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In such cases in which the quality of taxonomic characters for lineage separation is not clearly 

known, a simpler approach based on the basic methods of cumulation and congruence is 

required. MIRALLES et al. (2011) used the simplest agreement between these two methods, an 

approach of integration by partial congruence. They studied three lines of evidence (mtDNA, 

nDNA, morphology) and recognized all lineages that were congruently differentiated in at least 

two of these lines of evidence as species. Additionally, they recognized all lineages with 

differences in only one line of evidence as subspecies (Table 3). The a-priori selection of a 

certain number of lines of evidence for species recognition is necessarily arbitrary. However, in 

combination with taxonomic expertise it still reduces the probability of errors in taxonomic 

descriptions. The approach of MIRALLES et al. (2011) was successfully applied in a subsequent 

case study (VASCONCELOS et al. 2012). 

Table 3: The integrative Lines of Evidence approach for the delimitation of species and subspecies after 

MIRALLES et al. (2011).  

Match in 0 lines of evidence Match in 1 line of evidence Match in 2+ lines of evidence 

conspecific subspecies  species 

 

 

3.2.3 Taxonomy in the 21st century – DNA barcoding and cybertaxonomy 

In most studies with an integrative taxonomic approach, some kind of genetic data is used for at 

least one line of evidence. Often, candidate species will even be detected by preliminary genetic 

screening (proposed in VIEITES et al. 2009; see also MILLER 2007, ASTRIN et al. 2012). In the 

last decade, this method of genetic survey was institutionalized as DNA barcoding. HEBERT et 

al. (2003) established the mitochondrial Cytochrome C Oxidase subunit I (COI) gene as 

standard DNA barcoding region for animals. In the following years a multitude of studies on 

various applications of DNA barcoding was published (ARMSTRONG & BALL 2005, 

SAVOLAINEN et al. 2005, BALL & ARMSTRONG 2006, SCHEFFER et al. 2006, HAJIABAEI et al. 

2007, RATNASINGHAM & HEBERT 2007, GONZALEZ et al. 2009, JANZEN et al. 2009, 

HASZPRUNAR 2009, LOWENSTEIN et al. 2010, HAUSMANN et al. 2011). The method has become 

popular as a quick and technically easy approach that does not require expert knowledge once 

reliable databases have been established. However, it has been shown to be of limited value to 

infer phylogenetic relationships (MEYER & PAULAY 2005, VENCES et al. 2005). Nevertheless, 

the first step in many phylogenetic studies is DNA barcoding of the samples to provide a 

'preview' of the topology and set the course for a multigene analysis (MONAGHAN et al. 2006, 

HENDRICH et al. 2010). Many studies in biodiversity research have demonstrated that DNA 

barcoding is also extremely helpful to analyze large datasets that are assumed to comprise many 

unknown species; known species can be identified with high reliability, and sequences of 

unidentified specimens can be clustered to form operational taxonomic units (or 'barcoding 

species'; HEBERT et al. 2003, 2004). 

Many case studies on DNA barcoding focused on insects, likely because this group of animals 

poses the strongest challenges to modern taxonomy (ARMSTRONG & BALL 2005, BALL & 

ARMSTRONG 2006, SCHEFFER et al. 2006, NOVOTNY et al. 2007). A DNA barcoding study on 

Australian diving beetles, one of the two focus groups of this dissertation, was conducted by 

HENDRICH et al. (2010). This study was important for this dissertation because it highlighted 

potential cryptic species, as well as morphologically clearly defined species that could not be 

identified by DNA barcoding. In herpetology, the DNA barcoding approach as proposed by 
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3.3 Biogeography of insular and continental regions 

The discipline of biogeography addresses questions on how organisms are distributed on the 

planet, and how these distributions have developed in geological history. The study of 

biogeography goes back to the turn of the 18
th
 and 19

th
 centuries, when VON HUMBOLDT (1805) 

worked on the geographical distributions of plants. Soon the potential of islands as study 

systems of biogeographic questions was recognized (DARWIN 1845, WALLACE 1876). The 

'Theory of Island Biogeography' (MACARTHUR & WILSON 1963, 1967) established island 

biogeography as a field of study in its own right. WHITTAKER & FERNÁNDEZ-PALACIOS (2007, 

p.3) summarize the importance of islands in biogeography as follows: 

"It is that islands, being discrete, internally quantifiable, numerous, and 

varied entities, provide us with a suite of natural laboratories, from which 

the discerning natural scientist can make a selection that simplifies the 

complexity of the natural world, enabling theories of general importance 

to be developed and tested."  

Among the most important insights in biology gained from the study of island systems is that 

true islands, i.e., small areas of land surrounded by water, are very similar to patches of any 

kind of habitat that are isolated from one another by a different type of habitat (Fig. 3). These 

may be patches of forest isolated by natural or anthropogenic forest-free area, coral reefs 

isolated by open sea, lakes or ponds isolated by dry land, or mountains isolated by valleys 

(WILSON & BOSSERT 1971). As described in MACARTHUR & WILSON (1967), such habitat 

islands basically follow the same rules as 'true' islands in the sea: the compositions of their 

biotas are mainly defined by the size of the islands, the degree of isolation in space and time, 

and the dispersal abilities of potentially colonizing species. 

Figure 3: Types of 'islands' in biogeography. A: Stands of trees isolated by grassland represent islands 

for tree-dwelling mammals. Stands of only few trees may be too small to support a population. B: Two 

types of islands are shown in this mountain range. For terrestrial plants adapted to high-altitude climate, 

the mountaintops represent islands. For freshwater species, the lakes in the valleys represent islands. C: 

For insects that depend on a certain plant for larval nutrition, these plants (if isolated in a meadow) 

represent islands. D: Hydrothermal vents are islands under the ocean.  
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('amphibians' and 'fishes') (VIDAL & HEDGES 2009, WIENS et al. 2012). While I use the term 

'squamates' or 'squamate reptiles' in some manuscripts and publications to meet requirements of 

the peer-review process, I will also maintain 'reptiles' as vernacular term to circumscribe the 

traditional 'Reptilia'. This use of 'reptiles' is in congruence with the taxonomic sub-discipline of 

herpetology (comprising the study of reptiles and amphibians), the organization of most 

taxonomic collections, a large part of popular and scientific literature (e.g. GLAW & VENCES 

2007, VITT & CALDWELL 2009), and important online databases such as HERPnet (2013) and 

The Reptile Database (UETZ et al. 2013). 

Currently 9,547 species of reptiles are known to science (UETZ et al. 2013), which is more than 

in amphibians (7,085, AmphibiaWeb 2013) and mammals (5,488, IUCN 2012), but less than in 

birds (10,596, GILL & DONSKER 2012). Due to the relatively high rate of species descriptions, 

reptiles may soon be the most species-rich group of tetrapods: in the period from 2000 to 2010, 

only 3 to 8 new species of birds were described per year (GILL & DONSKER 2012), but ca. 60 to 

160 species of reptiles (UETZ 2010). Reptiles inhabit every continent except Antarctica and are 

found on many islands. The tropics are the regions of highest reptile diversity, while only few 

species live in regions beyond the polar circles (VITT & CALDWELL 2009; Figs. 6,7).  

Figure 7: Habitats of Comoran reptiles A: Tropical humid forest at the central mountain ridge of Mohéli. 

B: Tropical dry forest and bush at Chissioua Mbouzi, Mayotte. C: Degraded forest at La Grille, Grand 

Comoro. D: Plantations of coconut and banana on Mohéli. E: Volcanic coastal rocks of Grand Comoro. 

F: Village, Anjouan. 

   

   

 

3.4.2 Reptiles of the Comoros Islands 

Reptiles have been the objects of many studies in evolutionary biology and biogeography. Some 

projects focused on evolution, speciation, and biogeography of reptiles in continental regions 

such as Australia (e.g., MORITZ et al. 2009), on large islands such as Madagascar (e.g., VENCES 

2004, CROTTINI et al. 2012), or on transoceanic dispersal between continents (GAMBLE et al. 

2008). More studies were undertaken concerning reptiles on small, often oceanic islands. Due to 

their ability to reproduce independently from water and their low rate of metabolism, reptiles 

are particularly suitable for overseas dispersal (CENSKY et al. 1998, SCHOENER et al. 2001). 

Even small islets surrounded by hundreds of kilometers of open ocean are inhabited by endemic 

B A C 
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5 Speciation in space and time 

5.1 PAPER: The complex colonization history of nocturnal geckos 

(Paroedura) on the Comoros Archipelago. 

While island biotas are often less species-rich and complex than continental biotas, they still 

show a high diversity of phylogenetic and biogeographic patterns. As introduced in Chapter 3.3, 

many earlier authors (reviewed in FUNK & WAGNER 1995) suggested that the colonization 

patterns of oceanic islands should often follow the stereotypic 'Progression Rule': Oceanic 

islands should be colonized by radiations of species whose colonization patterns followed the 

order of geological age and distance to the mainland of the islands. Most modern studies show 

that only few radiations follow the Progression Rule (FUNK & WAGNER 1995, WHITTAKER & 

FERNÁNDEZ-PALACIOS 2007, HEADS 2011); instead, they show that colonization patterns of 

oceanic islands are often almost unpredictable. This chapter describes the case study of 

Paroedura sanctijohannis GÜNTHER 1879, a nocturnal gecko endemic to the Comoros 

Archipelago. Previous to my study, authors assumed that this species was present on all four 

major islands of the archipelago (PARIS 1999, MEIRTE 2004). In HAWLITSCHEK (2008), I 

suggested that at least some of the island populations should be regarded as separate species that 

had emerged from a speciation process based on geographic separation. I backed this proposal 

with morphological data and a preliminary genetic screening that showed considerable 

divergences between the populations. However, due to the small sample size available then, and 

because no sequence data of any close outgroups was available, I failed to recognize that P. 

sanctijohannis sensu GÜNTHER (1879) and MEIRTE (2004) is paraphyletic and most likely 

represents two independent colonization events of the archipelago. The new results based on the 

data collected in my 2010 expedition to the Comoros are presented in this chapter. 

 

HAWLITSCHEK O., GLAW F. (2012): The complex colonization history of nocturnal geckos 

(Paroedura) on the Comoros Archipelago. Zoologica Scripta 42, 135-150. 

Post-publication comments and errata: 

p. 1:  This paper was published online in the Early View section of the journal website on 2012-
11-22. It was printed in the journal issue of March 2013. The species description was 
published with LSID and Zoobank entry and is therefore valid even if published online 
only (ICZN 2012). Therefore, the question remains whether Paroedura stellata 
HAWLITSCHEK & GLAW, 2012 or Paroedura stellata HAWLITSCHEK & GLAW, 2013 is the 
correct name of the species. According to LYUBOMIR PENEV (managing director of Pnesoft 
Publishers; e-mail 2013-03-29), the date of the first (i.e., online) publication should be 
valid, but the question does not appear to be finally resolved. As long as no further 
information is available I consider 2012 as the year of publication of the species 
description and use the name Paroedura stellata HAWLITSCHEK & GLAW, 2012. 
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7.3 SmartHerper Comoros 

Cybertaxonomy makes access to taxonomic data easier by making use of online media. 

Currently, this mostly refers to online databases, online identification numbers, and the 

publication of taxonomic articles in online media (see Chapter 3.2.3). Printed books are still 

widely used as tools for the identification of species in the field by professional and non-

professional naturalists. Books are complemented by further accessory tools, such as GPS 

receivers, digital cameras, pens, and notebooks.  

The increasing availability of electric power supply, and mobile internet and telephone 

connection, even in remote regions of the planet also increase the utility of small portable 

computers, tablets, and cell phones for naturalist field work. If the prerequisites of power supply 

and connectivity are given, smartphones can be excellent tools in field surveys. Modern models 

have high data storage capacity, include a GPS receiver and a camera of sufficient quality, and 

allow the up- and download of data to and from the internet. Additionally, many models can be 

used for the short-range communication with other team members even in the absence of mobile 

phone network (Fig. 15). 

 

Figure 15: Weight and volume of some printed herpetological field guides and a smartphone. The ration 

of volume (of information) versus weight is an important factor in naturalist field work because the total 

weight of the equipment that can be carried to the field is limited. Smartphones with digital field guides, 

e.g., as mobile applications, may provide a useful alternative to printed guides. The pictured field guides 

are: TILBURY (2010), GLAW & VENCES (2007), LEENDERS (2001), and KWET (2005). 

 

 

A number of commercial mobile applications ('apps') are available on the market that contain 

picture, text, and map information on a certain set of species sorted by region or taxonomic 

group, similar to a traditional field guide (e.g., Green Mountain Digital 2012, Search Life Forms 

2012, VALOIS 2012). A few non-commercial apps allow and even encourage the contribution of 

locality and picture data by non-professional naturalists, using the GPS and camera functions of 

the users' smartphones (e.g., iNaturalist 2013). This 'citizen science' approach has already been 

used in a number of projects and has the advantage that much higher amounts of data on the 

distribution of the target organisms become available than could be collected by professionals 

alone. The disadvantages are that little data become available from regions that are hard to reach 

for non-professionals, and that the error rate in species identification is much higher (BONNEY 

et al. 2009, SILVERTOWN 2009). With smartphone apps, citizen scientists are not required to 
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carry much equipment (camera, GPS, notebook) for surveying, but can collect data if they carry 

nothing but their smartphone (iNaturalist 2013). 

SmartHerper Comoros is such a smartphone app that functions similar to a traditional field 

guide by providing text, picture, and map information on the reptiles and amphibians of the 

Comoros Archipelago. An interactive identification key based on text and image information, 

users can identify all included species. Users can also see their own position in relation to 

known localities of reptiles and amphibians in the area of interest using the GPS function of 

their smartphone (Fig. 16).  

 

Figure 16: Screenshots of SmartHerper Comoros (developmental version). A: Species Accounts for every 

species of amphibians and reptiles present on the Comoros include text information and a photo gallery. 

B: A map view displays known localities of the queried species in relation to the user's position according 

to the smartphone GPS. C: An interactive identification key helps with identifying species in the field.  

   

 

The app is currently under development by collaboration of the Zoologische Staatssammlung, 

Munich (OLIVER HAWLITSCHEK, FRANK GLAW), and the University of Applied Sciences 

Rosenheim (DANIEL GUGGENBICHLER, RENÉ RÖSNER). A translation for a future French 

language version is provided by EMMANUEL F.A. TOUSSAINT (ZSM). SmartHerper Comoros is 

developed for the Android 2.3.3 (or higher) operating system for smartphones. Future versions 

for other operating systems (IOS, Windows Phone) are planned.  

The final version of SmartHerper Comoros will include a function by which the user can 

contribute locality and picture data via the camera and the GPS of his or her smartphone. This 

citizen scientist data will be uploaded to a database, checked by the administrator, and made 

available to the user community via regular updates. The app will be made available for free. I 

hope that SmartHerper Comoros will contribute to the dissemination and generation of 

knowledge on the biodiversity of its focus regions, the Comoros Archipelago, and thus stimulate 

interest in the observation and conservation of the regional biodiversity in visitors, e.g., 

ecotourists, and residents alike.   

A B C 
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8 Discussion 

8.1 What different biogeographic models tell us about the origin 

of species 

8.1.1 The case studies presented in this dissertation 

In my work for this dissertation, I followed the path that many researchers in evolutionary 

biology have taken before me: I studied an island system in order to gain insights into to 

mechanisms of speciation and evolution. At the same time, I studied similar phenomena in a 

continental system, attempting to make use of my experience with the supposedly less complex 

island system (WALLACE 1865). Indeed, the 28 reptile species of the Comoros are a much 

simpler system than 300+ species of Australian diving beetles. However, in both study systems 

a variety of biogeographic scenarios with different degrees of complexity was found (Table 7). 

 

Table 7: Summary of the speciation events studied in this dissertation. The proposed scenario of 

speciation is stated here, summarized below, and described exhaustively in the respective chapters. 

Study group Type Proposed scenario Chapter 

Comoran Paroedura reptiles / Comoros 
two independent colonization events of true oceanic 

islands 
5.1 

Comoran Lycodryas reptiles / Comoros archipelago speciation on true oceanic islands 6.2 

Hygrobiidae 
diving beetles / 

Australia 
'relic' distribution after breakup of Pangea 5.3 

Antiporus femoralis 
diving beetles / 

Australia 

splitting of ancestral range of mesic habitats by 

Miocene forming of Australian arid zone 
6.1 

Sternopriscus tarsalis 

radiation 

diving beetles / 

Australia 

isolation and re-expansion during Pleistocene 

climate oscillations, with ecological diversification 

and reproductive isolation 

5.2 

 

 

8.1.2 Summarizing discussion: speciation events in the Comoros 

I found that the biogeographic patterns of the Comoran system, too, were relatively complex 

despite its apparent relative simplicity. This was indicated by preliminary DNA-Barcoding 

studies (Chapter 4) and evaluated in more details for two endemic groups of reptiles in 

phylogenetic analyses (Chapters 5 and 0). In these studies, none of the colonization events of 

the Comoros by reptiles could be shown to clearly follow the Progression Rule (FUNK & 

WAGNER 1995) (but possibly the endemic Phelsuma radiation shows this pattern, see ROCHA et 

al. 2009 and Chapter 4). Instead, a variety of biogeographic patterns is indicated, including 

intra-island radiation, back-dispersal, and repeated colonization from the 'mainland' Madagascar 

(Table 8). This diversity in biogeographic patterns is in line with what was found for many 

groups of organisms in other oceanic archipelagoes, although the Progression Rule seems to be 

followed more often in other archipelagoes than in the Comoran organisms studied so far (see 

review in WHITTAKER & FERNÁNDEZ-PALACIOS 2007 and WHITTAKER et al. 2008). This may 

be because other archipelagoes are larger, geologically older, have more diverse biota, and have 

been studied more comprehensively (WHITTAKER & FERNÁNDEZ-PALACIOS 2007). 
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Table 8: Biogeographic patterns in Comoran reptiles, based on the biogeographic-evolutionary patterns 

proposed in FUNK & WAGNER (1995) and WHITTAKER & FERNÁNDEZ-PALACIOS (2007). See also Table 4. 

Group Pattern Comment Reference 

Comoran Phelsuma 

endemic radiation 
Progression Rule (?) 

relationship between populations of 

youngest islands not fully resolved 

ROCHA et al. 

(2009) 

Phelsuma pasteuri and 

P. robertmertensi 

intra-island 

radiation 

sympatric Phelsuma sister-species of 

Mayotte 

ROCHA et al. 

(2007, 2009) 

Paroedura of Anjouan back-dispersal 

possible re-colonization of Anjouan from 

geologically younger Grand Comoro after 

extinction event (volcano?) 

Chapter 5.1 

Comoran Lycodryas  stochastic 

apparent stochasticity in distribution in 

relation to the developmental history of the 

archipelago 

Chapter 6.2 

Comoran Geckolepis stochastic close to 'Progression Rule' pattern Chapter 4.1 

Trachylepis comorensis back-dispersal 

likely colonization in opposite direction of 

the 'Progression Rule' because of African 

instead of Malagasy origin 

ROCHA et al. 

(2010) 

Liophidium mayottensis recent colonization 
colonization of only a single island, 

genetically nested within mainland clade  

NAGY et al. (2012) 

and Chapter 6.2 

Phelsuma comorensis  recent colonization 
colonization of only a single island, 

genetically nested within mainland clade 

ROCHA et al. 

(2007, 2009) 

Oplurus cuvieri 

comorensis 
recent colonization 

colonization of only a single island, 

genetically nested within mainland clade 

MÜNCHENBERG et 

al. (2008) 

Comoran 

Cryptoblepharus 
recent colonization above-average dispersal abilities 

ROCHA et al. 

(2006) 

Comoran Ebenavia 
repeated coloni-

zation / extinction 

paraphyletic; Mayotte population is not 

sister group to other Comoran populations; 

possible extinction of older populations 

Chapter 4.1 

Comoran Paroedura 
repeated coloni-

zation / extinction 

paraphyletic; Mayotte population is not 

sister group to other Comoran populations; 

possible extinction of older populations 

Chapters 4,1 and 

5,1 

Comoran Paroedura 
fusion of 

paleoislands 
possible for the Grand Comoro population 

Chapters 4,1 and 

5,1 

Amphiglossus johannae unresolved 

likely recent colonization, mainland clade 

probably nested within Comoran 

populations; insufficient data 

Chapter 4,1 

Typhlops comorensis unresolved insufficient data (rare species) Chapter 4,1 

Comoran Furcifer unresolved 

insufficient data; only two islands 

colonized, lack of comprehensive 

phylogeny of the genus 

Chapter 4,1, 

ROCHA et al. 

(2005b) 

 

Among the more remarkable patterns in Comoran biogeography are the various events of 

repeated colonization of the Comoros. According to ROCHA et al. (2005b), the two endemic 

chameleon species of the genus Furcifer are the result of two separate colonization events, but 

this deserves further review in a comprehensive phylogeny of the entire genus. Most likely, 

Cryptoblepharus skinks also colonized the Comoros in two independent events (Chapter 4 and 

ROCHA et al. 2006). The opposite case is found in the skink Amphiglossus johannae, where the 

presumed mainland sister taxon A. ardouini is nested within the Comoran populations (Chapter 

4). The cases of Cryptoblepharus and Amphiglossus should be treated with caution because of 

the shallow divergences between the taxa in question. The Comoran clade of Lycodryas snakes 

appears paraphyletic in the DNA-Barcoding study (Chapter 4), but monophyletic in a multigene 

phylogeny (Chapter 6.2), and similar results might be obtained for the skink genus 

Amphiglossus. Deeper divergences were found in the gecko genera Ebenavia and Paroedura. In 

both cases, the Comoran populations are paraphyletic with respect to 'mainland' populations 

from Madagascar; the populations from the oldest island Mayotte are the sister groups to 
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Malagasy clades, whereas the other Comoran populations form a separate clade (Chapters 4 and 

5.1). For Paroedura, this relationship is supported by a multigene phylogeny and morphological 

studies. The question of why the populations inhabiting the oldest Comoran island Mayotte 

(Table 5) are more closely related to populations from Madagascar than from the Comoros is 

not easy to answer. Options are that: (1) Initially, Mayotte was not colonized at all, but only 

after the colonization of the other islands of the archipelago. However, in most other 

phylogenies of Comoran reptiles Mayotte appears to be the island colonized first, and there is 

no evidence why Mayotte should not have been initially colonized by Paroedura and Ebenavia. 

(2) The second colonization event took place while the original populations of Paroedura and 

Ebenavia, respectively, were still extant, but the original populations were later outcompeted by 

the new colonizers and went extinct. However, it is likely that in this case some kind of genetic 

introgression from the hypothetical original Paroedura populations could be found in the 

molecular markers studied. (3) The original population of Mayotte was extinct, e.g., due to 

volcanic activity, and the island was later re-colonized from Madagascar (see also discussion in 

Chapter 5.1). Both options (2) and (3) highlight that extinction events probably played a major 

role in the biogeography of the herpetofauna of the Comoros archipelago and should not be 

underestimated in future studies on island biogeography. 

One of the goals of my study of the phylogenies and the biogeography of the Comoran 

herpetofauna was to investigate the utility of this system for molecular clock studies. The use of 

oceanic island endemics as calibration points for divergence time estimates has been a matter of 

recent debate (HEADS et al. 2011, MELLO & SCHRAGO 2012); fossils are generally considered 

preferable to geological calibration points (DONOGHUE & BENTON 2007, FOREST 2009), but as 

explained in Chapter 5.3, the fossil record is not equally abundant for all groups of organisms, 

and molecular clock studies focusing on reptiles at low taxonomic levels (but also on beetles, as 

discussed below) often present the problem of a lack of fossil calibration points (HEADS 2005, 

PEPPER et al. 2011a). Species that are endemic to oceanic islands with available geological age 

estimates have been used widely, but this requires the assumption that the species in question 

diverged from its ancestral clade around the time of the emergence of the oceanic island, i.e., 

the ancestors of the endemic species colonized the island shortly after its origin. Consequently, 

a colonization and radiation pattern following the Progression Rule must be presumed if an 

island endemic species is to be used for the calibration of a molecular clock. 

As shown above and discussed in Chapter 5.1, there are several alternatives to this basal 

scenario: (1) The colonization event took place at a later date. (2) The clade of the species in 

question is older than the island it is endemic to, either because its closest mainland relative was 

extinct between the colonization event and present, or because the colonization took place via 

stepping stones that today no longer exist (see possible examples in RENNER 2004, RENNER et 

al. 2010). The latter scenario appears highly likely in the Comoros, where the Geyser and Leven 

Banks formed stepping stones for the colonization from Madagascar to the Comoros during the 

Pleistocene regression (Chapter 3.4.2). (3) The geological age estimates for the islands are not 

correct. Most estimates of the geological ages of oceanic islands (and all of the Comoros 

Islands) are based on rocks exposed on the surface of the islands. However, these surface rocks 

might cover older volcanic rocks that provide older and more correct age estimates, but are 

mostly inaccessible to scientists. This might be the case if older volcanoes become active after a 

period of inactivity. Alternatively, a volcano may be active over a longer period and 'wander', 

growing at one end and eroding at the other; in the result, the island would be old as a habitat 

for terrestrial organisms, but its stratigraphy would be composed entirely of younger rock 

(HEADS 2011). Such events are not expected in the hot spot theory, but most geologists are 
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aware that the mechanisms of the formation of volcanic islands are still poorly understood 

(SHERROD 2009), and some molecular clock studies have yielded results that question the 

estimates for the geological ages of some islands (RASSMANN 1997, THORPE et al. 2005). 

The Comoros include an example of an island whose biota appear to be much older than the 

geological age estimates. This was first speculated by ROCHA et al. (2005b), who found 

surprisingly high divergence between haplotypes within the population of the chameleon 

Furcifer cephalolepis. This species is endemic to Grand Comoro, the presumably geologically 

youngest island with an estimated age of 0.01 to 0.5 my (Table 5). ROCHA et al. (2005b) 

estimated, based on mutation rates of mitochondrial markers, that the haplotype divergence 

pointed towards an age of the population of F. cephalolepis of 0.63 to 1.76 my. In Chapter 5.1, I 

presented estimates for the age of the Grand Comoro population of the gecko Paroedura 

sanctijohannis of 0.7 to 2.7 my. As discussed in Chapter 4, the haplotype diversities of the 

Grand Comoro populations of many reptiles (e.g., Lycodryas cococola, Paroedura 

sanctijohannis) are relatively high. This supports the view that the populations of reptiles of 

Grand Comoro are older than the current age estimates for the island.  

 

8.1.3 Summarizing discussion: speciation events in Australian diving beetles 

The application of molecular clocks is even more difficult in Australian diving beetles: there are 

no reliable calibration points applicable to endemic Australian radiations. Fossils of aquatic 

beetles are globally scarce and almost completely missing from the region, and the existing 

fossils often cannot be reliably placed in the phylogenies (BALKE et al. 2004, 2007). Past 

geological events, such as the spreading of the arid zones and the genesis of the mesic biota, 

were gradual events over longer periods of geological history and are not useful for calibrating 

divergence time estimates (Chapter 6.1). However, these events were intimately linked to the 

diversification of the groups of diving beetles I studied (Table 9). The diversification events of 

diving beetles span a timescale an order of magnitude larger than those of Comoran reptiles, 

from the Mesozoic to the very recent past, and the mechanisms driving speciation can be 

assumed to be very different to those of the island reptiles.  

Table 9: Biogeographic hypotheses for Australian diving beetles studied in this dissertation. 

Group Distribution Origin Biogeography Reference 

Hygrobiidae 
Europe, China, 

Australia 
Mesozoic 

Vicariance after Pangea 

breakup 
Chapter 5.3 

Antiporus femoralis 
disjunct SW and SE 

Australia 

Lower 

Pleistocene 

disjunction of formerly 

connected habitat by 

aridification 

Chapter 6.1 

Sternopriscus tarsalis 

radiation 

mainly SE Australia 

and Tasmania 

Upper 

Pleistocene 

repeated isolation and re-

connection of habitats during 

Pleistocene climate oscillations 

Chapter 5.2 

 

Attempts of molecular dating of the diversification events of Australian waterbeetles could be 

made only using either fossils of outgroups (Chapter 5.3) or standard mutation rates (Chapters 

5.2 and 6.1). The results from both methods have to be treated with particular caution, but 

remain without alternatives. The analyses show the stark contrasts between ancient and recent 

diversification events: Only six extant species of Hygrobia are known worldwide, whose origin 

is dated to 221 to 163 mya, whereas an explosive radiation in the Sternopriscus tarsalis group 

estimated as recent as 130,000 to 60,000 years ago yielded ten species. Speciation in other 
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groups of waterbeetles seems to have occurred at a pace between these extremes, as shown by 

the relatively lower rates of other Sternopriscus species (Chapter 5.2) and by the split of 

Antiporus femoralis and A. occidentalis estimated at 1.0 to 1.9 mya. 

In chapter 5.2, I discuss whether the term 'species flock' is appropriate for the Sternopriscus 

tarsalis radiation. In this group of beetles, species are clearly distinguishable by male genital 

morphology and show a certain degree of ecological differentiation, but share haplotypes of 

mitochondrial and nuclear genetic markers. Species flocks have previously been described from 

radiations in lakes and on islands (GREENWOOD 1994, SCHÖN & MARTENS 2004), but not from 

continental regions. SCHÖN & MARTENS (2004) summarize the criteria to term a radiation of 

species a species flock as "speciosity [species-richness], monophyly and endemicity". While I 

argued that the former two criteria are met by the Sternopriscus tarsalis radiation, the species do 

not share a clearly circumscribed common area of endemism today. However, they likely did so 

during a stage in the speciation process: As argued in Chapter 5.2, the origin of this radiation is 

in time with the Pleistocene climate oscillations, and these can be suggested as a driving force 

of speciation in this group. In this scenario, populations of the ancestral species were repeatedly 

forced to retreat into refugia from the unsuitable climate from which they would expand during 

periods of favorable climate. These cycles might have led to divergent ecological adaptations in 

isolated populations, depending on the environment of the respective refuges, and to the fixation 

of morphological characters supporting reproductive isolation, thus promoting speciation. In the 

current period of stable climate, the species had time to disperse and were no longer confined to 

their ancestral areas. Therefore, the term 'species flock' may rather be attributed to a past than to 

the present stage of speciation in the Sternopriscus tarsalis radiation. 

The sister species Antiporus femoralis and A. occidentalis present a less extreme example of 

speciation at a presumably slower pace (Chapter 6.1). Just like in Sternopriscus, climate change 

was likely the driving force of speciation. However, this climate change was a more gradual one 

– over millions of years, the formation of the southern Australian arid zone presumably 

separated the population of the ancestral species of A. femoralis and A. occidentalis. Today, the 

two sister species live in allopatric habitats of mesic climate that are more similar to each other 

than to the separating arid zone regarding temperature and precipitation. Yet the habitat of A. 

occidentalis shows a stronger seasonality in precipitation than that of A. femoralis. According to 

the identity and background tests of the Ecological Niche Models of the two species, the 

divergence of their climate envelopes is higher than what would be expected from the climatic 

difference in the allopatric ranges alone. This suggests that some degree of niche diversification 

has evolved between these two taxa as an adaptive response to the respective habitats. 

In contrast to both previously discussed groups of Australian beetles, Hygrobiidae has a very 

ancient origin. As discussed in Chapter 5.3, the present-day distribution of this morphologically 

conservative family is thought to be formed by vicariance rather than by dispersal. In global 

terms, this distribution with one species in Europe, one in China, and four in Australia, can be 

considered relictual, although this term implies that the species inhabit very small 'relictual' 

areas. Instead, the European and Australian species of this family are very widespread. The deep 

divergences between the Eurasian and the Australian clades favor vicariance over dispersal in 

explaining the family's present-day distribution. According to my estimate, the clades 

represented by the extant species formed around the time of the breakup of Pangea. Therefore, 

the driving force of speciation in Hygrobiidae as a whole can be assumed to be isolation by 

plate tectonics.  
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8.2 Allopatry vs. sympatry, dispersal vs. vicariance, adaptiveness 

vs. non-adaptiveness 

The five cases that were studied extensively in this dissertation present five different and unique 

events of speciation, all of which were influenced by different biogeographic settings and 

environmental factors (Table 10).  

Table 10: Summary of the characteristics of speciation in the study groups. Assumed from the results for 

every group, several factors that influence speciation are given. 'Biogeography' states whether a 

dispersal or vicariance scenario is seen as the more likely explanation for an allopatric distribution, or 

whether the species occupy sympatric ranges today. 'Radiation' states whether (as discussed in this 

chapter) these clades are assumed to have undergone adaptive or non-adaptive radiation. 

Study group Type Biogeography Radiation Chapter 

Comoran Paroedura reptiles / Comoros dispersal non-adaptive 5.1 

Comoran Lycodryas reptiles / Comoros dispersal non-adaptive 6.2 

Hygrobiidae 
aquatic beetles / global, 

Australia 
vicariance ? 5.3 

Antiporus femoralis diving beetles / Australia 
dispersal / 

vicariance? 
? 6.1 

Sternopriscus tarsalis 

radiation 
diving beetles / Australia 

broadly 

sympatric 
adaptive 5.2 

 

In any attempt to understand the mechanisms of speciation it is important to gather indications 

for how the present-day distribution of the study group was formed. For most of the 20
th
 

century, speciation was assumed to occur almost exclusively in allopatry (MAYR 1954, 1963, 

TURELLI et al. 2001). In the last decades sympatric speciation has been shown to be more 

common than previously thought (FUTUYMA & MAYER 1980, SCHLIEWEN et al. 1994, VIA 

2001). It is not always easy to reconstruct the geography of the speciation of extant taxa, as their 

present-day geographical distribution may differ from their distribution at the time of speciation 

(LYNCH 1989, BARRACLOUGH & VOGLER 2000). Sympatric speciation has often been assumed 

for closely related species that live in sympatry today (MATTERN & MCLENNAN 2000, LOSOS 

& GLOR 2003), but the ranges of such species may have expanded after the speciation stage 

(HEWITT 2004, RIBERA & VOGLER 2004). Allopatry in turn can be explained by dispersal, i.e., 

the colonization of habitats after their isolation, or vicariance, i.e., the fragmentation of an 

ancestral habitat and its population. Evidence for vicariance can often be found in the fossil 

record, but no fossils are available from the groups I studied here (possibly only for Hygrobia, 

Chapter 5.3). Molecular divergence time estimates are another approach to clarify the question 

of dispersal vs. vicariance which, again, is difficult if fossil calibration points are rare or absent.  

In the cases of the Comoran reptiles, the question is easy to answer. Native terrestrial 

organisms, including the ancestors of endemic species, have necessarily colonized true oceanic 

islands via dispersal, since these islands are geologically young and have never had any 

connection to any other landmass. Speciation has therefore occurred in allopatry (but see 

exceptions in Table 8). Lycodryas snakes present the most straightforward of the example 

presented here, in which every island is inhabited by a separate species or subspecies of a 

monophyletic group or species complex (Chapter 6.2). WHITTAKER & FERNÁNDEZ-PALACIOS 

(2007) use the term 'archipelago speciation' for this mode of speciation. Some other endemic 

Comoran radiations of reptiles follow this example (Table 8). The case of Paroedura geckos 

does not match this concept of 'archipelago speciation' because this genus colonized the 
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archipelago in two independent events (Chapter 5.1). However, both subsequent speciation 

events took place in areas isolated from the mainland and from each other, therefore in 

allopatry.  

In Australian aquatic beetles, the scenarios are more complex, as predicted at the beginning of 

this chapter. The questions of whether speciation has occurred in sympatry or in allopatry, and 

whether allopatric ranges result from vicariance or dispersal, are not easily answered and rely 

much more on inference from models of past climate and geology than in the cases of island 

species. The case of Antiporus femoralis and A. occidentalis is comparably easy to explain. 

These two sister species are suggested to represent successors of the formerly connected 

population of their ancestral species. However, the speciation event was dated to 1.9 to 1.0 mya, 

so it is not easy to determine whether the two species result from vicariance or from a dispersal 

event over the forming arid zone. (Chapter 6.1). In my more complex scenario suggested for the 

Sternopriscus tarsalis radiation, speciation occurred through repeated retreats of populations 

into glacial refuges and subsequent re-expansions (Chapter 5.2). This kind of speciation has an 

allopatric (refuges) and a sympatric (likely overlapping expanded ranges) component and does 

not easily fit the typical distinction between these two alternative models. The origin of the 

Hygrobiidae, with present-day species found in Europe, East Asia, and Australia, is estimated 

around the breakup of the Mesozoic super-continent Pangea (the speciation between the four 

species of the Australian clade is not in the focus of this work; Chapter 5.3). The very far 

disjunct ranges suggest an allopatric scenario. The diversification time estimates do not allow 

any reliably estimation of whether the family diversified shortly before or after the breakup of 

Pangea. If the diversification took place after the breakup, the ancestors of the extant clades 

must have reached their present-day ranges by dispersal between the continents. If the 

diversification took place earlier, then the extant species are relics of a presumably former 

Pangean distribution. 

Another aspect of speciation is adaptiveness. 'Adaptive radiation' is commonly used as a 

standing term and goes back to typical examples such as that of the Darwin Finches, whose 

species show many clear adaptations to ecological factors (GRANT 1984). However, many 

authors argued that speciation needs not necessarily have an adaptive base: differences between 

species might be limited to (secondary) sexual traits, or purely genetic mechanisms such as 

polyploidization or gene duplication might have initiated speciation (GITTENBERGER 1991, 

SCHLUTER 2000, SCHÖN & MARTENS 2004). With the exception of mechanisms like 

polyploidization which create an 'instant' reproductive barrier, however, it will always be 

difficult to decide whether traits that distinguish species are adaptive or not (WHITTAKER & 

FERNÁNDEZ-PALACIOS 2007). For us to be recognized as such, species necessarily need to be 

distinguishable in some traits, be they morphological, genetic, genomic, ecological, or 

behavioral. Consequently, the decision whether a trait is adaptive or not will in many cases be 

an arbitrary one, especially if the trait is to be non-adaptive: SCHÖN & MARTENS (2004) point 

out that "one can never demonstrate to satisfaction that no diversification has occurred in any of 

the niche dimensions". Therefore, I follow these authors in arguing that any claim that a 

speciation or radiation is non-adaptive has to be a tentative one.  

Consequently, I tentatively argue that the speciation in the Comoran reptiles studied is mostly 

non-adaptive. Most likely, the adaptive step was taken upon the first colonization of the 

archipelago, when the new island populations adapted to the island environment. There are 

significant morphological differences between each the Comoran Lycodryas snakes and both 

Comoran Paroedura clades and their respective mainland sister taxa. Comoran Lycodryas are 

larger than their mainland counterparts and show a remarkable sexual dimorphism, whereas 
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Comoran Paroedura are smaller and more cryptic both in adult and juvenile coloration. In 

Chapters 5.1 and 6.2, I present arguments for why these traits are adaptations to the island 

environment. More remarkably, the adaptive traits are even shared between the not closely 

related Comoran clades of Paroedura, suggesting an example of convergent adaptation to the 

same environmental constraints. Within the Comoran clades of Lycodryas and Paroedura, on 

the other hand, these traits are very conservative, and morphological differences are small and 

likely attributable to drift or sexual selection. Therefore, I suggest that the speciation in these 

cases had an initial adaptive and a subsequent non-adaptive component. 

Again, the situation is more complex in the continental scenario. The ancient and vicariant 

Hygrobiidae are morphologically and ecologically relatively conservative, and therefore, they 

may seem to present a case of non-adaptive speciation (again, disregarding the Australian 

radiation; Chapter 5.3). However, the ancient origin of the lineage makes it very hard to infer 

which factors promoted its speciation. Arguably, the speciation of Hygrobiidae likely has an 

adaptive component because: (1) Today, the species inhabit ecologically very different ranges, 

and some species appear to have broader ecological amplitudes than others. This suggests 

divergent adaptations to ecological variables. (2) The global environments underwent massive 

changes since the estimated split between the Eurasian and Australian lineages of Hygrobiidae 

in the Mesozoic, and, like almost all organisms that survived these events, Hygrobiids must 

have a long history of specific adaptation to these changes. This leads to the question whether 

speciation was followed by adaptation or the other way round (SCHÖN & MARTENS 2004). This 

question is very hard to answer especially for such ancient diversification events, for which the 

past diversity and the ecological conditions are hard to reconstruct. But even young speciation 

events may pose similar problems, such as Antiporus femoralis and A. occidentalis (Chapter 

6.1). While the two species are indistinguishable in all morphological characters studied, they 

are divergently adapted to the climates of their distributional ranges. Possibly, the adaptation to 

different climatic backgrounds followed the isolation of the population. However, my data does 

not allow for correlating the age of speciation with the onset of habitat diversification with 

sufficient precision. Therefore, divergent adaptation may alternatively have already contributed 

to the speciation process in this group. 

There is one case left that can be argued to represent an example of an adaptive radiation. I 

showed in Chapter 5.2 that the ten species of the Sternopriscus tarsalis radiation show very 

divergent responses to ecological parameters of climate and habitat. In the groups discussed so 

far, the adaptive component in speciation appears to be a mere consequence of the different 

ecological backgrounds in the allopatric ranges occupied by the species. In the Sternopriscus 

tarsalis radiation the adaptation to divergent habitats and climates may have been a driving 

force of speciation because, according to the scenario presented here, the ranges of the incipient 

species repeatedly overlapped and do so even today.  

This summary of the various case studies presented in this dissertation confirms WALLACE'S 

(1902) view that the less complex systems of evolution and speciation in islands teach us 

lessons in that help us to understand the more complex continental scenarios. But island systems 

can be complex in their own ways, and every new study contributes towards our understanding 

of island biogeography, evolution, and speciation.  
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8.3 The species problem in 2013: how DNA-barcoding, 

cybertaxonomy, and integrative taxonomy may help 

This dissertation includes the descriptions of three species and two subspecies new to science. 

This is a mere drop in the ocean of another 2 to 8 million species remaining to be described on 

planet Earth (COSTELLO et al. 2013). As already introduced in Chapter 3.2.3, taxonomy in the 

21
st
 century faces the following problems: (1) An extremely high number of taxa remain to be 

described. (2) The amount of taxonomic literature that has to be reviewed for every description 

is immense and grows with every new description. (3) The availability of new data from, e.g., 

molecular phylogenies, ecological, and behavioral studies, has shown that arbitrary decisions on 

the taxonomic status of organisms based on 'taxonomic expertise' alone may lead to confusion 

and the need of numerous taxonomic revisions (PADIAL et al. 2009, 2010, MIRALLES et al. 

2011). Therefore, taxonomists need to be capable of (1) quickly recognizing potentially new 

taxa, (2) quickly verifying the identifications of taxa with taxonomic data available worldwide, 

and (3) delimiting taxa as objectively, reliably, and sustainably as possible. 

In this chapter, I discuss the following developments in taxonomy that may be helpful in 

tackling the problems stated above: (1) DNA Barcoding, (2) cybertaxonomy, and (3) integrative 

taxonomy. 

Chapters 4 to 0 of this dissertation demonstrate the importance of DNA barcoding in modern 

taxonomy, in line with the previous work of many authors (HEBERT et al. 2003, 2004 

SAVOLAINEN et al. 2005, HAJIABAEI et al. 2007). All taxa that were newly described in the 

course of this dissertation were initially detected by DNA barcoding or comparable DNA 

screening techniques (Table 11). All these newly described taxa are cryptic species or 

subspecies whose identification was then confirmed by morphological and / or ecological data. 

Table 11: The importance of DNA Barcoding for the taxonomic work conducted in this thesis. 

Species Type Detection Description 

Antiporus occidentalis diving beetle / Australia 
Barcoding auf Australian Dytiscidae 

(HENDRICH et al. 2010) 
Chapter 6.1 

Paroedura stellata reptile / Comoros 
DNA screening of Comoran reptiles (see 

Chapter 4.1) 
Chapter 5.1 

Comoran Lycodryas taxa reptile / Comoros 
DNA screening of Comoran reptiles (see 

Chapter 4.1) 
Chapter 6.2 

 

These cryptic taxa had previously not been recognized most likely because of their 

morphological similarity to closely related taxa. This is particularly remarkable in Paroedura 

stellata, as discussed in Chapters 5.1 and 8.1.2: This gecko can be distinguished from the other 

Comoran form P. sanctijohannis by meristic characters, but the two species are more similar to 

each other regarding adult and juvenile coloration than to the mainland sister taxa of P. stellata. 

This similarity may have resulted from convergent adaptation to the island environment and 

'hid' the distinct status of P. stellata. No morphological character was found that could be used 

to distinguish the cryptic beetle species Antiporus occidentalis from its sister taxon A. femoralis. 

In this case, the DNA barcoding result was supported by further mtDNA, nDNA, and 

Ecological Niche Modeling. In addition to the cases studied in this work (Table 11), the 

barcoding analyses of Comoran reptiles (Chapter 4) and Australian diving beetles (HENDRICH et 

al. 2010) indicate many new directives for further taxonomic studies.  
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My studies also provide examples for the importance of taxonomic research, here based on 

initial DNA barcoding and screening, in conservation. With the descriptions of Antiporus 

occidentalis and Paroedura stellata I also provided evidence for the ecological distinctness of 

these taxa from their respective sister species (with which they had previously been considered 

conspecific; Chapters 4 and 5.1). I could demonstrate, based on habitat data, that P. stellata 

warrants a lower threat status (Vulnerable according to IUCN 2001) than its sister P. 

sanctijohannis (Endangered). This underlines the importance of protection measures for the 

latter species now that its formerly 'safest' island population was found to belong to a different 

species (HAWLITSCHEK & GLAW 2011, Chapter 7.2). 

DNA barcoding, as also underlined by the work done in this dissertation, is becoming a standard 

method also in taxonomic and conservation research. Most likely, the establishment of Next-

Generation Sequencing methods will further contribute towards this development and 

considerably accelerate the process of inventorying biodiversity. These methods allow not only 

the reliable processing of high numbers of samples in very short time, but also completely new 

ways of sampling, such as environmental sequencing (VALENTINI et al. 2009, HAJIBABAEI et al. 

2011).  

In my taxonomic work following the initial barcoding step, I relied heavily on historic literature 

on Comoran reptiles (Chapters 5.1 and 6.2). While I knew that the total available literature on 

this topic was manageable, I was also aware that insufficient exposition of cryptic 

nomenclatural acts and availability of old literature may present problems in taxonomic work 

(see GLAW et al. 2007 and CADLE & INEICH 2008). Therefore I aimed at maximizing the 

exposition, availability, and impact of my taxonomic results using the following methods that 

are broadly summarized under the term 'cybertaxonomy'. (a) I requested LSIDs for every 

taxonomic publication and every taxon. (b) I preferred to publish in open-access journals. (c) I 

created Species-ID entries that included correctly identified photographs of the species and 

could be linked to the publications. (d) I uploaded all sequence data to GenBank via EMBL. I 

hope that this course of action will facilitate the dissemination of my results and make them 

easily accessible for future researchers relying on my contributions to taxonomic literature. 

In the next step following publication accompanied by these 'basic' cybertaxonomic actions, the 

results – at least those of my research on Comoran reptiles – are to be made available to the 

broad public. In Chapter 7.3, I introduce SmartHerper Comoros, a project that is still in 

development but whose publication is planned for the same year as the submission of this 

dissertation. SmartHerper Comoros will be a mobile application for smartphones that provides 

users with basic information on the identification and biology of Comoran reptiles, like a 

traditional field guide. Users will furthermore be able to use the application to contribute data 

on these species via direct upload of photographs and GPS coordinates. This spans the bridge 

between professional and citizen science and is hoped to raise public interest in the animals as 

well as awareness for conservation efforts. 

The cybertaxonomic methods (upload to GenBank, creating Species-ID pages etc.) require 

additional effort from the author of a taxonomic description, but make it easier for readers – 

among them potential authors of future taxonomic descriptions or revision – to access and filter 

the total high amount of taxonomic information (HENDRICH et al. 2009, WINTERTON 2009, 

VENIN et al. 2010, HENDRICH & BALKE 2011). I argue that consequently, if all taxonomists use 

these methods, the additional effort required for cybertaxonomy will be more than compensated 

for by the benefits of an easier review of taxonomic data and literature. The same is most likely 

true for integrative taxonomic approaches: they require additional effort from the author of a 



226 

 

taxonomic description, but in the future, less effort may be required for taxonomic revisions 

conducted by the same or other authors on the same taxa. 

All taxonomic descriptions included in this dissertation follow an approach of integrative 

taxonomy, using analyses of various genetic and morphological characters (Table 12). All 

descriptions of reptiles (Chapters 5.1 and 6.2) explicitly follow the lines of evidence approach 

with Integration by Partial Congruence proposed by MIRALLES et al. (2011). The description of 

the beetle Antiporus occidentalis does not nominally follow this approach, but is based on a 

similar methodology using evidence from different kinds of data (Chapter 6.1). The same is true 

for the analysis of the Sternopriscus tarsalis radiation, in which no new taxa are described, but 

the delimitation of previously described taxa is re-analyzed (Chapter 5.2).  

Table 12: Integrative taxonomy in this dissertation following the lines of evidence approach (MIRALLES et 

al. 2011) or a comparable methodology. The table shows which lines of evidence supported species 

delimitation in which study group. *: Not evaluated because no distinction was expected. 

Group Type mtDNA nDNA morphology ecology Chapter 

Antiporus occidentalis diving beetle / Australia yes yes no yes 6.1 

Sternopriscus tarsalis 

radiation 
diving beetle / Australia no no yes yes 5.2 

Paroedura stellata reptile / Comoros yes yes yes yes 5.1 

Comoran Lycodryas 

species 
reptile / Comoros yes no yes * 6.2 

Comoran Lycodryas 

subspecies 
reptile / Comoros yes no no * 6.2 

 

MIRALLES et al. (2011) proposed the lines of evidence of mtDNA, nDNA, and morphology. In 

addition to these lines, I used ecological data in most integrative taxonomic analyses. In 

Antiporus and Sternopriscus beetles (Chapters 6.1 and 5.2), I used the quantitative data 

presented by the results of Ecological Niche Modeling. The niche identity and background tests 

of ENMtools (WARREN et al. 2008, 2010) provide a statistical means of estimating the 

significance of ecological divergence between species. This allows the use of Ecological Niche 

Modeling as a tool for objectively testing diversification as an additional line of evidence. In 

Sternopriscus (Chapter 5.2), I additionally used qualitative ecological data (altitudinal range 

categories and habitat type) to support the results of the Ecological Niche Modeling. In 

Comoran Paroedura geckos (Chapter 5.1), I did not use ecological data as an explicit line of 

evidence, but I used qualitative ecological data on habitats to support the results of the lines of 

evidence of mtDNA, nDNA, and morphology. In Lycodryas snakes (Chapter 6.2), I did not use 

ecological data at all because field observations suggested that no ecological diversification 

between the populations of this group could be detected using available data. Lycodryas is the 

only case in which the lines of evidence approach yielded not only species, but also subspecies. 

The addition of further lines of evidence, based on other types of data, is possible. Bioacoustic 

(SINSCH & SCHNEIDER 2009, GLAW et al. 2010), behavioral (TÖPFER-HOFMANN 2000), 

genomic (STÖCK et al. 2006), biochemical (REINERT et al. 1997), and many other sources of 

data have been used in species descriptions. Mostly, the basic directive of MIRALLES et al. 

(2011) should be followed that divergence in one line of evidence suggests subspecific status, 

and divergence in two or more lines suggests specific status of the candidate species in question. 

However, divergence in some characters may present direct evidence that the candidate species 

is indeed a separate species according to most Operational Criteria of the Unified Species 

Concept. VIEITES et al. (2009) mainly based their Candidate Species Approach on such traits 
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that mediate reproductive isolation or that are known to provide evidence for lineage separation. 

I call these types of evidence 'trump traits' because they 'win' over other lines of evidence and 

directly suggest specific status, even if the results of other lines of evidence are conflicting. 

Examples for such trump traits may be genomic characters such as differences in ploidy (as 

found in, e.g., STÖCK et al. 2006), morphological or other traits clearly suggesting intrinsic 

reproductive isolation (e.g., USAMI et al. 2006, MIKKOLA 2008), or empirical evidence clearly 

suggesting reproductive isolation (e.g., RICO-MARTÍNEZ 1997, TÖPFER-HOFMANN 2000, 

UHART & ALBERTO 2009). Additionally, phylogenetic data may provide evidence that the 

candidate species in question do not form a monophyletic group. I found this in Chapter 5.1 for 

two taxa previously considered conspecific, Paroedura stellata and P. sanctijohannis. 

Nevertheless I followed an integrative taxonomic approach to gather evidence for the taxonomic 

status of all species comprised in the clade together with P. stellata and P. sanctijohannis. 

This example illustrates that the finding of trump traits should not make other lines of evidence 

superfluous. I propose that other lines of evidence should still be investigated as a back-up for 

errors in the analysis of the trump traits, and for future comparisons with other species for which 

the trump trait line of evidence does not fit. More likely, trump traits may prove particularly 

useful in cases in which the other lines of evidence present unclear or conflicting results, and 

they partly allow overcoming the arbitrary selection of a number of lines of evidence that has to 

be met to recognize species.  

As discussed above, one of the major problems in modern taxonomy is the need of efficiently 

describing a high number of taxa. In many cases, an integrative approach exploring many lines 

of evidence may consume more time and effort than can be allocated to taxonomical work. 

Therefore, I want to point out that integrative taxonomy remains a tool that is mainly helpful in 

critical cases of species delimitation, in which only the exploration of several lines of evidence 

will yield satisfactory results. In other cases, formal descriptions for high numbers of species 

based on few lines of evidence (e.g., DNA barcode + morphological description of key 

characters) may be rapidly provided and distributed using cybertaxonomic methods (e.g., Riedel 

et al. 2013a, 2013b). One of the most helpful tools for this rapid taxonomic work may be the use 

of 'natural language' for species descriptions. There, the morphological data is integrated in a 

description that is created by software and can also be read by the same software as well as by 

human readers (DALLWITZ 1980). 

Finally, all these tools that are available in modern taxonomy will increase the efficiency and 

the sustainability of taxon descriptions and other taxonomic work, but will still require the 

experience and the common sense of the taxonomist. 
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8.4 Species – apple of discord and currency of biodiversity 

research 

 

"It is clear that the arguments [about species concepts] will persist for years 

to come but equally clear that, like barnacles on a whale, their main 

effect is to retard slightly the progress of the field. Ultimately, speciation will 

require less rumination and more perspiration." 

Jerry Allan Coyne  

 

"We neither wish to contribute more fuel to the debate, nor add another 

barnacle to Coyne's whale." 

Loren H. Rieseberg and John M. Burke in "The biological reality of species: gene 

flow, selection, and collective evolution" 

 

I discussed in the previous chapters that (1) our understanding of the nature and definition of 

species is becoming more and more precise, but also more and more different from the 

traditional understanding of species, and (2) modern tools will likely make taxonomy a more 

and more hypothesis-based, but also automatized science. Both these insights cause 

considerable discord within the scientific community. 

A common agreement on the general definition of species is fundamental for taxonomy, as it 

allows for the agreement of taxonomists on the delimitation of individual species (HAUSDORF 

2011). However, this agreement is still based more on the experience of taxonomic experts, as it 

was in DARWIN'S times: "No one definition has satisfied all naturalists; yet every naturalist 

knows vaguely what he means when he speaks of a species" (DARWIN 1859). Scientists 

questioned the sense of the debate on the species problem already decades ago (COYNE 1992), 

but new species concepts are still being published and heating the debate (DE QUEIROZ 2005, 

HAUSDORF 2011). The Unified Species Concept (DE QUEIROZ 2007) is an attempt to find a 

solution by subsuming all previously published species concepts. It was welcomed by many 

researchers (PADIAL et al. 2009, 2010), most likely in part because it presented a compromise 

that might de-escalate the debate. However, some authors reject this concept, arguing that it is 

no more than a compromise and that it does not offer a real solution: this could only be done by 

a single species concept on which all biologists can agree (HAUSDORF 2011). However, such a 

'final species concept' is not in sight. As demonstrated in this dissertation, the Unified Species 

Concept has proven a good working concept that can be successfully applied in integrative 

taxonomy. 

Integrative taxonomy makes taxonomic work more sustainable, and cybertaxonomy makes 

taxonomic work more efficient and faster. The ICZN decision of 4
th
 September, 2012 (ICZN 

2012), removed a major obstacle to the speed of species descriptions by allowing valid taxon 

descriptions in online media. These developments accompany exhaustive and vivid discussions 

on new taxonomic concepts (CANTINO & DE QUEIROZ 2000, NIXON et al. 2003, HEBERT  et al. 

2003, MALLET & WILLMOTT 2003, EVENHUIS 2007, FLOWERS 2007, MILLER 2007, VIEITES et 
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al. 2009, PADIAL et al. 2009, 2010, HASZPRUNAR 2011, DE QUEIROZ 2012). This 'Taxonomic 

Renaissance' is bringing taxonomy back into the spotlight of scientific attention as a 

fundamental discipline of biology and shows the importance of this discipline in modern 

biodiversity research, and not too early: Taxonomy needs to be a modern, dynamic, and 

efficient scientific discipline in order to cope with the challenge that the largest part of 

biodiversity on Earth is still unknown to science and at the same time threatened by human 

activity (FLOWERS 2007). I believe that taxonomy, as an integral sub-discipline of biodiversity 

research, bears some responsibility towards biodiversity and its conservation. However, like all 

disciplines of research, biodiversity research also bears responsibility towards the public. 

Discovering and naming species, and reporting about named species, is one of the major, even 

stereotypical, services that the public demands from biology. 

Whenever any taxonomic rank is in the focus of para-taxonomists, citizen scientists, or the 

broad public, it is that of the species. Species, and their names, are important because they are 

the only taxonomic rank for which any objective definition is possible. Therefore, almost all 

counts of categories of organisms refer to species. These may be counts of economically 

important species, species dangerous to man, species available as pets, or threatened species. 

For this reason, species are the most important concept – the 'currency' – in biodiversity 

research. For the same reason, I believe that contributions to the debate on the species problem 

do make sense, and that they will produce many insights that will advance our understanding of 

speciation, evolution, and biology as a whole. 
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9 Major conclusions of this dissertation 

The following very compressed list sums the most important conclusions drawn from the work 

of this dissertation. All methods, results, and references are found in the previous chapters. 

Below the list, a sum of numbers and facts concerning this dissertation is presented. 

 

 

 

 The natural colonization of the Comoros islands by various groups of reptiles did 

not follow any repeating pattern strongly correlated with the geographic positions or 

the geological age of the islands. Rather, the islands were colonized by different 

reptile groups in different ways, most likely including various extinction and re-

colonization events. 

 Species in study groups of Australian aquatic beetles were shown to be of very 

different ages, from Mesozoic in Hygrobia over Neogene in Antiporus to 

Pleistocene in Sternopriscus. Neogene speciation events were correlated with past 

climate change as the presumed major trigger. 

 Molecular genetic data of reptiles indicate that at least one island of the Comoros 

Archipelago, Grand Comoro, may be considerably older than the geological 

estimates of its age. Age estimates for the island are 0.01 to 0.5 my, however, the 

age of the endemic island clade of Paroedura geckos is estimated to 0.7 to 2.7 

my. This is supported by comparably high haplotype diversity in the endemic clades 

of other reptiles in the same island. 

 Some morphological traits of Comoran endemic reptiles were highlighted and 

discussed as possible adaptations to the island environment. These traits are 

the highly similar, but likely convergent, cryptic adult and juvenile coloration of 

Paroedura geckos, the increased size of Lycodryas and Liophidium snakes, and 

the sexual dimorphism in Lycodryas. The traits suggest a clearly adaptive 

component in the speciation events following the colonization of the archipelago. 

 Evidence for ecological niche diversification between species of Australian 

Antiporus and Sternopriscus diving beetles was found in categorical ecological 

data and the results of Ecological Niche Modeling. This also indicates an adaptive 

component in these speciation events. 

 Molecular, morphological, and ecological data indicate that the Sternopriscus 

tarsalis radiation of Australian diving beetle species originated in one of the 

fastest speciation events known so far among insects. I discussed that this 

radiation had characters fitting to the 'species flock' concept. This would be the first 

described species flock of aquatic insects. 

 A molecular clock study indicates that the disjunct distribution of the Hygrobiidae 

family of aquatic beetles, with species in Europe, East Asia, and Australia, is not 

the result of recent dispersal, but likely dates back to the breakup of Pangea.  
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 Ecological data was successfully used as a line of evidence for species 

delimitation in the integrative taxonomy of Australian diving beetles. It was used in 

the forms of qualitative categorical data and quantitative data produced by 

Ecological Niche Modeling for delimiting species of Antiporus and Sternopriscus 

diving beetles. 

 Integrative taxonomy using mtDNA, nDNA, morphology, and ecological data was 

successfully applied for species delimitation even when species could not be 

distinguished by morphology (in Antiporus diving beetles), or when they could 

not be distinguished by any of the molecular genetic markers studied (in 

Sternopriscus diving beetles).  

 Using the example of Comoran Lycodryas snakes, I argued that, in contrast to the 

arguments of some authors, the taxonomic rank of subspecies should not be 

abolished. Instead, taxonomic entities with some degree of differentiation, but 

without any clear evidence for lineage separation, should be described as 

subspecies.  

 DNA barcoding was shown to provide a reliable preview to phylogenies. While 

inferior to the results of multigene phylogenetic studies, DNA barcoding topologies 

led to the identification of cryptic species in Comoran reptiles and Australian 

beetles that were later confirmed by multigene phylogenies and morphological 

analyses. Additionally, DNA barcoding proved useful in the identification not only at 

species level, but also at the infraspecific level of island populations of 

Comoran reptiles. 

 

 

Numbers and facts: 

All numbers refer to this thesis alone and may be higher if side 

projects that are not directly part of this dissertation are 

included. 

Days from official application to submission of this thesis: 1509 

Total pages: 248 

Scientific articles included: 7 

Total number of words: 115701 

Number of words (text only) in scientific articles: 55481 

Total number of literature references (doubles not counted): 695 

Mentions of Charles Darwin: 27 

Mentions of Kevin de Queiroz: 33 

Highest number of works cited from a single first author: 9 (Sara Rocha) 

Total number of collaborators in scientific articles: 11 

Total number of persons acknowledged: 69 

Field survey days: 86 

Reptiles collected: 132 

Samples processed: 339 

DNA-Sequences produced: 945 

Average days from submission to publication of scientific articles: 210 

Financial cost of this thesis (incl. wages for author, EUROS): 90867 

Major computer crashes: 1  
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