9
PW288 Trat3 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW289 Trat3 11.07.2016 P. Wepfer G.fascicularis L LA L EGP0130 5.79 4.45 2.85 2.9 mean site depth 
PW290 Trat3 11.07.2016 P. Wepfer G.fascicularis S 2.7
PW291 Trat3 11.07.2016 P. Wepfer G.fascicularis S na
PW292 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW293 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW294 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW295 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW296 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW297 Trat4 11.07.2016 P. Wepfer G.fascicularis L 2.9 mean site depth 
PW298 Trat4 11.07.2016 P. Wepfer G.fascicularis 2.9 mean site depth 
PW299 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW300 Trat4 11.07.2016 P. Wepfer G.fascicularis 2.9 mean site depth 
PW301 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW302 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW303 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW304 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW305 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW306 Trat4 11.07.2016 P. Wepfer G.fascicularis 2.9 mean site depth 
PW307 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW308 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW309 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW310 Trat4 11.07.2016 P. Wepfer G.fascicularis S 2.9 mean site depth 
Poan1 Trat4 11.07.2016 Sitterporn G.fascicularis S na
Poan2 Trat4 11.07.2016 Sitterporn G.fascicularis na
Poan3 Trat4 11.07.2016 Sitterporn G.fascicularis na
Poan4 Trat4 11.07.2016 Sitterporn G.fascicularis na
Poan5 Trat4 11.07.2016 Sitterporn G.fascicularis na
PW310 Trat5 12.07.2016 P. Wepfer G.fascicularis S 1.2
PW311 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.31176 mean site depth 
PW312 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.31176 mean site depth 
PW313 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.31176 mean site depth 
PW314 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.31176 mean site depth 
PW315 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.31176 mean site depth 
PW316 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.31176 mean site depth 
PW317 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.31176 mean site depth 
PW318 Trat5 12.07.2016 P. Wepfer G.fascicularis S 5.1
PW319 Trat5 12.07.2016 P. Wepfer G.fascicularis L 6.1
PW320 Trat5 12.07.2016 P. Wepfer G.fascicularis L 5.5
PW321 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.1
PW322 Trat5 12.07.2016 P. Wepfer G.fascicularis L 6.4
PW323 Trat5 12.07.2016 P. Wepfer G.fascicularis L 6
PW324 Trat5 12.07.2016 P. Wepfer G.fascicularis L 5.4
PW325 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.31176 mean site depth 
PW326 Trat5 12.07.2016 P. Wepfer G.fascicularis S 6.5
PW327 Trat5 12.07.2016 P. Wepfer G.fascicularis L 6.5
PW328 Trat5 12.07.2016 P. Wepfer G.fascicularis L 7.3
PW329 Trat5 12.07.2016 P. Wepfer G.fascicularis L 8
PW330 Trat5 12.07.2016 P. Wepfer G.fascicularis S 8.4
PW331 Trat5 12.07.2016 P. Wepfer G.fascicularis S 8.4
PW332 Trat5 12.07.2016 P. Wepfer G.fascicularis S 7.5
PW333 Trat5 12.07.2016 P. Wepfer G.fascicularis S 7.5
PW334 Trat5 12.07.2016 P. Wepfer G.fascicularis S 5.4
Poan6 Trat5 12.07.2016 Sitterporn G.fascicularis 6.31176 mean site depth 
Poan7 Trat5 12.07.2016 Sitterporn G.fascicularis 6.31176 mean site depth 
PW335 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 5.2
PW336 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 5
PW337 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L LA L EGP0130 5
PW338 Chumphon1 15.07.2016 P. Wepfer G.fascicularis S 3.6
PW339 Chumphon1 15.07.2016 P. Wepfer G.fascicularis S 3.1
PW340 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 4.2
PW341 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 5.6
PW342 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 5.5
PW343 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 5.3
PW344 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 5.5
PW345 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 6.3
PW346 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 8.5
PW347 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 9.6
PW348 Chumphon1 15.07.2016 P. Wepfer G.fascicularis S SA L EGP0130 10
PW349 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 10.1
PW350 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 11.4
PW351 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 12.3
PW352 Chumphon1 15.07.2016 P. Wepfer G.fascicularis S 10.3
PW353 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 11.1
PW354 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L na
PW355 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 10.1
PW356 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 9.2
PW357 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 7.7
PW358 Chumphon1 15.07.2016 P. Wepfer G.fascicularis L 7.4
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PW359 Chumphon1 15.07.2016 P. Wepfer G.fascicularis ? 6.1
PW360 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 9.1
PW361 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 6.8
PW362 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 6.8
PW363 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 5.2
PW364 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S 5.3
PW365 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 5.5
PW366 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 4.1
PW367 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 6.3
PW368 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 6.8
PW369 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 5.4
PW370 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 6.4
PW371 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S 6.1
PW372 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S 6.8
PW373 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L na
PW374 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S 5.1
PW375 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S 5.1
PW376 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S 5.5
PW377 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 5
PW378 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 5
PW379 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 5.1
PW380 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S 4.4
PW381 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 5
PW382 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S 4
PW383 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S na
PW384 Chumphon2 15.07.2016 P. Wepfer G.fascicularis S 3.5
PW385 Chumphon2 15.07.2016 P. Wepfer G.fascicularis L 3.5
PW386 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 4.1
PW387 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 3
PW388 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 2.8
PW389 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 2.8
PW390 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 3.3
PW391 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 5.8
PW392 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 6
PW393 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 6.1
PW394 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 6.2
PW395 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 5.5
PW396 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 6.3
PW397 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L/S 8
PW398 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 7.8
PW399 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 7.6
PW400 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 8.2
PW401 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 6.6
PW402 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 7.8
PW403 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 7.4
PW404 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 5.6
PW405 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 3.1
PW406 Chumphon3 16.07.2017 P. Wepfer G.fascicularis L 4.8
PW407 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 3.6
PW408 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 3.2
PW409 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 2.8
PW410 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 2.9
PW411 Chumphon3 16.07.2017 P. Wepfer G.fascicularis S 3.2
PW412 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 3.3
PW413 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.4
PW414 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 3.1
PW415 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 4.2
PW416 Chumphon4 16.07.2017 P. Wepfer G.fascicularis L 3.9
PW417 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.8
PW418 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.6
PW419 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.4
PW420 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.5
PW421 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 1.8
PW422 Chumphon4 16.07.2017 P. Wepfer G.fascicularis L 2.9 mean site depth 
PW423 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW424 Chumphon4 16.07.2017 P. Wepfer G.fascicularis L 2.9 mean site depth 
PW425 Chumphon4 16.07.2017 P. Wepfer G.fascicularis L 2.9 mean site depth 
PW426 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW427 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW428 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW429 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW430 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW431 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW432 Chumphon4 16.07.2017 P. Wepfer G.fascicularis L 2.9 mean site depth 
PW433 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW434 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW435 Chumphon4 16.07.2017 P. Wepfer G.fascicularis S 2.9 mean site depth 
PW436 Maeda 04.06.2016 P. Wepfer Porites na
PW437 Maeda 04.06.2016 P. Wepfer Porites na
PW438 Maeda 04.06.2016 P. Wepfer Porites na
PW439 Maeda 04.06.2016 P. Wepfer Porites na
PW440 SeragakiRyugu 21.08.2016 P. Wepfer G. astreata/ pauciseptaL LA yes 3.42 3.41 2.82 14.5 15.51
PW441 SeragakiRyugu 21.08.2016 P. Wepfer Euphyllidae S na
PW442 SeragakiRyugu 21.08.2016 P. Wepfer Porites na
PW443 SeragakiRyugu 21.08.2016 P. Wepfer Porites na
PW444 SeragakiRyugu 21.08.2016 P. Wepfer Porites na
PW445 Observatory2 24.08.2016 P. Wepfer Porites
PW446 Observatory2 24.08.2016 P. Wepfer Porites
PW447 Observatory2 24.08.2016 P. Wepfer Porites
PW448 Observatory2 24.08.2016 P. Wepfer G. astreata / (crypto)L LA L 6.66 5.04 3.39 17.3 17.16
PW449 Observatory2 24.08.2016 P. Wepfer G. astreata / (crypto)L LA L 3.63 3 2.35 na
PW450 Observatory1 24.08.2016 P. Wepfer G.fascicularis L 17.6 17.46
PW451 Observatory1 24.08.2016 P. Wepfer G.fascicularis L 17.5 17.36
PW452 Observatory1 24.08.2016 P. Wepfer G.fascicularis S 17.5 17.36
STG01 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 3
STG02 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 1.8
STG03 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 1.3
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STG04 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis L 1.3
STG05 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 0.8
STG06 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 1.8
STG07 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis L 1
STG08 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis 1
STG09 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis L 0.7
STG10 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 1.2
STG11 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 1
STG12 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 2
STG13 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis L 1.2
STG14 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis L 1.2
STG15 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 1.3
STG16 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis L 1.1
STG17 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 1
STG18 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis L 1.1
STG19 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis L 0.9
STG20 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 1.2
STG21 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis L 1.1
STG22 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 0.7
STG23 KoPhangan1 Oct. 2016 Sitterporn G.fascicularis S 1.7
STS26 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 2.1
STS27 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S SA S EGP0130 2.6
STS28 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis L SA L EGP0130 yes nophoto
STS29 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis L 3.9
STS30 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.5
STS31 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.5
STS32 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.1
STS33 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.1
STS34 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.1
STS35 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.8
STS36 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis L 3.8
STS37 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.4
STS38 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis L 4
STS39 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.8
STS40 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.2
STS41 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.5
STS42 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.8
STS43 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.9
STS44 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.5
STS45 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.1
STS46 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 2.6
STS47 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 2.3
STS48 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 2.9
STS49 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3.3
STS50 KoPhangan2 Oct. 2016 Sitterporn G.fascicularis S 3
PW453 AnaHotelBeach 8.10.16 P. Wepfer Euphyllia ancora na
PW454 AnaHotelBeach 8.10.16 P. Wepfer Euphyllia ancora na
D1 Dongsha 2016 Allen Chen G.fascicularis L SA S EGP0130
D2 Dongsha 2016 Allen Chen G.fascicularis LA L EGP0130
D3 Dongsha 2016 Allen Chen G.fascicularis LA L EGP0130
D4 Dongsha 2016 Allen Chen G.fascicularis LA L EGP0130
D5 Dongsha 2016 Allen Chen G.fascicularis L EGP0130
D6 Dongsha 2016 Allen Chen G.fascicularis L EGP0130
T1 Taiwan 2016 Allen Chen G.fascicularis S S EGP0130
T2 Taiwan 2016 Allen Chen G.fascicularis na EGP0130
T3 Taiwan 2016 Allen Chen G.fascicularis S S EGP0130
T4 Taiwan 2016 Allen Chen G.fascicularis S S EGP0130
T5 Taiwan 2016 Allen Chen G.fascicularis na EGP0130
T6 Taiwan 2016 Allen Chen G.fascicularis S S EGP0130
PW455 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis 3 mean site depth 
PW456 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis L LA L EGP0130 3 mean site depth 
PW457 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis 3 mean site depth 
PW458 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis L EGP0130 3 mean site depth 
PW459 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis L 3 mean site depth 
PW460 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis L 3 mean site depth 
PW461 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis L 3 mean site depth 
PW462 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis 3 mean site depth 
PW463 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis L 3 mean site depth 
PW464 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis 3 mean site depth 
PW465 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis 3 mean site depth 
PW466 HahaNorthPort 27.10.2016 P. Wepfer G.fascicularis L 3 mean site depth 
PW467 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L ? ? ? 3 mean site depth 
PW468 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L L EGP0130 5.28 3.78 2.09 3 mean site depth 
PW469 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L 5.8 4.85 1.96 3 mean site depth 
PW470 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis 4.9 3.46 1.58 3 mean site depth 
PW471 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L 7.53 5.55 3.29 3 mean site depth 
PW472 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L 9.58 7.29 3.77 3 mean site depth 
PW473 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L 11.43 7.2 3.36 3 mean site depth 
PW474 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis yes 3 mean site depth 
PW475 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis 3 mean site depth 
PW476 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L 3 mean site depth 
PW477 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis 3 mean site depth 
PW478 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis 3 mean site depth 
PW479 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L 3 mean site depth 
PW480 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L L EGP0130 yes 3 mean site depth 
PW481 HahaEastPort 27.10.2016 P. Wepfer G.fascicularis L 3 mean site depth 
PW482 HahaVillageOuter 28.10.2016 P. Wepfer G.fascicularis 5.89 3.47 1.58 7 mean site depth 
PW483 HahaVillageOuter 28.10.2016 P. Wepfer G.fascicularis S LA L EGP0130 yes 7.32 5.63 3.23 7 mean site depth 
PW484 HahaVillageOuter 28.10.2016 P. Wepfer G.fascicularis 5.73 3.87 2.09 7 mean site depth 
PW485 HahaVillageOuter 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 yes 6.18 4.09 2.11 7 mean site depth 
PW486 HahaVillageOuter 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 7 mean site depth 
PW487 HahaVillageOuter 28.10.2016 P. Wepfer G.fascicularis 5.55 3.34 2.02 7 mean site depth 
PW488 HahaVillageOuter 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 yes 7.85 5.46 2.97 7 mean site depth 
PW489 HahaVillageOuter 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 5.95 3.78 2.27 7 mean site depth 
PW490 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis 1.5 mean site depth 
PW491 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis 1.5 mean site depth 
PW492 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis 1.5 mean site depth 
PW493 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis L 1.5 mean site depth 
PW494 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis L EGP0130 yes 1.5 mean site depth 
PW495 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis L LA L EGP0130 yes 15.9 9.67 4.28 1.5 mean site depth 
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PW496 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis L 7.98 6.73 2.08 1.5 mean site depth 
PW497 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis 1.5 mean site depth 
PW498 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis 1.5 mean site depth 
PW499 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis L 12.33 7.42 2.81 1.5 mean site depth 
PW500 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis 1.5 mean site depth 
PW501 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 7.21 5.54 2.33 1.5 mean site depth 
PW502 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis L 9.12 7.32 3.24 1.5 mean site depth 
PW503 HahaVillageInner 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 9.82 7.26 3.28 1.5 mean site depth 
PW504 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 6.02 4.47 2.4 9.5
PW505 Chichi1 28.10.2016 P. Wepfer G.fascicularis 9.2
PW506 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 8.5 6.26 2.89 8.7
PW507 Chichi1 28.10.2016 P. Wepfer ? L L EGP0130 na
PW508 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 5.48 4.36 1.97 9.7
PW509 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 10 6.75 3.51 10.5
PW510 Chichi1 28.10.2016 P. Wepfer G.fascicularis 9.8
PW511 Chichi1 28.10.2016 P. Wepfer G.fascicularis 10.7
PW512 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 5.24 4.36 2.09 8.5
PW513 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 9.2
PW514 Chichi1 28.10.2016 P. Wepfer G.fascicularis L LA L EGP0130 na 8.1
PW515 Chichi1 28.10.2016 P. Wepfer G.fascicularis S L EGP0130 na 7.97 5.71 2.06 9
PW516 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 8.4
PW517 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 6.1
PW518 Chichi1 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 5.74 3.88 2.67 7.3
PW519 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 7.5
PW520 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 5.47 3.8 1.58 6.4
PW521 Chichi1 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 6.6
PW522 Chichi1 28.10.2016 P. Wepfer G.fascicularis 10.9
PW523 Chichi1 28.10.2016 P. Wepfer G.fascicularis L 6
PW524 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW525 Anijima 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 6.3 mean site depth 
PW526 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW527 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW528 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW529 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW530 Anijima 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 6.3 mean site depth 
PW531 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW532 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW533 Anijima 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 yes 6.3 mean site depth 
PW534 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW535 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW536 Anijima 28.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 6.3 mean site depth 
PW537 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW538 Anijima 28.10.2016 P. Wepfer G.fascicularis L 6.3 mean site depth 
PW539 ChichiNihonIwa 29.10.2016 P. Wepfer G.fascicularis L L EGP0130 yes 6.4
PW540 ChichiNihonIwa 29.10.2016 P. Wepfer G.fascicularis 4.1
PW541 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 9.3
PW542 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 10.3
PW543 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 9.2
PW544 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 9.5
PW545 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 8.1
PW546 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 6.1
PW547 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 5.8
PW548 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 5.4
PW549 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L L EGP0130 yes 5
PW550 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 3.9
PW551 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 4.1
PW552 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 4.9
PW553 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 5
PW554 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 4.3
PW555 ChichiSE 29.10.2016 P. Wepfer G.fascicularis (4.6
PW556 ChichiSE 29.10.2016 P. Wepfer G.fascicularis 4.6)
PW557 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 6.4
PW558 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 5.4
PW559 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 6
PW560 ChichiSE 29.10.2016 P. Wepfer G.fascicularis 8.9
PW561 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 9.5
PW562 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 10.9
PW563 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 11.2
PW564 ChichiSE 29.10.2016 P. Wepfer G.fascicularis 10.7
PW565 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 9.7
PW566 ChichiSE 29.10.2016 P. Wepfer G.fascicularis 8.8
PW567 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L 11.3
PW568 ChichiSE 29.10.2016 P. Wepfer G.fascicularis L L EGP0130 na 12
PW569 ChichiSE 29.10.2016 P. Wepfer G.fascicularis 12.1
PW570 ChichiSE 29.10.2016 P. Wepfer G.fascicularis 12
HK1 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 1.2
HK2 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 1.2
HK3 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 1.2
HK4 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.9
HK5 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.2-3.1
HK6 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.2-3.1
HK7 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.2-3.1
HK8 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.6
HK9 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.8
HK10 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.7
HK11 Hong Kong Nov. 2016 Put Ang G.fascicularis S 3
HK12 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.4
HK13 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.4
HK14 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 2.4
HK15 Hong Kong Nov. 2016 Put Ang G.fascicularis S S EGP0130 6
M013 Reethi Rah 30.03.2015 V. Radice G.fascicularis ? EGP0135 ~30 mean site depth 
M014 Reethi Rah 30.03.2015 V. Radice G.fascicularis ~30 mean site depth 
M015 Reethi Rah 30.03.2015 V. Radice G.fascicularis EGP0135 ~30 mean site depth 
M019 Reethi Rah 30.03.2015 V. Radice G.fascicularis LA EGP0135 ~10 mean site depth 
M022 Reethi Rah 30.03.2015 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
M032 Reethi Rah 30.03.2015 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
M042 Mathiveri 1.04.2014 V. Radice G.fascicularis LA EGP0135 ~30 mean site depth 
M044 Mathiveri 1.04.2014 V. Radice G.fascicularis EGP0135 ~30 mean site depth 
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M047 Mathiveri 1.04.2014 V. Radice G.fascicularis EGP0135 ~30 mean site depth 
M049 Mathiveri 1.04.2014 V. Radice G.fascicularis SA EGP0135 ~10 mean site depth 
M051 Mathiveri 1.04.2014 V. Radice G.fascicularis ~10 mean site depth 
M052 Mathiveri 1.04.2014 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
M221 Bodu huraa 8.04.2014 V. Radice G.fascicularis EGP0135 ~30 mean site depth 
M222 Bodu huraa 8.04.2014 V. Radice G.fascicularis ~30 mean site depth 
M226 Bodu huraa 8.04.2014 V. Radice G.fascicularis LA EGP0135 ~30 mean site depth 
M242 Bodu huraa 8.04.2014 V. Radice G.fascicularis ~10 mean site depth 
M243 Bodu huraa 8.04.2014 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
M244 Bodu huraa 8.04.2014 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
CH033 Ile de la Passe 18.02.2015 V. Radice G.fascicularis LA EGP0135 ~30 mean site depth 
CH037 Ile de la Passe 18.02.2015 V. Radice G.fascicularis EGP0135 ~30 mean site depth 
CH038 Ile de la Passe 18.02.2015 V. Radice G.fascicularis EGP0135 ~30 mean site depth 
CH048 Ile de la Passe 18.02.2015 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
CH049 Ile de la Passe 18.02.2015 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
CH054 Ile de la Passe 18.02.2015 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
CH113 Nelson's Island 18.02.2015 V. Radice G.fascicularis EGP0135 ~30 mean site depth 
CH115 Nelson's Island 18.02.2015 V. Radice G.fascicularis ~30 mean site depth 
CH131 Nelson's Island 18.02.2015 V. Radice G.fascicularis EGP0135 ~30 mean site depth 
CH111 Nelson's Island 18.02.2015 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
CH120 Nelson's Island 18.02.2015 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
CH128 Nelson's Island 18.02.2015 V. Radice G.fascicularis EGP0135 ~10 mean site depth 
HGN07R Harry's bommie 08.08.2016 V. Radice G.fascicularis SB EGP0135 ~8 mean site depth 
HGN15R Harry's bommie 08.08.2016 V. Radice G.fascicularis SB EGP0135 ~8 mean site depth 
HGN24R Harry's bommie 08.08.2016 V. Radice G.fascicularis SB EGP0135 ~8 mean site depth 
HI1 Harry's bommie 08.08.2016 V. Radice G.fascicularis LA EGP0135 ~8 mean site depth 
HI4 Harry's bommie 08.08.2016 V. Radice G.fascicularis LA EGP0135 ~8 mean site depth 
HI5 Harry's bommie 08.08.2016 V. Radice G.fascicularis LA EGP0135 ~8 mean site depth 
ZR#1 Rowley Shoals unknown Z. Richards G. astreata LA EGP0135 K14 #227, Z89274
ZR#2 Rowley Shoals unknown Z. Richards G. astreata SA EGP0135 yes K14 #496, Z89272
ZR#3 Christmas Island unknown Z. Richards G. astreata LI EGP0135 Xmas#42, Z65832
ZR#4 Ashmore Reef unknown Z. Richards Galaxea horrescens EGP0135 yes K13#203, Z66352
ZR#5 Montebello Islands unknown Z. Richards Galaxea fascicularis LL EGP0135 yes MM#55, no rego yet
ZR#6 Rowley Shoals unknown Z. Richards Galaxea fascicularis LK EGP0135 K14#321, Z89277
ZR#7 Rowley Shoals unknown Z. Richards Galaxea fascicularis LA EGP0135 yes K14#610, Z89279
ZR#8 Montebello Islands unknown Z. Richards Galaxea fascicularis LA EGP0135 yes MM#71, no rego yet
ZR#9 Montebello Islands unknown Z. Richards Galaxea fascicularis LA EGP0135 MM#107, no rego yet
ZR#10 Rowley Shoals unknown Z. Richards G. astreata LA EGP0135 K14#199, Z89273
ZR#11 Rowley Shoals unknown Z. Richards Galaxea fascicularis LA EGP0135 K14#589, Z89278
ZR#12 Ashmore Reef unknown Z. Richards Galaxea horrescens EGP0135 K13site139, no rego yet
ZR#13 Cassini Island unknown Z. Richards G. astreata K10#51, Z66007
SC1 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC2 Sichang Dec. 2016 Sitterporn G. fascicularis
SC3 Sichang Dec. 2016 Sitterporn G. fascicularis S L EGP0130
SC4 Sichang Dec. 2016 Sitterporn G. fascicularis
SC5 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC6 Sichang Dec. 2016 Sitterporn G. fascicularis
SC7 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC8 Sichang Dec. 2016 Sitterporn G. fascicularis
SC9 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC10 Sichang Dec. 2016 Sitterporn G. fascicularis
SC11 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC12 Sichang Dec. 2016 Sitterporn G. fascicularis
SC13 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC14 Sichang Dec. 2016 Sitterporn G. fascicularis
SC15 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC16 Sichang Dec. 2016 Sitterporn G. fascicularis
SC17 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC18 Sichang Dec. 2016 Sitterporn G. fascicularis
SC19 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC20 Sichang Dec. 2016 Sitterporn G. fascicularis
SC21 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC22 Sichang Dec. 2016 Sitterporn G. fascicularis
SC26 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC27 Sichang Dec. 2016 Sitterporn G. fascicularis
SC28 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC29 Sichang Dec. 2016 Sitterporn G. fascicularis
SC30 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC31 Sichang Dec. 2016 Sitterporn G. fascicularis
SC32 Sichang Dec. 2016 Sitterporn G. fascicularis S
SC33 Sichang Dec. 2016 Sitterporn G. fascicularis S
RMNH:10486Java-LeidenMuseum unknown na G. sp EGP0135 yes
RMNH:10487Java-LeidenMuseum unknown na G. sp. EGP0135 yes
89904 CookIslands unknown na G. fascicularis yes
83301 Indonesia unknown na G. fascicularis EGP0135
83316 Indonesia unknown na G. fascicularis L EGP0135
83317 Tanzania unknown na G. clavus S EGP0135
75180 Seychelles unknown na G. sp. EGP0135
89396 Marshall_Islands unknown na G. sp.
93768 PapuaNewGuinea unknown na G. paucisepta yes
93769 PapuaNewGuinea unknown na G. paucisepta yes
93770 PapuaNewGuinea unknown na G. paucisepta EGP0135 yes
93774 PapuaNewGuinea unknown na G. paucisepta
80004 Philippines unknown na G. sp. EGP0135
95493 Philippines unknown na G. astreata
1154299 NewCaledonia unknown na G. sp. EGP0135
1154300 Eritrea unknown na G. sp EGP0135
1154337 Madagascar unknown na G. sp
1154345 Madagascar unknown na G. sp EGP0135
1154454 Seychelles unknown na G. sp. EGP0135
1154455 Seychelles unknown na G. sp.
MS01 Samoa_Aoa 14.07.2016 M. Sudek G.fascicularis LN EGP0135 10.06 7.34 2.56 10.36
MS02 Samoa_Fagaalu 26.06.2016 M. Sudek G.fascicularis LA EGP0135 9.6 6.14 2.29 7.62
MS03 Samoa_Fagamolo 16.10.2016 M. Sudek G.fascicularis LA EGP0135 9.41 7.27 2.55 8.84
MS04 Samoa_Aasu 12.02.2016 M. Sudek G.fascicularis LM EGP0135 6.02 3.98 1.78 9.14
MS05 Samoa_Leone 26.10.2016 M. Sudek G. astreata ? LM EGP0135 5.66 3.96 2.17 9.75
AF-1 Agat_Cementary Mar-2017 A. Fujimura G. horrescens EGP0130
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AF-2 Meriza_Pier Mar-2017 A. Fujimura G. horrescens EGP0130
AF-3 Meriza_Pier Mar-2017 A. Fujimura G. horrescens LH EGP0130
AF-4 Meriza_Pier Mar-2017 A. Fujimura G. horrescens LH EGP0130
AF-A Agat_Cementary Mar-2017 A. Fujimura G. fascicularis LA EGP0130
AF-B Agat_Cementary Mar-2017 A. Fujimura G. fascicularis SA EGP0130
AF-C Agat_Cementary Mar-2017 A. Fujimura G. fascicularis LA EGP0130
AF-D Meriza_Pier Mar-2017 A. Fujimura G. fascicularis LA EGP0130
AF-E Meriza_Pier Mar-2017 A. Fujimura G. fascicularis SA EGP0130
SA2718 Shark Reef 25/08/2016 T. Terraneo G.fascicularis 21
SA2719 Shark Reef 25/08/2016 T. Terraneo G.fascicularis EGP0135 23
SA2720 Shark Reef 25/08/2016 T. Terraneo G.fascicularis L LA EGP0135 18
SA2723 Shark Reef 25/08/2016 T. Terraneo G.fascicularis 0.3
SA2724 Shark Reef 25/08/2016 T. Terraneo G.fascicularis 0.4
SA2725 Shark Reef 25/08/2016 T. Terraneo G.fascicularis 22
SA2726 Shark Reef 25/08/2016 T. Terraneo G.fascicularis L LA EGP0135 23
SA2727 Shark Reef 25/08/2016 T. Terraneo G.fascicularis EGP0135 23
SA2728 Shark Reef 25/08/2016 T. Terraneo G.fascicularis 24
SA2729 Shark Reef 25/08/2016 T. Terraneo G.fascicularis EGP0135 24
SA2730 Shark Reef 25/08/2016 T. Terraneo G.fascicularis L LA 24
SA2731 Shark Reef 25/08/2016 T. Terraneo G.fascicularis EGP0135 24
SA2732 Shark Reef 25/08/2016 T. Terraneo G.fascicularis 24
SA2733 Shark Reef 25/08/2016 T. Terraneo G.fascicularis L LA EGP0135 24
SA2734 Shark Reef 25/08/2016 T. Terraneo G.fascicularis L LA EGP0135 24
SA3442 Yanbu 1 2017/07/15 T. Terraneo G.fascicularis
SA3443 Yanbu 1 2017/07/15 T. Terraneo G.fascicularis L LA EGP0135
SA3469 Yanbu 2 2017/07/15 T. Terraneo G.fascicularis
SA3470 Yanbu 2 2017/07/15 T. Terraneo G.fascicularis L LA EGP0135
SA3490 Yanbu 3 2017/07/15 T. Terraneo G.fascicularis
SA3491 Yanbu 3 2017/07/15 T. Terraneo G.fascicularis
SA3517 Farasan Banks 1 18.07.17 T. Terraneo G.fascicularis L LJ EGP0135 8
SA3518 Farasan Banks 1 18.07.17 T. Terraneo G.fascicularis L LA EGP0135 18.4
SA3529 Al Lith 1 20.07.17 T. Terraneo G.fascicularis L LA EGP0135 21
SA3530 Al Lith 1 20.07.17 T. Terraneo G.fascicularis L LA EGP0135 2.8
SA3566 Al Lith 2 20.07.17 T. Terraneo G.fascicularis EGP0135 3.8
SA3567 Al Lith 2 20.07.17 T. Terraneo G.fascicularis 4.2
PW571 SeragakiRyugu 04.09.16 P. Wepfer G. paucisepta LA L 3.31 3.06 2.72 23
PW572 SeragakiRyugu 04.09.16 P. Wepfer G. atreata / (crypto) LA L EGP0135 yes 5.88 5.34 3.97 26
PW573 SeragakiRyugu 04.09.16 P. Wepfer G. astreata LA L EGP0135 yes 4.2 3.51 2.7 26.6
PW574 SeragakiRyugu 04.09.16 P. Wepfer G. cryptoramosa L EGP0135 yes 5.52 5 2.07 23.2
PW575 SeragakiRyugu 04.09.16 P. Wepfer G. fascicularis S EGP0135 yes 23.7
PW576 SeragakiRyugu 04.09.16 P. Wepfer G. cryptoramosa LA L EGP0135 yes 8.7 7.59 4.68 22.8
PW577 Zanpa Sept. 2016 P. Wepfer Plerogyra sp.
PW578 AnaHotelBeach 12.09.16 P. Wepfer Pachyseris sp. ~10
PW579 AnaHotelBeach 12.09.16 P. Wepfer Plerogyra eurysepta ~20
PW580 AnaHotelBeach 12.09.16 P. Wepfer Euphyllia paraancoris ~20
PW581 AnaHotelBeach 12.09.16 P. Wepfer Pachyseris sp. ~15
PW583PH SeragakiRyugu 2016.6.11 P. Wepfer G. astreata 4.83 4.07 3.49 29.9
PW584PH SeragakiRyugu 2016.6.11 P. Wepfer G. paucisepta 2.79 2.58 1.74 29.9
PW585PH SeragakiRyugu 2016.6.11 P. Wepfer G. astreata/paucisepta with long polyps 3.86 3.32 3.94 29.9
Y331 Haemida 2014 Y. Nakajima G.fascicularis � L 1 EGP0124
Y332 Haemida 2014 Y. Nakajima G.fascicularis L 1 EGP0124
Y333 Haemida 2014 Y. Nakajima G.fascicularis � L 1 EGP0124
Y334 Haemida 2014 Y. Nakajima G.fascicularis S S 1 EGP0124
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Y335 Haemida 2014 Y. Nakajima G.fascicularis S S 1 EGP0124
Y336 Haemida 2014 Y. Nakajima G.fascicularis � L 1 EGP0124
Y341 Haemida 2014 Y. Nakajima G.fascicularis � 1 EGP0124
Y343 Haemida 2014 Y. Nakajima G.fascicularis S S 1 EGP0124
Y344 Haemida 2014 Y. Nakajima G.fascicularis S S 1 EGP0124
Y349 Haemida 2014 Y. Nakajima G.fascicularis L L 1 EGP0124
Y435 ����� 2014 Y. Nakajima G.fascicularis � L 1 EGP0124
Y436 ����� 2014 Y. Nakajima G.fascicularis � S 1 EGP0124
Y437 ����� 2014 Y. Nakajima G.fascicularis � L 1 EGP0124
Y439 ����� 2014 Y. Nakajima G.fascicularis L L 1 EGP0124
Y440 ����� 2014 Y. Nakajima G.fascicularis S S 1 EGP0124
Y441 ����� 2014 Y. Nakajima G.fascicularis S S 1 EGP0124
Y442 ����� 2014 Y. Nakajima G.fascicularis L L 1 EGP0124
Y443 ����� 2014 Y. Nakajima G.fascicularis L L 1 EGP0124
Y447 ����� 2014 Y. Nakajima G.fascicularis S S 1 EGP0124
Y452 ����� 2014 Y. Nakajima G.fascicularis L L 1 EGP0124
Y1 Ayamaru 2014 Y. Nakajima G.fascicularis S EGP0124
Y2 Ayamaru 2014 Y. Nakajima G.fascicularis S EGP0124
Y3 Ayamaru 2014 Y. Nakajima G.fascicularis L EGP0124
Y4 Ayamaru 2014 Y. Nakajima G.fascicularis S EGP0124
Y5 Ayamaru 2014 Y. Nakajima G.fascicularis S EGP0124
Y7 Ayamaru 2014 Y. Nakajima G.fascicularis S EGP0124
Y8 Ayamaru 2014 Y. Nakajima G.fascicularis L EGP0124
Y9 Ayamaru 2014 Y. Nakajima G.fascicularis L EGP0124
Y10 Ayamaru 2014 Y. Nakajima G.fascicularis L EGP0124
Y11 Ayamaru 2014 Y. Nakajima G.fascicularis L EGP0124
Y141 Ikema 2014 Y. Nakajima G.fascicularis S EGP0124
Y142 Ikema 2014 Y. Nakajima G.fascicularis S EGP0124
Y143 Ikema 2014 Y. Nakajima G.fascicularis S EGP0124
Y144 Ikema 2014 Y. Nakajima G.fascicularis L EGP0124
Y145 Ikema 2014 Y. Nakajima G.fascicularis L EGP0124
Y146 Ikema 2014 Y. Nakajima G.fascicularis L EGP0124
Y147 Ikema 2014 Y. Nakajima G.fascicularis S EGP0124
Y148 Ikema 2014 Y. Nakajima G.fascicularis L EGP0124
Y149 Ikema 2014 Y. Nakajima G.fascicularis S EGP0124
Y150 Ikema 2014 Y. Nakajima G.fascicularis L EGP0124
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locality country island / province LAT LONG
Harry's bommie Australia Heron Island -23.468 151.936
Ashmore Reef Australia WA -12.2842 123.0287
Cassini Island Australia WA -14.122 125.6069
Christmas Island Australia WA -10.4913 105.6971
Montebello Islands Australia WA -20.1106 115.8004
Rowley Shoals Australia WA -17.4375 119.1919
Nelson's Island Chagos Great Chagos Bank -5.685 72.317
Bodu huraa Chagos Meemu 2.811 73.366
Ile de la Passe Chagos Salomon -5.286 72.250
HongKong_NE China HongKong 22.530158 114.366638
Agat Cementary Guam Guam 13.3900 144.6489
Merizo Pier Guam Guam 13.2682 144.6639
Guam Guam various 13.4 144.7
Ayamaru Japan Amami 28.4761111 129.7166667
Katetsu Japan Amami 28.1358333 129.3441667
Kuninao Japan Amami 28.3747222 129.4038889
Yadori Beach Japan Amami 28.1230556 129.3616667
Anijima Japan Anijima 27.111714 142.199749
Chichi-Nihoniwa Japan Chichi 27.052554 142.171022
Chichi1 Japan Chichi 27.102365 142.21669
ChichiSE Japan Chichi 27.056147 142.228223
HahaEastPort Japan Haha 26.693478 142.151836
HahaNorthPort Japan Haha 26.701905 142.140603
HahaVillageBeach Japan Haha 26.636437 142.157501
HahaVillageOuter Japan Haha 26.635203 142.155223
North Japan Iheya 27.0927 128.01216
Amitori Japan Iriomote 24.3297222 123.6961111
Haemida Japan Iriomote 24.2683333 123.8297222
Nakano Japan Iriomote 24.4311111 123.7905556
Hirakubo Japan Ishigaki 24.6116667 124.3283333
Kannon Japan Ishigaki 24.3652778 124.1111111
North Shiraho Japan Ishigaki 24.4005556 124.2647222
Ohama Japan Ishigaki 24.34 124.1986111
KitaDaito Japan KitaDaito 25.95752 131.322
North Hateno-hama Japan Kume Island 26.3555556 126.8769444
Takenchi (South Hateno-hama)Japan Kume Island 26.3208333 126.8566667
Kuroshima Japan Kuroshima 24.3013889 124.0155556
MinamiDaitoSouth Japan MinamiDaito 25.81694 131.22034
MinamiDaitoWest Japan MinamiDaito 25.87795 131.21427
Ikema Japan Miyako 24.93455 125.2297
Ikema Japan Miyako 24.9338889 125.2305556
Ueno Japan Miyako 24.7180556 125.3416667
Yoshino Japan Miykao 24.74841 125.44599
AnaHotelBeach Japan Okinawa 26.509882 127.853747
Maeda Japan Okinawa 26.443775 127.777357
Manza Japan Okinawa 26.51134 127.85831
Miyagi Japan Okinawa 26.36451 127.99891
Observatory1 Japan Okinawa 26.713156 127.86884
Observatory2 Japan Okinawa 127.87626 26.67884
Odo Japan Okinawa 26.0880556 127.7075
Oku Japan Okinawa 26.84922 128.28717
SeragakiRyugu Japan Okinawa 26.511133 127.880975
Sesoko Japan Okinawa 26.67894 127.87513
Zampa Japan Okinawa 26.4388889 127.7111111
Taketomi Japan Taketomi 24.3475 124.0775
Tanega Japan Tanega 30.827102 131.035352
Mathiveri Maldives North Ari 4.191 72.737
Reethi Rah Maldives North Male 4.521 73.362
Palau Palau various 7.5 134.5
Samoa_Aasu Samoa Tutuila -14.291454 -170.758163
Samoa_Aoa Samoa Tutuila -14.26153 -170.58679
Samoa_Fagaalu Samoa Tutuila -14.293259 -170.677594
Samoa_Fagamale Samoa Tutuila -13.439068 -172.348735
Samoa_Leone Samoa Tutuila -14.339041 -170.787282
Al Lith 1 SaudiArabia 19.953871 40.261804
Al Lith 2 SaudiArabia 19.953871 40.261804
Farasan Banks 1 SaudiArabia 17.900723 40.997964
Shark Reef SaudiArabia 22.465283 38.627835
Yanbu 1 SaudiArabia 23.945466 38.086245
Yanbu 2 SaudiArabia 23.945466 38.086245
Yanbu 3 SaudiArabia 23.945466 38.086245
Dongsha Taiwan Dongsha 20.710857 116.729739
Taiwan Taiwan Taiwan 21.941878 120.789388
Trat1 Thailand KohBaiDang 11.901579 102.450841
Trat2 Thailand KohKut-LaemAoSalat 11.704815 102.589848
KoPhangan1 Thailand KoPhangan 9.75638 99.9587
KoPhangan2 Thailand KoPhangan 9.79377 100.035
Sichang Thailand Sichang 13.1178667 100.807525
Chumphon1 Thailand 10.491507 99.417383
Chumphon2 Thailand 10.486858 99.417516
Chumphon3 Thailand 10.317731 99.298906
Chumphon4 Thailand 10.363112 99.308107
Trat3 Thailand 11.711015 102.578062
Trat4 Thailand 11.719483 102.570486
Trat5 Thailand 11.820244 102.445946



Appendix 3: Table S3.3 - Booster instability

Taxon  Instability Taxon  Instability
Acropora_2 0.035401 Gcrypto_PW576 0.123231
Acropora_M 0.035401 GcryptoSer_PW249 0
Chagos_CH033 0.033986 GcryptoSer_PW572 0.283632
Chagos_CH037 0.017857 GcryptoSer_PW574 0
Chagos_CH038 0.018182 GpauciSer_PW571 0.296032
Chagos_CH048 0 GpauciSer_PW573 0.647465
Chagos_CH049 0.558459 Guam_AF-1 0
Chagos_CH054 0.911276 Guam_AF-2 0
Chagos_CH111 0 Guam_AF-3 0
Chagos_CH113 0 Guam_AF-4 0
Chagos_CH120 0.035401 Guam_AF-A 0.316951
Chagos_CH128 0 Guam_AF-B 0.141383
Chagos_CH131 0 Guam_AF-C 0.316951
Chichi_PW514 1.363954 Guam_AF-D 0.316951
Chichi_PW515 0 Guam_AF-E 0.141383
Chichi_PW518 1.294036 Haha_PW456 1.64313
Chichi_PW521 0 Haha_PW458 0
Chichi_PW525 0 Haha_PW468 0
Chichi_PW530 0 Haha_PW480 0.070532
Chichi_PW533 0 Haha_PW483 0.036062
Chichi_PW536 0.017544 Haha_PW485 0.018182
Chichi_PW539 0 Haha_PW486 0.016949
Chichi_PW544 0.052642 Haha_PW488 0.018519
Chichi_PW549 0.018182 Haha_PW489 0
Chichi_PW551 0 Haha_PW494 0
Chichi_PW554 0.016949 Haha_PW495 0
Chichi_PW562 0.016949 Haha_PW501 0.069409
Chichi_PW568 0.018519 Haha_PW503 0.052068
Daito_PW199 1.526056 Heron_HGN07R 0
Daito_PW200 1.278587 Heron_HGN15R 0
Daito_PW201 0.435799 Heron_HGN24R 0
Daito_PW202 0.035131 Heron_HI1 0
Daito_PW203 3.413489 Heron_HI4 0
Daito_PW204 0.016949 Heron_HI5 0
Daito_PW207 0 HK_HK1 0
Daito_PW208 5.847927 HK_HK10 0.087481
Daito_PW210 0 HK_HK12 0
Daito_PW211 0.120751 HK_HK13 1.252174
Daito_PW212 0.016949 HK_HK14 0
Daito_PW213 0.490971 HK_HK15 0
Daito_PW219 0.137609 HK_HK2 0
Daito_PW220 0 HK_HK3 0
Daito_PW221 1.368756 HK_HK4 0
Daito_PW222 0.705258 HK_HK5 0
Daito_PW223 3.074667 HK_HK6 0
Daito_PW224 0 HK_HK7 0
Daito_PW226 0.176273 HK_HK8 0.122924
Daito_PW229 0.068148 HK_HK9 0.016949
Daito_PW230 0.017241 Iheya_PW100 0.104377
Daito_PW232 0 Iheya_PW101 0.034493
Daito_PW233 0.051481 Iheya_PW102 0
Daito_PW235 0.206574 Iheya_PW103 0.034493
Daito_PW237 0.035468 Iheya_PW104 0
Daito_PW240 0.017544 Iheya_PW105 0.017241
Daito_PW242 0.103549 Iheya_PW106 0.017544
Daito_PW243 0 Iheya_PW107 0.035401
Daito_PW247 0.368757 Iheya_PW108 0.360771
Dongsha_D1 1.339026 Iheya_PW109 0
Dongsha_D2 0 Iheya_PW110 0.035131
Dongsha_D3 0.172455 Iheya_PW111 0.017241
Dongsha_D4 0 Iheya_PW112 0.034493
Dongsha_D5 2.911177 Iheya_PW113 1.440583
Dongsha_D6 2.911177 Iheya_PW114 0.051734
Euphyllia_PW453 0 Iheya_PW117 0.592018
Euphyllia_PW580 0 Iheya_PW119 0.034493
GastreOb2_PW448 0.087794 Iheya_PW123 0.034493
GastreOb2_PW449 0.034493 Iheya_PW126 0.18889
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Iheya_PW128 0.607071 RedSea_SA2733 0
Iheya_PW129 0 RedSea_SA2734 0.053571
Iheya_PW97 0 RedSea_SA3443 0
Iheya_PW98 0.03337 RedSea_SA3470 0
Iheya_PW99 0.034493 RedSea_SA3517 0.474682
Indonesia_83316 4.294028 RedSea_SA3518 0.403494
Maldives_M013 0.015625 RedSea_SA3529 0
Maldives_M015 0.159494 RedSea_SA3530 0
Maldives_M019 0.033898 RedSea_SA3566 0.033673
Maldives_M022 0.085985 Samoa_MS01 0
Maldives_M032 0.034493 Samoa_MS02 0
Maldives_M042 0.192569 Samoa_MS03 0
Maldives_M044 0.068684 Samoa_MS04 0
Maldives_M047 0.119506 Samoa_MS05 0
Maldives_M049 0.05392 Seragaki_PW575 1.483852
Maldives_M052 0 Taiwan_T1 0.788846
Maldives_M221 0.107816 Taiwan_T2 3.965684
Maldives_M226 0.086258 Taiwan_T3 0.788846
Maldives_M243 0.348709 Taiwan_T4 0.788846
Maldives_M244 0.067662 Tanega_PW158 0.155862
Miyako_PW37 0.174834 Tanega_PW159 0.017857
Miyako_PW39 0.034483 Tanega_PW160 0.174345
Miyako_PW40 1.980985 Tanega_PW161 0.034191
Miyako_PW41 0.016393 Tanega_PW162 0.035401
Miyako_PW42 0.138003 Tanega_PW163 0
Miyako_PW43 0.173479 Tanega_PW164 0.325775
Miyako_PW45 0.052663 Tanega_PW166 0.067581
Miyako_PW47 0.016667 Tanega_PW167 0.016393
Miyako_PW48 0.55415 Tanega_PW168 0
Miyako_PW49 0.053571 Tanega_PW170 0.03337
Miyako_PW50 0.035714 Tanega_PW171 0.034524
Miyako_PW51 0.089286 Tanega_PW173 0
Miyako_PW52 0.175828 Tanega_PW174 0.017857
Miyako_PW54 0.017857 Tanega_PW176 0.072727
Miyako_PW56 0 Tanega_PW177 0.083926
Miyako_PW58 0.017544 Tanega_PW178 0
Miyako_PW59 0.051149 Tanega_PW180 0
Miyako_PW60 0.472914 Tanega_PW181 0.103479
Miyako_PW61 0.279535 Tanega_PW182 0
Miyako_PW63 0.608033 Tanega_PW183 0.050847
Miyako_PW65 1.210974 Tanega_PW184 0
Miyako_PW66 0.293779 Tanega_PW185 0
Miyako_PW67 0.366917 Tanega_PW186 0.033898
Miyako_PW69 0 Tanega_PW187 0
Miyako_PW71 0.086882 Tanega_PW188 0
Miyako_PW73 0.086359 Tanega_PW190 0.169032
Miyako_PW75 0.051794 Tanega_PW194 0.050565
Oku_PW139 1.245706 Tanega_PW195 0.102642
Oku_PW141 0.156465 Tanzania_83317 0.260237
Oku_PW142 0.033482 Thai_PW287 0.244687
Oku_PW143 0 Thai_PW289 0
Oku_PW145 0.224471 Thai_PW337 0.036039
Oku_PW147 0.188871 Thai_PW348 0.036039
Oku_PW149 0.103782 Thai_SC3 0.036039
Oku_PW150 0.034493 Thai_STS27 0.261353
Oku_PW151 0 Thai_STS28 0.385436
Oku_PW152 0.595378 WA_ZR1 0.176843
Oku_PW153 0 WA_ZR10 0.036364
Oku_PW154 0.069624 WA_ZR11 0.05303
Oku_PW155 0.631048 WA_ZR12 0
Pachiseris_PW578 0 WA_ZR2 2.214481
Pachiseris_PW581 0 WA_ZR3 7.95424
RedSea_SA2719 0.051473 WA_ZR4 0
RedSea_SA2720 0.034524 WA_ZR5 0.315775
RedSea_SA2726 0.051228 WA_ZR6 0.036364
RedSea_SA2727 0.280009 WA_ZR7 0.335064
RedSea_SA2729 0 WA_ZR8 0.036364
RedSea_SA2731 2.444821 WA_ZR9 0.193739




